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Abstract

Processing and Optical Engineering of Polymer-Fullerene Solar Cells Towards High

Efficiency and Environmentally Friendly Fabrication for Real-Life Applications

Kung-Shih Chen

Chair of the Supervisory Committee:
Chair & Boeing/Johnson Chair Professor Alex K-Y. Jen

Materials Science and Engineering

Facing the tremendous challenges of energy shortage and global warming, embracing
renewable energies is an obvious choice and necessary action. Solar energy is arguably
the most important source of renewable energy. Organic photovoltaics (OPV) has the
potential to make the solar energy much more affordable. However, OPV technology is
still relatively new and immature and requires substantial improvements on device
performance, stability, fabrication, and many other aspects to make OPV actually useful.
The studies described in this dissertation are aimed to address some of the critical

challenges and provide ideas for future developments.



In chapters 1 and 2 the motivations and current developments of OPV research are
briefly overviewed. In chapter 3, two high performance polymer:fullerene bulk-
heterojunction solar cells used in the works of this dissertation are described. Chapter 4
describes our developments of a device processing approach that involves completely
halogen-free solvents, which is desirable to achieve sustainable large-scale fabrication of
OPV cells. The solvent system, consisting of small amount of a novel solvent additive 1-
methylnaphthalene (Me-naph) in common halogen-free solvent matrix, can drastically
improve phase-separated morphology of OPV devices to achieve efficient charge
separation and yield high-performance.

In Chapter 5, OPV devices in a novel optical resonant cavity structure are
systematically investigated. Such structure has exhibited several advantages: first, light
trapping of thin film OPV devices can be boosted by carefully tuning the optical field in
the resonant cavity. Second, replacing the typical transparent ITO electrode with semi-
transparent TeO,/Ag electrode simultaneously solves or ameliorates multiple problems
associated with the ITO electrode such as high cost, brittleness, and limited conductance,
making the cavity structure viable for making flexible and large-area device.

In Chapter 6, semi-transparent organic photovoltaic (OPV) cells with high device
performance and tunable transparency are demonstrated. The devices not only possess
high performance to transparency ratio but also close to perfect color rendering index

(nearly 100), making it a strong candidate for power-generating window applications.
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Chapter 1. INTRODUCTION

1.1  MOTIVATION

Reliable energy supply has been an important support to the social and economic
development. Since the Industrial Revolution the human energy demand has been continuously
growing and currently reached 18 TW. Figure 1-1 shows the makeup of current global energy
supply. More than 80% of the energy supply is based on burning fossil fuels, 8% from
hydropower, 6% from nuclear fission, and less than 3% from alternative energies. The demand is
expected to keep increasing rapidly. By 2050 the energy demand is projected to reach 30TW due
to the growing human population and the industrialization of the developing countries. Whether
and how such enormous energy demand can be fulfilled will have drastic impact to the future of

human beings and our ecosystem.

Solar

Geothermal_ 2%,
%

Nuclear
6%

Figure 1-1. Global energy consumption breakdown by energy source in 2013 derived from the

EIA reference case.!"
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Fossil fuels have always been the dominant energy source due to their low cost, high
abundance, and long-term government subsidies. However, fossil fuels are limited resources that
will eventually be depleted. Furthermore, the pollutants (e.g. SO,, CO, NOx, hydrocarbons, and
CO,) emitted from burning fossil fuels have been causing serious environmental problems. The
worst threats among all pollutants are probably the greenhouse gases such as CO, and methane.
The massive amount of greenhouse gases getting into the atmosphere can cause sea level
elevation, global temperature rise, biodiversity decline, and destructive climate disruptions such
as frequent drought, wild fire, storm, and flood. These potential damages are hidden costs of
fossil fuels that we cannot further ignore.

Nuclear energy has the potential to satisfy much larger fraction of human energy demand
while significantly reducing the generation of greenhouse gases, but the lack of secure and long-
term means to store the high level radioactive wastes and the occurrences of disastrous nuclear
accidents such as in Chernobyl and Fukushima have aroused serious concerns about expanding
the use of nuclear power.

To meet the foreseeable energy demands and ensure environmental sustainability, timely
shifting our high dependence on fossil fuels to renewable energies is absolutely vital. Among all
energy sources, solar energy is the most abundant (23,000 TW), which largely exceeds the
combination of all other renewable resources (Figure 1-2).1) The following statement can help
us to comprehend the ampleness of solar energy: “The amount of solar energy that falls on the
earth’s surface in 40 minutes equals the total annual energy consumption of all the world’s
people.” In other words, covering 2% of the land of the earth with 12% efficient solar conversion
systems would provide 67 TW of power, which is more than twice of our 30 TW energy demand

in year 2050. It is also estimated that the combination of the acquirable energy from hydropower,



14

wind, biomass, geothermal and ocean is probably below 10 TW, so solar energy is clearly

essential for reducing our dependence on fossil fuels and nuclear energy and meet the growing

energy demand.

NATURAL GAS

SO I.AR WA\&,ES 022 PETROLEUM
23,000

OTEC
3-11 PER YEAR

URANIUM
BIOMASS
2009 WORLD ENERGY USE . 2-6 PER YEAR

16 TW-YR PER YEAR

HYDRO
3-4 PER YEAR

° GEOTHERMAL
TIDES 0.3-2 PER YEAR
0.3 PER YEAR COAL

Figure 1-2. Comparison of non-renewable and renewable energy reserves in terawatt-years

(TW-Yr). Total extractable reserves are shown for the non-renewable resources, and yearly

potential is shown for the renewables.”!

Solar energy can be transformed in several ways such as solar thermal (concentrated solar

power and solar water and/or air heating), solar cells (photovoltaic), and solar fuels. Among all,

photovoltaic (PV) is very attractive because of multiple advantages: (1) the operation is

environmentally benign and does not involve generating noise, pollutants, or radioactivity. (2)

No unexpected fuel cost and little maintenance requirement. (3) PV is modular and therefore

ideal to serve any scale of demands. The organization of electricity generation can be highly

flexible, e.g. stand-alone usage or connection to local/central grids. However, currently

photovoltaics cost roughly 2 — 3 times higher than electricity generated from traditional fuels and
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therefore occupy marginal market share (~0.2%) as revealed by Figure 1-1. Nevertheless, the
PV market has been growing rapidly in a rate of 40% every year in the past decade.

From the discovery of photovoltaic effect in 1839 by Becquerel, various semiconducting
materials have been applied for fabricating photovoltaic devices. Crystalline silicon (c-Si) solar
cells, including monocrystalline silicon and polycrystalline silicon solar cells, are the most
mature PV technology, partially attributed to the advance of the semiconductor electronics
industry. Record monocrystalline silicon solar cells have reached about 90% of their theoretical
Shockley-Queisser limit, and the module efficiency of c-Si cells is also among the leaders of the
industry, which is approaching 23% power conversion efficiency.”! Over 85% of the installed
PV modules are currently based on by c-Si solar cells. In addition, silicon is the most abundant
inorganic semiconductor, making c-Si solar cells realistic options for generating electricity in
tens of TW capacity. However, silicon exists in the silica state rather than in elemental state in
the earth crust, so the cost and the production rate of solar grade silicon feedstock is a challenge
for c-Si solar cells. The second largest share of the PV market is the cadmium telluride (CdTe)
thin film technology. CdTe solar cells rapidly capture ~13% of the PV market in the past few
years due to the success in lowering manufacturing cost. However, tellurium is one of the least
abundant elements in the earth’s crust, which can seriously impacts the cost as well as the total
attainable power generated by this technology.

Organic solar cells or organic photovoltaics (OPV) represent one of the new PV
technologies. Due to the use of organic semiconductors, OPV features several advantages
including abundant feedstock materials, low material consumption, lightweight (high power to
weight ratio), flexible, low temperature processing, and compatible to high throughput, low cost,

and environmental friendly fabrication. OPV has also been one of the fastest improved PV
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technologies (Figure 1-3). However, for OPV technology to be useful for not just the niche

applications, there are still tremendous challenges need to be conquered in various research
aspects in order to improve the device performance and stability, reduce the cost, and realize

modulization and up-scaling.
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Figure 1-3. World records of organic solar cells (circles and triangles) and other thin-film PV

technologies from 1985 to present [source of picture: http://www.orgworld.de].!*!

1.2 DISSERTATION STRUCTURE

In this dissertation, I focused on several aspects of OPV developments towards the
realization of high efficiency, large-area, environmental benign, lightweight, and flexible organic
solar cells. In Chapter 2, the working principles and developments of OPV devices are briefly

overviewed. In Chapter 3, the properties and device characterizations of two semiconducting
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polymers developed in the Jen group that are used in the works in this thesis are described. In
Chapter 4, a novel and more environmental friendly solvent system for OPV device processing
are introduced. Such halogen-free solvent systems incorporate a novel solvent additive that can
drastically improve the morphology and device performance of the donor-acceptor blend. In
Chapter 5, an ITO-free device architecture utilizing optical cavity to enhance light harvesting and
device performance are discussed. The system uses an ITO-free bi-functional electrode that not
only modulates the electric field within the device but also improve the conductance of the
electrode, which can potentially be utilized the fabrication of large area device with lower
translation loss. In Chapter 6, a highly efficient semitransparent OPV device with tunable shade
and close to perfect color rendering properties is demonstrated. The demonstration of the high
optical quality confirms the ideality of the semitransparent OPV device for the application of

power generating tinted windows.



Chapter 2. INTRODUCTION TO POLYMER-FULLERENE
BASED ORGANIC SOLAR CELLS
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2.1  BASIC CHARACTERIZATIONS OF A PHOTOVOLTAIC DEVICE

The performance of a solar cell can be determined by performing a current density-voltage
(J-¥) measurement under solar illumination. Typical J-V characteristics of a solar cell in the dark
(blue line) and under illumination (red line) are shown in Figure 2-1. In the dark, the J-V curve
shows rectifying behavior, i.e. current barely flows under negative or reversed bias and increases
exponentially under positive or forward bias. [llumination on solar cells creates photocurrent and
downshifts the J-V curve. The forth quadrant in Figure 2-1 represents the power generation
region because current flows in the direction opposite to the applied voltage bias. The maximum
power density (Pmax) extractable from a solar cell can be found at the maximum power point
(MPP) where the product of V" and J maximizes. The current density at zero bias (V=0 V) is
called short-circuit current density (Js). The intercept of the J-V curve with the x-axis is called
the open-circuit voltage (V,.), where the photocurrent cancels the dark current. Ideally, the J-V
curve is perpendicular at V' = V., and the Pn.x equals to the product of the Ji. and the V. as
represented by the area of the yellow rectangle in Figure 2-1. The J-V curves of real devices,
however, deviate from perpendicularity and the P, which is represented by the area of the
green rectangle in Figure 2-1, is always lower than the product of Ji. and V.. A measure of the
ideality of a solar cell can thus be expressed by the ratio of the green rectangle to the yellow
rectangle, which is known as fill factor (FF): FF = Vinpp X Jmpp/ Voe X Jse.

