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ABSTRACT

HYBRID INORGANIC/ORGANIC NANOSTRUCTURED TANDEM
SOLAR CELLS: SIMULATION AND FABRICATION METHODS

Patrick Michael Boland Jr.
0Old Dominion University, 2011
Director: Dr. Gon Namkoong

Organic solar cell technologies continue to be an extremely active area of
scientific research. With their promise of providing low-cost, easily-processable, multi-
application photovoltaics, these devices could very possibly be the most viable and
practical form of renewable energy among many being explored. However, significant
technological obstacles remain that must be overcome if this technology is to successfully
realize the goal of providing abundant energy while simultaneously reducing dependence
on fossil fuel-based sources. Compared with inorganic solar photovoltaics, power
conversion efficiencies in organics are still too low to compete economically.

Much research has been accomplished over the past three decades in an attempt to
optimize the performance characteristics of planar organic solar cell devices.
Unfortunately, the limitations of device physics and the optical and electrical
characteristics inherent in semiconducting polymers restrict the achievable efficiency for
this type of structure. A “next generation” approach to surmounting this shortcoming is
to stack multiple planar devices in such a way that enhanced performance is achieved.
This tactic requires hybridization through the inclusion of inorganic metal oxide
components that serve a number of functions such as electron and/or hole
transporters/blockers and optical spacers. In this work, these “tandem” devices are

modeled and their functionality simulated using computer-based algorithms in an effort



to ascertain the ideal structural, optical, and electrical properties that must be designed
into actual hybrid inorganic/organic photovoltaic devices. Additionally, several solar
cells are fabricated and the methods described to show the many factors to be accounted
for and controlled to achieve high-efficiency devices.

Results produced in this study show that hybrid inorganic/organic solar cells can
significantly improve power conversion efficiency over standard planar devices —
simulated results show efficiencies over 9% are possible. Such factors as electron and
. hole mobilities, structural layer thicknesses, and choice of polymer and fullerene
materials were found to be critical to the optimization of these structures. A key finding is
that charge carrier mobilities in the subcells must be balanced so that space charge
current limitations are avoided, thereby ensuring the maximum achievable current
through the tandem structures.

Hybrid inorganic/organic solar cells have tremendous promise as an alternative
means of renewable energy production. Modeling and simulation are valuable tools that
allow for the assessment of a multitude of various interdependent factors that impact the
performance of these devices. By conducting this type of analysis prior to fabricating
actual solar cells, considerable time and materials resources can be conserved while, at
the same time, rapid prototyping can be accomplished and improvements in performance

characteristics realized more quickly.
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CHAPTER1
INTRODUCTION

MOTIVATION AND SCOPE OF RESEARCH

Renewable energy sources are recognized worldwide as being scientifically,
politically, and economically critical to furthering economic development, spurring job
creation, enhancing national security, and ensuring a cleaner environment. In the United
States, the entire spectrum of renewable resources from biomass — to geothermal — to
solar — to wind, is being explored simultaneously 1n efforts to develop these technologies

and reduce dependence on fossil fuels. As seen in Figure 1, nearly every location in the

Hydropower a
Geothermal

Biomass NG

Wind o
Concentrating — Resource P
Solar Thermal Dark = Higher
Photovoltaics Light = Lower

Figure 1. U.S. renewable energy resource map by source type (August 2009) [1].



continental United States can take advantage of the energy available from renewable
sources. While most technologies are particularly suited to specific geographic regions,
solar is readily available all across the country. In Figure 2, the photovoltaic solar
resource map for the entire U.S. including Alaska and Hawaii shows that insolation — the
amount of solar radiation received over a given area per unit time — is sufficient to make

photovoltaic research and development a worthwhile endeavor.

H -
i ;f% ;

b

P
/

Figure 2. U.S. Photovoltaic Solar Resource (October 2008) [1].

This is especially relevant and important in light of the fact that in 2010, the U.S.
was ranked second globally in total energy use at 19%; China was first at 20.3%. The
demand for energy from all sources (i.e., oil, natural gas, coal, nuclear, hydroelectricity,
and renewables) is increasing in both developed and developing nations as consumption

growth reached 5.6% last year [2]. As a result, competition for resources will increase in



the coming decades as nations like China and India undergo their own “Industrial
Revolutions.”

One of the areas of scientific research focused on developing this alternative
renewable source is a relatively new concentration in solar energy exploration; organic
photovoltaics (OPV). OPV technologies differ from their conventional inorganic
counterparts, which are based primarily on such materials as silicon (Si) and germanium
(Ge), in that semi-conducting organic polymer materials are used as the “light-to-
electricity” conversion media. Unfortunately, current state-of-the-art devices experience
poor photon-to-photocurrent efficiency, mainly due to inferior charge transport and high
carrier recombination that are a result of poor electrical characteristics in disordered
polymer-fullerene networks. Current research and development efforts remain focused on
fabrication methods that the larger scientific community agre/es require advanced
technologies to overcome the problems that limit increases in efficiency [3,4]. Other
methods of device improvement will need to be incorporated, such as invention of new
semi-conducting polymers and exploitation of novel device structures that overcome the
current limits of the physics as they are understood today.

This dissertation describes computer simulation of two low- and high-bandgap
organic polymers incorporated in tandem planar solar cell devices. Inorganic metal oxide
layers are included in the structures to assess their impact on energy conversion
efficiency. Sequential ordering of the subcells of these randem structures is also
examined. The goal of this work is to develop a means for designing controlled device
platforms via accurate computer modeling and innovative nanofabrication technologies

that advance photon-to-photocurrent efficiency in hybrid inorganic-organic solar cells.



RENEWABLE ENERGY SOURCES

The moniker “renewable” refers to energy sources that occur naturally, are

continually replenished, and are essentially of indefinitely limitless quantity. In contrast,

oil, coal, and natural gas — the primary energy sources currently used in the United States

— are believed to be in finite supply and have a number of negative attributes associated

with them including their expense and potential for causing adverse environmental

impact. With these concerns in mind, the U.S. and other industrialized countries around

the world seek to exploit the benefits of renewable energy. There are seven primary

types currently being explored and/or utilized to varying degrees:

1.

4.

Geothermal; energy generated within the core of the Earth that radiates to the
surface through a thermal gradient. This is a clean and sustainable heat retained
in shallow ground, hot water, rocks, and in magma [5].

Ocean Energy; includes the phenomena of sunlight, wave power, and tidal
energy. Oceans are the Earth’s greatest collectors of solar energy; thermal energy
from the sun and mechanical energy from waves and tides can be combined to
produce electricity [6].

Wind; energy in wind is collected via various technologies and converted from its
mechanical form to electricity. The most common wind transducer is some form
of turbine device connected to an electrical distribution grid that supplies power to
end-users [7].

Biomass; a class of renewable energy that includes organic matter (e.g., plants,
agricultural/forest residues, organic waste, etc.) to produce electric and chemical

(biofuel) power. The energy contained in biomass originates from the sun [8].



5. Hydroelectric; energy generated from the mechanical force of water falling
through a height (under gravitational force) or flowing though a suitable
transducer to produce electricity. Also referred to as hydropower [9].

6. Hydrogen / Fuel Cells; an energy source contained in many materials including
water, organic compounds, and some bacteria and algae. Hydrogen is a high-
energy source that produces virtually no pollution upon combustion. Also, the
sun can be used to produce storable hydrogen for later use in fuel cells [10,11].

7. Solar; the primary renewable energy source. As can be seen in Figure 3, virtually
all other renewable sources (with the exception of geothermal) get their energy

directly or indirectly from the sun [12].

Renewable Energy Sources

Hydroelectric

| Geothermal

Figure 3. Renewable energy sources directly or indirectly receive energy from the sun.



Solar energy comes in two basic forms; heat and light. These are employed to provide
numerous useful technologies including [13]:

a) Photovoltaic Systems (electricity directly from sunlight)

b) Solar Hot Water

¢) Solar Electricity (electricity from the sun’s heat)

d) Passive Solar Heating/Lighting

e) Solar Process Space Heating/Cooling

Since the genesis of most types of renewable energy is the sun itself, the
exploration and understanding of the properties, characteristics, and capabilities of solar
energy are critical. Much effort continues to go into improving our understanding of
solar energy and increasing its application on a widespread basis in hopes that it will
decrease dependency on non-renewables.

SOLAR AS THE PRIMARY RENEWABLE SOURCE

Not being a priority solely unique to the scientific realm, the topic of renewable
energy is omnipresent in virtually every other area of modern life from politics — to the
economy — to education — to entertainment. One has only to look at packaging in retail
stores, or view television commercials, or hear politicians and members of the music and
movie industries to realize that the subject is being taken seriously worldwide. In fact,
many high schools these days are requiring students to take at least one “green” course as
part of their curriculum for graduation, politicians are pressed to state their positions on
matters such as “anthropogenic global warming” (AGW) and sustainable energy
programs, and entertainment personalities actively promote a myriad of environmental

causes. While the sociological, political, and economic facets of renewable energy often



tend to be contentious and subject to debate, one fact remains true; virtually all other
forms of renewable energy derive from the sun and solar technology continues to
improve. More importantly, in comparison with most non-solar renewables, it is clear
that solar has the greatest theoretical (i.e., available) and technical (i.e., useable) potential
[14]. Eventually, currently achievable efficiency limitations and the cost-prohibitive
nature of manufacturing will be negated. A recent indication of this reality is the fact that
over 100 countries added photovoltaic (PV) capacity to their power production
infrastructures during 2010 as solar photovoltaics continue to be the world’s fastest-
growing power generation technology [15]. It is with this in mind that the focus of this
dissertation is on an application of the primary renewable energy — solar — and its use in
hybrid inorganic-organic solar cells.

The conversion of sunlight — in the form of photons — to electricity is called the
photovoltaic (PV) effect. While French physicist Edmond Becquerel first discovered the
PV effect as far back as 1839 [16], more than one hundred years elapsed before the
physics behind the phenomenon could be explained. This transduction from one energy
form to another takes place through the use of semi-conducting materials such as doped
crystalline silicon and germanium. Other inorganic elements can also be used, as well as
some organic (i.e., carbon-containing) materials as will be discussed later. Basically,
photons strike a semi-conducting absorbing media and dislodge electrons that are then
available for conduction, thereby producing electricity. The primary determinant of the
quality of this energy conversion process is efficiency; in other words, how much power

is produced for a given number of photons striking the device? When silicon-based solar



cells were first made in the 1950s, efficiencies were less than 4% [17]. Today, however,
commercially-produced cells have efficiencies in excess of 15%.

Numerous factors impact efficiency and one of the most important is spectral
absorption of the device — a parameter describing the fraction of incident radiation
absorbed by the solar cell over a range of light frequencies (wavelengths). Spectral
absorption is primarily determined by the absorbing material itself (i.e., the ability of the
semi-conducting media to absorb photons), but is also impacted by several physical
considerations including wavelength of the incident light, reflection from the surface of
the device, and atmospheric conditions. Spectral absorption is essentially a dynamic
factor since the Earth’s rotation in relation to the Sun is continually changing insolation at
every location on the planet. Figure 4 shows spectral irradiance from the sun in units of

W m™ nm™ as a function of wavelength.
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Figure 4. Standard solar spectra for space and terrestrial use [18].



Standard reference spectra are defined to allow for accurate performance
comparison of photovoltaic devices from different manufacturers and research
laboratories [19]. The inset in the figure indicates the air mass (AM) standards that have
been established by the American Society for Testing and Materials (ASTM) to account
for changes in each spectrum resulting from light transmission through space and Earth’s
atmosphere. AM is the amount of atmosphere light passes through from the Sun to the
surface of the Earth [20]. As seen in Figure 5, AM 0 indicates that light travels solely
through the void of space to the outermost perimeter of Earth’s atmosphere. In contrast,
AM 1.0 represents the amount of atmosphere light traverses from the edge of space to the
Earth’s surface at the equator; this is the shortest possible travel distance from the
space/atmosphere junction to the surface. In order for sunlight to reach higher latitudes,
it must travel greater distances. AM 1.5 represents the amount of atmosphere light passes
through to reach locations in the United States and Europe. Two standards for AM 1.5
exist; AM 1.5G (“global”) and AM 1.5D (“direct”). The difference between the two lies

in the way

Space

Atmosphere

AM1.5

AM1.0 _
AMO

Figure 5. Air mass values in space and through Earth’s atmosphere.
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the spectra are obtained, however AM 1.5G is most often used in research for practical
reasons.

Even with such efficiency-diminishing factors as atmospheric spectral absorption
and scattering, far more light energy is generated by the Sun and transmitted to Earth than
could ever be used by humans. It therefore follows that the arguably finite amount of
non-renewable energy sources makes technological development and implementation of
photovoltaics on a worldwide basis critical to the continual improvement and sustainment
of life. As well, other renewable forms of energy — most having the Sun as their source —
are either too inefficient or of inadequate quantity to be of practical use. Essentially,
even a cursory cost/benefit analysis shows they are too expensive for the amount of
power they produce. To date, silicon-based PV cells are the most ubiquitous, well-
understood, and commercially-viable technology that is based on renewable energy.
Still, their cost per unit power (e.g., dollars/Watt) is still too high to allow for widespread
implementation nationwide. A potential alternative that has been gaining much interest
over the past few decades is organic photovoltaics. These come in the form of carbon-
based semi-conducting polymer materials that demonstrate a photovoltaic effect when
illuminated with sunlight. The primary appeal of this novel approach is the potential for
realizing inexpensive PV devices that are easily produced and offer wider application
using a myriad of substrates.

ORGANIC BULK HETEROJUNCTION SOLAR CELLS

Even with silicon solar cells dominating the photovoltaic market with an 85%

share, alternative PV technologies are being explored that will more effectively take

advantage of the Sun’s endless supply of energy [21]. As previously mentioned, a very
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active area of research over the past three decades involves the use of semi-conducting
polymer materials that perform as light absorbers or generators in solar cell and light-
emitting diode (LED) devices. The first indication that organic solar cells could possibly
become a reality occurred in 1954 when organic compounds were doped with halogens
and found to demonstrate dark conductivity [22]. However, it wasn’t until the late 1970s
when Shirakawa, Heeger, and MacDiarmid successfully used halogens to dope the
polymer polyacetylene ([CH;],) and demonstrate its conductivity. It was this
achievement that earned them the 2000 Nobel Prize in Chemistry [23].

Since the remarkable discovery that carbon-based polymers could conduct
electricity, a non-stop flurry of exploration into the possibilities and capabilities of
organic electronics has continued to this day. In the most basic sense, an electron-
donating polymer is paired with an electron-accepting polymer in such a way that charge
transfer from the former to the latter is energetically favorable. While many types and
combinations of donor-, and acceptor-polymers have been studied, a relative few have
risen to the forefront of technological viability. The most extensively studied donor to
date is the high-bandgap, regioregular (RR), poly-3 hexylthiophene (P3HT) conjugated
polymer. Regioregularity refers to the alternating single and double bonds between the
carbon atoms in the polymer backbone. It is this structural arrangement that allows
electron delocalization and gives rise to electrical conductivity. Also, some low-bandgap
polymers are being examined based on their absorption characteristics and
responsiveness to different portions of the solar spectrum. The most common electron-
accepting polymers in use today are [6,6]-phenyl (Cg; or C7;)-butyric acid methyl ester

(PC¢;BM and PC;:BM). These are essentially fullerenes with added functional groups
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that make them capable of being dissolved more effectively in a variety of organic
solvents (e.g., chlorobenzene, dichlorobenzene, chloroform, etc.). Figure 6 shows
schematic representations of the molecular structures of P3HT, PC¢BM, PC;;BM, and

the low-bandgap polymer, PCPDTBT.
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Figure 6. Structures of commonly-used donor and acceptor polymers [24, 25].

What is critical — besides the electrical properties of the semi-conducting
materials — is the manner in which the two physically interface with each other. Many
physical configurations and spatial orientations have been assessed over the years to
determine which will yield the highest device efficiencies. One of the original schemes

featured a bilayer device like the one shown in Figure 7. A bilayer heterojunction device
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contains separate donor and acceptor layers that interface over a large two-dimensional
area (i.e., relative to layer thickness) and together form the “active layer” capable of
producing a PV effect. The overall structure is essentially one where several thin-film

layers are

Planar Heterojunction Bilayer OSC

Figure 7. Schematic of bilayer device with separate donor and acceptor layers.

stacked on top of each other on a clear glass substrate. The first layer is a transparent
conducting oxide (TCO) that serves as the hole-collecting anode. Indium tin oxide (ITO)
is the most commonly used TCO due to its transparency and low sheet resistivity ranging
from about 4 — 8 ohm/square. It is highly conductive, but suffers from a variable work
function (¢ depending on how it has been processed [26]. To account for this, a layer of
poly(ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is placed on top of
the ITO. PEDOT:PSS serves as a hole-transporter/electron-blocker layer between the
ITO and the donor layer. After an electron-donating material is placed over the
PEDOT:PSS, it is subsequently overlaid by the electron-acceptor. Finally, an aluminum

cathode is deposited on the backside of the device to conduct the negative charge carriers
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out of the device and produce useable power. The PV effect is produced by light that
traverses the entire structure from the glass side all the way through to the backside
aluminum cathode.

Unfortunately, the bilayer configuration suffers from poor exciton dissociation.
Excitons are electrostatically-bound hole-electron charge pairs. Dissociation of excitons
into separate hole and electron charge carriers must take place at the donor/acceptor
interface. In a bilayer arrangement, this interface is limited in size when considering the
volume of the donor and acceptor materials in their respective layers. In an effort to
increase the donor/acceptor interface, a new technique was introduced where the polymer
materials were mixed together in a suitable solvent and deposited on the substrate as a
single bulk-heterojunction (BHJ) layer. This has the effect of dramatically increasing
overall interfacial area between the donor and acceptor polymers. This in turn leads to
much greater exciton dissociation. Figure 7 shows a schematic of the modified solar cell

device.

Cathode (-}

Bulk Heterojunction (BHJ) OSC

Figure 8. Schematic of bulk-heterojunction device with a combined donor/acceptor

layer.
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Power conversion efficiencies (PCE) are markedly increased in BHJ devices compared to
their bilayer counterparts. Still, improvements can be made as the evolution from planar
bilayer and BHJ cells has led to the introduction of hybridized “tandem” PV devices.

HYBRID INORGANIC/ORGANIC DEVICES

With power conversion efficiencies for conventional BHJ planar organic solar
cells that use the best available donor and acceptor polymers appearing to plateau around
8%, exploration of new organic materials and device structures is accelerating. One
focus is on the incorporation of transition metal oxides to create novel hybrid
inorganic/organic solar cell architectures and push PCE beyond current limits. Already,
the metal oxide ITO is commonly used as one of the solar cell electrodes. However,
other oxide materials have properties that make them suitable for use at other locations
within the device. Two materials getting a great deal of attention are titanium oxide
(TiO,) and zinc oxide (ZnO). These serve various functions such as electron transporters,
optical spacers, and as structural supports between subcells in tandem devices. Other
metal oxides can be used as hole transporters (e.g., V205, MoQO3, NiO, and WO3, etc.)
[27,28,29,30].

From the standpoint of structural changes, efforts are currently underway to create
composite solar cells composed of subcells interconnected either in parallel or series [31].
Each configuration has its pros and cons in addition to unique fabrication considerations.
A tandem solar cell composed of subcells connected in parallel will generate a total open
circuit voltage (Voc) equal to that of the subcell with the smallest individual open circuit

voltage. The short circuit current density (Jsc) is the sum of the currents produced by
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each subcell. The following expressions describe the relationships in a tandem solar cell
with subcells connected in parallel:

Voctparaied = min [Voc(suscen 1> Voc(subeel1 2)s -« Voc(subeel ) (1)

Jsc(paratte) = Jscsubeell 1) + Jscsubeell 2 + +-. + IsC(subeell n) )
In contrast, tandem solar cells with subcells connected in series have different voltage
and current characteristics. The total Vgc for the overall structure is the sum of the
individual subcell voltages while the current density is limited to that observed in the
subcell with the smallest current:

Vocenes) = Voc(subcel 1) + Vocsubeel 2) + -+ + Voc(subeell n) (3)

Jscsenes) = Min [Jsc (subce 1) JSC (subcell 2)» - ++» JSC (subcel )] (4)
A schematic representation of a tandem hybrid inorganic/organic series solar cell can be

seen in Figure 9.

Cathode (-)

Generalized Hybrid Inorganic/Organic
Tandem Heterojunction {(BHJ} OSC

Figure 9. Schematic of series tandem inorganic/organic bulk heterojunction solar cell.
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In this scenario, one TiOy layer 1s placed in the middle of the tandem structure to serve as
an electron transporter/hole blocker between the top and bottom subcells. It also serves
as a structural support for the top subcell. The TiO, layer in the top subcell immediately
beneath the aluminum cathode serves as an electron transporter and also as an optical
spacer. As in single planar organic cells, the PEDOT:PSS layers function as hole
transporters and provide a smoother energy level transition between the ITO anode and
the BHJ active layer. The BHJ donor/acceptor layers — the “active layers” where the PV
effect is produced — are comprised of high- and low-bandgap conjugated polymer and
fullerene materials. With the exception of the aluminum cathode, all layers can be
applied via solution processing. It is the structure in Figure 9 upon which the computer

simulations described in this dissertation are based.

PV research continues at a tremendous pace as can be seen in Figure 10.
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Figure 10. Verified best research-cell efficiencies (current September 2011) [32].
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While the best research cell efficiencies to date are achieved using inorganic materials,
the study of crganics and hybrid inorganic/organic devices is well worth the time, effort,
and expense. The highest efficiencies achieved thus far are with double and triple multi-
junction concentrator configurations — primarily made from silicon (Si), germanium (Ge),
and gallium arsenide (GaAs) absorbers. However, these are extremely expensive and
unlikely to be commercially viable. Crystalline Si (single and multi-crystalline)
continues to be a mainstay in the PV market worldwide, but improvement in PCE has
been essentially static. Well-established thin-film technologies (e.g., CdTe, Cu(InGa)Se,,
multi-junction poly-crystalline, etc.) continue to garner widespread interest, but their
improvement has also been relatively flat — and at significant financial cost. A final
category loosely referred to as “emerging technologies” includes dye-sensitized cells,
various organic cells, organic tandem cells, novel inorganics (e.g., CTZSSe), and
quantum dot (QD)-based devices. It is in this class where remarkable improvements in
PCE can be found over a very short period of time — particularly with organic tandem
cells. In fact, efficiency in these devices has increased more than 100% (from 4% to
~8%) in just the past three years [32].
RELATED WORK

With the promise demonstrated so recently in rapidly increasing PCE in organic
tandem solar cells and realizing the potentially significant impact this could have both
technologically and economically, researchers around the globe are working to make
even greater improvements in these novel solar cell architectures. Kim, et al., fabricated
series tandem hybrid inorganic/organic solar cells using all-solution processing and

achieved power conversion efficiencies exceeding 6% [33]. Their work involved
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connecting two subcells — one made from low-bandgap polymer mixed with PCs;BM and
the other from high-bandgap polymer combined with PC;1BM — on either side of a TiOy
spacer. From an optical modeling perspective, Andersson, Persson, and Inganas used
computer simulations to compare current and PCE in one folded, and four stacked
tandem solar cells [34]. They used finite element and transfer matrix methods on the
folded and stacked cells, respectively. They found that for serially-connected subcells,
these techniques were suitable for comparing all five configurations. Dennler, et al., also
carried out a series of optical simulations on series tandem cells [35]. It was their work
that was the starting point for the simulations conducted in our lab and described in this
dissertation. Their work showed that Kim’s tandem solar cell [33] ensured that
absorption is balanced in the top and bottom subcells. Study is also being conducted on
parallel tandem organic cells. Guo, et al., created their parallel device using
P3HT:PC4;BM and PCPDTBT:PCs;BM subcells separated by a semi-transparent metal
layer that was combined with inorganic semiconductors [36]. They found the short
circuit current to be the sum of the currents from each of the subcells (as predicted by
Equation (2)), while the Voc was “similar to the subcells”. Developing an alternative
technique, Sun, et al., used a MoOs3/Ag/Al/Ca intermediate layer between two
P3HT:PCsBM BHJ active layers to create an inverted series tandem organic solar cell
[37]. The maximum PCE achieved was 2.78% under simulated 100 mW cm-2 (AM
1.5G) illumination and the FF was 61.8%.