Power conversion efficiency (PCE), which is the most important figure of merit on
evaluating photovoltaic devices, is defined as the ratio of Pna to the intensity of the incident
light power (Pi,). The PCE can also be described by the equation with output parameters Jsc, Vo,
and FF as:

Pmax Vmpp ><]mpp Voc X]SCXFF
P E = = =
¢ P. P P

m

in in
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Since all the three output parameters J, Vo, and FF are proportional to PCE, the
optimization of individual parameter often contributes to the overall increase of device

performance.

dark

light

Figure 2-1. Typical current-voltage characteristics of solar cells in dark and under illumination.
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Figure 2-2. Solar radiation spectrum. [source of figure:

http://en.wikipedia.org/wiki/Air mass %?28solar energy%29#mediaviewer/File:Solar Spectrum

-png]

The J-V testing of a solar cell is often measured under real sunlight or certain simulated
solar illuminations. The sun emits radiation at all frequencies and the solar spectrum is close the
black body radiation at temperature ~ 5,250 K as shown in Figure 2-2. The multiple dips in the
near infrared region of the solar radiation curve measured at sea level are from absorptions of the
air (e.g. O, and H,0). Depending on the zenith angle of the sun (Figure 2-3), the solar radiation
spectrum changes accordingly due to the change of atmosphere absorption path length.
Therefore, the solar irradiance spectrum at a specific zenith angle can be represented by the AM
number, which is defined by the ratio of the path length at the zenith angle (P) to the zenith path
length (Py), where AM = P/Po = sec 6,, and 0, is the zenith angle in degrees. For example, the

commonly used standard AM 1.5 spectrum represents the solar radiation at zenith angle of 48.2°.
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AM = P/P, = secB, ZENITH
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Figure 2-3. The path length in units of Air Mass, changes with the zenith angle. [source of
figure: http://www.newport.com/Introduction-to-Solar-Radiation/411919/1033/content.aspx]

Besides PCE, external quantum efficiency (EQE) and internal quantum efficiency (IQE)
are important figures of merit for solar cells. EQE is a spectral measurement of the ratio of the
output electrons to the input photons at specific wavelength, which can be expressed as:

EQE()) = number of collectd electrons/sec 100 % = hc Jsc(1)
¢ "~ number of incident photons/sec - q APy, (1)

where A is the wavelength of interest, 4 is the Planck’s constant, ¢ is the speed of light, ¢ is

the elementary charge, Ji.(4) is the short-circuit current density, and P;,(A) is the incident power

density. Therefore, Js. and EQE are correlated by the equation:
q
Jre = = [ Pu@) - EQE@) -2+ d2

The internal quantum efficiency (IQE) equals to EQE normalized by the number of

photons absorbed within the active layer as:



23

1QE(D) = number of collectd electrons/sec %100 % = EOE(2)/Ab )
¢ "~ number of absorbed photons/sec 0= EQE(A)/Abss.(4)

with Absar (4) being the ratio of absorbed photons in the active layer.

2.2  FUNDAMENTALS OF ORGANIC SOLAR CELLS

2.2.1  Introduction of Organic Semiconductors

The semiconducting properties of the conjugated organic materials come from the alternation
of single and double carbon-carbon bonds. Each carbon atom is bound with three neighboring
atoms and leaves one electron in its p, orbital. These p, orbitals mutually overlap and form =«
bonds. The conjugation of the m bonds allows electrons to delocalize over the backbone, giving
the electric conductivity to the conjugated molecule. Charges transport via hopping process
between the conjugated molecules. Due to the lack of long-range order structure and limited
intermolecular overlap, charge carrier mobility of organic semiconductors is several orders lower
than their inorganic counterparts. Hence, organic semiconductors are not the best choices for
high speed applications but more suitable for applications where their strengths like ease of
processing and flexibility matter the most. Another important distinction between organic and
inorganic semiconductors is their dielectric properties. Organic conjugated molecules are also
known for relatively low dielectric constants (generally ~3-4) compared with inorganic
semiconductors. As a result, electrically neutral excited states called excitons generated in
organic semiconductors upon photo-excitation cannot be readily dissociated into free charge
carriers due to poor charge screening and thus large exciton binding energy (hundreds of meV).
These fundamental differences between organic and inorganic semiconductors thus have

significantly affected the design of organic solar cells.
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2.2.2  Donor-Acceptor Heterojunction

In order to efficiently dissociate excitons and generate photocurrents, organic solar cells
often employ two photoactive semiconductors that differ in electron donating and accepting
properties. The energy difference between the two semiconductors promotes photo-induced
charge transfer at the heterojunction interface to overcome the high exciton binding energy.
Figure 2-4 explains the complete charge dissociation process at the presence of the energy offset
of the heterojunction: (1) an exciton is created upon light absorption. (2) The exciton diffuses to
the donor/acceptor interface of the two components where charge transfer takes place. (3) The
electron is transferred to the material with the larger electron affinity, or the hole is transferred to
the material with the lower ionization potential. The electron and hole across the interface can
still bound strongly as a geminate pair until dissociating into free carriers. (4) Once geminate
pairs are dissociated, charges can transport freely in respective phases and (5) get collected by
separate electrodes. From exciton generation till charges collection at electrodes, energy may be
lost during each of the aforementioned process. For example, absorption loss may occur due to
limitations of the bandgap and low thickness of the active layer. Excitons can decay before
charge transfer if created too far from the heterojunction interface. Geminate pairs and free
charge carriers can also decay through geminate and bimolecular recombination, respectively.
Therefore, the optimization of organic solar cells depends on understanding and prevention of

these losses.
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Figure 2-4. Charge separation process at the donor-acceptor heterojunction interface.

The first donor-acceptor heterojunction device utilized the donor and acceptor in a bilayer
structure known as the planar heterojunction (Figure 2-5).1 The OPV devices in this structure
presented significantly enhanced photocurrent and FF compared with the previous devices made
of single organic semiconductor owing to improved exciton dissociation by the heterojunction
interface. However, the bilayer arrangement of donor and acceptor is not ideal because excitons
in organic semiconductors suffer from rather short diffusion length (Lp) of ~ 10 nm, and those
excitons generated farther away from the planar interface than the Lp will decay and not
contribute to the photocurrent. Therefore, the effective thickness of the active layer in planar
heterojunction device that actually generates free charge carriers is restricted to Lp on each side
of the planar heterojunction, which seriously limits the device performance. To overcome the

limitation of short exciton diffusion length, a new design called bulk-heterojunction[7’8] (BHJ,
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Figure 2-5) was developed. In BHJ device, donor and acceptor materials are still used to
dissociate the excitons at the interface, but the two components are dissolved and cast together
from one matrix to form interpenetrating mixture with large interface area. The well mixing of
the donor and acceptor of BHJ produces randomly distributed interface inside the active layer.
Therefore, excitons generated everywhere in the bulk can dissociate at heterojunction interface in
vicinity, which drastically increases the effective thickness of the active layer and the device
performance. The invention of bulk-heterojunction also facilitates the transition to solution
processing of organic solar cells, which is appealing for cheaper and more energy effective
manufacturing processes. Solution processing of a planar heterojunction is typically challenging
because the deposition of the second organic layer can destroy the former layer. In bulk
heterojunctions, donors and acceptors are laid down together and thus the processing difficulties

are prevented.

Counter electrode /

Counter electrode /

: Acceptor

Donor Donor & Acceptor
Transparent electrode
Transpare
- nt electrode
Heterojunction Bulk

Heterojunction

Figure 2-5. Schematics of the basic structures of planar heterojunction and bulk heterojunction

organic solar cells.
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2.3 POLYMER:FULLERENE BHJ SOLAR CELLS — MATERIAL DEVELOPMENTS

Because most of the charge generation processes (light harvesting, exciton dissociation,
and charge transport) take place in the photoactive materials, the developments of both organic
semiconducting donors and acceptors with improved optical and electrical properties are central
of the advance in OPV devices. In this thesis, we focus on the donor-acceptor BHJ devices made
of semiconducting polymers and fullerene derivatives. Various electron acceptors have also been
actively developed and applied in organic BHJ devices including small organic molecules” "
and polymers.'®'” Among all materials, devices made of fullerenes and their derivatives have
shown the most outstanding performance. Fullerenes are good n-type organic semiconductors
with isotropic charge transport properties due to their three-dimensional conjugated structures
and tendency to form crystals. It was also found that charge transfer between semiconducting
polymers and buckminsterfullerene was extremely efficient."™ However, applications of
fullerenes without functionalization (e.g. C60) in OPV devices are limited due to their poor
solubility. A highly soluble Cy derivative phenyl-C61-butyric acid methyl ester (PCsBM,!"
Table 2-1) and its C; derivative (PC7,BM, Table 2-1) have been the workhorses for OPV
devices. The lower symmetry of C; allows more efficient optical transition compared to Ceo,
giving PC;;BM advantage to absorb more light. PCs;BM and PC;;BM have been used as the
electron acceptor in most record-breaking OPV devices. Many other solution processable
fullerene derivatives have also been developed and exhibited good performance.!"*! One design

concept is to create higher fullerene adducts such as IC6OBA[19] and bis—PCéoBM[zo] (Table 2-1).

The elevated LUMO levels of the higher fullerene adducts can improve V. for OPV devices.



Table 2-1. Representative fullerene-based acceptors for OPV devices.
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Molecular structure and Name LUMO level HOMO level
Abbreviation (eV) (eV)
/\l X<OCH3
o]
) ) B . . _ [2122] 23]
[6,6]-phenyl C6lesl:t);1rtyrlc acid methyl 391, ; 8[204]1.2, —6.0,[23] _5.93122]
[6,6]-phenyl-C71-butyric acid methyl 391122 _5 87122
ester ’ ’
bis(1-[3-(methoxycarbonyl)propyl]-1- _3 71201
phenyl)-[6.6]C62 ’
HaCO~ .
Indene-C60 bisadduct -3.74,121 4 0 -5.91%3
Indene-C70 bisadduct -3.721% -5.61%




Table 2-2. Representative semiconducting polymers for OPV devices.

n

PSBTBT

diyl]

Bandgap
Name V)
Poly[2-methoxy-5-(2-ethylhexyloxy)-
. ~2.4
1,4-phenylenevinylene]
MeO
MEH-PPV
OJ_<—/—< Poly[2-methoxy-5-(3',7'-
dimethyloctyloxy)-1,4- ~2.2
\ phenylenevinylene]
MeO
MDMO-PPV
Poly(3-hexylthiophene) ~1.9
7\
S n
Poly[N-9'-heptadecanyl-2,7-
carbazole-alt-5,5-(4'-7'-di-2-thienyl- ~1.9
2',1',3’-benzothiadiazole)
B Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b']- 15
dithiophene)-alt-4,7-(2,1,3- ’
benzothiadiazole)]
PCPDTBT
Poly[(4.,4’-bis(2-
A\Dj ethylhexyl)dithieno[3,2-b:2",3'-
/ < d]silole)-2,6-diyl-alt-(4,7-bis(2- ~1.5
s thienyl)-2,1,3-benzothiadiazole)-5,5'-

29
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Poly{[4,8-bis-(2-ethyl-hexyl-
thiophene-5-yl)-benzo[1,2-b : 4,5-b'
]dithiophene-2,6-diyl]-alt-[2-(2'- ~1.7
ethyl-hexanoyl)- thieno[3,4-b
Jthiophen-4,6-diyl]}

Poly{4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b :4,5-b'
]dithiophene-2,6-diyl-alt-3-fluoro-2- ~1.8
[(2-ethylhexyl)carbonyl]thieno[3,4-b
]thiophene-4,6-diyl}

Poly{4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b :4,5-b'
]dithiophene-2,6-diyl-alt-(1,3-(5- ~1.8
octyl-4H-thieno[3,4-c ]pyrrole-
4,6(5H )-dione))}

PBDTTPD™"

25,26 [27-30]

Versatile electron donating m-conjugated molecules,”*® and polymers are also
vigorously developed for the OPV application. Semiconducting polymers are particular attractive
because it can be processed in solution and can reach the state-of-the-art device performance.
Several representative semiconducting polymers and their properties are summarized in Table 2-

2. At the early stage, only few number of milestone polymers were the focus of research. For



31
example, para-phenylene vinylene (PPV) based polymers (e.g. MEH-PPV!'®! and MDMO-

PPV!) are among the earliest polymers used in BHJ solar cells, which exhibited PCE > 3%

34] [35]

after morphology optimizations. Polythiophenes, especially regioregular poly(3-
hexylthiphene) (P3HT),”® later replaced the PPV-based polymers as the prototypical polymer
because of their improved charge transport properties and absorption coverage. PCE ~ 4% was
consistently demonstrated from the optimized P3HT:PCs;BM BHIJ devices. Thorough studies on
the BHJ blends of these prototypical conjugated polymers helped to establish the fundamental
knowledge on the correlations of material properties and processing techniques to the
performance of OPV devices.”’>"! In recent years, many more high performance polymers
incorporating fused heterocycle units were developed. These polymers were designed towards
lower bandgap, higher V.., and better charge mobility for higher device performance. For
example, PCDTBT was one of the record-breaking polymers. PCE of 6.1% and IQE approaching
100% were reported by Park et al™ based on the mixture of PCDTBT and PC;1BM.
PCPDTBT!*'** and its silicon-substituted analogue PSBTBT!*! are popular small bandgap
polymers, both of which showed extended absorption spectrum to nearly 900 nm and high
mobility. Mixtures of PCPDTBT and PSBTBT with PC7;BM, respectively, have reached PCE >
5%. PTB7"** and its analogues>****"! incorporating benzodithiophene units are another class of
polymers that have shown great properties of light collection, charge transport, and high

photovoltage, which in combination lead to PCE of 7 - 9 0/, [4448]

2.4  CONTROL OF THE PHOTOACTIVE LAYER MORPHOLOGY

The control of the phase separation and distribution of the polymer and fullerene components
in bulk-heterojunction is one of the most critical factors dictating the device performance.

Because charges dissociation takes place at the donor/acceptor interface, efficient current
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generation depends highly on the interface area and continuity of charge transport paths, and thus
the spatial dimensions of the donor and acceptor phases have to be optimized to balance between
charge separation and charge transport. More homogeneous mixing of the donor and acceptor
phases result in higher interface area that facilitates exciton dissociation; phase separation into
coarser grains, on the other hand, can enhance intergrain connectivity and improve charge
transport. The ideal length scale of at least one of the dimensions of the phase-separated domains
should be comparable to the exciton diffusion length (~10-20 nm) to prevent exciton relaxation
while maintaining continuous paths for charges to transport to the electrodes. Figuring out how
to obtain this ideal phase distribution of the active layer has thus been a strong interest of
research.

For solution-processed BHJ layer, the tuning of several processing parameters have been
found essential in controlling the active layer morphology during film drying such as the donor
and acceptor solubility and concentrations in the solution, solvent viscosity and volatility, and
post-deposition treatments such as thermal or solvent vapor annealing.*~" In this section the

developments of device processing procedures are briefly introduced.

2.4.1  Effects of Solvents on Morphology

The solubility of the active materials in the solvents and the volatility of the casting solvent
determine their retention time in solution before precipitating into solid-state. A good example is
the MDMO-PPV:PCBM solar cells, of which the active layer morphology changed drastically
when the casting solvent of the active layer was replaced from toluene to ortho-dichlorobenzene
(0-DCB), leading to a three-time increment on PCE ascribing to reduced domain dimensions and
thus increased interface area between the polymer and the fullerene. The correlation between

device performance and the processing solvent is also studied comprehensively for the
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prototypical P3HT/PCBM system and the best solvents are chlorobenzene and (o-DCB).”®

When P3HT/PCM is processed from a higher boiling point solvent like dichlorobenzene, the
longer drying time allow the semicrystalline polymer P3HT to reorganize and form more ordered

structure.

2.42  Effects of Post-Fabrication Treatments

Thermal annealing has been a widely used method for optimizing the morphology of OPV
devices. The high temperature promotes diffusion and crystallization of both components in the
BHJ blend,”” resulting in coarsened domains as well as increased molecular order that
contribute to improved charge transport. Thermal annealing is more effective with polymers that
demonstrate crystalline order such as P3HT.P® It was observed that the efficiency of a
P3HT:PCsBM solar cell increased from < 1% to ~ 5% after the film is annealed at 150 °C for 30
minutes.” Phase contrast transmission electron microscopy (TEM) and small-angle neutron
scattering (SANS)"! reveals that prior to annealing phase segregation between the P3HT and
PCBM domains is not apparent, but crystallinity for both P3HT and PCBM phases is increased
after thermal annealing. A fibrillar feature with dimension of ~ 10 — 20 nm consisting of P3HT
lamellae was also observed upon thermal annealing.**!

Solvent annealing, or slow drying, is another common post-fabrication treatment that
provides similar control over the active layer morphology as thermal annealing. By using slightly
higher boiling point solvents and stopping the spin-coating process early before solvent
evaporates completely, the photoactive materials can gain more time to reorganize until the
morphology evolution finalizes. Sometimes optimal condition requires storing devices in
enclosed containers with saturated solvent vapor to extend the reorganization time. Solvent

[57,58

annealing results in enhanced structural order’®”® and mobility!®”! of the polymer and fullerene
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and thus improve device performance, e.g. DCB vapor treatment increased the crystallization of

P3HT, which lead to enhanced absorption, hole mobility, and PCEs of 4.4%.1%

2.4.3  Using Solvent Additives

Another powerful method to control the nanoscale phase separation is through the addition of

061 Small amount of high boiling

high boiling point solvent additives to the solvent matrix.
point solvent additive can change the drying kinetics of film formation. This technique is
particularly attractive for systems that thermal and vapor annealing do not work effectively such
as the case for PCPDTBT:PC7;BM blends."!! These solvent additives usually possess high
boiling point and selectively dissolve the fullerene derivative.!®” For example, the high boiling
point additives octanedithiol (ODT) and diiodooctane (DIO) are poor solvent for P3HT!®*! and
PCPDTBT.""* Their late evaporation degrades the solvent quality for the polymers during
drying process of the BHJ mixtures and forces the polymers to aggregate and crystalize, which
consequently enhances phase-separation and improve device performance. In the case of the
high-efficiency PTB7:PC7;BM mixtures, DIO selectively dissolves PC;BM aggregates and
suppresses oversize phase separation, leading to significant PCE improvement.'®”!

The aforementioned ways of device processing allow sophisticate controls over the degree of

phase separation for various active materials and combinations to form the required bi-

continuous nanocrystalline domains.

2.5 DEVELOPMENTS IN DEVICE CONFIGURATIONS

In addition to the photoactive layer, polymeric solar cells are made of several other key
functional layers including the transparent electrode, the counter electrode, and the interfacial
charge transport layers. The performance of OPV devices relies on proper material selection and

optimization for each of these layers, and some of their developments are discussed here.



35

2.5.1  Transparent Conductive Electrodes

Indium tin oxide (ITO) has been the most popular transparent conducting material that is
extensively utilized in all kinds of optoelectronic devices. The good transparency (T > 90%) and
low resistance (p ~ 10™ Q cm, sheet resistance 10 ©/[1) of ITO have set a high standard for other
transparent conducting materials to compete with. However, ITO also has several unfavorable
characteristics such as the brittleness, high cost, high energy-consumption, and high temperature
processing. ITO represents the most expensive part among all components in an OPV device.*”
In addition, ITO is not a suitable top electrode for organic electronics because the organic layers
are vulnerable to the harsh ITO sputtering condition and high temperature post ITO deposition
annealing. All these flaws make ITO not the ideal material for low-cost and flexible applications.
Therefore, finding ITO replacement is an important objective for the development of organic
solar cells, and many potential alternatives of ITO are being developed.

The solution processed conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT),
stabilized and doped with poly(styrenesulphonate) (PSS) is a well studied and a popular
transparent conducting material for optoelectronic applications due to its excellent transparency
at visible wavelengths.'®” The polymeric conductor is flexible and suitable for plastic substrates.
High conductivity close to 10> S cm™ has been demonstrated from PEDOT:PSS treated with
secondary dopants or additives such as sorbitols, alcohols, dimethyl sulfoxide, and diethylene
glycol.!®®! However, the electrical stability is a challenge for the highly conductive PEDOT:PSS.
The conductivity of PEDOT:PSS films decreases upon exposure to heat, UV radiation, and
humidity.

Optically thin metal films composed of single or multiple metal layers are potential ITO
alternatives. Thin metal electrodes can be flexible and inexpensive. The transparency of thin

metal films is usually inferior to ITO due to the considerable absorption and reflection of metals.
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Reducing the film thickness can improve the transparency at the expense of higher resistance.
Metal film cannot be infinitely thin because it becomes discontinuous when the thickness is
below their coalescence threshold, which is determined by several factors such as the surface
energy and temperature of the underlying layer and the rate of vacuum deposition.

Another strategy to use metal as the transparent electrode is by creating patterned metal
grids. The transmittance and conductance of the metal grid can be adjusted by controlling the
thickness and width of the metal strips and the spacing between the strips. Large area imprinting
of patterned metal grids can be realized through roll-to-roll or roll-t-plate printing,'®”’ and metal
grids made of Cu, Au, and Ag with transmittance and sheet resistance only slightly inferior to
ITO have be demonstrated.””” However, the surface roughness of the patterned metal grid can be
a challenge for its application in OPV devices.

Network of metal nanowires are also promising for transparent conducting electrodes,
which can be manufactured with low-cost solution-deposited techniques such as roll-to-roll
printing. Random network of metal nanowires have exhibited excellent optical and electrical

U Brabec et al. have demonstrated

properties comparable to standard ITO electrode.”
semitransparent device based on P3HT:PCgs BM blend using spray-deposited silver nanowires as
top electrode.””*”* The spray-coated Ag NW layers exhibited excellent electrical and optical
properties of a sheet resistance of approximately < 10 Q/[] and an average transmission of over
85% between 400-800 nm, respectively. However, the roughness of the film is a concern for its
use as bottom electrode for OPV devices.

Graphene is also a novel and promising transparent conductor that has attracted a lot of

research devotion [ref]. Chemical vapor deposition (CVD) is an effective method in fabricating

homogenous single- or multi-layer graphene sheets up to tens of inches. Graphene layers made
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by CVD can be transferred through gentle lamination process. Multi-layer graphene sheets with
sheet resistance as low as 30 /[ with transmittance of 90% have been demonstrated.’"

However, high speeds and large area fabrication and patterning are still challenges.

2.5.2  Counter Electrode and Interfacial Layers

The counter electrodes of OPV devices are generally made of metal electrodes due to their
good reflectivity and high conductivity. Metal electrodes can be deposited through vacuum
deposition techniques or printed from inks containing dispersed metal particles. Metal electrodes
and interfacial charge transport layers are both important in determining the energy barrier for

[75-7) The interfacial layers, or interlayer,

charge extraction and maximizing V,. of OPV devices.
also provide several crucial functions including forming charge selectivity, prevention of
diffusion and reaction between the electrode material and polymer, determination of the charge
collection polarity, and modulation of the optical field as an optical spacer.

The interlayers can be made of many different materials.”” ™" High bandgap transparent
semiconductors such as transition metal oxides can selectively transport one type of charge
carrier while blocking the extraction for the opposite type. ZnO®'**! and Ti0,"** are two n-
type semiconductors that are often used as the electron transport interlayer between the cathode
and the photoactive layer. P-type metal oxides!®*' #3197 guch as MoOs, WO3, V,0s, and NiO can
be used as the anode interlayer for hole transporting and electron blocking. Besides metal oxides,
solution processable conducting polymers, especially poly(styrene sulfonate)-doped
poly(ethylene-dioxythiophene) (PEDOT:PSS), are among one of the most popular and earliest
used anode interlayers.®" Its low work function usually forms good ohmic contact with ITO, and

it can also planarize the rough ITO surface. However, disadvantage of PEDOT:PSS include poor

charge selectivity and intrinsic acidity, which can cause device degradations. Crosslinkable
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charge-transporting molecules”® "

are also possible interlayers. These materials can be
thermally or photochemically crosslinked to form robust charge-transporting films with
improved solvent resistance for subsequent processing of other layers. Their energy levels and
charge mobility can be tuned by rational molecular design. Another class of interlayers creates
surface dipole to modify the work function of the metal electrodes. These dipole layers can be
salts (e.g. LiF,P>'1% and Cs,CO5M%1%Y), polymer electrolytes,!'”'%! and other polar
molecules.!®! 10116

Because the active layer thickness of OPV device is typically limited to <200 nm due to the
relatively low charge mobility of organic semiconductors, interference becomes important in
determining the strengths and phases of standing waves formed inside the device, which has
significant effects on device performance. The transparent interfacial layer can work as optical
spacer by tuning its thickness and refractive index to modulate the distribution of the electric

field and maximize the absorption. It was demonstrated that tuning the thickness of ZnO™" or

TiO,"'") as the optical spacer for a few tens of nm can significantly improves the absorption.