ORGANIZATION

This dissertation is divided into five chapters. Chapter II details the theory behind

solar energy conversion in organic polymers and addresses such issues as carrier
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mobility, types and causes of carrier recombination, and the mathematical techniques
needed to describe these phenomena. In Chapter III, the results from several computer
simulations are discussed with a focus on such critical factors as optimization of active
layer thickness, charge carrier mobility, use of low- and/or high-bandgap donor polymers,
selection of electron-accepting fullerene materials, and spatial ordering of subcells in a
tandem configuration. Chapter IV gives a detailed explanation of the key issues involved
in actual device fabrication and characterization. Numerous fabrication considerations
must be taken into account including type/amount of polymer, fullerene, and solvent
used, annealing times and temperatures, and device layer thicknesses to name just a few.
To characterize the performance of the photovoltaics produced, current-voltage (I-V),
absorption (UV-VIS), surface morphology (Atomic Force Microscopy (AFM)), and
refractive index (spectrometric ellipsometry (SE)) data were collected and are described.

Finally, conclusions and recommendations for future research are presented in Chapter V.
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CHAPTER II

THEORY

SOLAR ENERGY CONVERSION IN ORGANIC POLYMERS

Conversion of solar energy to other forms of energy by organic matter is not
something novel or unique to the field of synthetic polymer photovoltaics. It’s been
occurring continually for millions of years in the biological world in the form of
photosynthesis. Photosynthesis is a natural process where light is absorbed by organic
organisms (e.g., plants, algae, cyano-, and anoxygenic bacteria, etc.) and stored in the
form of biochemical energy. This energy is subsequently used to power cellular

functions.

18
16
] ——AM 15G
‘r’; 144 —Rb Sphaeroides
c ) Synechocystis
g 12
o 10
o |
c
8 084
<
© -
S
= 064
A
E .
B 04
00 T T T T T T 'ﬂl
500 1000 1500 2000

Wavelength (nm)
Figure 11. Solar irradiance and absorption profiles for Rhodobacter sphaeroides

(anoxygenic bacterium) (red line) and Syrnechocystis (oxygenic cyanobacterium) (blue

line) [38].
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Most organisms capable of undergoing photosynthesis are sensitive to sunlight in the
visible range (400 — 700 nm) while some others are reactive in the near infrared (nIR)
range (700 — 1000 nm) [38]. Figure 11 shows a comparison between solar irradiance at
the Earth’s surface and absorption profiles of two representative photosynthetic
organisms. It is clear that photosynthesis is a process primarily driven by the visible
portion of the electromagnetic spectrum.

Plants, for example, have photo-receptive pigments called chlorophyll (there are
several types) that absorb solar light and begin the process of photosynthesis. Several of

these structures are shown in Figure 12.

Ao
COOCHy

HyCH HaC H
Chlorophyll a

B—Carotene

OCOCH;

Peridinin

Figure 12. Chlorophyll a, 3-Carotene, and Peridinin [38].
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In the simplest description, light impinges on the plants’ antennae where the chlorophyll
pigments are located. Next, the absorbed energy results in electrons achieving an
“excited” state. This additional energy is delivered to a reaction center where electron
transfer takes place and the energy is stored. Antenna sites contain several types of
chlorophyll as well as auxiliary structures such as [(3-Carotene and Peridinin. Of
particular interest is the structure of these linearly-shaped molecules. Note the alternating
single and double bonds between carbon atoms along the backbone of these pigments
(Figure 12). This configuration is referred to as comjugation and is critical to the
photovoltaic properties of synthetic polymers. A schematic representation of the natural

biological process is seen in Figure 13.
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Figure 13. Photosynthetic antennas and reaction center involved in the transduction of

light energy to stored energy [38].
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In an analogous manner, synthetic polymers can absorb sunlight, causing electrons to be
stimulated to a higher energy level, thereby forming excitons. These are coulombically-
bound electron-hole pairs. The excitons then translate to a reaction center, which, in the
case of BHJ active layer materials, is the interface between the donor and acceptor
polymers. The excitons then dissociate into separate electron and hole charge carriers.
The charge carriers are not stored, but instead flow to their respective electrodes and are
available in the form of electricity external to the device.

Conjugated synthetic polymers like P3HT and PCPDTBT are comprised of
backbones made of alternating single and double bonds between the carbon atoms. The
monomer unit of P3HT is shown in Figure 14. The cyclopentathiophene (sulphur-
containing) ring has an attached six-carbon (hexyl) functional group connected to carbon

3.

/N

Figure 14. P3HT monomer unit.

When connected in series, the monomers form the regio-regular (RR) polymer poly (3-
hexylthiophene) seen in Figure 15. Regio-regularity refers to the hexyl functional group

being attached to the same carbon (number 3) in each monomer unit.
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Figure 15. Segment of RR-P3HT polymer showing conjugated backbone.

This configuration is important for several reasons. Compared to regio-random P3HT
where the functional groups are located arbitrarily on the carbons, RR-P3HT has a much
higher hole-mobility (up to 0.1 cm”* V™' s™) [39]. This is due to lamellar stacking of the
polymer in relatively straight chains thereby encouraging more efficient charge transfer
along the conjugated backbone. Similarly, the low-bandgap polymer PCPDTBT contains
a conjugated backbone. Figures 16 and 17 show the monomer unit and a segment of the

polymer, respectively.
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Figure 16. PCPDTBT monomer unit.
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Figure 17. PCPDTBT conjugated polymer segment showing alternating single and

double bonds between carbon atoms.

It is this arrangement of alternating single and double bonds between carbon
atoms that gives rise to the polymers’ electrical conductivity. Each carbon in the
backbone is spz—hybridized. This mean the carbon atoms have three hybridized orbitals

that are oriented 120° apart from each other as this is the most stable configuration.

120°

Figure 18. Schematic of sp”-hybridized carbon atom. Each carbon atom in the backbone
of the conjugated polymer, P3HT, has the trigonal structure seen; the p, orbital lies

perpendicular to the plane of sp2 orbitals that are 120° apart from each other.
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A single hybridized orbital contains one s and two p orbitals (p, and p,). One non-
hybridized orbital remains; p,. This orbital is perpendicular to the plane of the sp’
orbitals as seen in Figure 18.

Along the polymer backbone, the p, orbitals overlap each other (Figure 19) to
form pi (n) bonds that allow for delocalization of charges and the subsequent flow of
electrons. These bonds are parallel to the backbone and centered separately above and

below the single and double bonds.

Figure 19. Overlap of non-hybridized p, carbon atoms (sz orbitals are not shown).

As a result of the Peierls instability, two energy bands are formed. These are
called the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) which are the bonding (xr) and anti-bonding (7*) orbitals,
respectively [23]. Electrons travel the length of the polymer chain (and sometimes

between chains) and can be “donated” to an “acceptor” polymer having higher electron
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affinity [23]. Commonly used acceptors include the functionalized fullerene species
[6,6]-phenyl Cs; and C7;-butryic acid methyl ester (PCs;BM and PC7;BM). Cg fullerene
is a spherical molecule having sixty carbons. Cyo has seventy carbons and is more “egg-
shaped” than Ce. While the two acceptors have different absorption properties, their
energy levels and bandgaps are comparable; HOMO = -6.1 eV, LUMO = -4.3 eV, and
bandgap = 1.8 eV [40,41].

Mouch like the two bacteria and their absorption spectra shown in Figure 11, low-
bandgap (LBG) and high-bandgap (HBG) donor polymers possess different absorption
profiles. LBG polymers absorb light having wavelengths (1) longer than 600 nm. P3HT
— an HBG polymer — absorption extends to about 650 nm, but there is a large mismatch
between its spectrum and that of the sun [3]. A comparison of the spectra of P3HT, a

generic LBG, and the sun is shown in Figure 20.

18 ¢

16

r.’;' 1.4 4 — AM 1.5G

E | ——— P3HT (HBG)
e 124 ~——LBG 3
= 1 &
< 1.0 4

@ 8
e ] G
a 0.8 4 / a8
© J [o]
[+]

E 064 b4
= <
s |

5 041

[4]

2 ]

0 021

0.0 T T T T T T M
500 1000 1500 2000 2500

Wavelength (nm)
Figure 20. Absorption spectra; P3HT HBG polymer, an LBG polymer, and the solar

spectrum [42].



29

There are primarily seven steps in the conversion of sunlight to electricity in
organic solar cells. All steps introduce some degree of loss in efficiency and must be
carefully considered during the fabrication of actual cells to minimize their impact. The
steps are:

1. Collection of photoﬁs by the device from the environment

2. Absorption of photons in the solar cell’s active layer

3. Exciton generation in the active layer

4. Exciton transport to the donor/acceptor interface

5. Exciton dissociation at the interface into separate charge carriers

6. Electron and hole transport to their respective electrodes

7. Charge collection external to the device
The details behind each step are many and only the most critical will be addressed here.
The goal is to give a basic understanding of the factors critical to the “direct” conversion
of solar energy to electricity through an organic solar cell.

Collection of photons by the device from the environment; Sunlight travels
ninety-three million miles from the sun to reach Earth. Light must travel through
Earth’s atmosphere which can cause irradiance loss at the surface through a host of
mechanisms including cloud cover, water vapor, and carbon dioxide (CO,) levels.
Additionally, solar cells are encapsulated by various means and this, too, adds an
additional loss factor. Most often, photons must pass through glass or quartz to reach
the active layer in the device and reflection can be a problem. Efforts are made to
ensure that these interfaces are optically pure, but invariably some loss is incurred.

Sometimes anti-reflection coatings are applied to the glass/quartz surface to more
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seamlessly match their refractive indices to that of air. This is an important
consideration since refraction occurs at every layer in a thin-film solar cell. The more
dissimilar the indices are from layer-to-layer, the more severe the losses will be.
Other techniques are also employed to transfer the greatest number of photons from
the environment into the solar cell. One example is the manipulation of surface
morphology both of the glass/quartz and subsequent layers to effectively increase the
path length traversed by the light within the device. This works by maximizing the
number of excitons that can be created and ultimately converted to useable charge
carriers.

Absorption of photons in the solar cell’s active layer; The irradiance within a
solar cell at every point along the path from the front to the back of the device is
proportional to the amplitude of the electric field squared and is given by the
relationship:

I =e,c<E*>7 )
where g, is the permittivity of free space, c is the speed of light, E is the electric field,
and the subscript T refers to the fact that irradiance corresponds to the average energy
per unit area per unit time. The electric field, E, is normally referred to as the optical
field [43]. There is a strong correlation between irradiance and absorption, so it must
be maximized in the active layer portion of the solar cell. This can be done in a
number of ways, including through control of absorption coefficients, thickness, and
sequence of all layers comprising the device. Other methods exist to enhance
absorption and one of the most important in organic solar cells is to increase and

improve the crystallinity of the active layer. A common technique is to use annealing
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to make the BHJ absorber more like its inorganic counterparts. Annealed semi-
conducting polymers achieve a greater degree of crystallinity that serves to broaden
their absorption bands.

Exciton generation in the active layer; Photons of sufficient energy impinging
upon electrons in a semi-conducting polymer will cause excitons to be generated.
These are coulombically-bound electron/hole pairs with an overall neutral charge and
binding energies generally in the range of several hundred meV [44]. Factors to be
addressed in maximizing exciton generation include minimizing the attendant losses
associated with such issues as spectral mismatch between the polymer and incident
photons, inefficient photon capture by extremely thin nanoscale films, and physical
limitations imposed due to the nature of narrow electronic transitions inherent in
organics [24]. Perhaps an even more critical consideration is the very short lifetime
of excitons. Once generated, the energized exciton state only lasts for approximately
1 ns. After that, radiative decay ensues in the form of photoluminescence and the
exciton recombines. Therefore, it is critical that excitons undergo the next step in the
energy-conversion process — diffusion to a reaction center — very quickly. This
center is the junction of the semi-conducting donor polymer and an electron-
accepting molecular species having an electron affinity greater than that of the donor.
The most commonly used acceptors are the functionalized fullerenes, PCs;BM and
PC7;BM.

Exciton transport to the donor/acceptor interface; An exciton located on a
polymer chain can move along the backbone due to the delocalization effects

provided by the overlapping p, orbitals on the sp°~hybridized carbons. Excitons, in
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the form of polarons, can also jump to another chain if it is in close enough proximity.
However, what is key is that the exciton arrives at a donor/acceptor interface before
recombination occurs. There is a typical distance an exciton is generally able to
travel before recombining — the exciton diffusion length, Lp. This distance is
approximately 5 — 10 nm. Therefore, the number of donor/acceptor interfaces should
be plentiful and their spatial phase separation very small in order for the excitons to
reach them in time. This is where BHJ active layers are vastly superior to bilayer
types of solar cells. Still, a multitude of factors remain that will impact the efficiency
of both diffusion and dissociation including the respective choice/concentrations of
donor and polymer materials, the solvent used in preparing the BHJ layer (affects
morphology), and crystallinity of the active layer after fabrication is complete.
Exciton dissociation at the interface into separate charge carriers; When
excitons arrive at the interface of two donor/acceptor polymers having a difference in
their LUMO levels greater than the exciton binding energy, dissociation — a cleavage
into separate electron and hole charge carriers — can occur. Figure 21 shows a
representation of exciton dissociation at the junction of the LBG polymer, PCPDTBT,
and the acceptor PCs;BM. At this critical stage of the PV process, two common loss
mechanisms can adversely impact ultimate device efficiency: geminate and
bimolecular recombination. In geminate recombination, the nascent electron and hole
carriers merge back into an exciton at the interface because the field strength
established by the donor/acceptor LUMO energy levels is insufficient to overcome

the combined electrostatic attraction and the additional energy loss associated when
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the electron transfers to the acceptor. The newly reconstituted exciton will then fully

recombine.

[}
e
-
; -
”%/g\[gﬁ: r\‘\
P,
[\j) e |
P ) >
A «‘; «-2!;::;{‘;
P “’) .
B ; yo
W SR
P
<

e
N 7T 3
W 73
Wﬁﬁmﬁ)—Q
\\\;\*

Figure 21. Exciton dissociation at the interface of the donor polymer, PCPDTBT,

and acceptor PC¢s BM.

An additional type of recombination is non-geminate bimolecular, or Langevin,
recombination. In this mode, electrons and holes from different excitons merge. This
takes place in the bulk and not at interfaces. Trapped charge carriers can also
combine with those that are mobile for a third type of recombination loss.

Electron and hole transport to their respective electrodes; Similar to inorganic
semi-conductors, charge carriers transport to their respective electrodes via drift and
diffusion. Drift current results from the internal electric field established by the

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



34

This field not only induces carrier drift, but is also a key determinant of the maximum
Voc achievable [45]. Diffusion current is a result of charge carrier concentration
gradients. However, unlike charge transport in highly-crystalline, well-ordered
inorganic semi-conductors, disordered semi-conducting polymers suffer from lower
carrier mobilities and greater degrees of charge trapping. These factors alone have a
marked impact on overall achievable device current and voltage as well as power
conversion efficiency. Also, recombination continues to be a problem throughout the
entire transport process from dissociation to charge collection at the electrodes. In
BHJ organic solar cells where long range structural order does not exist as it does
with inorganics, charge transport occurs via carrier hopping between localized energy
states. Donor polymer chains transport the holes to the anode while acceptors (e.g.,
fullerene) conduct electrons to the cathode. This dictates that charge transport will be
slow and mobilities much lower than in inorganics. A primary technological focus
aimed at mitigating the limitations inherent in charge transport involves improvement
of active layer morphology by increasing its crystallinity.

Charge collection external to the device; The journey from photon absorption in
the BHJ active layer to charge collection at the electrodes is a long one. Macroscopic
characteristics such as serial and shunt resistances in the device are impacted by many
factors such as inter-layer interface characteristics (transparency, resistance, etc.),
polymer blend factors (donor/acceptor concentrations, solvent choice, fabrication
methods, etc.), and layer morphology (absorption coefficient, dielectric constant,
thickness, etc.). These and many other issues determine the efficiency with which

charge carriers successfully arrive at their respective electrodes and can be conducted
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efficiently from the PV device to external circuitry. An active area of research

continues to be exploring the best ways in which to connect metal oxide and metal

electrode materials to organic matter in such a way as to maximize current collection.
CARRIER MOBILITY IN A GAUSSIAN DENSITY OF STATES

Disordered organic blends do not have a predictable isotropic crystal lattice
structure, and therefore the descriptive physics are different from those used for inorganic
crystalline structures. In particular, the equations depicting the mechanisms behind
charge transport are basically derivative of those commonly used to describe the
phenomena in inorganics. This works to a large extent, but there are difficulties in the
case of carrier mobility — a critical factor impacting transport. More specifically, charge
carrier mobility (¢ and ) is considerably different both qualitatively and quantitatively
in semi-conducting organic polymer BHJ devices. For example, in crystalline semi-
conductors such as silicon, charge transport occurs via band transport as opposed to the
hopping between localized energy states in disordered organics [23].  Carrier
concentration is also inextricably linked with mobility in all cases. Mobilities in doped
Si at room temperature can be as high as 450 and 1400 em” Vs for p-type and n-type,
respectively [46]. By comparison, hole and electron mobilities in BHJ organic blends
consisting of P3HT and PCBM are very slow in the range of 10710107 cm® V' s™.

For disordered semiconducting polymers, it is widely assumed that hopping
mobility must be analyzed from the standpoint that the density of states (DOS) is
represented by an exponential or Gaussian distribution [47,48,49,50]. In donor/acceptor
BHIJ structures, the donor polymer is primarily a hole-conductor while the acceptor

molecule transports the electrons [23]. Over the years, several models have been
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proposed to accurately describe mobility with varying degrees of success. With this in
mind, four models are briefly described as they apply to the issue of mobility and carrier
concentration in organic semiconductor materials. The models are the 1), Pasveer, 2)
Movaghar-Schirmacher (MS), 3) Vissenberg-Matters (VM), and 4) Arkhipov.

Pasveer Model; This model starts from the “master equation” for hopping
transport behavior in disordered materials having a Gaussian density of states and
presents a model intended to comprehensively describe charge carrier mobilities in
disordered semiconducting polymers. He incorporates the impact of temperature,
electric field, and charge carrier density on mobility and the subsequent influence on
the current/voltage characteristics in experimental polymer devices. The model is
reported to accurately describe real devices and two important temperature regimes
are identified; 1) at room temperature, mobility is primarily impacted by carrier
density, and 2) at low temperatures (and correspondingly high field strength) the
mobility is strongly dependent on the electric field.

A critical parameter determining polymer device performance is the charge-
carrier mobility, x In disordered polymers, charge transport is understood to take
place via a hopping process along and between the segments of the conjugated chain.
The energy level variations at each site in the chain can be described by a Gaussian
distribution. In previous models, the affects of temperature and electric field have
been examined in order to understand how these factors impact g More recently, the
significance of charge carrier density, p, has been realized and its influence on

mobility taken into account. It’s been found that at room temperature, only charge
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carrier density need be considered when determining mobility, but that at low
temperatures ¢ will depend on the electric field.

The master equation that describes charge carrier hopping on an ordered lattice is:
Zj:ti [Wl] pl(l_pl)_ M/]ipjz(l—pl] =0 (6)

p. is the probability that site 7 is occupied by a charge, W, represents transition rate
from 7 to j, and (1- p,) ensures that only one charge can occupy a site at any particular

time. The transition rates are of the following form:

{ Vo exp[—ZaRij — B(SJ— si)], gjz &,
Vo eXp[-—ZO(Rl'j ], £ <¢g

Wij =

[3is equivalent to 1/kgT, w is an intrinsic rate value, and R, is equivalent to IR, — R||
which represents the distance between hopping sites i and j. €, represents the energy
at site 7 and « is the inverse localization length. Not shown is a contribution due to
the electric field having a value of —eER,x. e is the charge of the carriers and x
indicates the direction of the field is in the x direction. When an electric field is
absent, charge occupational probability is described by the Fermi-Dirac distribution.
To simplify the model, Pasveer assumed a cubic lattice structure with lattice
constant a. The inverse localization length, «, is equal to 10/a. By varying ¢, the
mobility prefactor can be changed which allows the model to employ variable-range

hopping. Figure 22 shows the mobility as a function of carrier density for a selection
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of temperatures and decaying electric field. The symbols in the figure represent

numerical results and the solid lines are fits based on the following parameterization

methodology:
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Figure 22. Mobility as a function of carrier density for different T and E [49].

The coefficients ¢; and c; are determined empirically and are equal to 1.8e-9 and
0.42, respectively. This parameterization is suitable when densities are not too high.
This model accurately uses a Gaussian distribution to describe energy variations

at sites located on polymer chains in disordered semiconductor materials. It also
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shows that mobility is primarily dependent on carrier density at higher temperatures,
but a consideration of electric field is necessary to accurately detail J-V characteristics
at low temperatures and high fields. A limitation of this model is that a uniform,
regularly-spaced lattice structure is assumed. This is a “drastic approximation” that
differs markedly from the reality found in actual polymers [49]. As a result, the
researchers suggest their results be considered as “the effective result of an average of
intrachain and interchain hopping” [49].

Movaghar-Schirmacher (MS) and Vissenberg-Matters (VM) models;  These
models had either not been applied previously to the analysis of organic materials
with disordered states having a Gaussian distribution, or were used but found to have
inaccuracies that required modifications [47]. It was found that mobility is constant
below certain charge-carrier concentrations. Mobility will decrease when the ratio of
the width of the DOS to the thermal energy, kgT, increases. This ratio is designated
as “S”. Correspondingly, mobility will increase with larger carrier concentrations up
to an identifiable limit. At very high concentrations the mobility will be limited by
final state effects — although there can even be a decrease in mobility at these high
concentration levels. For each of the models, an analytical expression for mobility, g,
is given where

u = (mobility of low concentration) x (concentration (c)) x (S-dependent factor)
Depending on the value of the concentration, ¢, In(z) will vary in an approximately
linear way as 1/T or 1/T° where T is temperature.

Both the MS and VM models describe two basic mobility regimes. There is a

“crossover” point between the first and second regimes that depends on charge-carrier
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concentration. In the first, the mobility is independent of the concentration and
carriers effectively obey Boltzmann statistics as opposed to Fermi-Dirac statistics.
Above a critical concentration level, mobility increases with increasing carrier
concentration. In a Gaussian disorder model, the density of states is described by the

following relation:

N, E )
g(E) = —==——g\p| ~ 3 3
\270Dos 20pos )

where opos is the width of the DOS and N, is the total number of hopping sites in a
cubic meter (m’). When carrier concentration is low and § >>1, charge carriers are
effectively independent and mobility is independent of concentration in this
“Boltzmann regime”. As more carriers are added, a critical point (Ef = Ep) is
exceeded and the density of states is filled to higher energy levels. As a result, the
“average number of unoccupied neighbor sites within a certain spatial and energetic
distance is then on average larger, so that the mobility increases with increasing
concentration” [47]. Two key results are observed. First, when S is greater than 2,
the mobility at the crossover carrier density point (E; = Ey) is approximately equal to

twice the mobility of the low carrier density limit as described by

pln(Ep=Eg)] _

u(n=0) - (10)
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This relation holds regardless of the GDM used. In addition, carrier concentration
(c = n/N)) at the crossover point between the low and high concentration regimes is

given exactly by

(11)

Both of these relationships allow the estimation of the width of the DOS from the
carrier concentration dependence of the mobility at specific fixed temperatures.

As described in the Pasveer model, both the MS and VM models use the Miller-
Abrahams rate constants given by Equation (7) and which is shown again here for

convenience:

W.. = Yy exp[-—f—lfﬂt‘il - 5(8', - 8;)], 6', = E;,
i vyexp[=2aR;] g, <&, -
‘ ’ 7

The hopping rate is w;;, & is the initial site, & is the destination hopping site, and R;; is
the distance between the two. w is an “attempt frequency” and « is the inverse of the
decay length of the localized wave functions — taken to be equal for all sites. %
depends on “electron-phonon coupling strength, phonon density of states, and other
material properties” [48].

In the MS model, conductivity is expressed as follows:

e <R2> J‘w '
o= —B ol E EydE.
o kT 6 Ms¥o B g(E)o(E) 12)
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Conductivity is an integral function that accommodates contributions from all the
energy sites where <R*> is the average of the square of the hopping distances. The

full expression for ois given by

-
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(13)

This is a more accurate representation of o since it is a double integral that
accounts for both R and E. The simplified version is used when the hopping
processes considered are those whose contributions are based on the average distance
between sites. Bys is a “percolation correction factor” given by Bys = exp(Equation
(9)). The MS model must be solved iteratively which means the mobility calculation
can be computationally demanding.

The VM percolation model addresses an exponential DOS and views the system
as a random resistor network. Conductance between hopping sites is given by

Gij = Gy exp(-s;) where Gy = e’ w/(kgT) and

|Ei = E| + |E; = Ep| + |Ei - E}|

Sij = QaRli +

This relationship expresses equilibrium current densities based on contributions
proportional to the Miller-Abrahams parameters described in Equation (7). These

parameters are multiplied by the initial and final state Fermi factors under a zero-field



43

limit and under the condition that the relevant hopping energies are large when
compared to the thermal energy (kgT). In this model, the conductivity is proportional
to the “critical conductance” given by o= oy exp(-s.) and oy is proportional to Gy. If
all “resistor” connections in the network for which s, > s. are disregarded, each
energy site that is not disconnected from all other sites will have an average of “Bym”
connections or “bonds” to the other sites. Based on numerical calculations, By is
found to be equal to 2.8 and only states within s.Ag7T from Er participate in the

percolation network. s. can be found by solving Equation (15):

Np(s,) ~
Ni(s.)

VM
(15)

where N; is the density of participating sites and N, is the density of bonds between
these sites. By applying this model to the case of an exponential DOS, Vissenberg
and Matters were able to develop an analytical expression for the mobility. The
problem can be solved numerically for a Gaussian DOS where the density of

participating sites is given by

(16)

and the density of bonds is
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In Equation (16), “erf” is the error function. In Equation (17), R; is the integral over
the entire space and @ is the Heaviside unit step function.

Arkhipov model; An assumption made with the Arkhipov model is that the first
carrier hop from a site having energy E is to a neighbor site where the Miller-

Abrahams hopping rate is the greatest. In other words, to the site where the function

7

u=2aR+ 6(E" - E)
kgT (18)

is the smallest. R is the distance between the sites where E’ is the final energy state.

@ is the Heaviside step function and the mobility is then described as

=2 ool KR EVHE)IE

kT J (19)

(u)(E) is the average value of the mobility when the charge carrier hops to the next
site and (RZ)(E) represents the average of the square of the hopping distance to the
next site. A(E) is the normalized density of occupied states which can also be written

as

2ENE) n (20)
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Here, f(E) is the Fermi-Dirac distribution function and g(E) is the density of states.

(u)(E) can be further expanded as follows:
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n(Eu’) is the average number of neighbor sites for u <u’ and is given by
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(22)

In this model, By, represents the average number of connections (or “bonds”) to
other sites and is equal to 1. It is a “percolation parameter” analogous to Bys and By
in the Movaghar-Schirmacher and Vissenberg-Matters models, respectively.

Equation (19) above is derived by making two assumptions: 1) the contribution to
the diffusion constant due to carriers at sites with energy E is given by
W expl-<u>(E)]<R*>(E), and 2) the diffusion constant is related to the mobility via
the Einstein equation for non-interacting particles. By integrating over the initial
state energy E and realizing that for hopping at low carrier concentrations in a
Gaussian DOS that the average square hopping distance is approximately equal to the
square of the average intersite distance, the full expression for <R*>(E) does not have

to be used and the mobility can be obtained.
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The analysis of carrier mobility in disordered semiconducting polymers is critical
to understanding charge transport mechanics in organic photovoltaics. However, there
are considerable differences between organic materials and homogeneous inorganic
structures where physical parameters are often more amenable to objective definition.
Currently, Gaussian disorder models are the best means for describing hopping mobility
inherent in disordered polymers.  Still, as more is learned, other methods and
modifications will likely be necessary to comprehensively elucidate the true mechanisms
behind this phenomenon.

CHARGE CARRIER RECOMBINATION

The primary measure of an organic solar cell’s performance is its power
conversion efficiency, 7. This is defined as the ratio of output electrical power (Poy) to
the input optical power (P;,). Equivalently, the fill factor, current density, and open

circuit voltage determine the PCE as shown in Equation (23):

P FF 174
n= :ut — Isc Voc (23)

As can be seen in the relationships above, current density, Jsc, is a factor upon which
PCE is heavily dependent. Several mechanisms work to diminish the overall efficiency
and many of them do so by directly impacting current density. Current through an OSC
device is of two types; drift and diffusion. The relationship in Equation (24) shows the
components making up each kind of current and how they add to describe current density.

Current density is not only a function of the amount and rate of charge carrier flow, but is
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also dependent on the volume through which it passes. This becomes critical when

dealing with the extremely thin layers typically found in organic solar cells.

Jrotal = Jdnft + Ja’zf sion = enull + kTu Vn (24)

where e is the elementary electronic charge, n is charge carrier concentration, g is carrier
mobility, E is the applied electric field, and Vn is the carrier concentration gradient [51].
It’s clear that mobility and concentration are the most important influences on current
density.

Carrier concentration, #, is a function of electron/hole lifetime. Therefore, the
deleterious effects of recombination must be controlled. Excessive recombination results
in an unacceptable decrease in available charge carriers, which reduces current density
and ultimately drives down the PCE. The lower mobility of carriers in organic semi-
conducting polymers is also more problematic when compared to crystalline inorganics.
Lower mobility in bulk materials results in greater recombination and a subsequent
reduction in efficiency. It is therefore necessary that organic thin film layers be made
exceedingly thin (nanoscale) [52]. As previously addressed, other steps (e. g., annealing,
choice of donor/acceptor polymers and solvents, etc.) are also taken during solar cell
fabrication to mitigate the problems associated with low carrier mobility in BHJ polymer
layers. One of the most powerful techniques involves thermal annealing of the active
layer. This has the effect of making chain polymers assume a more ordered, lamellar
conformation that, to varying degrees, mimics the structure in inorganic solar cells. This,

in turn, increases charge carrier mobility and reduces recombination. In this study,
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regioregular P3HT is the HBG polymer modeled in the simulations. In actual device
fabrication, P3HT:PCBM active layers are post-annealed in an H,O- and Nj-free
environment to achieve an enhanced semi-crystalline morphology. Figure 23 shows a

representation of post-annealed P3HT.

16.8 A

Figure 23. Effects of annealing on P3HT; the polymer becomes more lamellar and

ordered and therefore more semi-crystalline [53].



49

Using diffraction techniques such as grazing-incidence x-ray diffraction (XRD),
researchers have been able to determine some of the physical features of semi-crystalline
P3HT [54,55]. Figure 23 shows that in a lamellar configuration, there is a distance of
about 3.8 A between “sheets” of polymer. The inter-chain distance between polymer
segments in the same sheet is 16.8 A and 7.7 A separate adjoining hexyl groups on each
carbon 3.

When excitons are photogenerated in an organic BHJ active layer, they diffuse to
the donor/acceptor interface and, if conditions are energetically favorable, dissociate into
separate electron and hole charge carriers. However, this separation must be maintained
so that transport to their respective electrodes can occur. At the moment of dissociation,
the Coulomb force must be overcome or geminate recombination occurs. Originally, the
mechanics behind ion recombination were described for inorganic crystalline materials
by Onsager and his theory of ion recombination. The theory posits that when photo-
ionization occurs, the electrons and holes are quickly thermalized causing a small
separation between the two (excitons in organic semi-conductors) — a point in time when
the charges are in the charge transfer (CT) state. From that point, the Coulomb force and
the internal electric field work on the charge pairs until one of two things happen: 1) the
charges recombine, or 2) they overcome the Coulomb force, fully separate, and transport
to electrodes to become useful current [56]. Figure 24 shows a diagram of the Coulomb
radius and some representative mobile charges. In this scenario, both an electron and a
hole are attracted to each other by the Coulomb force. If the hole is within the Coulomb
radius, the external field is zero, and the thermalization energy is insufficient or hopping

distance is too great to overcome the Coulomb force, the charges will recombine.
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Figure 24. Coulomb radius and recombination.

In the absence of an external electric field, the Coulomb radius is given by the following:

el

Tcoulomb = 4me, okT (25)

where e is the charge on the electron, ¢is the relative permittivity, & is the permittivity of
free space, k is the Boltzmann constant and 7 is temperature. This radius is correlated
with the probability of charge separation [51]. Holes that lie outside the radius will not
combine and be available for conduction.

There is a second type of recombination referred to as bimolecular, or Langevin
recombination that occurs not at donor/acceptor interfaces, but in the bulk of the active
layer. Electrons and holes that recombine there originate from different excitons. In this
case, a rate equation is defined to describe generation, recombination, and charge

collection:

RGeneratlon = RCollection + RRecombination (26)
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where Rrecompmanon in simplified form is given by Equation (27):

== 27)

— — 2
RRecombmatLon - Bnp - .Bn - 8

5IH=

75 is the bimolecular, concentration-dependent carrier lifetime, n and p are the electrons
and holes, respectively, and [ is the recombination coefficient that defines recombination
rate and carrier lifetime [51]. Langevin recombination is normally observed in low
mobility materials having small carrier hopping distances, but a large »couomp, pristine -
conjugated polymers [57], and unannealed, low-efficiency solar cells [58]. In this case, a

Langevin recombination coefficient, /3, is defined as

ﬁL _ e(#faster+ ﬂslawer) (28)

€r€p

where tser and tiower tefer to the relative speeds of the charger carriers. Ideally, the
mobility rates would be equal. This would mean that electrons and holes are collected at
the same rate, thereby avoiding charge buildup at the interfaces. In response to this fact,
Equation (27) was adapted by Braun to allow for a spatial averaging of the electron and

hole mobilities since both charge carriers are confined to different phases [59]:

Bu=c{tn+ tp) (29)
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The brackets denote the spatial averaging. Still, it remains that charge collection will be
dictated by the charger carrier with the lowest mobility. Therefore, it is more accurate to

write Equation (29) as

Bu = - min(uy, 1) (30)

In inorganic semi-conductors, the Langevin recombination constant is normally taken to
be 1. However, in organic polymer blends, the value is ~0.1. This is the value used in
the simulations in Chapter 3 as it has been shown empirically to be reasonably accurate.

OPTICAL AND ELECTRICAL MODELING

The first two steps in the solar energy conversion process enumerated on Page 29
are:
1. Collection of photons by the device from the environment, and
2. Absorption of photons in the solar cell’s active layer
Both of these steps are inherently optical in nature and are commonly described using
well-established and highly effective formalisms recognized in the science of matrix
mathematics. In particqlar, the Transfer Matrix Method (TMM) is frequently used to
calculate the irradiance as a function of the electric field squared within each cell layer at
a continuum of points while traversing the entire depth of the multi-layer structure. The
two primary inputs to any such algorithm are the thickness and the real and imaginary
components (n and k) of the complex indices of refraction for each layer in the device.
A step-wise, scalar wave approach to simulating the optical characteristics of

multi-layer structures has widespread application to many types of problems. Previous
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work done by this researcher involved the application of TMM to the study of fiber
Bragg grating (FBG)-based chemical sensors used to detect toxic industrial chemicals
and toxic industrial materials (TIC/TIM) [60]. These chemicals and materials can be
used by terrorist organizations to contaminate food and water supplies and the U.S.
government has identified a need to develop technology capable of detecting them [61].
Fiber Bragg gratings are formed in specially doped fiber optic glass core materials by
irradiating the fiber with UV light through a mask. This produces “layers” of periodic,
alternating indices of refraction within the fiber. FBGs will then reflect specific light
frequencies and transmit the others through unimpeded. The wavelength that will be
reflected is determined based on the thickness and refractive indices of the FBG segments
or planes. This makes FBGs useful as optical filters or wavelength-specific reflectors.
As an example, Figure 25 shows the schematic of an FBG sensor that was designed using
the polymer cellulose acetate (CA) as a transducer. The CA is deposited on the outside
of the FBG-containing glass fiber and allowed to cure. While transmitting a reference
light wavelength through the fiber, it is then dipped into an analyte (e.g., oxalic acid,
ethylene glycol, sodium hypochlorite, etc.). The polymer coating interacts with the
analyte and swells to varying degrees depending on which target chemical is being tested.
This swelling of the polymer subsequently strains the fiber and the FBG contained
within. This elongation of the fiber effectively changes the thickness of each layer in the

FBG which causes an increase in Bragg period (Ap) and a resultant shift in Bragg

reflectance wavelength () [60].
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Figure 25. Polymer-coating on fiber containing a single Bragg grating [60].

The experimental work in the study was augmented with computer simulation as
well. Using MatLab®©, an FBG modeling tool was developed based on the TMM. The
tool allows transmittance and reflectivity to be calculated over a user-selected range of
wavelengths and variables such as indices of refraction and number and thickness of
Bragg planes in the grating can be manipulated. Figure 26 shows the user interface for

the simulation tool.



Figure 26. Graphical user interface for Fiber Bragg grating simulation tool.
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In this dissertation, TMM-based modeling of stacked layers lends itself well to
research on organic solar cells. MatLab© was used to develop the algorithms to calculate
reflectivity, transmission, and absorption profiles in multi-layer structures using a

conservation of energy approach:

R+T+A=1 (31)

where R is reflection, T is transmission, and A is absorption. Additional outputs include
electron and hole current densities, charge carrier densities, and exciton generation
statistics. A one-dimensional, or scalar wave approach is suitable considering the cell
layers are stacked on top of each other and the angle of light incidence is taken to be
perpendicular to the plane of each layer. Other assumptions are that the layers are
smooth (morphology is not considered in this model) and all layers are parallel.

For the optical analyses conducted on tandem cells in this study, the TMM was
implemented over a wavelength range from 350—-900 nm using standard AM 1.5 sunlight
spectra. The optical properties of all the layers are described based on their complex
refractive indices, n” = n(A) + ik(X), which are either experimentally obtained from
spectroscopic ellipsometry or from the literature [35]. In particular, the refractive index
values for P3HT:PC;;BM and PCPDTBT:PC¢ BM are extracted from Ref. [35]. For a
given set of bottom and top active layer thicknesses, the number of photons (Nph)
absorbed in the top and bottom layers are calculated in each subcell as shown in Figure
27. The absorbed photons are converted to photocurrent by considering charge carrier

transport and bimolecular recombination processes and designing optimal bottom layer
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(dpotom) and top layer (dip) thicknesses for each subcell. The maximum thickness
considered was around 300 nm due to the fact that both bimolecular recombination and
internal resistance of the device significantly increase with excessive thickness. Both of

these factors adversely affect energy conversion efficiency.
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Figure 27. Number of photons (V) absorbed in the top and bottom subcell layers [130].

Outputs from the model are used to calculate such device parameters as Jsc, Voc, FF, and
PCE. Graphical representations of these calculations for several tandem organic solar
cell structures can be seen in Chapter 3.

Steps 3 through 7 listed on Page 28 can be classified as electrical in nature.
Standard equations used in the description of inorganic semi-conductor physics can be
used to describe organic semi-conductor phenomena, albeit with some modifications.
The absorbed photons in organic blends generate electron-hole (e-h) pairs or excitons,
some of which subsequently dissociate into free-charge carriers at the BHJ interfaces as

described by Onsager-Braun theory [59,62]. The transport of dissociated free-charge
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carriers and Langevin bimolecular recombination [63] are incorporated into a one-
dimensional drift-diffusion model and used to estimate the current density and efficiency
of organic solar cells. In this model, the mobilities of electron and hole carriers are
assumed to be independent of the electric field which is taken to be constant within the
organic blends. The net generation rate, U(x), of free-charge carriers can be expressed as

[64]

Ulx) = PO)[Genlr) + RK&)] - R(), (32)

where P(x) is the dissociation probability of bound e-h pairs. G.(x) is the generation rate

of photo-induced e-h pairs and R(x) is the Langevin bimolecular recombination rate (also

[3) expressed as

S =kAnp k) —n’ind, (33)

where k- = (g/& min(u, 1) (34)

The electron and hole charge carriers are recombined at the rate, k,, with respect to the
intrinsic carrier density n%,. One should note that &, is dictated by the mobility of the
slower carrier in Eq. (34).

More specifically, the e-h pair dissociation probability at a given pair distance, &,

is given by

_ _ kal§F()T]



59

where k; is the e-h dissociation rate and £y is the decay rate to the ground state. The

dissociation rate is a function of the e-h pair distance, field strength (F), and temperature

(7)
_Ep. v=2b
ka6 FG).T] = (25) (e )% (36)
_ @F(x)
where = Sweris 37

E, is the e-h binding energy, and J; is the Bessel function of the first kind. In disordered
polymer-fullerene systems, the e-h pair distance, &, is not constant. Accordingly, the
overall dissociation probability of e-h pairs must be treated statistically by integrating the

probability function in Eq. (35) over all spatial e-h pair distances (E=0, o) as
E:OO 4—%2 _(E/a)Z
Pla,F(),T] = [ plE F(0),T] g €™ ®/" d (38)

where a Gaussian function normalized to the most probable distance a is used to
represent a selected distribution profile.
Using the Poisson equation, potential (x) and electric field are calculated at the

position x as

22 2
—ali(;) = —¢ I;ix) = q[n(x) — p(x)] (39)
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where ¢ is the dielectric constant of organic blend, ¢ is the elementary charge, and n(x)
and p(x) are the electron and hole densities, respectively. The current densities in terms of
drift-diffusion of the charge carriers are calculated using the continuity equations for the

electron [J,(x)] and hole [J,(x)] current densities

¢ 222+ UG =0 (40)
~q222 4 U@y =0 (41)

Ja(6) = —qu [n(x) Z2 v, 2 (42)
Jo(0) = =qpn [p(0) 22+ v, 22 (43)

where 1, and 14, are the mobilities of the electrons and holes, respectively, and V,=kgT/q
is the thermal voltage. The coupled nonlinear equations described above are solved
iteratively to obtain the steady state condition for the electric potential, free-charge
concentrations, and current densities.

ORGANIC / METAL OXIDE INTERFACES

Based on new insights and increased understanding of organic materials, device
concepts and organic physics, the quality and performance of organic solar cells (OSC)
continue to evolve at a rapid pace [65,66,67]. Still, the energy conversion efficiencies
needed to make OPVs viable commercially have yet to be realized. The highest power
conversion efficiencies achieved to date remain at approximately 5~6.5% [33,68] while
inorganic devices have efficiencies exceeding 15%. There are several reasons why

organic solar cell performance levels are still lacking and, ironically, many relate to the
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inherently poor electrical characteristics found with the organic polymers used in device
fabrication [69, 70, 71, 72]. Higher exciton binding energies ranging from 0.2~0.5 meV,
charge carrier mobilities less than 102 cm® V' 5™, and extremely short exciton diffusion
lengths between 5-20 nm are obstacles that must be overcome if OSCs are to be made
practically and commercially viable [73, 74, 75, 76, 77].

In recent years, much has been learned regarding the mechanics behind charge
transport between organic donor polymers/acceptor fullerenes that are mixed together in
a BHJ configuration [65, 66, 67]. The close proximity and large mutual interfacial areas
of the nanoscale constituents promote efficient dissociation of excitons approaching
100% [78]. However, this excellent internal quantum efficiency (IQE) is not the only
driving force behind attaining high power conversion efficiencies. The charge carriers
resulting from dissociated excitons must be efficiently collected at the device electrodes
in order to be useful in the form of electricity. A number of factors impede this process
including high electrical resistance at the electrode interfaces, and geminate and
bimolecular recombination at the polymer/fullerene interfaces and within the bulk of the
active layer, respectively.

A relatively new approach to alleviating the aforementioned technical problems
involves the inclusion of n- and p-type metal oxide semiconductors in device fabrication.
These materials can be used in several ways to improve charge carrier conduction to both
the anode and cathode electrodes in an OSC. Metal oxides have been used as
electron/hole blocking layers (EBL/HBL), as transport layers, and even as “optical
spacers” between electrodes/active layers where they can improve absorption and

ultimately increase short circuit current densities (Ji.), fill factors (FF), and ultimately,
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power conversion efficiencies. The concept of implementing so-called hybrid organic-
inorganic solar cells is gaining widespread interest, but the technical challenges in doing
so are still many. For example, metal oxides and organic materials have dielectric
constants that differ greatly and this could lead to a build-up of charge carriers at the
interfaces [79]. This would impact device series (Rs) and parallel or shunt (Rsy)
resistances that, in turn, have a direct influence on fill factor. FF, an important
fundamental indicator of solar cell performance, is the ratio of the product of the current
and voltage at maximum power to the product of the open circuit voltage and the short
circuit current. It is desirable for FF to be high (i.e., greater than 0.6). Correspondingly,
Rs should be as low as possible while Rsy would ideally approach infinity. The

interrelationships between Rs, Rsy, current density, bias voltage, and FF are depicted in

Figure 28.
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Figure 28. (a) FF, (b) series and parallel resistances, and (c) schematic of a solar cell.
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Figure 28 (a) shows the variables that determine fill factor in a solar cell. J,,,, and
V,uax are the current density and voltage bias measured at the maximum value (knee of the
curve) of the J-V graph, respectively. Jsc and Voc represent the short circuit current
density and open circuit voltage, respectively. As previously described, it is the ratio of
the product of Jy,q, and Vg, to the product of J, and V, that defines FF. Figure 28 (b)
shows a schematic representation of a solar cell. Ideally, Rg¢ would approach a value of
zero ohms while Rgy would be infinite. The photodiode represents the organic active
layer which is the source of the charge carriers. In the fourth quadrant of the J-V curves
shown in Figure 28 (c) and (d), the inverse slope taken at the areas of the curves shown
gives the values for Rs and Rsy. The series resistance is also impacted by such factors as
the morphology, intrinsic resistance, and thickness of the organic active layer while shunt
resistance is subject to the effects of the type and degree of active layer defects and
impurities that cause carrier recombination and leakage current [80].