2.5.3  Conventional and Inverted Configurations

A conventional OPV device has configuration shown in Figure 2-6. In such configuration,
holes generated from the photoactive layer are collected from the bottom electrode and electrons
exist from the top electrode. Metals with low work-function are commonly used for the counter
electrode to collect electrons. Unfortunately, low work-function metals are generally prone to
oxidation and cause device performance reduction. Therefore, interfacial layers with permanent
dipoles have been applied to modify the work function of the metal electrode so more chemically

stable metals can be used as the cathode.['%!!>116]
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Another way to prevent the use of low work-function metals is by reversing the polarity of
charge collection in OPV devices. The electrical polarity of an OPV device is controlled by the
arrangement of its composing layers. Thus, the polarity can be inverted by reversing the
sequence of the hole and electron transport layers and use high work-function metals as the
counter electrode for ohmic contact (Figure 2-6).1*1 Such inverted configuration is known to
have several advantages over the conventional configuration such as improved stability and

(81181211 The jnverted geometry can also avoid using

compatibility to roll-to-roll processes.
PEDOT:PSS at the ITO interface, which is known to degrade performance due to chemical
instabilities of ITO under acidic environment. OPV devices adopting the inverted structure have

demonstrated much improved stability compared with the conventional devices with low work-

function counter electrode.®"
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Figure 2-6. Schematics of device structures and energy level diagrams of conventional and

inverted organic solar cells.

2.54  Multi-Junction Organic Solar Cells

Building multi-junction (tandem) device, which has two or more single-junctions or
subcells stacked together, is a way to increase the limit of solar cells by minimizing thermal
relaxation loss through capturing high and low energy photons using absorber materials with
different bandgaps. OPV devices, in particular, can benefit from adopting the tandem structure.
Organic semiconductors are known for their relatively narrow absorption bands compared with
their inorganic counterparts due to weak intermolecular coupling; thus a single junction device

made of organic semiconductors may absorb only a portion of the broad solar spectrum. Stacking
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subcells with complementary absorption to build tandem device not only reduce thermal
relaxation loss but also can improve the coverage of solar spectrum for OPV devices.
In a tandem OPV device, either the V,. and Ji is to be enhanced by connecting the

[122] respectively. In the case of series connection, two or

subcells in series or parallel connection,
more subcells with matched photocurrent are connected to prevent space charge accumulation
that can decrease device performance. For tandem cell in parallel connection, each subcell
should have equal V. to prevent shunting. The fabrication of tandem OPV cells typically

12 yet many tandem devices

requires more complex processing steps and optical management,!
using high efficiency organic semiconductors have been demonstrated.*'**'*"! Currently, the

best record of tandem OPV device has reached over 10% PCE (Figure 2-7).[128]
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Figure 2-7. Progress in power conversion efficiency of organic tandem solar cells.
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2.5.5  Semi-Transparent Organic Solar Cells

It is also possible to make organic solar cells into see-through or semitransparent
structures. The very thin photoactive layers (< 200 nm) used in OPV devices are often
intrinsically semitransparent. Therefore, OPV device can allow the incident light to pass through
if the opaque counter electrodes are replaced with transparent conductive electrodes. Many
transparent conductive electrodes have been applied in semitransparent OPV devices. %
Developments of semitransparent OPV cells are often considered as intermediate steps towards
high performance tandem device because semitransparent subcells are indispensable components
of tandem devices. However, the great color and shade tunability of stand-alone semitransparent
OPV devices also make them great power-generating tinted films, which are possible

replacements for regular tinted windows of buildings and automobiles, curtains, and screens of

consumer electronic devices.
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Chapter 3. LADDER-TYPE SEMICONDUCTING POLYMERS

PIDT-PHANQ AND PIDTT-DFBT FOR HIGHLY
EFFICIENT POLYMER:FULLERENE SOLAR
CELLS
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3.1 INTRODUCTION TO LOW BANDGAP PUSH-PULL POLYMERS FOR BHJ SOLAR
CELLS

Photoactive materials having bandgaps adequately small is crucial to absorb photons from
high to low energy and maximize the collection of photons. Semiconducting properties such as
energy levels and charge mobility of organic conjugated molecules can be adjusted drastically
through chemical modifications. The versatility of molecular designs of the conjugated polymers

provides almost unlimited possibilities for tailoring molecules for OPV applications.
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Figure 3-1. Orbital interactions between electron-rich and electron-deficient units leading to

smaller bandgap push-pull conjugated polymer.

The absorption of the traditional semiconducting homopolymers (e.g. polyfluorene, PPV,
P3HT) often matches poorly with the solar irradiance spectrum due to their relatively high
bandgaps, resulting in significant collection loss of the long wavelength photons. To reduce the
bandgap of conjugated polymers, the most common design has been utilizing push-pull effects

¢ 133

between alternating electron rich and electron deficient.!*”! As shown in Figure 3-1, orbital

mixing between the push-pull units effectively reduces the polymer bandgap. However, the



45

positions of the energy levels also control the V,. of the polymer:fullerene device as can be

revealed by the empirical relation described below:

1
Ve = z(|ED0”°rHOM0)|—|EPCBMLUM0|) - 0.3V

Therefore, creating low bandgap polymer and simultaneously maintaining high V. is a
primary target for designing the polymer for OPV devices. The development of push-pull
polymers has made significant progress in the past decade. Various push-pull combinations have
been extensively studied for high efficiency OPV devices. In this chapter, two low bandgap
push-pull conjugated polymers developed in our group and used in the works of this dissertation

are introduced.

3.2 QUINOXALINE BASED SEMICONDUCTING POLYMER PIDT-PHANQ

3.2.1  Conjugated Polymers Incorporating Indacenodithiophene (IDT)

Multifused-ring conjugated polymers are favorable materials for BHJ devices due to their
superior optical and electrical properties.!"**'*” The fused aromatic/heteroaromatic units enhance
effective conjugation of the polymer backbone to facilitate electron delocalization. Moreover, the
covalently rigidified adjacent units could minimize rotational disorder and enhance charge
carrier mobilities.!">''** To date, numerous fused-ring, ladder type donor systems have been

developed for OPV applications.!!?*!140-14%:154.133]

S

Figure 3-2. Structure of an indacenodithiophene (IDT) molecule.
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Indacenodithiophene (IDT) molecule (Figure 3-2) is an electron-rich unit containing one
central benzene and two peripheral thiophene rings rigidified by two bridging carbon atoms. The
bridging carbon atoms can be functionalized with grafting side groups such as long aliphatic
hydrocarbon chains, which is critical to improve the solubility of polymers containing the stiff
pentacyclic IDT units and tune the intermolecular interactions. The thiophene rings of the IDT
unit minimize steric hindrance with other comonomers upon polymerization and facilitate a
planar backbone orientation. High charge mobilities have been reported from polymers with IDT

(37136 The relatively deep HOMO level of IDT is also beneficial for attaining higher

segments.
Vo for OPV devices. The aforementioned features indicate IDT is an attractive electron-rich unit

for push-pull conjugated polymers.

Figure 3-3. Structure of IDT-based semiconducting polymer PIDT-BT.

PIDT-BT (Figure 3-3) is one of the earliest demonstrated IDT based polymers, which has

157

reached high PCE of 6.4% after careful solvent annealing."””! The good performance has

encouraged further molecular modifications of IDT-based polymers for better charge transport or

[137,145,154,158,159

light absorption. ! Our group is also engaged in the derivatization of IDT-based

polymers to take advantage of the desirable properties from these ladder-type polymers.!7¢-'¢0-166]



47

By copolymerizing IDT with different electron withdrawing comonomers, we could fine-tune the

optoelectronic properties and energy levels of the targeted polymers to achieve high efficiency.

3.2.2  Introduction to PIDT-phanQ

Quinoxaline and its derivatives can be implemented as the electron-deficient comonomer in
designing push-pull low-bandgap semiconducting polymers. 2,3-diphenylquinoxaline (diphQ) is
one commonly investigated analogue because of its facile synthesis and versatility."”"""") The
separated phenyl rings situated on position 2 and 3 of the quinoxaline, however, could induce
steric hindrance and interfere intermolecular stacking. Such rotational disorder can be prevented
by connecting the two phenyl substituents with a single bond between their ortho positions to
make the fused quinoxaline derivative phenanthro[9,10-b]quinoxaline (phanQ). Conjugated
polymer poly(indacenodithiophene-co-phenanthro[9,10-b]quinoxaline) (PIDT-phanQ) (Figure
3-4)"%! incorporates alternating IDT and phanQ comonomers with 4-hexylphenyl side chains
grafting on IDT to solubilize the stiff polymer backbone. The more planar phanQ unit promotes
chain packing and extends n-conjugation of PIDT-phanQ compared with its diphQ analogue.[ref]

Figure 3-5 shows the UV-Vis spectrum of PID-phanQ. Two strong absorption bands with
peaks at around 645 and 440 nm can be observed, which is in good complement to the absorption
of PC7;BM. An optical band gap of 1.67 eV can be estimated from its absorption onsets (~744
nm) of the as-spun films of PIDT-phanQ. The HOMO level of PIDT-phanQ estimated by cyclic
voltammetry (CV) was found to be -5.28 eV, and the LUMO level of -3.61 eV can be calculated

from its optical bandgap.
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PIDT-phanQ

Figure 3-4. Structures of the conjugated polymer PIDT-phanQ.
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Figure 3-5. UV-Vis spectra of PIDT-phanQ in solution and film state.

3.2.3  Measurement of Charge Transport Property by Field Effect Transistor

Charge carrier mobility of the organic semiconductors is one of the crucial factors dictating

the degree of charge recombination of OPV devices. One way to gauge the mobility of the
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organic semiconductors is by building field-effect transistors (FET). The key parameters used to
defined the electronic properties OFETs are charge carrier mobility (u), threshold voltage (V)

) [172

and current on/off ratio (lon/oft I The field effect mobility in the saturation regime can be

calculated using the equation shown below:

WCc; )
Iyg = T#(Vg -V
Iy 1s the source-drain current, W and L are the length and width of the channel, C; is the
capacitance density of the dielectric layer, u is the charge carrier mobility, V, is the gate voltage,

and V; is the threshold voltage. The capacitance density is calculated using the capacitance and

thickness of the dielectric material as shown below:

The charge mobility of pristine PIDT-phanQ film was measured by building FET device in a
bottom-gate top-contact configuration on n-doped silicon wafers. The transfer and output
characteristics of the FET devices of PIDT-phanQ can be found in Figure 3-6. The FET
characteristics of the PIDT-phanQ are summarized in Table 3-1. It was found that the hole
mobility of pristine PIDT-phanQ films is rather insensitive to short-term heat treatment. The hole
mobility only increases from 2.4 x 102 cm® V' s to 2.9 x 107 cm® V' s after the film is
annealed at 110 °C for 10 min under nitrogen. The relatively high mobility of PIDT-phanQ is

encouraging for its use as efficient donors in polymer solar cells.
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Figure 3-6. Transfer and output characteristics of PIDT-phanQ (a, b for un-annealing FET, c, d
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Table 3-1. FET characteristics of PIDT-phanQ with and without annealing.

I, (KA)

Polymer Usat, Ton/Toge (hole)
[crﬁb v's™h "

PIDT-phanQ 2.4 %107 10°

PIDT-phanQ (ann.) 2.9 %107 10°

3.2.4  Photovoltaic Characteristics of the Polymer:Fullerene Solar Cells

50

PIDT-phanQ has been mixed with several fullerene derivatives to make solar cells in the

structure of ITO/PEDOT:PSS (50 nm)/polymer:PC7BM (1:3 w/w, 80nm)/Ca (10 nm)/Al (100
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nm). Figure 3-7 and Table 3-2 show the J-V curves and output parameters of the solar cells,
respectively. The best performance is obtained from the PIDT-phanQ:PC;;BM device, which
shows Vo = 0.86 V, Jc = 10.8 mA cm'z, FF=0.64, and PCE of 6.0%. Replacing PC7,BM to its
Ceo analogue PCsBM causes significant drop on photocurrent due to the poor absorption of
PC¢BM while maintaining almost identical V. and FF, leading to overall PCE of 4.0%.

Besides PCBM, solar cells are also made from mixtures of the indene-fullerene bis-adduct
ICBA (ICsBA and IC;0BA) with PIDT-phanQ. Previous reports of poly(3-hexylthiophene)
(P3HT)[21’22] with ICBA have shown significant enhancements in V. values compared to PCBM
blends, with Js. being maintained in the ICBA-based device. The V.. enhancement is attributed
to destabilization of the charge transfer (CT) state when using fullerene derivative ICBA that are
more difficult to reduce.'’*'"! Figure 3-7 and Table 3-2 show that switching to ICBA also
increases V. for our PIDT-PhanQ blends. The value of V,. = 1.0 V for the ICBA blends is 140
mV larger than that for the PCBM-based devices (Vo = 0.86 V). However, our devices exhibit a
marked trade-off between J,. and V... This trade-off is in contrast to what has been observed for
P3HT:ICBA devices compared to P3HT:PCBM but is consistent with reports from some other
high performance polymer:PCBM blends like the carbazole-based push—pull polymer
PCDTBT.!"! All the PIDT-phanQ:fullerene blends show similar surface roughness and degree
of phase-separation as displayed in Figure 3-8; therefore, morphological difference is unlikely

the cause for the variation of device performance.
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Figure 3-7. Photocurrent density as a function of voltage for the PIDT-phanQ:PCBM and PIDT-
phanQ:ICBA devices.