It has long been known that surface modification of the transparent conducting
electrode (typically indium tin oxide (ITO)) can improve OSC performance. However,
despite being optically transparent and having high conductivity, ITO also has a low
work function that must be overcome since a high work function anode is necessary to
decrease series resistance [81, 82]. The most commonly-used material to address this
problem is PEDOT:PSS. It serves as a hole-transporter between the organic active layer
and the ITO anode [83]. Still, PEDOT:PSS has some undesirable characteristics that
make it less than ideal for this purpose, including susceptibility to thermal degradation
and a very low pH (~1) that makes it corrosive to the ITO electrode [83]. As an

alternative, surface modification of ITO can also be achieved through the use of metal
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oxides such as MoOs [27], V.05 [28], NiO [29], and WOs [30]. Metal oxides offer a
greater degree of controllability in that they can be used to “tune” the energy band
alignment between the organic active layer and the oxide electrode material thereby
minimizing charger transfer barriers across the interface [84]. The focus of this section is
to briefly highlight the properties and implementation strategies used when including
metal oxide semiconductors in OSCs. Several different oxides can be used (e.g., TiO,,
WO;3, MoO3, V,05, and NiO), but only TiO, will be specifically addressed here.

Boucle, et al., described two approaches for incorporating TiO, in OSCs. In the
first case, polymer is incorporated inside a rigid porous oxide structure, and in the second
oxide nanoparticles and polymer are mixed together and deposited as a solution to form
the active layer. In both scenarios, the basic charge transfer mechanism is as shown in

Figure 29.
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Figure 29. Basic charge transfer mechanism donor polymer to acceptor metal oxide [85].
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Energy in the form of photons impinges on the donor polymer and produces excitons that
diffuse to the polymer/metal oxide interface and dissociate into charge carriers. The
metal oxide serves as an electron acceptor while the polymer transports the holes.
Characteristics of the metal oxide acceptor include high electron mobility and affinity as
well as mechanical and chemical stability [85]. There are three basic structures normally
used in hybrid organic-inorganic cells (bilayer, porous, and blended) and two modes by
which charges are transported to the electrodes. In bilayer and porous structures, charges
move to the electrodes via diffusion while excitons that dissociate into charge carriers in
blends require a difference in the work functions of the electrodes to provide a bias for
transport.

Metal oxide semiconductors are of particular interest in these structures because

their morphologies can be controlled accurately using wet chemical synthesis [86].

Dense TiO, Excess Polymer Au

ITO TiO,:Polymer PEDOT:PSS

Figure 30. Energy level diagram of TiOy-incorporated hybrid OSC [85].
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This allows the oxides to be fabricated having variable densities. In addition, other
desirable characteristics of these materials include the capability for light-trapping, their
low cost, and their lack of toxicity. Also, they have been extensively studied, so much is
known about their properties. Figure 30 shows the energy level schematic of a hybrid
inorganic/organic solar cell with TiO, incorporated between the active layer and the ITO
electrode. It’s important to note that ITO can be used as either a hole-, or electron-
collecting layer. This is due to its work function (4.5 to 4.7 eV) being between the
HOMO and LUMO values of the organic layer. The dense TiO; layer serves as both an
electron-acceptor and a hole-blocking layer. This is key to improving cell performance
since organic donor material that is in direct contact with the ITO will result in leakage
current that decreases device fill factor. However, a known issue with nanocrystalline
TiO, is charge trapping that limits carrier transport. Note also that PEDOT:PSS is used
between the polymer donor and the anode electrode. This layer serves as a hole acceptor
and an electron blocking layer.

A novel use of TiOy is as an optical spacer that increases efficiency in organic
solar cells. Figure 31 shows schematic representations of both a conventional cell and a

device incorporating an optical spacer.

0OSC without Spacer OSC with TiOx Optical Spacer
GLASS PEDOT:PSS Al GLASS PEDOT:PSS TIOX SPACER
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iTO ACTIVE LAYER iTo ACTIVE LAYER Al

Figure 31. Conventional cell and a device incorporating an optical spacer [87].
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Of note is that, in the device with the spacer, the magnitude of the irradiance is greater at
every location throughout the entire thickness of the active layer compared to the
conventional solar cell. This spatial redistribution of the irradiance will result in
increased current density that subsequently improves energy conversion efficiency. The
spacer must be optically transparent, a good electron acceptor/transporter with a
conduction band edge lower than the LUMO of the acceptor. The LUMO must be above
or near the Fermi level of the metal electrode (Al) [87]. Figure 32 shows a schematic

representation of the energy levels for the device with the optical spacer.

PEDOT:PSS TiOx

ITO P3HT:PCBM Al

Figure 32. Energy levels for a device with an optical spacer [87].

In contrast, conventional devices show the highest optical field amplitude close to the
anode and a considerable portion of the active layer is not used for photogeneration of
charges. This condition results in greater exciton generation and dissociation at this

depth and leads to excess charge build up.



68

Incorporating metal oxides in OSC structures improves performance via a number
of mechanisms including minimizing charge carrier recombination, preventing excitons
from coming into contact with the electrodes, and “tuning” the effective work function of
the electrodes. They are also showing promise as optical spacers. These materials show
a number of characteristics that make them more attractive than PEDOT:PSS including
physical and chemical stability, resistance to thermal degradation, good transport
capability, non-toxicity, and ease of processing. Thermal annealing is not necessary
during the fabrication process and many of the oxides can be solution-processed.
Additionally, metal oxides can serve as protective barriers for the electrodes, increase
shunt resistance, and prevent leakage current. While there are still obstacles to facile
fabrication of the more complicated nanostructured OSC devices, oxides will likely
become a very commonly used material for organic solar cell fabrication in the future.

Critical to making rapid progress in the development of OSC technology will
certainly be the use of computer modeling and simulation. It is with the lessons learned
about the topics in this chapter that our simulation algorithms were written. The results

from those simulations are presented in Chapter 3.
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CHAPTER III

COMPUTER SIMULATION AND RESULTS

OVERVIEW OF SIMULATIONS CONDUCTED

Modeling of OSC and LED performance is a very active area of research. While
numerous characteristics are the focus of study, perhaps the most often explored include
current-voltage properties, electron and hole transport, absorption, ideal active layer
thickness, recombination, and energy conversion efficiency. The goal, however, is
always the same; to determine how to maximize solar cell performance and efficiency.
In this study, a series of simulation experiments were conducted with these goals as the
focus.

In the first experiment, P3HT:PCs;BM and P3HT:PC7;BM planar OSC devices
were simulated to determine ideal active layer thicknesses. After varying such factors as
active layer thickness, electron and hole mobilities, and the Langevin recombination
efficiency, the results indicated that optimizing device efficiency is strongly dependent on
the simultaneous control of active layer thickness and charge carrier mobilities.

In the second analysis, device design parameters for planar OSCs made from low-
bandgap polymer blends of poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b’]dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)]: phenyl-Cs;/C71-butyric acid methyl
ester (PCPDTBT:PC¢BM and PCPDTBT:PC7;BM) were investigated. Interrelationships
between absorption, fill factor, energy conversion efficiency, and current density were
simulated and again, the results indicated that optimizing device efficiency strongly

depends on active layer thickness and carrier mobilities. More specifically, efficiencies
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reach peak values when charge carrier transport is balanced. Additionally,
PCPDTBT:PC7;;BM showed higher efficiencies compared to PCPDTBT:PCs;BM.

The third experiment involved combining knowledge gained from the first two
and extending the exploration to the simulation of tandem cells — individual planar cells
stacked together and connected in series electrically. Each tandem structure was
composed of two subcells of varying combinations of low- and high-bandgap donors and
acceptor fullerenes. One subcell containing PCPDTBT was combined with either
PCsBM or PC;;BM. A second subcell was made of P3HT and PCgBM or PC;1BM
components. The mutual effects of both subcells in tandem were analyzed to determine
such parameters as current density, open circuit voltage, fill factor, and power conversion
efficiency. Our results indicate that appropriate spatial ordering of the subcells is critical
to achieving efficiencies that far exceed those of single planar OSCs.

The fourth study focused on a particular tandem configuration;
PCPDTBT:PC4BM as the bottom cell and P3HT:PC7;BM as the top. Again, the effects
of photon density, absorption, balanced and unbalanced charge carrier transport, and
bimolecular recombination in the two subcells were incorporated into the simulations.
As observed in previous experiments, maximum energy conversion efficiency is achieved
when charge carrier mobilities in both top and bottom cells are balanced. However, the
efficiency drops significantly if the carrier mobilities are unbalanced in either the top or
bottom cell. Adding a further level of complexity, unbalanced carrier mobilities in the
top cell require a reduction in the thickness of the bottom cell whereas unbalanced bottom

cell mobilities require an increase in the thickness of the bottom cell to compensate for
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the reduced current. More in-depth explanation of each of the four experiments follows
in the remainder of this chapter.
OPTICAL SIMULATION: OPTIMIZING ACTIVE LAYER THICKNESS

Considerable data in the literature describes the significance of active layer
thickness and its impact on the efficiency of bulk-heterojunction organic solar cells
[88,89,90,91]. However, some incongruity exists regarding the optimal thickness
required to achieve maximum energy conversion efficiency [88,89,90]. For example, Li
et al., found that energy conversion efficiency and short circuit current density of P3HT
and PC¢BM peaked at a layer thickness of 63 nm [88]. However, other researchers have
tested similarly constructed devices and found that in some cases efficiency actually
showed near-constant efficiencies over a wide thickness range (50 — 400 nm) [89,91]. In
addition to the optimal thickness, current research shows promising results with
P3HT:PC;1BM devices yielding higher absorption and increased power conversion
efficiencies compared to P3HT:PC4;BM-based solar cells [92]. Indeed, P3HT:PC7BM
shows greater absorption across a broader range of the visible spectrum due to the
asymmetric structure of C7; fullerene that improves its optical properties [68,93].
Therefore, device efficiency of PC;;BM-based organics compared to their PCs;BM-based
counterparts is shown to increase while the comparison of device performance between
P3HT:PCs;BM and P3HT:PC;;BM solar cells is not well investigated.

This particular experiment employed a commercially available thin film optical
simulation tool (Setfos3) that implements the transfer matrix method (TMM) and organic
semiconductor drift-diffusion modules in layered thin-film OPVs [94]. The layer

sequence for the devices followed a standard configuration; indium tin oxide (ITO) (120
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nm) / poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (50 nm) /
P3HT:PCBM (variable) / aluminum (100 nm). Optical calculations were conducted over
a wavelength range from 350 to 1000 nm and the real and imaginary parts of the complex
refractive indexes for the P3HT:PC¢;BM and P3HT:PC,BM blends were obtained from
Ref. [35]. Molecular orbital energy levels (HOMO and LUMO) for the P3HT:PCBM
layers were set to values reported in the literature [95]. In pristine organic
semiconductors, bimolecular free charge carrier recombination occurs and is described by
the rate equation, R = mnp(un + tp)q/€, where n and p are electron and hole densities, g is
the elementary charge, and € is the material dielectric constant [96,97]. 7 is the Langevin
recombination coefficient and in this simulation is set to 0.1 to weight the rate equation.
This is necessary to mimic realistic conditions found with polymer—fullerene blends
[96,98].

Figure 33 shows simulated current densities for P3HT:PC4;BM as a function of
layer thickness along with experimental data from Li [88] and Moule ef al., [91] which
showed energy conversion efficiencies over 4%. Three combinations of electron/hole
mobilities are shown: 1) 24, = 4 = 107> em® V' s, 2) 14, = 1014, and 3) 1, = 10014, Ata
thickness range of about 80 — 100 nm, the current densities for each are relatively close in
value. The oscillations in the current density can be attributed to variations in carrier
generation rate inside the active layer where interference occurs by the opaque electrode
[88]. However, distinctly different current densities have been observed that depend
upon carrier mobilities and increased thickness. For the carrier mobility where te = 14, =
10° cm® V' s, the current densities keep increasing with increased device thickness

while the decline of the current densities dominates when the hole mobilities drop by one
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or two orders of magnitude compared to that of the electron. Furthermore, the close
correlation between simulated and experimental data from Li [88] and Moule et al., [91]

indicates the validity of the simulation model.

v .

10}

J (mA/em®)
%?sm

ST

® Moule ef ai
¢ Lietal

=2

0 50 100 150 200 250 300 350 400
Active layer thickness (nm)

Figure 33. Simulated current densities for PBHT:PC¢;BM as a function of layer thickness

[88,91].

As can be seen in Figure 34, manipulation of the active layer thickness has a
marked impact on short circuit current density (Jsc) and, to a lesser extent, on open
circuit voltage (Voc), and subsequently either increases or decreases the fill factor (FF)
and efficiency. When carrier mobilities in P3HT:PCs;BM simulations are equal to z¢ =
Ly = 102 em? v 7, Voc remains virtually constant while the fill factor trends almost
linearly downward from a maximum of 0.65. This decline in FF is attributable to the
increase in device resistance that results from increased layer thickness. Current density

declines from the maximum over a short thickness range, but then once again increases
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significantly. This increase in current density and corresponding decline in FF causes the

efficiency to remain essentially constant across the expanse of the active layer.
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Figure 34. Js¢, FF, 1, and V¢ vs. active layer thickness for equal carrier mobilities.

A maximum efficiency of ~3.5% was observed with an active layer thickness between 80
and 100 nm. When the magnitude of the hole mobility is decreased by a factor of 10 (.
= 10 = 107 cm® V' s, effects on FF, efficiency, and current density are pronounced,

as shown in Figure 35.

13 " v 07 40 08
71 S . 07
B S 2N g
E 145 g o 30} @
10} " E 3 05 >
bl 3
E / \ joa  Woas)
] S . {04
{c) = 10u, {d) =10
% AL 103 29 L Hem M By 93
4] 80 w1 1M 9 50 75 100 125 150 17
Active layer thickness (rm) Active bayer thickness (rar)

Figure 35. Jsc, FF, n, and Voc vs. active layer thickness with decreased hole mobility (s

=104, =10 ecm* V' s™).



75

The maxima seen with equal mobility combinations remain, but the subsequent declines
with increasing thickness are much faster and no secondary increase in current density is
observed. Because both FF and Jsc decrease simultaneously, efficiency no longer
remains constant but rather falls off more rapidly.

Figures 36(a) and 36(b) show values for efficiency as a function of active layer

thickness for two sets of electron/hole mobility combinations in P3HT:PC4BM.

&
(=]

(a  _w=10°cm?V.s

w
o

Efficineices (%)
x NN W
& L34 ] o~
N

e
o
=
&
Y
fwol
L=
=
&

1.0 e 1

Efficiencies (%)
L
(%))
=
1
F

1.5¢ /’1\%:10% |
/

1o 4 w,=100p,

%0 40 60 80 100 120 140 160

Active layer thickness (nm)

Figure 36. Efficiency as a function of active layer thickness for two electron/hole
mobility combinations (a) (¢ = 104, = 10> cm® V' ) and (1 = 104, = 10* em® V' s

in P3HTPC61BM



76

It is clear that a strong dependence between carrier mobilities, layer thickness, and
efficiency exists. The highest efficiencies are found when carrier mobility for both
electrons and holes is the same—even if the magnitude of the mobilities is different. As
the electron/hole mobility ratios change and become greater, there is a corresponding
decrease in both efficiency and optimal layer thickness. The effects are most apparent
when there is at least a two-orders-of-magnitude difference between the electron and hole
mobilities. The optimal active layer thickness shifts from ~80 nm with g, = 14, to ~60 nm
when g, = 10044, = 107 cm® V' s, In Figure 36 (b), when electron mobility is dropped
to 10 cm? V! s'l, overall efficiency declines below 3% in each case from that observed
with t, = 107 where the maximum efficiencies were ~3.5%. In both figures, the largest
decline in efficiency occurs with a two-order-of-magnitude difference in carrier
mobilities. This is primarily due to carrier recombination and, at these lower mobilities,
to space charge limited current effects (SCLC) [90]. SCLC becomes prominent when
hole mobility differs from that of the electrons by two orders of magnitude or more [97]
leading to unbalanced distribution of charge carriers across the active layer. Therefore,
the effects of SCLC significantly influence fill factor and cause the decline in current
density, thereby resulting in a drastic reduction of efficiency.

The simulation model did not include algorithms to account for the various
morphologies of organic blends that are known to affect electrical and optical properties.
Optimal morphologies of P3HT:PCBM organic blends have been reported in the
literature to be achievable with a blend ratio of approximately 1 : 1 which leads to fine
intermixing between donor and acceptor constituents [99]. However, research in our lab

has shown that other ratios may be better. A ratio of 1:0.8 has proven to be the most
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successful ratio for our work, but more importantly, increasing the actual concentration
of donor/acceptor in a constant volume of solvent can markedly increase PCE.
Morphology s strongly tied to blend ratios since it is necessary to avoid large scale sub-
domains that lead to inefficient exciton dissociation and diminished charge collection and
absorption efficiencies. For example, 1:2 compositions of P3HT:PCBM result in a
coarser mixture while 1:4 compositions developed PCBM-rich, sub-micron scale
domains [99]. Even though PCBM-rich domains resulting from higher PCBM
concentrations improved charge collection efficiencies due to the relatively higher
electron mobility of PCBM, it came with a performance cost. Diminished light
absorption efficiencies and reduced interfacial surface area between P3HT:PCBM
decreased the overall energy conversion efficiencies as compared to organic blends with
morphologies developed with a blend ratio of 1:1 [99]. In the case of P3HT-rich
morphologies, poor exciton dissociation degrades energy conversion efficiencies [99].
However, it is important to note that the data reported specifically refers to P3HT:PCBM
blends. The situation for LBG polymers is quite different where donor:acceptor ratios are
typically 1:3 or 1:4.

Figures 37 and 38 show simulated data for P3HT:PC;BM contrasted with
P3HT:PCs;BM. Graphs of current density and efficiency as functions of active layer
thickness show the potential for the performance of PC71BM to eclipse PCs1BM due to its
superior optical and electrical properties. Figure 37 shows the two different blends
having equal charge carrier mobilities in each (i.e., t& = 4 = 107 ¢cm® V' s™). Current

densities when internal quantum efficiency (IQE) — a measure of the amount of absorbed
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photons that are converted to electricity — is 100% are shown for both, with that for

PC71BM being approximately 55% greater in the 80 —100 nm thickness range.
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Figure 37. Jsc vs active layer for IQE = 100% (dotted lines) and P3HT:PC¢BM and
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For an actual P3HT:PC7;BM device produced in our lab, the current density was 35%
greater than that for PCs;BM [100]. Simulated efficiencies as a function of active layer
thickness are much improved in P3HT:PC;BM with PCE showing more than 5%
compared to 3.5% for P3HT:PCq;BM (Figure 38). With a one-order-of-magnitude
(4=1014) change in carrier mobility, efficiencies remain high with a slight downward
shift in optimal thickness to about 80 nm. Even with an increase in thickness to 150 nm,
efficiency only drops to 3.5% — still close to the efficiency of P3HT:PC4sBM at its
optimal active layer thickness for the same carrier mobilities (Figure 36(a)). Again, a
two-order-of-magnitude difference in electron/hole mobility ratio produces a more
significant decline in efficiency and reduction in optimal layer thickness due to
recombination and SCLC.

In summary, optical simulation and modeling of P3HT:PC7;;BM planar cells
shows the greatest potential for higher efficiencies at thicknesses around 100 nm
compared to P3HT:PC4;BM that shows its highest efficiency at approximately 80 nm.
Optimum layer thickness is strongly dependent upon the magnitude and ratio of charge
carrier mobilities and directly impacts the maximum efficiency that can be achieved.
OPTIMIZING LOW-BANDGAP PCPDTBT:PCBM SOLAR CELLS

Organic photovoltaics continue to be a promising alternative to conventional
inorganic solar cells due to their low cost and ease of fabrication [90,101,102,103].
Currently, most research efforts are focused on devices made from P3HT-PCs;BM and
P3HT-PC;1BM organic blends [68,87,93,104,105,106,107]. One of the critical

characterization parameters for these devices is the open circuit voltage. The Voc



80

observed in a conjugated polymer-PCBM-based solar cells is determined by the

following relationship:
Voc = = (IEP°™" (HOMO)| - [EP®M (LUMO)]) ~ Vg5 (44)

where g is the elementary electronic charge, E?""(HOMO) is the highest occupied
molecular orbital of the polymer and EF“BM(LUMO) the lowest unoccupied molecular
orbital of PCBM [3]. The empirical voltage loss (Vi) in P3HT:PCBM organic blends
has been found to be about 0.3V [3]. As a result, the Vo observed in actual devices
ranges from 0.5 to 1V and must be improved further to increase overall efficiency [3].
The increase in Vpc can be achieved by controlling many factors such as the number of
defects and traps as well as blend morphologies and the quality of the contact between
layers [80,99,108]. Other approaches include the exploration of new conjugated
polymers capable of increasing Voc. However, increasing Voc with new material systems
requires control of offset energy levels since they can cause decreases in short circuit
current density because of the drop in potential at heterojunction interfaces [109]. These
drops lead to inefficient dissociation of excitons [109]. Recently, new insights into
material parameter interrelationships in organic solar cells such as polymer
HOMO/LUMO, PCBM LUMO levels, and the donor bandgap have highlighted potential
means of controlling and predicting PCE [3,4]. Results of these studies show that device
efficiency is dependent on the LUMO offset between donor and acceptor as well as donor
energy bandgap. This indicates that the choice of the donor—acceptor couple is as

important as the bandgap of the absorbing material. These studies also suggest that



81

considerable improvement in efficiency to values as high as 11% for single
heterojunction solar cells could be realized with low bandgap (LBG) polymers having an
energy gap around 1.5 eV and an ideal LUMO difference of 0.3 eV [3,4]. Such
predictions of high efficiencies are based on the assumption that LBG polymer materials
can achieve reasonable charge carrier mobilities and thereby produce acceptable FF.