Table 3-2. Performance metrics for PIDT-phanQ:fullerene devices under illumination.

Device Voe (V) Jee (MA cm™) FF PCE (%)
PC;BM 0.86 10.8 0.64 6.0
PC¢BM 0.86 7.30 0.63 4.0
IC¢BA 1.0 5.69 0.49 2.9
IC7BA 1.0 4.60 0.39 1.8
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Figure 3-8. AFM images showing the surface topography for PIDT-PhanQ blended with a)
PC7BM, RMS surface roughness ca. 0.62 nm; b) PCs;BM, RMS surface roughness ca. 0.58 nm;
c) IC70BA, RMS surface roughness ca. 0.61 nm; and d) ICsoBA, RMS surface roughness ca. 0.59

nm.

Since the smaller PCE for both ICBA derivatives is due in part to substantial losses in Jg,
the examination of examined both the external (EQE) and internal (IQE) quantum efficiencies
for these devices can provide some insights. Figure 3-9 plots EQE and IQE values for these
blends as a function of wavelength. The upper panel of Figure 3-9 shows that the trend in EQE
coincides with the trend in Js; (PC7;BM > PC¢BM > ICBA > IC7BA). The IQE values plotted
in the lower panel of Figure 3-9 were determined using the transfer matrix approach to calculate

[176

the active layer absorption''”® from optical constants obtained by variable angle spectroscopic

ellipsometry. Significantly, the IQE values for the PCBM derivatives are quite high, with the
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IQE for PC7;BM exceeding 90% over much of the visible region. These high IQE values
underpin the strong device performance of the PIDT-phanQ:PC7BM system, and place these
blends among the highest performing materials reported.”***'""! The IQE values for the ICBA-

based devices are lower than for the PCBM devices, which explains their lower Jg..
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Figure 3-9. External (upper panel) and internal (lower panel) quantum efficiency for the PIDT-

phanQ:fullerene devices.

3.2.5  Recombination of PIDT-phan(Q:ICBA BHJ Blend

Charge recombination via the donor triplet"'”® has been considered as a process that can limit
attainable Js. whenever the energy of the interfacial CT state is raised above that of the donor
triplet state.l'"”*'* In the cases of our PIDT-phanQ:fullerene blends, it is found that although the
triplet energy level of PIDT-phanQ is well below the CT state, the BHJ device of PIDT-
phanQ:PC7BM can still work efficiently and deliver high IQE (>90% over most visible region),
but IQE of the PIDT-phanQ:ICBA blends are significantly reduced. The changes of IQEs
observed upon fullerene derivatization are noteworthy given the driving forces for recombination

to form triplet excitons in these blends. To find out the reasons of the reduced performance of
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PIDT-phanQ with the higher adduct fullerene ICBA, spectroscopic analyses are carried out by

Dr. Schlenker et al. to correlate the resulting device performance with potential recombination
pathways.['®

Figure 3-10 shows the proposed energy level diagram and recombination scheme of the
PIDT-phanQ:ICBA system based on spectroscopic evidences.!'*”! Quenching of the S, states of
the polymer (1.61 eV) or the ICsBA (1.69 eV) leads to either free charges or population of the
lowest energy charge transfer state (CT;= 1.44 eV), which is nearly degenerate with the ICcBA
T, state at 1.48 eV. The fullerene triplet state may serve as an important intermediate in the
recombination process in PIDT-PhanQ:IC«BA blends and may decay either by Dexter energy
transfer to the polymer T, state (1.01 eV), or by direct decay (both radiative and nonradiative) to
the fullerene ground state. Such new relaxation pathway through other higher-lying triplet states

may be kinetically more accessible and responsible for the reduced Js. of the PIDT-phanQ:ICBA

devices.
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Figure 3-10. State energies and proposed recombination pathways for PIDT-PhanQ:1CsoBA.
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The photovoltaic performance of the PIDT-phanQ:fullerene devices and their
photophysical investigations suggest several interesting conclusions. First, in certain systems
low-lying triplet states need not limit efficient photocurrent collection in organic solar cells (e.g.,
PIDT-PhanQ:PCBM), since the process of charge separation may kinetically outcompete other
loss processes. Additionally, anomalously high triplet populations may not always form most
rapidly via the lowest energy triplet state, but rather through other higher-lying triplet states that
may be more kinetically accessible (e.g., PIDT-PhanQ:ICBA). These results suggest important
considerations for the optimization of organic solar cells. First, as noted before, the fullerene
triplet can serve as an important recombination intermediate, especially in blends where a
substantial portion of the light is absorbed by the fullerene.!'**'*! Second, and more importantly,
photocurrent losses via triplet states may be avoided kinetically as a result of either slow triplet

formation or fast carrier escape from the interface.

3.3  FLUORINATED LADDER-TYPE POLYMER PIDTT-DFBT

3.3.1 Introduction

Benzothiadiazole (BT) is one of the most extensively employed electron deficient moieties in
the push-pull alternating semiconducting polymers for OPV applications. Many electron rich
moieties have been copolymerized with BT and shown outstanding device
performance. %4137 181900 Eor - example, PCPDTBT*! and its silicon substituted analogue
PSBTBT! ¥ 1911921 show excellent light harvesting capability due to its small bandgap as low
as 1.45 eV, which have led to impressive short-circuit current density (Ji) of > 15 mA/cm? and
PCE of > 5%. However, their relatively high-lying HOMO levels result in relatively low V. of
only ~ 0.6 V. Another class of poly[(9,9-dialkylfluorene)-2,7-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-

benzothiadiazole)-5,5"-diyl] (PFDTBT)-based polymers is noted for their deep HOMO levels
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which give high V. of ~1.0 V with corresponding PCE of 2~4%.!""*'**) When the fluorene units

190 . . ..
9] derivative, a significant

in PFDTBT are replaced with either a carbazole!*” or a silafluorene
enhancement of PCE was achieved due to improved charge transport properties. However, these
polymers suffer inferior light harvesting due to their relatively large bandgap (~1.9 eV), which is
approximately the same as P3HT. These examples manifest how important the positions of the
energy levels can affect the performance of OPV devices.

PIDT-BT is another great BT-based conjugated polymer that has shown good performance
(PCE > 6%, Vo = 0.86 V) resulting from its high charge mobility and relatively low bandgap (E,
~ 1.75 eV). Through chemical modification, it is possible to further optimize the energy levels of
its frontier orbital and improve the performance of OPV device. Fluorine substitution onto the
polymer backbone has been an effective way of increasing the V.. of the OPV devices. Several
preceding examples!'®*'*>"1*") have demonstrated that the strongly electronegative fluorine atoms
decorated on the polymer backbone can lower the HOMO and LUMO energy levels of the push-
pull conjugated polymers without significant effects on their optical properties. By introducing
of fluorine atoms onto the BT wunit, the HOMO level of the resulting polymer
poly(indacenodithiophene-difluorobenzothiadiazole) = PIDT-DFBT  (Figure 3-11) was
successfully stabilized compared with PIDT-BT. However, while the V,. of the BHJ device
based on PIDT-DFBT can be enhanced, the Js. and FF were simultaneously decreased due to the
inferior charge transport mobility of PIDT-DFBT, which counterbalanced the V,. enhancement
and consequently resulted in slightly inferior PCE.'"®* In order to compensate the charge
transport limitation, the electron-donating fused-ring segment of the polymer is extended. The
approach of ring extension has been considered promising for improving the charge transport

[

properties and light-conversion efficiency of polymers."**'**) In our design, the IDT unit was
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extended by replacing the two thiophene rings with thieno[3,2-b]thiophene (TT) units. TT has

[136.198-200] 1, extending the effective

been widely utilized to improve charge mobility of polymers
conjugation length and improving backbone planarity. Figure 3-11 shows the structure of the
resulted polymer poly{indacenodithieno[3,2-b]thiophene-difluorobenzothiadiazole} (PIDTT-
DFBT). With the two-stage derivatization of PIDT-BT by fluorine substitution and extending
IDT to seven-ring IDTT building block, the semiconducting polymer PIDTT-DFBT
simultaneously demonstrates deeper HOMO level and improved charge transport properties,

leading to improved Vo (0.95 V) and PCE of (7.03%) without sacrificing Js. and FF 20U I the

following sections, the fundamental properties PIDTT-DFBT are introduced.

PIDT-DFBT PIDTT-DFBT

Figure 3-11. Structures of the conjugated polymers PIDT-DFBT (left) and PIDTT-DFBT (right).

3.3.2  Fundamental Properties and PV Characteristics of PIDTT-DFBT

The UV-Vis absorption spectra of PIDTT-DFBT in 0-DCB solution and in thin film are
shown in Figure 3-15a and 3-15b, respectively. The thin film absorption maxima (Amax) of
PIDTT-DFBT is around 650 nm and the optical bandgaps extracted from the absorption band
edges is estimated to be around 1.78 eV. The intense absorption peaks of the two polymers

indicate the existence of strong intramolecular charge transfer (ICT) between the IDTT and
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DFBT units. The HOMO and LUMO energy levels of PIDTT-DFBT acquired by cyclic

voltammetry are exhibited in Table 3-3.
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Figure 3-12. UV-Vis spectra of PIDT-DFBT and PIDTT-DFBT in (a) solution and (b) film

states.

Table 3-3. Electrochemical and optical properties of PIDT-DFBT and PIDTT-DFBT.

HOMO LUMO (eV) Electrochemical Optical bandgap”
(eV) Bandgap (eV) (eV)
PIDTT-DFBT -5.30 -3.50 1.80 1.78
[a] The optical bandgap is derived from the absorption edge from the UV-Vis spectrum of the polymer films.

Figure 3-13 and Table 3-4 shows the J-J characteristics and the output parameters of the
PIDTT-DFBT:PC;;BM BHJ device in the device structure of ITO/PEDOT:PSS/
polymer:PC7;BM (1:3)/Bis-Cqg salt/Ag. Bis-Cg salt is a dual-function fullerene surfactant, which
simultaneously modifies the work-function of the metal electrode and transports electron.!’®!!®!
The performance of PIDTT-DFBT:PC7BM is significantly enhanced compared with the devices

made of PIDT-DFBT,*”" which is ascribed to the improved charge transport properties of

PIDTT-DFBT as revealed in Table 3-5.
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Figure 3-13. (a) Characteristic J-V curves for the BHJ solar cells derived from PIDT-DFBT and
PIDTT-DFBT.

Table 3-4. Photovoltaic characteristics of PIDT-DFBT and PIDTT-DFBT.

Device Voe [V] J [MA cm™] FF PCE [%)]
PIDT-DFBT:PC-BM 0.97 11.20 0.55 5.97
PIDTT-DFBT:PC;BM 0.95 12.21 0.61 7.03

Table 3-5. FET characteristics of PIDT-DFBT and PIDTT-DFBT.

Polymer Hsath Low/Lotr (hole)
[em® V's™]
PIDT-DFBT ~2x107 2x10°
PIDTT-DFBT ~2x10? 5%10*

333  Summary

PIDTT-DFBT created by two-stage modifications of PIDT-BT to PIDTT-DFBT

demonstrates better charge mobility and deeper HOMO level. The solar cell made from PIDTT-
DFBT showed an improved PCE of 7.03% with a large Vo of 0.95 V. This proves the

effectiveness of using a multi-fused-ring donor to enhance the device performance.
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3.4 EXPERIMENTAL SECTION

34.1 Materials and Instruments

PC7:BM of purity better than 98 % was purchased from American Dye Source. Poly(3,4-
ethylenedioxy-thiophene):poly(styrene sulfonate) (PEDOT:PSS, Baytron P VP Al 4083) was
purchased from H. C. Stark. Chemicals were used as received.

Synthetic procedures of the donor polymers PIDT-phanQ and PIDTT-DFBT have been
described elsewhere.!'>>'**2°!I The molecular weights of the polymers were measured using GPC
with THF as an eluent. The number-average molecular weights (Mn) of the polydispersity
indices (PDI) of the polymers are shown in Table 3-6. The surface morphology of the active
layers was characterized under tapping mode using the Veeco multimode AFM with a

Nanoscope III controller.

Table 3-6. Number-average molecular weights (Mn) and polydispersity indices (PDI) of the

conjugated polymers.

PIDT-phanQ PIDTT-DFBT
Mn (KDa) 82.4 24.0
PDI 2.84 2.58

3.4.2  Mobility Measurements by Field Effect Transistors

Heavily doped silicon substrates with a 300 nm thick thermally grown SiO, dielectric
(Montco Silicon Technologies, Inc.) were cleaned sequentially by sonication in acetone and
isopropyl alcohol, followed by a 5 minutes exposure to air plasma. The surface of the silicon
substrates was treated with hexamethyldisilazane (HMDS) by vapor phase deposition in a
vacuum oven (200 mTorr, 100 °C, 3 hours). The polymer film was spin-coated from its 5 mg/ml

chloroform solution at 2,000 rpm under a dry nitrogen environment. No thermal treatment was
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performed on the polymer. Source and drain electrodes (L=1000 gm, W=12, 20 or 30 um) were

defined by thermally evaporating 50 nm thick gold through a shadow mask. The transfer and
output characteristics of the thin film transistors were obtained on an Agilent 4155B
semiconductor parameter analyzer under nitrogen atmosphere. The field-effect mobility was
calculated in the saturation regime from the linear fit of (Ids)l/2 versus Vg,. The threshold voltage

(V) was estimated as the x intercept of the linear section of the plot of (Ids)l/2 versus V.

343 OPV Device Fabrication and Characterization

Indium tin oxide coated glass substrates (ITO, 15 Q per square) were cleaned sequentially by
sonicating in detergent, de-ionized water, acetone, and isopropyl alcohol, followed by blow-
drying under nitrogen stream and exposing under oxygen plasma for 5 minutes. In the
conventional architecture solar cells, a thin layer (ca. 40 nm) of PEDOT:PSS (filtered at 0.45
um, Nylon) was first spin-coated onto the ITO surface and baked at 140°C for 10 min in
ambient. Subsequently, the substrates were transferred into a nitrogen-filled glovebox for further
processing.

Solution of the polymer:fullerene blends in 0o-DCB was stirred at 85 °C overnight before use.
The solution was filtered (0.2 wm PTFE) before spin-coating. The substrates were annealed at
110 °C for 10 minutes after spin-coating the BHJ blends. The DFBT-Based polymer:PC;;BM
solar cells were annealed at 110 °C for 5 minutes after the Bis-Cgo salt was spin-coated onto the
BHIJ layer. Metal electrodes were thermally evaporated through the openings of the shadow
masks with the size of 10.08 mm?” under high vacuum (< 2x10® Torr) to define the active area of
the solar cells.

The J-V characteristics were measured using a Keithley 2400 source-measurement unit. A

xenon lamp coupled with an AM1.5G filter was used as the solar simulator. The light intensity
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was set to 1 sun (100 mW/cm?) using a calibrated Hamamatsu silicon diode with a KG5 color
filter, which can be traced to the National Renewable Energy Laboratory (NREL). The EQE
system uses a lock-in amplifier (Stanford Research Systems SR830) to record the short-circuit

current under chopped monochromatic light.
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Chapter 4. HALOGEN-FREE SOLVENT PROCESSING FOR

SUSTAINABLE DEVELOPMENT OF HIGH
EFFICIENCY ORGANIC SOLAR CELLS
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4.1 INTRODUCTION

The morphology of the photoactive layer plays a key role in governing charge generation and

2022041 Ay ideal BHJ layer would consist of interpenetrating

charge transport in BHI solar cells.|
nanometer-scale domains of conjugated polymer and fullerene. Such a structure ensures high
density of donor/accepter interface for excitons to dissociate through photoinduced charge
transfer. Domains made of the same material have to retain interconnected as continuous
percolating pathways for unipolar charge transport. Cost-effective manufacturing of OPV
devices depends on the use of simple coating methods to create the BHJ layer such exquisite
structure. Therefore, the morphological optimization via tuning coating parameters has been one
of the top challenges for OPV.

Halogenated solvents have been widely used as the processing solvents for the polymer-
fullerene solar cells. One of the reasons for their popularity is that the solubility of many
fullerene-based molecules in halogenated aromatic solvents is much higher than in halogen-free
solvents (e.g. solubility of Cgo is 7.0 mg/mL in chlorobenzene, 27 mg/mL in 0-DCB, 2.8 mg/mL

2951 n fact, the difficulties in obtaining blend morphologies

in toluene, and 5.2 mg/mL in xylene)..
optimal for good operation of OPV device have lead to very few reports of high-efficiency
devices prepared without halogenated solvents.****%! As a result, chlorobenzene and o-DCB
have become the most pervasively used solvents for casting the active materials in the polymer-
fullerene solar cells. However, halogen-free solvent processing is attractive for large-scale
module manufacturing”®’ from a life cycle assessment and sustainable development point of

[210

view.”!”) Therefore, solvent systems anticipated to be more transferable to sustainable module

production, while maintaining high efficiency, are extremely compelling. Water is the most
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favorable processing solvent from cost and sustainability standpoints. However, efficient
. . . . [209,211]
photoactive materials compatible with water are currently scarce.
Halogen-free organic solvents such as toluene and isomers of xylene are comparatively
preferable organic solvents, since their aggregate environmental accumulation can be mitigated

2121 making them more compatible with environmental impact concerns

with comparative ease,
associated with large-scale manufacturing. However, the tendency of toluene and xylenes to
promote less-than-ideal morphologies in the BHJ layer®'*"*! typically counteracts their attraction
as halogen-free replacements as processing matrices.

In this chapter, we demonstrate the fabrication and optimization of a highly efficient BHJ
solar cell (PCE > 6%) based on the conjugated polymer PIDT-phanQ and PC7;;BM from simple
processing steps using completely halogen-free solvents to obtain performance equivalent to that
obtained with the regular halogenated solvent systems. To achieve this level of performance, we
explored the effects of using solvent additives and found that the active layer morphology and

device performance could be dramatically improved if the solvent combination was carefully

chosen.

PIDT-phanQ:PC,,BM

PEDOT:PSS
ITO

PIDT-phanQ

Figure 4-1. Device architecture and the chemical structures of the active materials PIDT-phanQ

and PC;;BM.
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4.2  DEVICES PROCESSED FROM PURE HALOGEN-FREE SOLVENTS

Unlike many semi-crystalline conjugated polymer systems that rely on post-casting

treatments to enhance the crystallization of the polymer phase for better charge transport,’’2'*

2181 PIDT-phanQ is relatively amorphous, yet still possesses high charge carrier mobility and
good solubility, making this class of polymers promising for high performance OPVs that can be

fabricated by simple processes''®”

without time-consuming processing steps lower
manufacturing speed. Two halogen-free solvents, toluene and o-xylene, are investigated as the
processing solvent the for PIDT-phanQ:PC;;BM BHIJ devices. PIDT-phanQ:PC7;BM blend in
1:3 weight ratio were dissolved in either toluene (20 mg ml™) or o-xylene (30 mg ml™"). Figure
4-1 and Figure 4-2 show the device architecture and J-V characteristics of the PIDT-
phanQ:PC7BM BHIJ devices, respectively, and Table 4-1 summarizes the photovoltaic output
parameters of the devices. PIDT-phanQ:PC7;,BM BHIJ solar cells cast from toluene or o-xylene
both showed much inferior performance compared to PCE > 6% for devices cast from 0-DCB
(Figure 3-7). An extremely poor PCE (< 0.05%) was obtained from the toluene-processed
device. The devices processed from o-xylene performed better than the toluene-processed device

but still only delivered PCE of 3.3%, which is roughly half of the PCE of the device made from

0-DCB.
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Table 4-1. Summary of PIDT-phanQ:PC;;BM device performance from different casting solvent

systems.
Host Me-naph Ve Jee FF PCE R, Ry Jse, cale.
solvent concentration  [V]  [mA cm?] [%] [Q cm?] [Qcm®]  [mA ecm?]
(vol%)
Toluene 0 0.88 0.1 0.39 0.03 1818.2 8282.8
Toluene 1 0.87 10.3 0.65 5.8 7.3 970.3
Toluene 2 0.87 10.8 0.65 6.1 7.7 1059.5 10.6
Toluene 4 0.87 10.2 0.65 5.8 6.8 853.1
0-Xylene 0 0.89 6.8 0.54 33 12.7 589.7
o0-Xylene 1 0.86 10.6 0.62 5.7 9.4 768.2
o0-Xylene 2 0.86 10.5 0.63 5.7 8.3 695.9 10.0
0-Xylene 4 0.87 10.2 0.62 5.5 9.5 847.4
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Figure 4-2. J-V curves of PIDT-phanQ:PC7;BM devices under simulated AM 1.5 global

illumination processed from pure toluene (triangles), toluene + 2% Me-naph (squares), pure o-

xylene (diamonds), and o-xylene + 2% Me-naph (circles). a) Linear and b) semi-logarithmic

plots.

Figure 4-2 shows that both halogen-free solvents still yield devices with diode behavior and

maintain the V. close to 0.9 V, similar to the previous o-DCB-cast devices. Decreases in both

photocurrent and fill-factor were responsible for the lower efficiencies. Simple estimations of the
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271 of the experimentally

series resistance (Rs) and shunt resistance (Rgy) from the slopes
obtained J-V curves are also given in Table 4-1. The toluene-processed device displays

exceptionally high R of 1818.2 Q cm? suggesting extremely poor charge transport through the

polymer:fullerene composite.

4.2.1  Morphology Analyses

To clarify the drop in device performance we perform topological characterization using
atomic force microscopy (AFM). The topography images of the films processed from toluene
and o-xylene are shown in Figure 4-3a and Figure 4-3c, respectively. While AFM topography
probes only the surface features of the film, the gross morphological differences observed
between solvents is dramatic. Active layers cast from pure halogen-free solvents showed large-
scale phase separation and rough surfaces. The degree of phase separation has strong correlation
to the choice of solvent. Toluene processed device show large granular clusters (domain size
roughly 1.1 um) sporadically distributed over the film with root-mean-square (RMS) roughness
as high as 116 nm. Films cast from o-xylene exhibit smaller clusters (ca. 150 - 400 nm) with
RMS roughness of 12.3 nm. In either case, the morphology of the PIDT-phanQ:PC;;BM blend
shows serious phase segregation compared to the film cast from o-DCB (Figure 3-8) and is

apparently far from optimal for efficient device performance.
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Figure 4-3. AFM topography (a, ¢, 5 x 5 um) and TEM micrographs (b, d, scale bar indicating
200 nm) of PIDT-phanQ:PC7,BM blend films (1:3, w/w) processed from pure toluene (a, b) and
from pure o-xylene (c, d). In (b), the arrows are indicating a 40 nm region of intermediate

contrast surrounding the surface of an aggregated cluster as discussed in the text.

Complementary morphology examinations of the PIDT-phanQ:PC;;BM blends cast from
toluene (Figure 4-3b) and o-xylene (Figure 4-3d) via transmission electron microscopy (TEM)
also clearly display the granular clusters observed under AFM. Note that regions of intermediate
contrast exist, indicated by the white arrows in Figure 4-3b that are distinct from the darkly
shaded regions and the brightly shaded surrounding medium. These variations in image contrast
suggest regions of different compositions. Based on previous reports, PC7;BM clusters often
appear darker than conjugated polymers in bright-field TEM images due to higher scattering

218

density.*'® Therefore, Figure 4-3b suggests that the PIDT-phanQ:PC7,BM is phase separated



71

into large PC71BM-rich clusters embedded in a ca. 40 nm surface coating with higher PIDT-
phanQ content.