As far as candidates for new, LBG, conjugated polymer materials, PCPDTBT is
receiving a great deal of attention due to its ideal bandgap, excellent absorption, and
charge carrier properties as compared to P3HT:PCBM [68,110,111]. It should be noted
that this new organic material having an optical bandgap of Eg~1.5 eV can extend the
spectral absorption profile into the infrared region [68,110,111]. In addition, based on a
model presented by Scharber et al., the energy conversion efficiencies of
PCPDTBT:PCs;BM devices could reach 7.7% [3,4]. However, this model does not
include a detailed treatment of the effects of several device parameters including
photoactive layer thickness, absorption efficiencies, and charge carrier transport. This is
significant because varying active layer thickness has a direct bearing on spectral
absorption, and its influence on energy conversion efficiency is not so straightforward.
Several factors are associated with, and impacted by, changes in active layer thickness
including open circuit voltage, short circuit current density, and fill factor — all are key
factors determining PCE [88,89,90,91]. While considerable efforts have been devoted to
the design of device parameters for P3HT:PCBM and other high-bandgap organic blends,
systematic studies on the design of LBG blends of PCPDTBT:PCBM are still relatively
few [3,4,112]. In this experiment, the design of PCPDTBT:PC4BM and

PCPDTBT:PC71BM-based solar cells was investigated. The electron-accepting
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components, PCs;BM and PC7BM, possess chemical and structural differences and their
respective impact on device performance was assessed. Cyg fullerene has an asymmetric
structure and improved optical properties compared to those of Cg [93], but the potential
efficiency limits of PCPDTBT:PC¢BM and PCPDTBT:C7;BM solar cells have yet to be
determined. Charge carrier transport in PCPDTBT:PCBM is strongly influenced by the
polymer/fullerene composition where the mobility of both charge carriers can be
balanced to 10% = 10 cm? V' s with the proper blend ratio [111]. For example, Peet, et
al., [68] performed optimization on PCPDTBT:PC;;BM devices and found that the
highest efficiencies obtained ranged from 5.2 to 5.8% when using polymer/fullerene
ratios between 1:2 and 1:3. Other researchers have shown that a 1:3 ratio yielded the
highest current densities and the greatest number of long-lived charge -carriers
[113,114,112]. Therefore, since index values for other blend ratios were either
unavailable or incomplete, optical simulations performed in this experiment used
complex indices of refraction for both polymer/fullerene blends based on a
PCPDTBT:PCBM ratio of 1:3 (by weight). The index values were determined via
spectrometric ellipsometry (SE) [35]. However, additional analyses can be readily
performed when index values for other blends become available. For the given blend
ratio, the impact of charge transport on device function in PCPDTBT:PCBM solar cells
was investigated with the goal of identifying an optimal design for maximized
performance.

Optical simulations employing TMM were used to assess absorption
characteristics [115,116,117] — reflectivity, transmission, absorption, and photonic flux

density — and numerical models were applied to assess the electrical properties [118]:
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drift, diffusion, mobility and recombination characteristics. The default illumination
intensity (irradiance), Iny 15, for all simulations performed was 100 mW cm™ referenced
to the unpolarized solar spectrum. Absorption in the device is described by the photon

absorption rate profile, G(z), and is given by:

G(z) = f, “RmsED g3 (=2 nm1 571 (45)

The variable z represents the position inside the solar cell when traversing distance
perpendicularly through the individual device layers, a()) is the absorption coefficient as
a function of wavelength, and %4 v is the energy of the photons. Furthermore, device
performance is simulated based on the standard drift-diffusion equation augmented by the
exciton continuity equation, Langevin recombination, Onsager—Braun exciton
dissociation, carrier transport, and carrier mobilities [64,119,120]. As before,
morphology-dependent distribution and disorder of the energy levels and the effect of
donor-acceptor interfaces is not considered in this model. However, detailed studies
employing extensive dynamical Monte Carlo modeling of organic solar cells can be
found that describe the dependence of charge transport properties on blend morphologies
[121].

The device configuration implemented was the standard planar layered structure;
ITO(120.0nm) / PEDOT:PSS(50.0nm) / PCPDTBT-PC4/C7;iBM (variable) /
aluminum(100.0nm). To accurately calculate optical interference effects reflecting

realistic conditions within the device, complex indices of refraction from Ref. [35] were
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used over the wavelength range from 350 to 1000 nm. The indices for ITO, Al, and
PEDOT:PSS were determined experimentally using spectrometric ellipsometry.

As explained previously, in pristine organic semiconductors, bimolecular free
charge carrier recombination occurs and is described by the Langevin recombination rate
equation, R = mnp (t,+14,)9/€196,97]. This rate is dependent on the sum of the individual
carrier mobilities, g4, and 1,. The Langevin recombination parameter (7)) has a value of
one in inorganic semiconductors, but a scaling factor for the rate equation must be
included for organic semi-conductors. Charge carriers in polymer-fullerene organic
photoactive layers are confined to separate donor/acceptor phases where dissociation and
recombination occurs. So, the standard recombination rate equation must be altered to
reflect the actual physics by changing the value of 7. This effectively weights the rate
equation in order to mimic realistic conditions found with polymer-fullerene blends.
Even though the Langevin recombination parameter for PCPDTBT:PCBM is not known
with certainty, a value of 0.1 is used as this is known to be realistic and applicable to
actual P3HT:PCBM blends [96,98,106]. The expectation is that the recombination
physics for P3HT:PCBM and PCPDTBT:PCBM blends will be similar.

Simulated absorption data for PCPDTBT:PC7BM and PCPDTBT:PCs;BM are
shown in Figure 39 along with experimentally measured results for the same blends as
reported by Muhlbacher, et al. [112]. A comparison of PCPDTBT:PC¢ BM experimental
and simulated data shows that they have similar profiles with decreases in absorption in

the 500—-600 nm range and increases between 650 and 800 nm.
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Figure 39. Simulated and experimental absorption data for PCPDTBT:PC7;;BM and

PCPDTBT:PCs BM.

The increased spectral absorption at longer wavelengths is due to the PCPDTBT
component. Comparable similarities of the absorption profiles for PCPDTBT:PC7BM
are also readily apparent with decreased absorption between 550 and 650 nm and broad
peaks occurring in the 675-825 nm range. As with PCPDTBT:PC¢;BM, the additional
spectral absorption in the PCPDTBT:PC;1BM composite results from PCPDTBT.
However, the amount of absorption is markedly increased in the 400-650 nm range as
compared to PCPDTBT:PCs;BM. This is attributed to the asymmetric structural feature
of PC71BM [68,93] and is clearly demonstrated in both simulated and experimental
results. Therefore, the close correlation between simulated and measured data indicates

the validity of the model used.
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Simulated current density values for PCPDTBT:PC;BM and PCPDTBT:PC¢ BM
as a function of active layer thickness are shown in Figure 40. For both blends, the
highest values for current density are obtained when electron and hole mobilities are
balanced at z, = 14, = 107 cm® V' s, Initial peak values for both composites occur at

about 100 and 118 nm for PCPDTBT:PC7;BM and PCPDTBT:PC¢s;BM, respectively.

a b
25 PCPDTBT:PC,BM - PCPDTBT:PC,BM
S =10 em Vs S =107 cm/Vs
5ol £ 7|
‘E’ 15 o E/ 15 d
.%_‘ 2
2
g 10} g 10} .
é 1,=100p, g #=10k,
5} 1 5 .
3 3 H=100p,
0 A 2 % " 2 i 0 2 A i 2 1 A
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Photoactive layer thickness (nm) Photoactive layer thickness (nm)

Figure 40. Current density as a function of active layer thickness for three combinations
of electron/hole mobilities (1 = 1, = 10 cm® V' 57, 14, = 1044, and g, = 10024) in (a)

PCPDTBT:PC7;BM and (b) PCPDTBT:PC¢ BM.

However, with increased thickness, secondary peaks of greater value for
PCPDTBT:PC71BM and PCPDTBT-PCs;BM occur at 250 and 275 nm. The oscillations
in the current density can be attributed to variations in carrier generation rate inside the
active layer where interference occurs by the opaque electrode [88]. Distinctly different
current density behavior is observed when electron/hole mobility ratios are not balanced.

As can be seen in Figure 40, when t,= 104, =107 em* Vs, and Ue = 10024 = 107 em®
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V7' s-1, peak current densities begin to decline and correspondingly shift to progressively
shorter thickness values. This indicates that current density depends upon both carrier
mobilities and layer thickness. For the carrier mobility where g, = 14, = 107 ecm® V' 57,
the current densities continue increasing with greater device thickness while a decline
dominates when the hole mobilities drop by one or two orders of magnitude compared to
that of the electron. It is also noted that for all ratios of electron/hole mobility,
PCPDTBT:PC7:BM devices show higher current densities than those observed with
PCPDTBT:PCsBM. The percentage increases in current density for PCPDTBT:PCBM
over PCPDTBT:PCs1BM at p = = 10% em* V71 s, te = 104, and pe = 10044, are
approximately 54%, 56%, and 63%, respectively.

Figure 41 shows that manipulation of the active layer thickness has a marked
impact on Js¢c and, to a lesser extent, on Vpoc and subsequently either increases or
decreases the fill factor and efficiency. In PCPDTBT:PC;1BM simulations with hole and
electron mobilities set equal to each other (107 cm? V' s, FFs are calculated over a
range of thicknesses based on Voc, Js¢, Vipar, and I, values. Open circuit voltage
remains virtually constant while the fill factor trends almost linearly downward from a
maximum of 0.65 as seen in Figure 41 (a and b). This decline in FF is attributable to the
increase in device resistance that results from increased layer thickness. Current density
declines slightly from the maximum at about 100 nm over a short thickness range from
100 to 160 nm, but then once again increases significantly. This increase in current
density and corresponding decline in fill factor causes the efficiency to decline across the
expanse of the active layer albeit at a relatively slow rate compared to device layers

having non-equal charge carrier mobility ratios.
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Figure 41. Electrical characteristics for PCPDTBT:PC7;BM simulations: (a) efficiency
and Voc vs. active layer thickness, (b) Jsc and FF vs. active layer thickness for w4, = 14 =
103 em? Vs (c) efficiency and Vo vs. active layer thickness, and (d) Jsc and FF vs.

active layer thickness for g, = 1044, = 107 em* Vs

In this simulation, a maximum efficiency of ~6.5% was observed with an active layer
thickness of 90 nm while efficiency slowly deteriorated with increased thickness. When
the magnitude of the hole mobility is decreased by a factor of 10 (i.e., [uele,uh:lO':; cm®
V! s'l), effects on FF, efficiency, and current density are more pronounced as shown in

Figure 41 (c and d). The maxima seen with equal mobility combinations diminish

slightly, but subsequent declines with increasing thickness are much faster. No
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secondary increase in current density is observed. Because both FF and current density
decrease simultaneously, efficiency no longer remains constant, but rather falls off more
rapidly. However, even at device thicknesses approaching 200 nm, efficiency remains at
~3%. 1t should be noted that open circuit voltage is slightly higher when the mobility is
dropped to g = 104, as indicated in Figure 41 (a and c). This can be attributed to

decreased Langevin recombination where lower mobility decreases the rate.
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Figure 42. Voc vs. hole mobility in PCPDTBT:PC;;BM simulations based on two

electron mobilities: g = 10° cm* V' s and e =10*em® V'™,

Figure 42 shows values for open circuit voltage as a function of hole mobility for two
values of electron mobility (z = 10~ and 10 cm® V' s™') in PCPDTBT:PC7;BM. A

one-order-of-magnitude decrease in electron mobility results in an increase in Voc.
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Conversely, increases in hole mobility for a constant electron mobility result in a

decrease in Voc.
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This simulated result clearly indicates that device performance should be balanced by
controlling open circuit voltage and photocurrent since they affect the fill factor and
subsequently the obtainable efficiency.

To better understand the dependence between carrier mobilities, thickness, and
efficiency in PCPDTBT:PC;;BM and PCPDTBT:PC¢ BM, device efficiencies were
simulated as a function of photoactive layer thickness for the following six carrier
mobility ratios: g, = ty = 107 em* V757, te =100, and g =100y, and e = 14 =10
cm? V! s'l, te =101 and g =10044,. In every instance, PCPDTBT:PC7BM shows the
greatest efficiency. With equal mobilities (¢ = 14, = 107 cm® V' ), a peak efficiency
of nearly 6.5% is achievable at a device thickness of 90 nm (Figure 43(a)). As hole
mobility decreases by one- and two-orders-of-magnitude, efficiency decreases to 6% and
4.4%, respectively. Also, the optimal device thicknesses required to achieve these values
shrink to 80 and 65 nm. Simulation of PCPDTBT:PCs;BM having the same mobility
ratios (i.e., t = th = 107 cm® V! 57, te =104y, and g, =1004,) shows the peak
efficiencies to be 4.5%, 4.2%, and 2.9% at 100, 90, and 70nm (Figure 43(b)). This
represents decreases in efficiency of ~31%, 30%, and 35%, respectively, compared to
PCPDTBT:PC,1BM. Again, there is a corresponding decrease in device thickness
necessary to obtain these efficiency values that result from the differing electron/hole
mobility ratios.

When electron mobility is dropped to 104 ecm® Vs, efficiency as a function of
photoactive layer thickness changes significantly from that seen at 107 em®V7's'. There
is an overall decrease in efficiency for each mobility ratio and the rate of change of

efficiency with thickness is considerably faster for each order of magnitude change (i.e.,
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te =ty = 10 em® V' s, g, = 1044, and g =1004,). For PCPDTBT:PC;BM,
efficiencies are 4.8, 4.0, and 2.5 percent at 73, 70, and 55 nm, respectively (Figure 43(c)).
At the same mobility ratios, PCPDTBT:PCs;BM shows device thicknesses of 90, 80, and
65 nm to achieve corresponding efficiencies of 3.5, 2.7, and 1.6%. By comparison,
PCPDTBT:PCs;BM shows relative decreases in efficiency of 27, 33, and 36% at each of
the three charge carrier mobility ratios (Figure 43(d)).

In conclusion, spectral absorption, fill factor, efficiency, and current density
characteristics were obtained for both donor/acceptor blends and optimal thicknesses
determined to attain maximum efficiency. For . = 1y = 107 cm® V' g7,
PCPDTBT:PC7;;BM and PCPDTBT:PCs;BM each show their highest respective
efficiencies at thicknesses around 90-100nm. However, the efficiency of
PCPDTBT:PC;BM is about 6.5% while that for PCPDTBT:PCsBM is 4.5%. When
electron and hole mobilities are decreased to 10 cm® V! 57, the efficiencies of both
mixtures declines, though that for PCPDTBT:PC;;BM is still greater than
PCPDTBT:PCs;BM. It should be noted that such efficiencies are based on high values of
the Langevin recombination parameter (i.e., 0.1) where higher energy conversion
efficiencies can be predicted with Jower values of 7. Further study must be conducted to
more completely understand all the factors impacting ultimate device efficiency.
However, it remains clear that optimum layer thickness is strongly dependent upon the
magnitude and ratio of charge carrier mobilities.

ORGANIC TANDEM CELLS: LOW- & HIGH-BANDGAP DONOR POLYMERS

An interesting fabrication method currently being explored in the academic and

industrial communities that shows considerable promise involves the use of flexible
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organic photovoltaics and ‘‘roll-to-roll’” processing whereby large numbers of solar cell
devices are produced on large flexible plastic rolls [122,123]. While significant advances
have been made, energy conversion efficiencies still remain too low to warrant
marketability [3,33,36,95]. The primary efforts focused on improvement have mostly
addressed optimizing fabrication methods and the quality of materials used [21,124].
Furthermore, modification of various parameters including active layer thickness and
area, organic blend composition and morphology, interfacial contacts, and physical
device configuration (e.g., single planar, tandem series/parallel, and blend-infiltrated
nanostructures) all have an impact on the most critical device characteristics influencing
PCE (7) [21,33,36,125,124]. Of these, the most important factors influencing 77 are open
circuit voltage, current density, and fill factor according to the relationship previously

shown in Equation (23)

JscxVocx FF
Pin

n= (23)

where P, is the incident power impinging on the surface of the solar cell device. To date,
considerable published research details the use of HBG polymers such as P3HT and
fullerene-based derivatives as organic blend active layers in solar cells [95,126,127].
Unfortunately, these materials demonstrate less than ideal optical absorption in the visual
range [124]. A partial solution to this problem has been to exchange HBG polymers with
LBG alternatives in the active layer to collect a broader portion of the solar spectrum that
includes longer wavelengths of light [110,111,112]. This technique has shown some
improvement in efficiency, but not as much as would be necessary to enable organics to
compete with inorganic photovoltaics. The next logical progression has been to combine

the best properties of each type of cell into either series or parallel tandem structures so
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that the broadest possible spectral content could be captured [128,129]. When designing
a tandem structure, particularly of series configuration, the bottom cell (Egso10m) should
be designed with high bandgap materials while the top cell (Eg,,,) would consist of low
bandgap materials (i.e., Egponom > Eg,m,,). Therefore, incident photons with energy 2v >
E; poom are absorbed in the bottom cell while photons of lower energy (2 v < E; powom) are
transmitted through the bottom subcell to be absorbed in the top cell. In this way, light
harvesting can be optimized using a combination of low- and high-bandgap materials. In
a series-connected configuration, the subcell having the lowest current density in the
combined structure will determine the total current density achievable for the series
tandem structure. Therefore, it is necessary that current densities in each subcell be
matched and as high as possible. This is primarily accomplished through control of
active layer thickness and proper choice of polymer:fullerene blends possessing different
optical bandgaps in each subcell. Recently, Dennler, ef al., performed optical simulations
of various device configurations using LBG and HBG polymer:fullerene blend
combinations composed of the LBG polymer PCPDTBT and PCg;,7,:BM and the HBG
polymer P3HT with PC¢;,1BM [35]. Simulation results from his study indicated that
optimal tandem structures comprised an LBG PCPDBTBT:PCs;BM bottom cell and an
HBG P3HT:PC7;BM top cell [35]. However, such a device structure might have non-
optimal light harvesting properties due to the placement of the low bandgap material at
the bottom and the high bandgap material at the top. In this experiment, the optical
simulation previously reported by Dennler, et al., was re-accomplished and further
extended to explore alternative tandem structures and predict their PCE by combining

different combinations of low- and high-bandgap polymer:fullerene blends. Results



95

indicated that the highest energy conversion efficiency can be obtained by using the HBG
P3HT:PC7;BM as the bottom subcell and the LBG PCPDTBT:PC,;;BM for the top.

Using an optical and electrical simulation tool developed by our research group
and tailored for organic tandem solar cell design [130], a number of optical and electrical
properties were calculated for series tandem cells. The standard TMM and drift-diffusion
electrical model approaches were implemented to calculate the current density (based on
light transmission, reflection, and absorption), bimolecular recombination, exciton
generation, dissociation probability, and carrier mobility [59,64]. The tandem structures
employed top and bottom subcells made of two different blends of polymer:fullerene
materials. The two subcells are sized in terms of their thicknesses to achieve matching
current densities in both active layers.

The TMM-based optical model [72,115] was used to calculate the time-rate of
absorbed photons, N, in the two photoactive subcells. Note that N,, depends on optical

interactions in all the layers of the tandem design described in Figure 44.

{100 nm)
(8 nm)

f(d,.. 0~300 nm)

Ytop

(25 nm)

x (8 nm)

Eell («dgpggm 0~300 nm)
% (25 nm)

(140 nm)

Glass

Figure 44. Schematic of the organic tandem structure used in the simulations.
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The complex indices of refraction for each of the layered materials were obtained from
Ref. [35] where spectroscopic ellipsometry was used to determine the n and & values. Ny,
values in individual cells were converted into photocurrent densities (J,4) for each of the
combined sets of subcell thicknesses under study. The optical analysis was performed
over a wavelength range of 350-900 nm based on AM 1.5G, 100 mW/cm? irradiance.

The aluminum electrode on the top of the device serves as a cathode and collects
the electrons. The titanium oxide layers above the top and bottom cells act as electron
transporters, hole blockers, and optical spacers that alter the amplitude of the optical field
within the active layers [33]. The PEDOT:PSS layers beneath both top and bottom cells
are hole transporters and ITO functions as the hole-collecting anode. A detailed
schematic representation of the energy bandgaps of each of the component materials used
in both Dennler’s and our studies can be found in Ref. [33].

The organic drift-diffusion electrical model calculates the number of dissociated
free charge carriers, charge carrier mobility and recombination, drift, diffusion, current
density, and efficiency [64,130]. Onsager—Braun theory is used to calculate exciton
dissociation while the Langevin equation describes bimolecular recombination [59,64].
Both results are incorporated into a one-dimensional, drift-diffusion model augmented by
the exciton continuity equation so that device efficiency and current density can be
assessed [64]. The overall current density for the device is the sum of the electron and
hole current densities, which are found in terms of the drift-diffusion of charge carriers
based on the continuity equations for the electron (J,(x)) and hole current densities (J, (x))
given by

_ oYx) an(x)
() = —aun (nG0) T2 - v 52 (46)
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(47)

_ P(x) ap(x)
]p(x) - ql'lp (p(x) 30x) Vt a(x))

From the Poisson equation, () is the potential, £, and g, are electron and hole
mobilities, V; is the thermal voltage, g is the electric charge, and n(x) and p(x) are the
electron and hole densities.

Tandem cell designs are carefully chosen to scrutinize the effect of placing
different organic blends in various sequences relative to the incident light entering the
device. For example, Tandem I listed in Table 1 is composed of LBG polymer
PCPDTBT and acceptor PC¢;BM in the bottom subcell with HBG polymer P3HT and

acceptor PC71BM in the top.

Table 1. Four different combinations of polymer:fullerene structures used in the study.

Structure Bottom cell Top cell

Tandem | PCPDTBT:PCg{BM P3HT:PC,{BM
Tandem I P3HT:PC,BM PCPDTBT:PC4BM
Tandem il P3HT:PC;BM PCPDTBT:PCsBM
Tandem IV P3HT:P(51BM PCPDTBT:PCy:BM

Tandem I is the same device structure as the one described in Refs. [33,35] that, upon
fabrication, showed an energy conversion efficiency of more than 6% [33]. For Tandems
II-IV, the spatial order is reversed; P3HT in the bottom subcell and PCPDTBT in the top.
This is referred to as the ““HBG-LBG’’ structure. Individual subcells in the three tandem
designs use fullerene materials alternating between PCs;BM and PC7;BM in an attempt to
achieve optimal combinations with the two donor polymer materials. The PCsBM

fullerene is inferior to PC;;BM [93] in terms of its light absorption properties.
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Accordingly, a tandem design employing PCs;BM for both subcells would result in
excessively low efficiency due to low light absorption and was therefore omitted from
this study.

Optical analysis of the device structure designated in Ref. [35] as ““Case 3°" was
conducted initially. In our study, this structure is identified as Tandem I. The time-rate
of absorbed photons was calculated and converted into photocurrent assuming 100%
IQE. Figure 45 shows the intersection of two surfaces whose elevations represent
photocurrents generated in the bottom and top cells for varying combinations of active

layer thicknesses.

w
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Figure 45. Isoline graph of photocurrent density (J,») plotted as a function of active layer
thickness for both the top P3HT:PC7:BM (d,,,) and bottom PCPDTBT:PCeiBM (dporom)
cells. The intersection of the two contours indicates active layer thicknesses when

photocurrent density (J,,) is equal in both subcells.
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The horizontal axes represent the top (dw,) and bottom (dyonom) layer thicknesses,
respectively. The two surfaces meet along a curved line (isoline) describing a continuum
of d,op and dpouem combinations that produce equal photocurrent from both subcells. This

LR

curved line is designated as the ‘“Tandem-J,,”’ curve. The results obtained using our
model show excellent agreement with those in Ref. [35].

Figure 46(a) shows four Tandem—J,;, curves for combinations I-IV representing
isolines matching J,, between bottom and top subcells for each combination (Tandems I-
VI) tested. Labels are placed next to each curve and a colormap is used to represent
varying current density levels. It should be noted that Tandem III is composed of the
same subcells as those in Tandem I, but with the order reversed. Among three of the
tandem structures — II, III, and IV — Tandem IV produces the lowest J,; over a wide
range of subcell thicknesses. The low J,, is attributed to poor light absorption of the
P3HT:PC4BM blend in the bottom cell. In Tandem II, a P3HT:PC7;BM blend is used to
enhance light absorption in the bottom cell. The photocurrent in this particular structure
increases significantly compared to that of Tandem IV. Note that Tandem II and IV use
the same blends in the top cell—PCPDTBT:PC;BM. For Tandem III, the
PCPDTBT:PC¢BM blend is used in the top cell while P3HT:PC7;;BM blend is used in
the bottom cell. The photocurrent level in Tandem III is reduced due to poor light
absorption in the top layer compared with that in Tandem II. Therefore, Tandem II
produces the highest J,, among the three tandem designs employing PC;BM fullerene
HBG-LBG structures. In Figure 46 (b) and (c), Tandem— J,, curves clearly show (from

two different viewpoints) that Tandem II produces higher photocurrent than Tandem I.

This result suggests that the Tandem 11 HBG-LBG structure outperforms LBG-HBG
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thickness.
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structures (e.g., Tandem I) in light absorption efficiency. It should be noted that the
thicknesses of the top or bottom subcells are hidden parameters in these 2D plots since
showing both thickness values in each case would significantly complicate the figure. To
see a comprehensive ‘3D’ representation of the same data where both top and bottom
thicknesses are displayed, one may refer to Figure 45. Figures 46 (b) and (c) are similar
in format to those seen in Ref. [35] so that comparison between both sets of results can be
made more easily. Subsequent figures in this study show data plotted only against the top
subcell thickness in order to avoid redundancy and because we believe that the data of
interest versus the top subcell’s thickness are more appropriate for interpretation.

Using our drift-diffusion electrical model for organic semi-conductors, the device
performances of Tandems I and II were investigated by assessing charge carrier transport
properties such as bimolecular recombination, exciton generation, dissociation
probability, and carrier mobility [130]. The model was used to determine the
photovoltaic parameters listed in Table 2 by fitting I-V characteristics of actual cells

[68,91,107].

Table 2. Overview of material parameters used in the fit to the experimental data.

Numerical value

Symbol P3HT:PCBM PCPDTBT: PCBM Unit
Effective energy band gap E, 1.1 1.0 eV
Dielectric constant £ 3.dgy 3dg, F/m
Effective density of states Nyt 2.5% 10" 2.5% 10Y em™
e-h pair distance a 1.12 147 nm
Decay ratc ki 3IX10° X 10° Is
Electron mobility Me 9% 1073 6X 107 cm?/Vs

Hole mobility A 7X 107 1X10™ em?/V s
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Detailed processes for extracting the parameters listed in Table 2 are described elsewhere
[130]. Although we consider the absolute energy bandgap of all materials when
accounting for the light absorption and energy band alignment, a more important
parameter determining open circuit voltage is the difference between the HOMO of the
conjugated polymer and the LUMO of PCBM [95]. Hence, the effective energy bandgap
in Table 2 was calculated based on the difference between the HOMO of the donor
polymers (P3HT and PCPDTBT) and the LUMO of PCBM. Since there are large
variations in the values reported for HOMO and LUMO of P3HT, PCPDTBT, and
PCBM [4, 33,112,131}, we fitted experimental IV characteristics to these quantities and
used the results in our simulations. In addition, we introduced balanced charge carrier
mobilities in the photoactive blends as shown in the table to achieve the highest possible
device efficiencies and avoid space charge limited current [90,132,133]. For each
structural design, one can determine the dy,, and dyouom Values that produce equal Jg¢
values in the top and bottom cells. This continuum of d,,, and dpouem combinations is
identified as the ‘‘Tandem—Jsc' curve. Figure 47(a) shows the Tandem—Jsc curves
juxtaposed with Tandem—J,, curves for Tandems I and II under the assumption of 100%
IQE. Based on the colormap in this figure, one can see that the Jsc of Tandem II is
greater than that of Tandem I for the given cell thicknesses. Figure 47 ((b) and (c)) show
alternative views of the Tandem— Js¢ curves in Figure 47(a). These Tandem—Jsc curves
clearly show from two different viewpoints that Tandem II produces higher short circuit
current density than does Tandem 1. This result suggests that an HBG-LBG structure

(Tandem II) may outperform an LBG-HBG structure (Tandem I).
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Figure 47. (a) Comparison of J,;, and Jsc for Tandems I and II as a function of subcell

thicknesses. (b) Tandems I-, and II-Jsc are shown as a function of bottom subcell

thickness. (c) Tandems I-, and I1-Js¢ are shown as a function of top subcell thickness.
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The energy conversion efficiencies of Tandems I and II are calculated for selected

drop and dpoom combinations. Figure 48 shows device efficiency (7)) versus top cell

thickness for Tandems I and 1.
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Figure 48. Tandems I and II device power conversion efficiencies as a function of top

cell thickness.

For Tandem 1, efficiency peaks at a value of 9% when dy,, is about 106 nm. Tandem II
shows its peak efficiency of 9.6% when d,,, is about 125 nm. More importantly, the
efficiency of Tandem II remains higher than that of Tandem I across a d, range of 75 —
180 nm. For both designs, the efficiency decreases from the peak value with increasing
thickness.

To further understand the HBG-LBG tandem designs, performance parameters

such as Jsc, FF, Voc, and 7 are examined together. Figure 49 shows these four
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performance parameters for Tandem II. For a tandem (series) solar cell, Voc is the sum

of the voltages in the two subcells (Voc = Vigp + Viouom) While Jsc is the lowest value

[Jsc = min(JSc (Subcell 1)» ISC (Subeell 2))] from either of the two subcells.
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Figure 49. Simulated values for (a) Jsc and FF, (b) r7and V¢ for Tandem II as functions

of the thickness of the top subcell.

As shown in Figure 49(a), Js¢ increases with thickness for 70-125 nm, drops slightly

between 125 and 200 nm, and begins to increase again above 200 nm. A similar trend

between Tandem-Jsc and Tandem—/,, can be observed by comparing those curves in
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Figures 46(c) and 47(c) where Jgs¢c is lower than J,; due to recombination effects in
organic blends. FF decreases almost linearly from 0.74 to 0.63 with increasing thickness.
Thick cells show reduced FF due to increased series resistance of the device. In Figure

49(b), one can confirm that V¢ is not as sensitive to the thickness as FF and Jsc.
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Figure 50. J-V curves for the Tandem II structure for different active layer thicknesses:
(a) PSHT:PC7BM (132 nm) / PCPDTBT:PC7;BM (126 nm) and (b) P3HT:PC7BM (176

nm) / PCPDTBT:PC7;BM (259 nm).
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Therefore, it is FF and Jg¢ that are the primary parameters affecting overall device
efficiency. In Figure 49(b), the efficiency, 77, shows its peak at about 125 nm - not at 250
nm where Jg¢ is even greater. This is because the reduced FF offsets the increase in
current and results in lower efficiency at 250 nm.

To understand the interplay between the top and bottom cells of Tandem II and
their influence on device efficiency, we chose two sets of d;, and dponom values along the
Tandem—-Jsc curve which have energy conversion efficiencies of 9.62% and 8.39% as
indicated by arrows in Figure 49(b). For these two different thickness combinations, IV
characteristics for the top cell (PCPDTBT:PC7;BM) and bottom cell (P3HT:PC7,BM) are
shown in Figure 50. One may note that a tandem structure with 7 = 8.39% has
significantly thicker bottom and top cells than a tandem structure with 7= 9.62%. Such
thick active layers in a tandem solar cell like the one in Figure 50(b) result in lower FF
and open circuit voltage compared to a tandem cell like that shown in Figure 50(a).
Interestingly, the poor FF observed in Figure 50(b) is due to the thick
PCPDTBT:PC7BM top cell while a P3HT:PC;;BM bottom cell has reasonable fill factor.
It is noteworthy that the experimental FF values for PCPDTBT:PC;;BM are normally
found to be about 0.55 [33,112,131] while P3HT:PCBM cells have FF = 0.6 — 0.69 over
a wide range of device thicknesses up to 400 nm [33,91,134]. Therefore, even though the
tandem structure in Figure 50(b) shows greater short circuit current compared with the
tandem cell in Figure 50(a) as a result of absorption being greater with increased
thickness in each subcell, fill factor in the PCPDTBT:PC7BM top cell is significantly

reduced. This limits overall performance of the cell in Figure 50(b).
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Tandem solar cell designs have the potential to significantly improve power
conversion efficiencies and raise the performance of conventional planar-style devices to
a new level. This work presents some design rules for tandem solar cells where high-
efficiency cells can be achieved through control of material properties such as HOMO,
LUMO, and energy band gap [4]. Simply reducing polymer bandgap may not result in
larger efficiencies since each material parameter affects efficiency in tandem structures
[4]. Hence, the way ahead must also include the design of new materials where relative
HOMO and LUMO values between donors and acceptors can be effectively controlled.
Key factors that must be addressed in the effort to achieve these greater efficiencies
include developing better polymer donor materials, accurately controlling relative
HOMO and LUMO levels between device layers, and tailoring energy bandgap values to
achieve the highest values of Voc, Jsc, and FF. Our results indicate that the fullerene,
PC71BM, has superior optical and electrical characteristics as compared to PCsBM.
Additionally, energy bandgap considerations play an important role. In series tandem
cells, the bottom subcell should consist of high bandgap materials while the top is
composed of low bandgap polymer. This ensures that photons having energy lower than
the bottom subcell bandgap will be transmitted to the top, low-bandgap subcell, and be
absorbed there. In this way, light energy can be harvested more optimally and a greater
portion of the visible and UV spectra captured. Optical transfer matrix methods and
commonly used organic electrical models are sufficient to accurately describe organic
tandem solar cell physics and simulate the structure described in this experiment.
Simulation results from this study demonstrate that device efficiencies exceeding 9% can

be achieved with series tandem cells composed of P3HT:PC7;BM in the bottom subcell
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and PCPDTBT:PC7;;BM in the top. Individual subcells in this alternative design still
retain the characteristics of single-cell structures. Remarkable improvements in device
efficiency, current density, open circuit voltage, and fill factor may be achievable through
the appropriate selection of combinations of low and high bandgap polymers and
fullerene acceptors, controlling their unique optical and electrical characteristics, and
spatially ordering subcells to capitalize on unique absorption characteristics.
ORGANIC TANDEM CELLS: PCPDTBT:PCsBM & P3HT:PC;,BM SUBCELLS
The limited absorption profiles of currently available organic materials prevent
the attainment of higher efficiencies [4,135,136]. To overcome this shortcoming,
multijunction organic solar cells [4,135,136] continue to be investigated as a potential
design modification for achieving high-efficiency photovoltaics. These multijunction
tandem solar cells offer a number of advantages including increased open circuit voltage
and short circuit current density when connected in series or parallel [135,136],
respectively. The most common configuration comprises a series connection of two or
three subcells where light absorption is accurately controlled to balance photocurrent. In
this experiment, additional work was done to assess the results obtained by Dennler et al.,
[35] on PCg;71BM and PCPDTBT:PC¢;/7:BM tandem structures. Their simulations
assumed balanced photocurrent based on 100% internal quantum efficiency (IQE) where
all absorbed photons in the active layers of each subcell ultimately contribute to
photocurrent (J,;,). In real organic solar cells, several charge transport properties
[62,59,63,] such as exciton generation and dissociation, bimolecular recombination, and
unbalanced charge transport inside the active layers must be considered when designing

optimal tandem structures since those factors cause current density (Jsc) to deviate from
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Jon obtained when IQE = 100%. Considering all the factors described in Experiment 3
above, we carried out electrical simulations as well as optical analysis using our organic
drift-diffusion model and the optical TMM model tailored for design analysis of tandem
organic structures.

A schematic of the tandem device simulated is shown in Figure 51. In the bottom

cell, multiple material

Figure 51. Schematic diagram of tandem P3HT:PCBM / PCPDTBT:PCBM structures.

Thicknesses of active layers were varied from 0-300 nm.

layers are stacked in the sequence: ITO (140 nm) / PEDOT:PSS (25 nm) /
PCPDTBT:PCs;BM (dporom) / TiO; (8 nm). The top cell is formed similarly:
PEDOT:PSS (25 nm) / P3HT:PC71BM (d,y,) / TiO, (8 nm) and finally, Al (100 nm) on
the top. Note that dponom and dy,, are the thicknesses of the active layers allowed to vary

up to a maximum of 300 nm. P3HT is known to have an effective absorption range
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between UV and 650 nm [35] while the low bandgap polymer, PCPDTBT, has an energy
bandgap of approximately 1.5 eV that extends the absorption spectra into the infrared
region [68,110,111]. Therefore, the combination of these two polymer materials covers a
wide spectral absorption range from UV to infrared. It should be noted that this tandem
structure has produced energy conversion efficiencies as high as 6.5% [33].

Table 2 detailing the material parameters used in the fit to the experimental data is

reproduced here.

Table 2. Overview of material parameters used in the fit to the experimental data.

Numerical value

Symbol P3HT:PCBM PCPDTBT:PCBM Unit
Effective energy band gap E, .1 1.0 %
Diclectric constant £ 3.4g, 3.4eq F/m
Effective density of states Ny 2.5 10" 2.5% 10" em™
¢-h pair distance a 112 1.47 am
Decay rate &, 3X10° X 1P s
Electron mobility e 9x 1073 6% 1073 em?/ Vs
Hole mobality m Tx 1073 1% 1074 cm?/V s

The parameters for P3HT:PCBM were extracted based on device efficiencies over
4% and an active layer thickness of 175 nm [107]. The reference mobility ratio between
electrons and holes (1 : i) is taken close to 1, which is required to achieve higher
energy conversion efficiencies in thicker organic blends. Even though the mobilities
listed in Table 2 are one order of magnitude higher than the experimentally measured
values from Ref. [107], our values have been fitted to other experimental data [91] where
the device thickness exceeded 300 nm. Figure 52(a) shows the experimental and fitted

data. In contrast, device parameters for PCPDTBT:PCBM are not well investigated
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requiring that we use experimental IV characteristics from Ref. [68]. Results are shown
in Figure 52(b). The best fit values for the pair separation distance, a = 1.47 nm, and
decay rate, k= 10° 5!, were determined by comparing experimental IV characteristics

with fitting data for an active layer thickness of 110 nm.
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Figure 52. (a) Comparison of current density and efficiencies between experimental data
(dots) and simulation (solid lines) of P3HT:PCBM, [91], and (b) comparison of simulated
and experimentally-measured IV characteristics of PCPDTBT:PCBM having an active

layer thickness of 110 nm [68].
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These values differ somewhat compared to previously reported values [137] where a =
2.1 nm and the decay rate kr = 1.7x107 s, Such a difference might come from the
improvement in optical and electrical performance that results from adding alkane
dithiols to PCPDTBT polymer-fullerene blends [68].

Current matching between subcells in series tandem structures is a critical
performance requirement where the number of absorbed photons [35], charge carrier
transport, and bimolecular recombination [58] must be optimized to balance the
photocurrent. Low charge carrier mobilities and unbalanced charge distribution that
results from an imbalance of electron/hole mobilities in organic photovoltaics [90,97] are
characteristics of organic solar cells that make it complicated to match current densities

between subcells.

Table 3. Mobilities of electrons and holes for Cases I, II, and III.

Numerical value

Bottom cell PCPDTBT: PCqBM Top cell PAHT:PC;BM

(cm?*/V s) (cm?/V s)
Case 1 Mo=6X 1073 Me=9 X 1073
wy=1X1073 uy=7X 107
Casc 11 He=6X 1073 =9 X 1073
mp=1X1073 sy =7 X 1073
Case 11 =6 X 1073 =9 X 1073
my=1x1074 sy =7X 1073

In this study, three different cases were investigated employing a PCPDTBT:PCs BM
bottom subcell and a P3HT:PC7;BM top cell: Case I—unbalanced charge carrier

mobilities in the P3HT:PC;;BM subcell with balanced mobilities in the
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PCPDTBT:PC4BM cell, Case II—balanced charge carrier mobilities in both top and
bottom subcells, and Case III—unbalanced carrier mobility in PCPDTBT:PC4;BM with
balanced mobilities in P3HT:PC;;BM. Table 3 shows electron and hole mobilities for
each subcell in the three cases. The values for the electron and hole mobilities for
P3HT:PCBM [134] and PCPDTBT:PCBM [111] are varied based on experimental results
reported in the literature. To consider unbalanced charge carrier transport, we set hole
mobility one order of magnitude lower than that of the electrons as this is consistent with

experimentally observed values for organic blends [111,134].
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Figure 53. Isolines matching current densities between a PCPDTBT:PC¢BM bottom cell
and a PBHT:PC7BM top cell for different Cases I, II, and IIl. As a guide, an isoline of
Jph was calculated by assuming that the absolute numbers of photons in each subcell are
completely converted to photocurrent (Jp#). Current densities in each isoline are

indicated by different levels of color.
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Figure 53 shows an isoline graph where the current densities for each case are
matched between the top and bottom cells as a function of both cell thicknesses. The Jg¢
values for each case were calculated based on the electrical and optical models described
in Chapter 2. We first calculated the isoline as a guideline where the total number of
photons, Ny, absorbed in each cell are matched and converted into photocurrent density,
Jon, by assuming that IQE was equal to 100%. Jsc deviated from the J,; isoline in all
three cases. When charge carriers in both cells are balanced (Case II), Jy¢ is very close to
Jon. However, when charge carriers are unbalanced as in Cases I and 111, the thickness of
each subcell will be modified dependent upon the degree of imbalance of the charge
carrier mobilities in the bottom or top cell. In Case I where the P3HT:PC;;BM top cell
has unbalanced carrier mobilities, dpoom (PCPDTBT:PC4;BM) should be reduced. In
contrast, when Case III has unbalanced charge mobilities, dyoom (PCPDTBT:PCy;BM)
should be increased.

To investigate the effect of charge carrier mobility on isoline variations, we
calculated the Js¢ for each cell by fixing dip (P3HT:PC7BM) = 100 nm while varying
dboyom (PCPDTBT:PC¢BM) from 0 to 300 nm as shown in Figure 54. Figure 54(a)
shows that J,,;, for P3BHT:PC7,BM continuously decreases with increased dpotiom While J,y
for PCPDTBT:PC¢BM steadily increases from 180 to 300 nm thickness though at a
slower rate. In this configuration, the J,, in each cell are matched with the active layer
thicknesses of dpoiom = 150 nm and diop = 100 nm. When hole mobility dropped by one
order of magnitude from g4, = 7x107 to 7= 7x10™* em® V' 5™ with a constant electron
mobility of 1 = 9x107> ecm® V' s in P3HT:PC7;BM (Case 1), a significant drop in Js¢

was observed.
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Figure 54. Variation in isolines with different charge carrier mobilities for (a) Case I and
(b) Case III as a function of dyorom (PCPDTBT:PCsBM), but with fixed dyo, = 100 nm

(P3HT:PC7BM).

For Case I, current density (solid line with spheres) slightly deviates from J,, with t4,=7
x 107 em® V' s and g, =9 x 107 cm® V' s in P3HT:PC;BM. With i, =7 x 107
em®V'sTand Le =9 X 107 cm® V' 5!, a significant current drop (dotted line with

spheres) was observed. For Case III, when the hole mobility in PCPDTBT:PCs;BM was
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dropped from g, =1 x 107 cm® V' s (blue solid line with spheres) to 17 = 1 x 107 cm?
Vs (blue dotted line with spheres) with constant z, = 6 x 107 cm® V_; s, a significant
current drop was observed. Solid lines indicate the photocurrent J,;, generated with IQE
= 100%. Therefore, dpoom should be modified to have a thinner active layer. The shift
toward a thinner dpoyom is required to reduce the absorption of N, in the bottom cell,
thereby reducing Js¢ in PCPDTBT:PC4;BM and subsequently matching the reduced Js¢
of the top cell. It should be also noted that increasing d., will lead to increased
bimolecular recombination and subsequently more current density drops in the top cell.
This in turn will require dpoom to be made thinner. This can be seen in Figure 53 where
increased deviation from J,, is observed with increased d,, which leads to a decrease in
the thickness of the active layer, dyotom, 1n the bottom cell.

In Case III where the charge carrier mobility of PCPDTBT:PCg BM in the bottom
cell is unbalanced, the Js¢ is shifted toward the right, away from J,, in Figure 53
indicating that a thicker active layer in the bottom solar cell is required to match current
between the bottom and top cells [Figure 54(b)]. Since the drop in Js¢ in the bottom cell
occurs due to increased bimolecular recombination that results from decreasing hole

"I and holding electron mobility

mobility from 2, =1 x 107 to Wn = 1x107* em® V' s
constant at g = 6x107 cm® V' s, it is necessary to drop Jsc in the top cell. This can be
achieved by increasing dponom Which will have the effect of allowing more photons to be
absorbed in the bottom cell. Consequently, N, in the bottom cell is increased, thereby
decreasing Ny in the top cell, and subsequently matching the Jsc between both.

The simulated results for PCE, Jsc, FF, and Vyc are shown in Figure 55. As

expected, when charge carriers in both the bottom and top cells are balanced for Case II,
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Figure 55. (a) Current density, (b) FF and Vo, and (c) efficiency for each of the
different Cases I, I, and III as a function of a P3BHT:PC;;BM thickness. The highest
efficiency — 9% — in Case Il is achieved with active layer thicknesses of dpoom

(PCPDTBT:PC¢BM) = 146 nm and d,,, (P3HT:PC7;BM) = 106 nm.



119

the highest Jsc, Voc, and energy conversion efficiency are obtained. The Jsc initially
increases, but reaches a plateau of ~11 mA cm’? as shown in Figure 55(a). In contrast,
FF in Figure 55(b) continuously decreases with increased active layer thickness.
Therefore, the highest efficiency obtained was about 9% with active layer thicknesses of
dpottom (PCPDTBT:PC4;BM) = 146 nm and d,,, (P3HT:PC7;;BM) = 106 nm, as shown in
Figure 55(c). For a wide range of active layer thicknesses for the bottom and top cells for
Case II, an overall energy conversion efficiency of 8% 9% can be achieved. However, it
should be noted that in our simulations balanced high mobilities in the subcells led to
high FF (~0.74) and a corresponding n= 9%. If the experimental FF = 0.67 is
considered [33], the realistic energy conversion efficiency should reach approximately
8.14%. On the other hand, the energy conversion efficiency for Cases I and III recorded
below 6%. For Case I, a rapid drop in current density in Figure 55(a) is observed and is
responsible for the lower 7.

As shown in Figure 56(a) for the IV characteristics of individual cells in the
tandem structure for Case I, the P3HT:PC;;BM top cell has unbalanced charge carrier
mobilities that are attributed to the lower current density of the tandem design. In
contrast, higher current density is observed for Case IIl, but the FF is governed by the
PCPDTBT:PCs;BM bottom cell and is much lower than that of Case I as shown in Figure
56(b). The reported FF for PCPDTBT:PCBM shows values less than 0.55 [68,,33,112]
while P3HT:PCBM produces FF = 0.6-0.69 [33,134]. Therefore, in Case III the lower

FF of the bottom PCPDTBT:PCgBM cell restricts the efficiency.
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Figure 56. IV characteristics of each subcell in the tandem structures for (a) Case I and

(b) Case III with different active layer thicknesses.