As mentioned above, drastic performance changes linked to morphological changes are
common for BHJ devices processed from halogen-free solvents. For example, when the casting
solvent for BHJ blend of MDMO-PPV (Table2-2) and PCsBM was changed from

31,219 213,220 -
BL2T or xylene,**2% large-scale phase separation or clusters also

chlorobenzene to toluene
appeared corresponding to much poorer device performance. Shaheen er al.®" observed a more
than two fold difference between devices cast from chlorobenzene (PCE = 2.5%) and toluene
(PCE = 0.9%), and Rispens ez al.** showed ~30% reduction on PCE for xylene-cast device
(PCE = 2.1%) compared to the chlorobenzene-cast device (PCE = 3.0%).

Similar to the toluene-cast PIDT-phanQ:PC7,BM films, toluene-cast MDMO-PPV:PCs BM
films also exhibited severe phase-separation, where fullerene-rich aggregates were embedded in

211 Such severe phase segregation of large fullerene-rich grains was

an polymer-rich matrix.!
believed to be caused by PCsBM’s low solubility in toluene. It was found that the higher the
loading of PC¢BM in the MDMO-PPV:PC¢ BM, the more severe the phase separation. It was
also observed that the degree of phase separation was inversely correlated with fullerene
solubility in the casting solvent, with relative solubility values being xylene < chlorobenzene <
o0-DCB,[205:220]

In the present work, the bright field TEM image (Figure 4-3d) of the o-xylene-cast PIDT-
phanQ:PC7BM blend exhibits dark regions (ca. 50 - 300 nm in width) with sharper edge contrast
than observed for the > 1 um feature in the toluene case. Since o-xylene is a better solvent for

PC7;;BM than toluene, the degree of phase-separation was expected to decrease, which may

explain the observation of smaller cluster sizes and the lack of the observable surrounding skins.
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Note that the PIDT-phanQ:PC7BM system also shows the trend of decreasing phase separation

with increasing fullerene solubility as that for the MDMO-PPV:PCs;BM blends, suggesting the
performance of halogen-free solvent processed devices could be improved by tuning the

solubility of the fullerene in the processing fluid.

4.3  INFLUENCES OF SOLVENT ADDITIVE |-METHYLNAPHTHALENE ON
MORPHOLOGY AND DEVICE PERFORMANCE

Among several morphological optimization methods, manipulation of the solvent

(193,221

composition has been a popular strategy. I Specifically, adding a small fraction of a

secondary liquid additive into the regular solvent has successfully improved the performance of

[44.62.222-225) The origin of the improved device performance and the relationship

many devices.
between solvent additive and blend morphology are current areas of intense research. For
instance, diiodoalkanes such as 1,6-diiodohexane (DIH) or 1,8-diiodooctane (DIO) are very
popular solvent additives, offering selective solubility of an active component and an extended
drying time due to its high boiling point.!®”! Using diiodoalkanes as the additive promotes
ordering of semi-crystalline conjugated polymers and PCsBM (or PC7;BM) and increases the
degree of phase-separation, which has successfully led to significantly enhanced device
efficiency in BHJ devices based on blends of PCPDTBT:PC71BM[62] and PBTTPD:PC71BM.[222]
Conversely, 1-chloronaphthlene (Cl-naph) may help to create finer phase separation in BHJ
systems. Using Cl-naph as the processing additive helps dissolve conjugated polymers with low

(2261 increases the detention time of active materials due to the solvent’s low vapor

solubility,
pressure, and ultimately improves the phase-separation on the nanometer length scale. However,

these popular additives all contain halogens, which runs counter to the goal of using only non-

halogenated solvent.
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Since the low fullerene solubility in toluene and o-xylene is possibly responsible for the
severe phase separation of PIDT-phanQ:PC7;;BM blends, we hypothesized that adding a small
fraction of a more potent solvent for PC;BM to the processing fluid might improve film
properties and device performance. The halogen-free methyl analogue of Cl-naph, 1-
methylnaphthalene (Me-naph), is known to be an exceptional fullerene solvent®” and is often

(228229 The boiling point of Me-

used as the solvent for chemical reactions involving fullerenes.
naph is also high (> 240 °C) and close to that of Cl-naph. We thus examined Me-naph as a
logical potential alternative to Cl-naph.

To test the effects of Me-naph as a solvent additive on PIDT-phanQ:PC7,BM blends, we
investigated concentration effect of Me-naph in toluene and o-xylene. Three concentrations (1%,
2%, and 4% by volume) of Me-naph in either toluene or o-xylene were examined. Table 4-1 also
includes the output parameters of the devices processed with Me-naph and the J-V characteristics
of the best devices are shown in Figure 4-2. At all three concentrations of Me-naph, the additive
processed devices significantly improved J. (greater than 10 mA cm™) and FF (greater than
0.60) while maintaining the V. at about 0.87 V. The optimized device was obtained from 2% of
Me-naph in toluene with PCE = 6.1%, comparable in efficiency to our previously reported best
0-DCB-cast devices. EQE of PIDT-PhanQ:PC7;;BM solar cells processed from toluene or o-
xylene containing 2% Me-naph are presented in Figure 4-4. The EQE spectrum of the toluene +
2% Me-naph processed device shows two main responsive bands; one that peaks at 410 nm with
the maximum value of 60%, and a second band that peaks around 560 nm with a value of 56%
and has a shoulder around 650 nm. For the o-xylene + 2% Me-naph processed device, a short

wavelength band peaked at 420 nm is also observed, but the EQE plateaus at roughly 43% from

500 nm to 650 nm. The EQE for the toluene + 2% Me-naph device is more than 5% higher over
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the range from 490 nm to 610 nm, where the absorption coefficient of the polymer is relatively
low. The calculated short-circuit current density from the integration of the EQE spectra (Jsc, calc.)
of the test cells were and summarized in Table 4-1. Slightly lower J,. calc. comparing to the J.
extracted from the J-V curves was observed. Since the EQE was not tested under inert
environment, the devices might have slightly decayed. Nevertheless, the error between the Jy._ calc.

and the Ji. 1s less than 5% for all the tested cells.
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Figure 4-4. EQE spectra of PIDT-phanQ:PC7;BM devices processed from toluene + 2% Me-

naph (squares) and o-xylene + 2% Me-naph (circles).

4.3.1  Morphology Analyses

In contrast to the images in Figure 4-3 for pure solvent cast films, AFM topography
images of the PIDT-phanQ:PC7;BM blends cast from toluene + 2% Me-naph (Figure 4-5a) and
o-xylene + 2% Me-naph (Figure 4-5d) show much lower surface roughness and smaller domain
sizes, suggesting a more homogenous distribution of the polymer and fullerene throughout the

film. Estimated from the topography images, the RMS roughness values of the PIDT-
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phanQ:PC7BM blend processed from toluene + 2% Me-naph and o-xylene + 2% Me-naph are

1.34 nm and 0.91 nm, respectively. The BHJ film thicknesses determined by AFM are 85 nm and
90 nm for the toluene and o-xylene processed films, respectively.

Note that there are shallow pinholes distributed throughout both films. The average width
and the depth of the pinholes on the toluene + 2% Me-naph (o-xylene + 2% Me-naph) processed
film are approximately 107.6 + 32.9 nm (87.9 = 17.3 nm) and 10.7 = 4.8 nm (6.9 = 2.5 nm),
respectively. The mechanism of pinhole formation is unclear, but may relate to the late
evaporation of the high-boiling-point Me-naph. Regardless, the existence of these pinholes
appears not to affect the device performance, probably because the depth of the pinholes is less
than the entire BHJ layer thickness. Nanometer-scale domains are evident in both the 1x1 um®

topography (Figure 4-5a and 4-5d) and phase images (Figure 4-5b and 4-5e).
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Figure 4-5. AFM topography (a, d, 1 x 1 um?), phase images (b, e, 1 x 1 um?), and TEM
micrographs (c, f, scale bar indicating 200 nm) of PIDT-phanQ:PC7;BM blend films (1:3, w/w)
spin-cast from toluene + 2 % Me-naph (a, b, ¢) and from o-xylene + 2 % Me-naph (d, e, f).

In comparing the devices cast from the two solvent mixtures, the domains are finer and the
domain shapes are somewhat more irregular in the toluene + 2% Me-naph processed film than
those of the o-xylene + 2% Me-naph processed film. TEM micrographs of the BHJ layers cast
from toluene + 2% Me-naph (Figure 4.5¢) and o-xylene + 2% Me-naph (Figure 4.5f) were also
taken to examine the internal nanostructure. In contrast to the images in Figure 4.3, much finer
mixing with features of ca. 20 nm length scale can be observed in both images of films processed
with Me-naph, indicating an improved morphology with larger interfacial area and
interpenetrating pathways for efficient charge generation and collection. Pinholes in the films are

also evident in the TEM images as the brighter circular spots.



77
4.3.2  Spectroscopic Analyses

4.3.2.1 Me-naph PIDT-phanQ:PC7;BM Blend Photoluminescence Results at Room

Temperature

For blends processed from pure toluene, the severe phase segregation (~1.1 um domains)
suggested by the AFM topography images and TEM micrographs in Figure 4-3 appears to
markedly diminish the quenching efficiency of both polymer and fullerene excitons. Evidence
for this phenomenon is presented in Figure 4-6, where the room temperature photoluminescence
(PL) for a neat film of PIDT-phanQ and a film of PC;BM, dispersed in polystyrene, are
compared with the PL data measured for PIDT-phanQ:PC;BM blends processed with and
without Me-naph from toluene and o-xylene solvents. The PL measured for the pure toluene-
processed blend exhibits features reminiscent of the fluorescence of each of the isolated blend
components. The fluorescence fingerprints from the individual components observed in the blend
suggests that a significant fraction of excitons on the polymer as well as on the fullerene decay

radiatively without reaching a donor/acceptor interface.
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Figure 4-6. Photoluminescence (PL) signatures measured at room temperature for PIDT-
phanQ:PC7;BM blend films processed on glass from pure toluene (triangles), toluene + 2% Me-
naph (squares), pure o-xylene (diamonds), and o-xylene + 2% Me-naph (circles). Normalized
PL signals for PC;;BM dispersed in polystyrene (light gray trace) and neat PIDT-phanQ polymer
(dark gray trace) are also included as points of reference. Spectra measured with 455 nm

excitation.

Presumably, the mismatch between the length scales of domain size (1.1 um) and exciton

230-234] :
[ Tis

diffusion length, typically tens of nm or less for most conjugated organic chromophores,
responsible for the poor exciton quenching observed in the films cast from pure toluene. In other
words, excitons decay radiatively before traveling far enough in a single phase to reach the
heterojunction and undergo charge transfer quenching. Use of Me-naph as a processing additive
to toluene substantially reduces large scale phase segregation, producing domains on the
nanometer length scale and thus yields complete fluorescence quenching of each blend

component as shown in Figure 4-6. Compared to pure toluene, the phase segregation is less

severe for blends cast from pure o-xylene. Recall from Figure 4-3 that in this case domains are
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formed that are three to six times smaller than those observed for pure toluene. As a result, even
for pure o-xylene cast samples fluorescence quenching of both blend components is observed,

consistent with the superior performance of pure o-xylene cast films in photovoltaic devices.

4.3.2.2 Blend Photoinduced Absorption Spectroscopy Results

Photo-induced absorption spectroscopy (PIA) monitors the differential transmission of long-
lived (us - ms) optical excitations such as triplet excitons or polarons. PIA was employed to
further interrogate the impact of Me-naph processing on PIDT-phanQ:PC;;BM blends prepared
from halogen-free solvents. Figure 4-7 shows the in-phase components of the PIA spectra,
plotted as the inverse natural log of the normalized differential transmission, for blends cast from
pure toluene and toluene + 2% Me-naph. The pure toluene-processed film exhibits an extremely
weak (Aad ~ - 5 x 10°) bleach of the polymer ground-state absorption and an induced absorption
feature between 900 nm and 1600 nm of commensurate intensity, approaching the detection limit
of our instrumentation. Such a PIA feature at room temperature is consistent with a low density
of photoinduced PIDT-phanQ triplet excitons present in the blend.!'®! Moreover, spectroscopic
evidence for photoinduced charge transfer is not observed in blend samples processed from pure
toluene. This observation is in qualitative agreement with the OPV device results showing
negligible J. for pure toluene processing and is consistent with the poor fluorescence quenching
observed. Blends cast from toluene + 2% Me-naph exhibit a PIA band (Aad ~ 15 x 10 at ca.
1070 nm consistent with positive polarons generated on the polymer due to photoinduced charge

transfer to the fullerene.
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Figure 4-7. a) Photoinduced absorption (PIA) spectra for PIDT-phanQ:PC;;BM blend films
processed on glass from pure toluene (triangles) and from toluene + 2% Me-naph (squares). b)
PIA spectra for PIDT-phanQ:PC7BM blend films processed from pure o-xylene (diamonds) and
from o-xylene + 2% Me-naph (circles). All spectra were measured at room temperature with 455

nm excitation.