Using PCPDTBT:PCs;BM for the bottom subcell and P3HT:PC;;BM for the top,
energy conversion efficiency for this device structure can be as high as 9%. However, if
charge carriers are unbalanced in either subcell, energy conversion efficiencies can drop
to 4% ~ 6% as a result of either lower current density or lower FF in the subcell. Charge
carrier mobilities must be balanced in each subcell to achieve the highest energy

conversion efficiencies in tandem structures.
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Results from the four experiments described suggest that modeling and simulation
are critical steps that must be accomplished to further improve organic solar cell
efficiency. In doing so, much time and many valuable resources can be conserved while
fabricating actual devices. At the same time, performance enhancements can be realized

more expeditiously.
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CHAPTER 1V

FABRICATION METHODS AND CHARACTERIZATION

FABRICATION FACTORS - LAYER-BY-LAYER

A multitude of factors must be taken into account when fabricating organic solar
cells. None of these aspects is independent of the others, but rather they are inextricably
linked together and high-efficiency device performance is dependent on their successful
management. Even a single planar organic BHJ solar cell presents a structure that belies
its level of complexity. Figure 57 shows a single planar cell and the many parameters
that impact, or must be controlled, throughout the manufacturing process. Note, the
interface layers are shown to have thicknesses comparable to functional layers. In fact,

interfaces are actually very thin (nanoscale) where adjacent layers touch.
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Figure 57. Fabrication parameters impacting device efficiency.
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For glass substrates that form the foundation for the other layers in the cell
structure, thicknesses can be in the millimeter range. The glass (or, in some cases,
quartz) must be of high purity and optically transparent. Some glass substrates are coated
with anti-reflecting material to more closely match the indices of refraction with the
ambient environment (i.e., air). This has the effect of reducing surface reflection and
more efficiently channeling photon energy into the cell structure where it is absorbed in
the active layer. However, discussion of such coatings is beyond the scope of this
dissertation and will not be addressed in detail.

A highly-conductive electrode is deposited on the glass and it too, must be as
optically transparent as possible and of sufficient purity to ensure sheet resistance in the
range (typically) of about 5 — 10 ohm/square. The transparent conductive oxide (TCO)
most commonly used is indium tin oxide (ITO). ITO is an n-type semi-conductor of low
resistivity and high work function that easily transmits light in the visible portion of the
spectrum [138]. The resistivity/conductivity and transparency, which impacts absorption,
are dependent on the thickness of the ITO layer. It is often sputtered (although other
methods are also used) onto the glass surface in a highly-controlled manner. The
glass/ITO combination is then annealed to obtain ideal optical, electrical, and
morphological properties. Importantly, ITO has a work function in the range 4.5~4.7 eV
and can be used as either a cathode or as an anode depending on the solar cell
configuration (e.g., conventional or inverted).

PEDOT:PSS is spin-cast on top of the ITO electrode to serve a number of
purposes including as a protective buffer between the active layer and the ITO electrode,

as a hole-transporter, and to increase Voc [139,140]. Prior to deposition, PEDOT:PSS
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may be passed through a 0.45 micron filter to remove any aggregations that could result
in the formation of recombination sites. Another consideration to be addressed during
spin-casting is whether or not to perform this step in ambient air where O, and H,O levels
are high, or in a nitrogen environment where O, and H;O levels are maintained below 0.1
ppm. Normally, it isn’t a problem to spin PEDOT in air since it is already solvated in
water. However, it is important to optimize the thickness of this layer by controlling
acceleration, terminal spin speed, and the length of time for the spin. The thickness is
basically determined in the first 5~6 seconds of the spin and the remaining time allows
the PEDOT layer to dry. This is important since, being solvated in water, the thin film
will contract from the edges of the substrate toward the center resulting in highly variable
thickness and non-contiguous coverage over the regions where the device active areas
will be formed. Once spin-casting is of the PEDOT is complete, the structure must be
annealed. PEDOT:PSS comprises donor (PEDOT) and acceptor (PSS) components much
like those in the active layer. Therefore, annealing is used to transform this layer to a
more crystalline molecular arrangement. Time, temperature, and the environment (N; or
0,) influence the electrical, optical, and morphological properties of the PEDOT layer. A
properly prepared PEDOT:PSS layer will ensure a good interface between the ITO
electrode and the active layer which is composed of the donor polymer and acceptor
fullerene and are combined in a suitable solvent medium. There should be no pinholes or
discontinuities in the PEDOT layer as this can lead to leakage current and shorting.

The active layer is subsequently spun on top of the PEDOT taking into account all
of the same factors previously identified, but with some additional concerns. Once the

choice of which donor/acceptor couple to use is made (e.g., LBG or HBG donors and
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Cgo- or Cyp-based functionalized fullerenes), the selection of type and amount of solvent
is important. Common solvents used in the fabrication of OSCs include chlorobenzene,
dichlorobenzene, chloroform, toluene, and others. Each has different properties affecting
their interaction with organic polymers including molecular structure, density, boiling
point, solubility, and viscosity. After the active layer materials are mixed in, matters
become even more complicated. Depending on the ratio of donor-to-acceptor polymers
and their concentration in the solvent in which they are dissolved, viscosity will change.
Standard procedure is to magnetically stir the active layer blend on a hot plate for at least
24 hours. The stirring time and temperature setting are parameters that will determine the
homogeneity of the mixture to be spin-cast on top of the PEDOT:PSS. Again, filtering
the active layer blend can remove agglomerations that might lead to charge carrier traps,
shorting, and decreased current density. Spin-casting active layers is similar to the
method used for PEDOT, but with some critical differences. Active layer blends must be
spun in an inert environment (e.g., N»- or Ar-filled glove box) to ensure O, and H;O are
not incorporated within the thin film.  Otherwise, these “contaminants” form
recombination sites that adversely impact device performance and PCE. The spin
parameters — acceleration/terminal speed and spin time — must also be tailored to the
specific donor/acceptor/solvent combination. These tend to be slower and shorter,
respectively, due to the blend viscosity and higher evaporation rates of organic solvents
compared to the water-based PEDOT:PSS.

As before, annealing is a necessary step required to improve the crystallinity of
the active layer — at least in HBG polymers like P3HT. Such is not necessarily the case

for some LBG polymers where annealing can actually collapse Js¢c and FF. So, tradeoffs
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are required when fabricating tandem solar cells comprised of both LBG and HGB
polymers. When annealing of a polymer blend that will be in direct contact with the
electrode is called for, it’s important that this step take place after the metallic cathode
material is applied. This has to do with interfacial characteristics between the polymer
and the metal. The surface of the polymer presents a certain level of roughness that
effectively increases with annealing. This is relevant when one considers that the back
electrode (normally an aluminum cathode), serves not only as a collector of electrons, but
also as an internal light reflector. Light that traverses the entire depth of the OSC device
to the cathode is bounced back into the active layer at the multi-faceted active
layer/cathode interface where there is a possibility of increased exciton generation and
current production. If the active layer is annealed prior to cathode deposition, the
polymer morphs to a more crystalline structure with a rougher surface, but it is more
difficult to deposit the Al cathode uniformly over all the contours. It is better to deposit
the Al and then post-anneal the structure so that the cathode/active layer interface morphs
simultaneously and maintains the greatest amount of contact between the two surface
areas. When the mutual interfacial area is effectively smaller, there will be less electron
collection and transport out of the device, less internal reflection, and ultimately
decreased PCE.

The details just described apply both to single planar cells and also to tandem
structures composed of two or more subcells. However, tandem configurations require
additional layers that function as optical spacers, electron transporters, energy-state
intermediates, and structural supports for the subcell components. Several different metal

oxide species are used to perform these functions. For the purposes of this dissertation,
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titanium oxide (TiOx), is analyzed in the simulations and incorporated in the fabrication
of experimental cells. TiOx is produced via the sol-gel process and spin-cast on subcell
components in tandem configurations. Figure 58 shows a schematic representation of the
energy levels associated with the various component layers in a series tandem organic

solar cell employing TiOx layers.

PEDOT:PSS P3HT:PC,,BM

4.8

PCPDTBT:PC;,BM PEDOT:PSS

Figure 58. Tandem OSC energy level diagram for PCPDTBT:PC;;BM and

P3HT:PC;;BM subcells. Energies are in eV. (based on [87]).

These nanoscale layers are also subject to the influences and constraints of fabrication
steps such as concentration, spin parameters, and annealing. Perhaps the most difficult
process step to manage is annealing. In a multi-junction configuration, the solar cell is
built up layer by layer and each requires annealing at specific temperatures and for

particular amounts of time. This means that several layers will be annealed more than
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once and that can be problematic. Annealing for too long, or at too high a temperature
can adversely impact FF and JSC characteristics. Requiring a series-tandem structure to
undergo “serial-annealing” dictates that some known optimum parameters for individual
layers be compromised. This is necessary in order to achieve an acceptable performance
level for the OSC as a whole. The following section details the significance of thermal
annealing and how it affects structural and optical properties in P3HT:PCq;/71BM solar
cells produced in our lab.
INFLUENCE OF ANNEALING ON POLYMER BLEND PROPERTIES

Atomic force microscopy and using a source meter to measure IV characteristics
of organic solar cells gives excellent insight into the evolution of surface roughness and
morphology as well as device electrical properties that result from thermal annealing.
Following thermal treatment, AFM results show that P3HT:PC7;;BM nanocomposites
produce a more homogeneous mixture of finer grain size than that seen in
P3HT:PCs1BM. Furthermore, stronger optical absorption in the visible region is
observed in P3HT:PC7 BM compared to P3HT:PC¢BM. Since optical absorption is
closely related to film crystallinity, it is inferred that P3HT:PC;;BM composites undergo
more extensive crystallization upon annealing. Photoluminescence (PL) spectra of both
active layer blends (each dissolved in chlorobenzene) show that each has excellent
quenching effects and IV characterization shows that P3HT:PC;1BM registers higher
current density under AM 1.5 illumination than does P3HT:PCsBM. For the solar cells
described in this particular experiment where device active areas measured ~12 mm?,

PCE was found to be approximately 33% better for C7;-based devices than for those

made using Cg; fullerene.
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P3HT exhibits very strong optical absorption in the visible range [141], but
PCsBM is notably poor in this region of the spectrum [93]. The low absorption of
PC4BM can be attributed to the high degree of symmetry of Cg; fullerene [68,93,142].
This suggests that the less symmetrical fullerene — PC7;BM — enhances optical absorption
in the visible region and correspondingly increases current densities in PV devices
[93,142]. PC7BM has been used with other conjugated polymers and produced higher
power conversion efficiencies than its more symmetrical counterpart [68,93,142].
However, there were no comparative studies on the effects of thermal annealing on
structural and optical properties of P3HT:PC¢;BM and P3HT:PC7BM composites. As
previously described, P3HT:PCBM blends are usually thermally treated to effect
modification of structural and optical properties. In this experiment, P3HT:PCs;BM and
P3HT:PC71BM mixtures were annealed at 150 °C and their structural and electrical
characteristics examined.

Films made from both blends were prepared inside a nitrogen glove box with O2
and H,0O levels maintained at less than 1 ppm. P3HT and PCBM were mixed in a 1:1
ratio, dissolved in chlorobenzene, and stirred overnight in the glove box at 40 °C. No
sonication or filtering was used. Glass substrates were cleaned with acetone and
isopropanol in an ultrasonic bath (10 min in each agent) and the thin films were prepared
by spin-casting samples at 2000 rpm/500 rpm/s for 1 minute. Immediately after spin-
casting, a subset of the prepared samples was annealed on a digital hotplate at 150 °C for
10 min inside the glove box. The thickness of annealed and non-annealed films was
measured using a Dektak© Surface Profiler and found to be ~100 nm. These

measurements were subsequently verified with AFM step height measurements.
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Absorption spectra were measured using a Lambda®© 2 S UV-Vis spectrophotometer with

all films measured on absorption-corrected glass substrates.
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Figure 59. UV-Vis spectra of PC¢;BM and PC7;BM before and after thermal annealing.
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Surface morphologies were measured via AFM operated in tapping mode. All devices
were structured identically: glass  /ITO / PEDOT:PSS / P3HT:PC61BM or
P3HT:PC71BM / Al. Following the post-annealing process, IV characterization was
performed.

As previously discussed, the structure of C7; in PC7;BM is less symmetrical than
that of Cs; in PCsiBM. So, to investigate the optical absorption properties of the
composite blends, a UV-Vis spectrum was taken and compared to baseline data for
PCs;BM, PC»BM and P3HT: PC4;BM and P3HT: PC7;BM samples. Figure 59 (a)
shows the UV-Vis spectra of PC4;BM and PC7BM before and after thermal treatment at
150 °C for 10 minutes in the glove box. Absorption for PCs;BM is mostly located in the
UV region with a maximum absorption peak at 349 nm while absorption in the visible
region is much weaker. In contrast, PC;;BM shows strong absorption in the visible
portion of the spectrum where several shoulder peaks are observed and attributed to the
less symmetrical structure of C;; [93]. PCsBM and PC7BM showed no significant
change in absorption intensity before or after thermal annealing and this can also be seen
in the Figure.

Figure 59 (b) and (c) show UV-Vis for P3HT, P3HT:PC¢;BM and P3HT:PC;;BM
before and after thermal annealing at 150 °C. For the P3HT films, the dominant
absorption is located between 450 and 650 nm. Three distinct absorption peaks were
observed at 520, 552, and 600 nm as indicated by the arrows in Figure 59 (b). After
thermal annealing, a significant increase in the absorption bands was observed and is

attributed to the increased crystalline ordering of the P3HT domains [143].



132

The absorption spectrum of P3HT:PC¢BM films has two broad peaks; one ranges
from 450 to 650 nm and originates from P3HT, and the second is located at 349 nm and
is produced by PC,;BM. In comparison, P3HT:PC7;;BM films also show broad spectral
absorption ranging from 450 to 650 nm, but have two additional peaks at 380 and 482 nm
that originate from PC7BM as can be seen in Figure 59 (c). Before thermal treatment,
P3HT:PCsBM and P3HT:PC;;BM show almost the same intensity in the spectral range
from 450 to 650 nm. As the spectral signature in this range originates from P3HT and the
intensity of the shoulder peak at 600 nm is correlated to its degree of crystallinity as
indicated by XRD data [143,144], it can be inferred that P3HT:PC4BM and
P3HT:PC;1BM films have almost the same degree of crystallinity before thermal
treatment. However, after annealing only a slight increase in the intensity of the
absorption band between 450 and 650 nm was observed for P3HT: PCs;BM while much
stronger enhancement is observed in the distinct vibronic absorption shoulders of
P3HT:PC;1BM. The absorption peak at 600 nm in P3HT has a red-shift to 606 nm in
P3HT:PCs;BM and P3HT:PC;;BM films. Since this absorption band represents the
characteristic peak due to the n—* transition in the P3HT backbone [54] an increase in
the absorption after thermal treatment indicates an enhanced ordering of P3HT chains
[143,144]. Moreover, the enhanced intensity of the absorption spectra at 600 nm upon
thermal annealing indicates a higher degree of crystallization or increased ordering of
intra-chain interactions in P3HT materials [145]. Therefore, compared to
P3HT:PCs;BM, annealed P3HT:PC;;BM films present with an enhanced conjugated

length and a more ordered P3HT crystalline structure.
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The surface morphology of P3HT:PCBM films before and after thermal treatment
was evaluated using AFM and is shown in Figure 60. The AFM images clearly show
differing surface morphologies. The as-deposited, non-annealed films appear featureless
with atomically flat surfaces; P3HT:PCs;BM has surface roughness (root mean square
(RMS)) of 0.33 nm and the value for P3HT:PC7BM is 0.45 nm (Figure 60 (a) and (d)).
Upon annealing at 150 °C, film crystallinity increases [143,144,146]. The surface
morphology of P3HT:PC¢BM (Figure 60 (b)) shows increased roughness (RMS = 0.75

nm) compared to that of PZHT:PC7; BM (RMS = 0.54 nm) as shown in Figure 60 (e).
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Figure 60. Surface morphologies of P3HT:PCs;/7{BM before and after thermal annealing.

Figure 60 (c) and (f) shows the comparison of grains of P3HT:PCsBM  and

P3HT:PC;;BM where P3HT:PC7BM has more uniform mixing of constituents.



134

Thermal treatment of P3HT:PCBM composite films induces polymer
reorganization and aggregation of PCBM that makes the thin-film structure more ordered
[143,144,147]. However, a negative result of these morphological changes is that large
grain features in P3HT:PCsBM can lead to a reduced charge collection rate at the
electrodes. This is due to excessively long conduction path lengths compared to typical
exciton diffusion lengths of ~10 nm [142]. Since clustering of P3HT:PCBM molecules
with large grain features creates an inefficient conduction path from the conjugated
polymer chains to the contact electrodes, charge carrier mobilities in conjugated polymers
will be diminished and result in smaller photocurrent available necessary for efficient
device operation. It's important to note that Wobkenberg ef al., have already shown that
C7 and Cg; fullerenes combined with regioregular polymers can have comparable
electron mobilities [148]. Therefore, small grain features with enhanced crystallinity in

P3HT:PC;;BM films might offer better energy conversion efficiency.
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Figure 61. Photoluminescence spectra from P3HT, P3HT:PCs;BM, and P3HT:PC7;BM.
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Photoluminescence spectra of chlorobenzene solutions of P3HT, P3HT:PCsBM,
and P3HT:PC;;BM blends measured with 350 nm excitation are shown in Figure 61.
The PL intensity of the P3HT solution drastically decreases in mixtures containing
PC¢BM and PC;BM thereby indicating strong quenching effects in complex solutions.
Quenching in P3HT:PCBM complexes can be attributed to ultra-fast, photo-induced,
donor—acceptor transfer interactions between excited polymers and the fullerene
constituents in PCBM [149]. Therefore, both PC¢;BM and PC7BM are very efficient in
transferring charge carriers.

To compare the relative efficiencies between P3HT:PCs;BM and P3HT:PC;BM,
OPVs were fabricated and their IV characteristics measured under white light
illumination using an Oriel© 100W solar illuminator equipped with an AM 1.5 filter.
Our results indicate that short-circuit current (Isc) shows much improvement in
P3HT:PC7;;BM while the open circuit voltage is approximately the same for both at a
value of 0.53 V. These results are consistent with those of other researchers as regards
improved current densities up to 50% with PC7;;BM-based polymer photovoltaic devices
[93,142]. This improved photocurrent can be attributed to ultrafast carrier transfer,
enhanced absorption across a wider range of the solar spectrum, and better crystallinity in
P3HT:PC7;;BM nanocomposites following thermal annealing. Our experimental results
indicate more than a 33% improvement in PCE with P3BHT:PC7;BM compared with

P3HT:PCs;BM as shown in Figure 62.
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Figure 62. 1V characteristics of the OSCs measured at 100 mW cm®.

Efficiencies for the Cg;-based and Cy;-based cells were 0.6% and 0.8%, respectively.
Short circuit currents measured 3.5 mA c¢cm™ for P3HT:PCsBM and 6.4 mA cm? for
P3HT:PC;1BM. For both devices generally, efficiencies were somewhat lower than
expected because fabrication and characterization were not conducted in an oxygen-free
environment.

These results show clearly the importance of thermal annealing. Highly-ordered
P3HT polymer chains lead to better optical absorption in the visible region of the
spectrum and this, in turn, helps to improve PCE. Uniform mixing of P3HT and
PCq¢171BM and optimizing annealing protocols will certainly improve OSC performance,
but the entire fabrication process is considerably more complicated. Some other aspects
of the multi-step process include proper substrate preparation and cleaning, spin-casting

techniques, and electrode deposition methods. These procedures are described in detail
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in the appendices. Here, the procedures for fabricating single planar and tandem cells
with incorporated TiOx layers are described.
FABRICATION OF P3HT:PCg;,,1BM PLANAR SOLAR CELLS

Before cell production can begin, active layer material must be is prepared. P3HT
(30 mg) and PC7;BM (21 mg) — a ratio of 1:0.7 — is mixed in 4 mL of chloroform and
stirred in a sealed vial on a hot plate for 24 hours at 50°C. The stir speed is 200 RPM.
After patterning and cleaning a substrate slide (see appendices for procedures),
PEDOT:PSS is spin-cast at a terminal speed of 3000 RPM, acceleration of 500 RPM/s,
and for a total time of three minutes. This length of time ensures the thin film layer will
dry completely and not contract back on itself. Spinning takes place in atmosphere, but
after removing the PEDOT from the anode portion of the slide it is placed inside a
nitrogen glove box to anneal at 120°C for 10 minutes. It is then removed from the hot
plate and allowed to cool to room temperature. Next, the active layer is spin cast on the
slide inside the glove box; terminal speed is 1500 RPM, acceleration is 200 RPM/s, and
the time is one minute. The slide is then removed from the glove box, the anode is again
cleaned of polymer material, and the substrate is placed on the spinner (in atmosphere)
ready for application of the TiOx layer. The solution-based metal oxide is spin-cast at
3000 RPM for 40 seconds. Again, the acceleration is 500 RPM/s. Immediately
afterward, the anode is cleaned and the slide is placed on a hot plate in air and annealed
for 10 minutes at 80°C. This step must be done in air so that the TiOx precursor can
hydrolyze and form the amorphous oxide layer. The last deposition step is to place the
solar cell in the electron beam evaporator (ebeam) and apply 80 nm of Al. After allowing

the device to cool down under vacuum in the ebeam for 30 minutes, it is removed and
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immediately placed inside the glove box for the final annealing step; 160°C for five

minutes. Figure 63 shows a schematic of the completed device.

Cathode (-)

Figure 63. Schematic of P3HT:PC7;BM planar cell with TiOx optical spacer.

Figure 64 shows the IV curve for the P3HT:PC71BM solar cell with a TiOx optical

spacer between the active layer and the Al cathode.
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Figure 64. 1V curve for P3BHT:PC7;BM cell with TiOx layer.
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The fill factor for this particular device is ~0.46 and the PCE is about 2.5%. With further
optimization of the quality and thickness of the TiOx layer, efficiencies for this type of
device will exceed that of its planar counterparts that lack this optical spacer.
FABRICATION OF PCPDTBT: PC¢;,,1BM PLANAR SOLAR CELLS

Planar cells using the LBG polymer, PCPDTBT, can be made using very similar
procedures to the ones described for P3BHT: PCs1,71BM in the previous section. First, the
polymer blend is produced by mixing PCPDTBT (10 mg) and PC¢BM (36 mg) in 2.5
mL of chlorobenzene. Note that this is in the ratio of 1:3.6. It is typical for successful
LBG-based OSCs to require donor:acceptor polymer ratios to be between 1:3 and 1:4.
The solution is stirred in a sealed vial on a hot plate for 24 hours at 50°C with a stir speed
of 200 RPM. PEDQOT:PSS is spin-cast on a clean/patterned substrate for three minutes
after accelerating at 500 RPM/s to a terminal speed of 3000 RPM. Spinning again takes
place in atmosphere, the PEDOT is removed from the anode, and the slide is placed
inside a nitrogen glove box to anneal at 120°C for 10 minutes. After cooling to room
temperature, the PCPDTBT:PCBM active layer is spin cast inside the glove box. This
time, the terminal speed is 2000 RPM while the acceleration and time remain at 200
RPM/s and one minute, respectively. The reason for the increased speed is due to the
higher molecular weight of the PCPDTBT molecules and smaller volume of solvent that
combine to increase the viscosity of the blend. If the substrate is spun too slowly, the
active layer will be too thick and excessive absorption will result in decreased Jsc and 7.
Following in order, the slide is removed from the glove box, the anode is cleaned, and the
substrate is placed on the spinner for the TiOx layer to be applied in air. Spin parameters

for TiOx are the same as for HBG polymers: terminal speed = 3000 RPM, acceleration =
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500 RPM/s, and time = 40 seconds. Once completed, the anode is cleaned again and the
slide placed on a hot plate in air to anneal for 10 minutes at 80°C. It is the H,O in the
ambient air that allows hydrolysis to take place and form the linkages between Ti and O
that result in an amorphous, semi-crystalline TiOx matrix. This step cannot be done in an
inert environment such as that found in an Ar or N, glove box. The penultimate step is
the deposition of the 80 nm Al cathode via ebeam evaporation and a 30-minute cool
down under vacuum to ensure there is no separation at the blend/electrode interface due
to differing coefficients of thermal expansion. The final step is to place the completed
cell in the glove box and perform the post-annealing step: 160°C for five minutes on a hot
plate and then cooling to room temperature for subsequent characterization. The
completed device is nearly identical to the one shown in Figure 63 with the exception of

the LBG-based active layer.
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Figure 65. IV curve for PCPDTBT:PCs;BM cell with TiOx layer.
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Figure 65 shows the IV curve for the PCPDTBT:PCs;BM solar cell with a TiOx optical
spacer included. The fill factor is ~0.41 and the PCE is approximately 1.4%. The lower
PCE and current density are not unusual for LBG polymers, and they do not rule out their
use in OSCs — especially in tandem OSCs where they can be used in a complementary
fashion with HGB subcells to harvest a wider portion of the visible spectrum.

Both LBG and HBG donor materials can be used in tandem solar cell structures,
but the level of fabrication complexity goes up considerably. With an increasing number
of device layers comes additional series and shunt resistance, greater absorption, and
charge transport issues at the multiple interfaces. As can be seen in Figure 44 (Page 95),
at least nine interface surfaces must be traversed by the light in a tandem cell
configuration. However, if the technological obstacles can be overcome, tandem cells
will achieve efficiencies in the 10% range and beyond.

FABRICATION OF P3HT:PC¢1BM & PCPDTBT: PCq;/7,/BM TANDEM CELLS

The methods implemented in fabricating tandem solar cells are similar to those
used for single planar cells, but additional device layers are required to function as
supports between subcells and as charge carrier transport media. Merely combining
subcells according to the procedures described in the previous two sections will not
produce a series tandem cell with greater efficiency than either of those subcells. The
entire fabrication process must be modified because of interactions between processing
steps associated with individual cells that are not mutually exclusive when forming a
tandem structure. For instance, the choice of solvents used to prepare the active layers
must be considered. It’s not possible to lay subcells made from the same solvent on top

of each other. Dissimilar solvents must be used for adjacent subcells so that underlying
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layers are not dissolved. More importantly, a “buffer” layer is required — and metal oxide
layers show the most promise. Still, it’s not possible to form a perfectly pristine metal
oxide support/transport layer between subcells. Discontinuities will invariably exist that
allow subsequent layers — in their liquid form — to filter through and attack underlying
polymer blends. This will disrupt the integrity of the discrete layer system necessary to
maintain carrier transport order between the spatially-dependent energy levels of each
thin-film in the device. Despite this, sufficiently intact oxide layers can be deposited that
fulfill the optical and electrical requirements necessary to be effective and still remain
autonomous structurally — provided critical deposition and annealing steps are optimized.
A series tandem cell was made with a PCPDTBT:PCsBM bottom subcell and
P3HT:PC;;BM in the top according to the following procedures:
e PEDOT:PSS - terminal speed = 3000 RPM, acceleration = 500 RPM/s, time = 3
minutes (first layer of the bottom subcell)
» Anneal for 10 minutes in air at 140°C for 10 minutes
e Spin-cast active layer in the glove box — terminal speed = 2000 RPM, acceleration
= 500 RPM/s, time = 1 minute
¢ Spin-cast TiOx in air — 3000 RPM, 500 RPM/s, 40 seconds
e Anneal in air — 80°C, 10 minutes
e PEDOT:PSS — terminal speed = 3000 RPM, acceleration = 500 RPM/s, time = 3
minutes (this is the first layer of the top subcell)
» Place substrate on the hot plate in the glove box — 120°C for 10 minutes
e Spin-cast active layer in the glove box — terminal speed = 1500 RPM, acceleration

= 200 RPM/s, time = 1 minute
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e Spin-cast TiOx in air — 3000 RPM, 500 RPM/s, 40 seconds

e Anneal in air — 80°C, 10 minutes

¢ Deposit 80 nm of Al in ebeam and cool under vacuum for 30 minutes

» Post-anneal in the glove box — 160°C for 10 minutes
The final structure is represented in Figure 44 and the IV characteristic curve is shown in
Figure 66. The Vo is approximately 0.9 V — higher than either of the subcells when they
are made as single planar cells. However, note the collapsed fill factor and diminished
Jsc. This indicates problems with morphology that will certainly be due, at least in part,
to the effects of serial annealing. The tandem fabrication process calls for five separate
annealing steps which means that the PEDOT:PSS layer in the first subcell will be
annealed five times, the PCPDTBT:PCs;BM four times, the first TiOx layer three times,
and so on. Successive heat treatments will have an adverse impact on the device
parameters, so modifications to the fabrication process must be made. The V¢ is not the
sum of the two subcells as it should be, but this is also due to the morphology problems

that reduced FF and Jsc.
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Figure 66. IV Curve: PCPDTBT: PCs;BM (bottom) and P3HT:PC7;BM (top) tandem

solar cell.

As discussed, thermal annealing changes the morphology of active layer blends from an
almost completely amorphous, two-phase arrangement to something that is semi-
crystalline. Figure 60 (Page 133) showed the effects of annealing on P3HT:PC¢;,7,1BM
composites where increased roughness and crystallinity were the result of heat treatment
at 150°C. Figures 67, 68, and 69 show AFM images of annealed thin films composed of
P3HT:PC7BM, PCPDTBT:PC;BM, and PCPDTBT:PC¢BM, respectively. In Figure

67, the surface is fairly smooth with an RMS roughness of 1.024 nm.
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Figure 67. P3HT:PCBM thin film after annealing for 10 minutes at 80°C.

In Figure 68, after a 10-minute thermal treatment at 80°C the RMS roughness is 1.447
nm — considerably larger than that for P3HT:PC; BM. This may be due to steric
hindrance between PCPDTBT and PC7;BM because of PCPDTBT’s larger size
compared to P3HT and its interaction with PC;iBM. Raised areas are seen on the
surface of the film. These result from PC;;BM agglomeration. The PCPDTBT:PC7;;BM

ratio is 1:3.6 compared to 1:0.7 used for the P3HT:PC7;BM mixture seen in Figure 67.

Figure 68. PCPDTBT:PC7;BM thin film after annealing for 10 minutes at 80°C.
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A PCPDTBT:PC¢BM thin film is shown in Figure 69. RMS roughness is ~1.0 nm and
again, there are raised areas covering the surface where PCs;BM has formed clusters due

to the annealing process.

e

Figure 69. PCPDTBT:PCy;BM thin film after annealing for 10 minutes at 80°C.

Note that the roughness is comparable to that observed with P3HT:PC7;BM. This may
be due to the fact the PCgBM clusters are smaller than those found in the
PCPDTBT:PC7;BM thin films and therefore don’t have as dramatic an impact on overall
surface roughness. Still, these coagulation points are problematic as they form unwanted
charge carrier recombination centers. Since annealing is such a critical step in OSC
fabrication, forming multijunction, tandem cells becomes considerably more challenging.
Also, it’s clear concentration effects and donor:acceptor ratios have an impact on layer
morphology and therefore, device performance. Increased concentrations have the effect
of darkening the active layers thereby decreasing absorption. Higher donor:acceptor
concentrations for a given amount of solvent increase the individual layer opacity and

this can be tremendously deleterious in tandem configurations. A representative sample
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of OSCs fabricated using varied concentrations of HBG and LBG polymers is shown in

Figure 70.
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Figure 70. Varied coloration of donor:acceptor blends impacts absorption: (a)

HBG P3HT:PCsBM (left), and LBG PCPDTBT:PCs;BM (right), and (b)

P3HT:PCBM-based cells in different volumes of solvent.

Much more experimentation must be accomplished to find the best methods for
correcting the aforementioned problems as they apply to tandem solar cell production.
Some possible remedies include lowering annealing temperatures, annealing fewer times,
room temperature cooling of layers under ultrasonic stimulation, and optimization (which
may be different from that for single planar solar cells) of donor:acceptor concentrations
to avoid excessive absorption resulting from opacity. Other techniques may be to deposit
the metal oxide spacers via thermal or ebeam evaporation rather than using a solution-
based approach. Finally, the development of new polymers that are not sensitive to the

effects of thermal treatments could greatly simplify the entire OSC production process.
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CHAPTER V

CONCLUSION AND FUTURE WORK

CONCLUSION

As the world’s demand for energy continues to increase, more effort and
resources must be expended to advance the state-of-the-art in renewable energy
technologies. Solar-based technologies will undoubtedly play a large part in replacing
fossil fuel-based sources, but only after significant improvements are made in
performance and efficiency. A primary focus of research is organic photovoltaics and
significant progress is being made — especially in the area of hybrid inorganic/organic
tandem solar cells. These devices have the potential to achieve power conversion
efficiencies in the 10% range which would make large scale production practical, cost
effective, and commercially viable. Eventually, organic photovoltaics will be ubiquitous.
This dissertation describes the feasibility of improving an already promising photovoltaic
application — hybrid tandem cells. Simulations of several tandem combinations were
conducted that show higher efficiencies are possible when the appropriate HBG/LBG
donors are combined with energetically-comparable acceptor fullerene derivatives.
Further enhancements are possible when subcell components are placed in the proper
sequence to achieve the greatest absorption. Verification of these results is currently
being pursued in the lab. Fabrication of such cells remains technologically challenging,
and more research must be done to overcome obstacles associated with concatenating
multi-layer subcell components while maintaining their individual performance

capabilities. Additional structural modifications as well as the introduction of new
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polymer materials capable of harvesting more of the solar spectrum may provide the
answers to these issues. Research efforts continue both in industry and in academia to
address the current limitations impeding greater and more rapid increases in OSC
efficiency.

FUTURE WORK

With a view toward making OPV device improvements via structural changes, an
active area of research strives to significantly improve energy conversion efficiencies
through the exploration and manipulation of novel device physical structures. With
knowledge gleaned from the fabrication of standard planar and hybrid inorganic/organic
tandem solar cells, our group has developed a technique for furthering the concepts
behind multi-junction solar cells by creating nanoscale nested structures capable of
accommodating organic photoactive material that will serve as a light-absorbing layer in
OSCs. The fabrication methodology for these nanostructures calls for the formation of
alternating sacrificial spacers in a nested nanotube configuration. The technique employs
highly-ordered macroporous silicon templates that are used as the supporting structure
and bottom contact for concentrically-nested metal oxide cylinders.

Atomic Layer Deposition (ALD) provides the means for precision control of layer
parameters within the Si template. This deposition method provides excellent uniform
coverage deep within the template pores and is a highly-precise and repeatable process.
The effective area of the nanoelectrodes is tailored to allow for maximum incorporation
of organic materials within the structures. In particular, the thickness, spacing, and
height of the nanostructures are controlled non-lithographically to a very high degree of

precision [150]. The current state of our technology allows the Si substrate to be recessed



150

in such a way that the nested nanotubes protrude above the surface by a few micrometers.
These structures are anchored by either TiO; or HfO; spines for stability. Subsequently,
organic material (i.e., BHJ RR-P3HT and PCqBM/PC;BM organic blends) are
incorporated into the concentrically-nested nanotube voids created by the sacrificial
spacer layers. Incorporation of organic material within the nanotube voids can be
challenging, but we have demonstrated the feasibility as can be seen in the SEM cross-
section of Figure 71. This particular step will likely become more difficult as void size

decreases.

¥ig. 888 1 sare

Figure 71. SEM micrograph revealing infiltration of photoactive organic blends of
P3HT:PCBM into 1.0 um (diameter) pores of an Si template. Infiltration is to a depth of

~5 um.
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The final step in the process involves applying a transparent conducting electrode to the
top of the device and various methods are currently being explored.

With further development, these hybrid organic/inorganic structures could be used
to develop more advanced multi-junction solar cells with enhanced performance
characteristics. The technological obstacles will be many, but the rewards great if leaps

in OSC efficiency are realized.
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APPENDICES

SOL-GEL TiOx SYNTHESIS VIA ROTARY EVAPORATOR
Using a rotary evaporator eliminates the need for magnetic stirring and provides
for better temperature control since the flask is uniformly heated over its entire surface.
The following setup procedures should be completed before making TiOx using the sol-
gel process.
1) Ensure cooling water is flowing through the condenser column from the building
water system (middle two supply/return handles, water is supplied at 65°F)
2) Ensure N is flowing from the generator to the filter/regulator, and then through
the flasks/condenser column
3) Place N, exhaust tube in water-filled beaker next to silicone oil bath to monitor
flow

4) Connect 120VAC to the evaporator and bath (two connections)

WARNING
Silicone oil baths can be extremely dangerous. Even at high temperatures (well
above 212°F (100°C) where H,O boils) silicone oil does not bubble or give any
indication that it is very hot. Use caution and always assume the oil is hot even if the
machine is turned off.

TiOx precursor sol-gel synthesis procedures ...
1) Clean the rotary and condensation flasks using the standard method (TCE,
acetone, methanol, and ethanol with a DIW rinse between each solvent), blow dry

with Ny, and place in the oven to dry for one hour.
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2) Remove rotary and condensation flasks from the oven and install on the

condenser column (see Figure 72).

Figure 72. IKA Rotary Evaporator setup.

3) Turn on power to the rotary evaporator and silicone oil bath (each has its own

switch).

4) Open cooling water supply/return valves on the wall (open the “return” FIRST to

avoid an over-pressure condition on the condenser column and associated tubing).

5) Open the N; valve next to the filter/regulator (water in the beaker will start to

bubble).

6) Lower empty rotary flask into the silicone oil bath (Figure 73).
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7) Start flask rotation at 50 RPM.

8) Gradually bring temperature up to 120°C (If you get an “E26” error on the bath,

switch it off, turn it back on, and start increasing the temperature again).

Figure 73. Rotary flask lowered into silicone oil bath.

9) Allow empty flask to rotate at 50 RPM and 120°C under N; for 1 hour to ensure

all water is removed from the system.

10) At the end of one hour, TURN TEMP DOWN TO 80°C, stop rotation, and
raise the rotary flask above the oil and allow it to cool to room temperature (about

20 minutes) — the oil will take longer to go down to 80°C — Leave the N, flowing

11) Once the rotary flask is at room temperature, remove the tape from the injection
port and inject the TiOx precursors into the flask IN THE FOLLOWING
ORDER:

1) Titanium (IV) isopropoxide (Ti[OCH(CHj3),]4) — 5mL
2) 2-methoxyethanol (CH;0CH,CH;OH) — 20mL

3) Ethanolamine (H,NCH,CH,OH) — 2mL
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12) Place tape over the injection port to stop the introduction of air into the system.
13) With the rotary flask still raised above the oil bath, start rotation at 100 RPM.
14) Allow precursors to rotate above the oil bath for 1 hour at room temperature.

15) Lower rotary flask into the 80°C silicone oil bath and allow it to rotate for 1 hour.

Figure 74 below shows what the mixture will look like after the hour:

Figure 74. Mixture appears pink after 1 hour at 80°C.

16) Raise the temperature to 120°C — Do not raise the flask from the oil, increase the

temperature by 5 degrees/minute from 80°C to 120°C, and rotate for one hour.

17) After one hour, the solution will be a darker red color as seen in Figure 75.

Figure 75. Mixture appears dark red after 1 hour at 120°C.
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18) Raise the rotary flask from the oil bath, turn the temperature down to 80°C, and

leave the mixture rotating under N, until the bath cools down to 80°C.
19) Lower the flask into the 80°C oil bath and allow to rotate for 1 hour.

20) Raise the temperature to 120°C — Do not raise the flask from the oil, increase the

temperature by 5 degrees/minute from 80°C to 120°C, and rotate for one hour.

21) Raise the flask from the oil bath and allow to cool to room temperature (turn

temperature down to 25°C).

22) After the flask reaches room temperature, open the injection port and inject 10mL
of ethanol, methanol, or isopropanol — your choice of solvent will depend on
which one you plan to use later as the dilution media prior to spin casting. If you
are going to dilute with ethanol, then use 10mL of ethanol in this step. If you plan

to use methanol, then use 10mL of methanol, etc.

23) Use a long syringe to extract the TiOx precursor from the rotary flask and store in

clean 6mL vials as seen in Figure 76.

Figure 76. Sol-gel-produced TiOx material ready for dilution in ethanol, methanol, or

isopropanol and subsequent spin-casting on solar cell active layers.
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SUBSTRATE PREPARATION & CLEANING PROCEDURES
The following steps describe the process for preparation of useable substrates
ready for OSC fabrication:
1) Use an ohmmeter to measure electrical conductivity of a 1” x 3” ITO/glass slide
to determine which side is coated.
2) Using a diamond scribe, score the uncoated side and break into three 1”7 x 1”

substrates.

Figure 77. Scored 1”7 x 3” ITO/glass slide.

3) On the backs of each substrate, use the diamond scribe to mark the letter “B”;

make this annotation in the middle and near an edge of the substrate.

»n

1”

Figure 78. 1” x 1” substrate with backside marked.



171

4) To avoid a short-circuit condition in the fabricated device, it is necessary to

remove the ITO in the area where the back electrode (an evaporated aluminum

cathode) connection is made.

a.

Place silicone tape (0.5” x 0.25”) over the ITO that is to be retained —
ensure that it overlaps the edge of the slide tightly and wraps completely
around.

Carefully and firmly rub the tape to ensure that it adheres securely to the
ITO and the back of the slide.

Ensure the tape is pressed down sufficiently such that the acidic etchant
cannot enter any cavities at the tape/glass interface and cause undesired
etching of the protected ITO.

Etch the exposed portion of ITO in an acid solution (20% w/v HCl, 5%
w/v HNO;) at 70°C.

Fully submerge the slide into the heated acid solution for 5 minutes.
Remove the substrate and place in a beaker containing deionized water
(DIW).

Check conductivity with an ohmmeter (the reading should show infinite
resistance) and re-etch if necessary.

When etching is complete, rinse the entire substrate with DIW and then
remove the tape.

Place substrate into a beaker containing ethanol and clean in an ultrasonic
bath for five minutes.

Remove substrate from beaker, rinse with DIW, and dry with No.
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5) To prepare the substrate for OSC fabrication, follow the wet-cleaning process as

detailed below.

g.

h.

Use ultrasonic cleaning in DIW with a common glass-detergent (3%
Mucasol) for 10 minutes at 60 °C.

Rinse thoroughly with DIW.

Sonicate in DIW for 10 minutes at 60 °C.

Rinse thoroughly with DIW.

Sonicate in ethanol for 5 minutes.

Rinse thoroughly with DIW.

Sonicate in acetone for 5 minutes at 40°C

Rinse thoroughly with DIW.

The above cleaning steps should be repeated at least once. After the final DIW rinse,

dry the substrate with N, and place in the oven to dry for at least one hour.
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SPIN-CASTING OF POLYMERS AND SOLUTION-BASED OXIDE LAYERS
The outcome of spin-casting is dependent upon such factors as ambient humidity
and temperature in the spin apparatus, temperature and concentration of the materials
being spun, the solvent used, spin acceleration, terminal spin speed, and the time of spin.
Air velocity is also as factor, so whether or not the lid of the spinner is open or not can
have an impact. With so many variables involved, it’s very difficult to control spin
results. In fact, spinners made by different manufacturers that are set to the same spin

parameters can actually produce different results.

PEDOT:PSS layer ...

1) Using silicone tape, attach substrates to square holding slides and place on
vacuum chuck on spinner in the fume hood.

2) Using a syringe, cover the substrate with PEDOT:PSS and spin at 3000 RPM for
three minutes using ramp speed of 500 RPM/s (for a planar solar cell).

3) Remove the substrate from the spinner, remove the holding slide, and clean the
anode area of the solar cell with a cotton bud dipped in acetone. It is not
absolutely necessary to remove the PEDOT:PSS from the anode area because it
has a high sheet resistance, but it is good practice to do so.

4) After cleaning the anode, place on the hot plate in the glove box, and anneal at
100°C for 5 minutes.

5) Remove substrate from hot plate and allow to cool to room temperature.
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Active layer ...

1)

Prior to depositing the active layer, the PEDOT:PSS must be annealed in the

glove box on the hot plate as per procedures in the previous section.

2) Using silicone tape, attach substrates to square holding slides and place on
vacuum chuck on spinner in the glove box.

3) Using a syringe, cover the substrate with active layer and spin according to the
parameters determined for the particular blend (e.g., HBG:PCs:BM,
LBG:PC7BM, etc.).

4) After spin coating, remove the substrate from the spinner, wet a cotton bud in
acetone, and clean the active layer from the anode location.

TiOx layer ...

1) Using silicone tape, attach substrates to square holding slides and place on
vacuum chuck on spinner in the fume hood.

2) Using a syringe, cover the substrate with active layer and spin at 4000 RPM, 500
RPM/s acceleration, and 40 seconds.

3) After spin coating, remove the substrate from the spinner, wet a cotton bud in
acetone, and clean the TiOx precursor from the anode location.

4) Place substrate on the hot plate at 80°C for 10 minutes in air.

5) Return to the glove box immediately after annealing until ready for further

processing.



175

ELECTRON BEAM EVAPORATION OF ELECTRODE MATERIALS
The solar cell structure is placed on the substrate holder shown in Figure 80.

There are nine masks on the substrate holder and each has the same configuration as the

schematic on the right in the figure.

Figure 79. Nine-sample substrate holder and schematic of individual mask. Active areas

are ~11 mm?>.

1) Using the Operational Manual for the Varian 3118 Electron Beam Evaporator, open
the Bell jar to its maximum height.

2) After the substrate is secured to the holder, it is placed upside down in the electron
beam evaporator (ebeam) above the aluminum target located in the crucible of the
electron gun. Ensure there is no distance between substrate and holder as this causes
“shadowing” and could cause a change in the size of the active area of the devices.

3) Ensure there is a sufficient amount of aluminum in the crucible and that the graphite

liner is not cracked.
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4) Close the bell jar.

5) Ensure cooling water is turned on to the electron gun, diffusion pump, and cooling
trap.

6) Turn roughing pump on.

7) Open roughing valve on Automatic Valve Controller.

8) Turn diffusion pump on.

9) WAIT TWENTY (20) MINUTES - FAILURE TO DO SO WILL LIKELY
DAMAGE THE DIFFUSION PUMP.

10) Open high-vac valve and wait ten minutes.

11) Wait until ion gauge pressure reaches at least 5e-6 Torr.

12) Turn on high voltage circuitry to the electron gun.

13) Deposit 100nm thickness of Al at a rate of 1-2 angstroms/second.

14) The melted Al target will appear orange in color. A “mist” will appear above the
target — this is the evaporated aluminum rising up to the substrate.

15) The substrate is not heated as this would damage the polymer.

16) The deposition rate is maintained between 1 and 2 angstroms/second.

17) After deposition, cool down under vacuum for 30 minutes to account for differences
in thermal coefficients between the polymer and aluminum.

18) The deposited Al should be very shiny and highly reflective.
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