In contrast to pure toluene-cast blends, samples prepared with pure o-xylene show polymer
polaron absorption, consistent with the PL. quenching and device measurements. The magnitude
of this polaron absorption feature increases by an additional 70% to Aad = 18 x 10 when the
blend is processed using o-xylene + 2% Me-naph. This increase in polaron absorption is
comparable to the percentage increase (54%) in J,. of the analogous OPV devices from 6.8 mA
cm™ for pure o-xylene processing to 10.5 mA cm™ observed for o-xylene + Me-naph. Moreover,
the magnitude of the polaron signatures are roughly equal for Me-naph processed samples from
toluene and o-xylene, which is also in agreement with the equivalent J;. values obtained for the
analogous devices. Frequency modulation dependence of the photoinduced polaron absorption
signatures measured for films cast from toluene + 2% Me-naph, pure o-xylene, and o-xylene +
2% Me-naph were virtually indistinguishable (Figure 4-8) with estimated polaron lifetimes on

the order of T = 5 us for these films.
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Taken together the PIA data form a consistent picture with the device performance, PL, and
imaging data, indicating that the Me-naph additive yields a morphology that produces more

photogenerated charges than the devices cast from pure solvents.
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Figure 4-8. Normalized differential transmission as a function of optical modulation frequency
measured using 455 nm excitation and 980 nm probe light for blended films of PIDT-
phanQ:PC7BM processed from toluene + 2% Me-naph (filled squares, T = 6 us), pure o-xylene
(open circles, T =5 us), or o-xylene + 2%Me-naph (open circles, T =4 us). Lifetimes were
estimated based on the dispersive fits to the data shown in the plot according to -AT/T =
(AT/T)o/(1+mt), where (AT/T), is the PIA signal magnitude at steady state, ® = 2rnf with fbeing

the modulation frequency in Hz, and 7 is the lifetime.

4.4  CONCLUSION

In summary, we have studied the effect of using halogen-free solvents for processing BHJ
blends comprising PIDT-phanQ and PC7;;BM. Employing Me-naph as a processing additive for

either toluene or o-xylene yielded performance of PCE = 6.1% in optimized devices, nearly
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equivalent to that obtainable with halogenated solvents, while processing from pure toluene or o-
xylene yielded performance much worse than devices prepared from halogenated solvents,
employing Me-naph as a processing additive for either toluene or o-xylene yielded performance
of PCE = 6.1% in optimized devices, just below that obtainable with halogenated solvents. Both
AFM topography and TEM micrographs revealed the emergence of finer phase separation of
PIDT-phanQ:PC;;BM blends when using Me-naph. Complementary PL and PIA studies
confirmed that the observed changes in morphology favorably impacts exciton quenching and
the yield of long-lived charges. This work demonstrates the viability of the additive strategy to
halogen-free solvent systems, which could be an important step further towards the realization of

large scale manufacturing of high efficiency OPV devices.

4.5 EXPERIMENTAL SECTION

Mn and DPI of PIDT-phanQ determined by GPC were about 92 kg mol’ and 2.6,
respectively. PIDT-phanQ:PC7BM (1:3 w/w) were dissolved in toluene (20 mg ml™") or o-
xylene (30 mg ml") with or without the additive Me-naph. All solutions were stirred on a
hotplate at 90 °C overnight under inert atmosphere. Solar cells were fabricated in the
conventional geometry. ITO coated glass substrates (15 Q per square) were pre-cleaned by wet
cleaning and then oxygen plasma treated for 30 s. PEDOT:PSS (50 nm) were spin-coated on
clean ITO substrates and annealed at 140 °C in ambient, followed by spin-coating the active
layers on PEDOT:PSS covered ITO from filtered (0.20 wm PTFE syringe filter) PIDT-
phanQ:PC7BM solutions. Toluene-based and o-xylene-based solutions were spin-coated on at
2000 rpm and 3000 rpm for 120 s, respectively. The active layers were annealed at 110 °C for 10
min prior to cathode evaporation (30 nm Ca/100 nm Al). The mask patterns defined the device

area to be 10.08 mm>.
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AFM measurements were performed with a Veeco multimode AFM with a Nanoscope III
controller operating in tapping mode on the exposed area between the metal electrodes after the
photovoltaic properties of the devices were characterized. An FEI Tecnai G2 F20 TEM operated
at 200 kV was employed for bright field TEM imaging. To prepare a PIDT-phanQ:PC7;BM BHIJ
thin film for TEM imaging, the devices were soaked in deionized water to dissolve the
PEDOT:PSS and float the BHJ layer. The PL and PIA measurements were performed as

d™® using standard lock-in detection methods.*® All PL data have been

previously describe
corrected for detector response.

Device J-V measurements were performed under a nitrogen atmosphere using a Keithley
2400 source meter. A 450W xenon arc lamp (Oriel) with an AM 1.5 global filter was operating
at 100 mW cm™ to simulate the AM 1.5G solar irradiation. The illumination intensity was
corrected by using a silicon photodiode with a protective KGS filter calibrated by the National
Renewable Energy Laboratory (NREL). The spectral photocurrent was recorded under
monochromatic illumination also from the 450W xenon lamp in ambient atmosphere. The

incident beam was chopped with a mechanical chopper, and the photocurrent was recorded with

a lock-in-amplifier (Stanford Research Systems SR830).
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Chapter 5. STRONG PHOTOCURRENT ENHANCEMENTS

IN HIGHLY EFFICIENT FLEXIBLE ORGANIC

SOLAR CELLS BY ADOPTING A MICROCAVITY
CONFIGURATION
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5.1 INTRODUCTION

Organic photovoltaics (OPV) based technology has potential to provide cost effective solar
energy conversion from solution-processed light-weight, flexible, and large-area devices.*">*!
Due to limitation of the low charge carrier mobility of organic semiconductors, the optimal
thickness of the photoactive layer in most OPV devices is often ~100 nm in order to avoid
serious charge recombination loss. However, this may cause insufficient light absorption and
inhomogeneous electromagnetic field distribution due to coherent interference between the
transmitted and reflected waves. Both effects can compromise the collection of the incident
sunlight, especially at wavelengths with lower absorption coefficients such as those near the
band edge of the semiconductors.

To address this deficiency in absorption, various light-trapping approaches have been

[240,241

proposed. For example, a common approach is to introduce an optical spacer I to modulate

the phases of the standing electromagnetic waves to eliminate absorption dead zones from the

photoactive layers. Other strategies such as multi-junction stack,****** plasmonics,**>*

[250,251] 253]

diffraction gratings, photonic crystal,”® microlens,' and wrinkled photonic
structures>* have also been proposed to alleviate this problem.
In addition to the aforementioned strategies, the application of microcavity architecture

[(255261] The term microcavity refers to an

represents a promising alternative for OPV devices.
optical resonator structure that has a spacer layer sandwiched by two reflecting faces. Light
bounded inside a microcavity travels back and forth between the reflectors until getting absorbed

or escaping from the device. Due to coherent interference, radiations having the resonant

frequencies will be reinforced and the other out-of-phase waves will be depressed. Such
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improved optical confinement through multi-reflection can extend the length of absorption path
and potentially reduce collection loss without using thick photoactive layers.

Although the stratified structures of OPV devices resembles a microcavity geometry, the
commonly used highly transparent conducting electrode such as indium tin oxide (ITO) in OPV
devices will allow the unabsorbed photons to escape from the devices easily. This makes the
ordinary OPV devices function as a very weak and inefficient microcavity. A stronger
microcavity can be realized by replacing the ITO electrode with a more reflective transparent

(262,263

metal thin film J'to enhance the optical confinement and eliminate problems associated with

ITO electrode, such as poor flexibility, limited lateral conductance, high temperature processing,
and low natural reserve of indium which strongly limit the development of OPV devices.****%!

However, unlike the electrically pumped optoelectronic devices such as organic light-
emitting diodes (OLED),****"" using highly reflective mirrors for optically pumped devices like
OPV cells on both ends of the cavity can significantly hinder light entrance and degrade the
device performance. Furthermore, strong resonance effects can lead to narrow spectral
distribution, which is disadvantageous for harvesting broadband radiation from the sun.
Therefore, careful control of the optical field distribution and resonance effects is very crucial for
achieving balance between the entry and the confinement of the incident radiations.

Recently, the performance of OPV devices adopting the ultrathin metal films (UTMF)
microcavity structures has been progressively improved to reach comparable power conversion
efficiency (PCE) with those of regular ITO-based devices using the same photoactive organic

. 255,256,259,261,263,271
semiconductors,23%:236:259.261,263,

] These encouraging results have affirmed the feasibility of
using UTMF electrodes to replace ITO in OPV and many other optoelectronic devices. However,

the optical resonant cavity approach has yet to demonstrate significant improvements in
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enhancing light collection for high efficiency OPV devices like other aforementioned light-

trapping approaches.

In this chapter, we demonstrate PIDTT-DFBT:PC7BM BHIJ devices in an ITO-free
microcavity structure that reach high PCE of 8.5% on both glass and flexible plastic substrates,
which corresponds to ~20% improvement in PCE when compared to the ITO-based devices. The
significantly enhanced performance is ascribed to the substantially improved photon collection
by resonant microcavity structure. Optical models based on the transfer matrix method (TMM)
have been employed to assist understanding and designing the OPV devices. The results from
strongly enhanced absorption and the possibility to use ITO-free structure show the promise of

applying the microcavity architecture on OPV devices.

(b)

Bis-C, salt

PIDTT-DFBT:PC,,BM

*I/

Capping Layer /I

7\ A 7\

Figure 5-1. Device configurations studied in this work: (a) Normal ITO-based OPV device
configuration (b) Microcavity configuration using semitransparent Ag film and top-capping light

incoupling layer as the optical incident electrode.
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5.2 OrTICAL MODEL BUILT ON TRANSFER MATRIX METHOD

An optical model based on transfer matrix method (TMM) is established to simulate how
incident light is distributed and collected in OPV devices. TMM has been demonstrated as a
useful tool for understanding the optical field distribution within the layer structures of OPV
devices to estimate the potential achievable photocurrent. Here the optical model is briefly
described.

It is assumed that a multilayer OPV device is composed of m layers. The individual layer j
(=1,2, ..., m) has thickness of dj and wavelength—dependent complex indices of refraction,
n, = n; + ik;. The device is embedded between two semi-infinite layers (j = 0 and j = m+1),
which are the substrate (glass or poly(ethylene terephthalate) (PET)) and air in our cases. The
multilayer is illuminated along the surface normal direction x.

At an interface between layer j and £, the propagation of the optical field is described by the

interface matrix .

1Tk
B _ [BE _|te te|[EE
Ef| U|Eq] T |me 1 |[ER

tix L

] f]

where E'ji and E ki are the components of the optical electric field propagation in the positive (+)

and negative (-) direction in the adjacent layers j and k, respectively. For a plane wave
propagation along the surface normal, the Fresnel complex reflection and transmission
coefficients are 1 = (n; —n,)/ (0; + 1) and ty = 2n;/(0; + 1) , respectively. The
propagation through a layer j causes absorption and changes the phase, as described by the layer
matrix L.

e~ ¥idj 0

L] = 0 eifjdj
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where ¢; = (27”)1_1]-. The electric field in the two outermost layers j = 0 and j = m+1 are related

via the transfer matrix S as

—+ —+
E E S S
] o s =[98 5] i
Eg Em+1 21 w22
Eo _ S En
The reflection coefficient r = =% = f, and the transmission coefficient t =~ = §,1.
Eg 11 Eo

The absorption efficiency of a multilayers stack is then na = 1 — T — R, where transmissivity of

t1* 41

No

the multilayer structure T = and reflectivity of the multilayer structure R = |r|%. The

device is typically supported by a substrate with a thickness of 0.1-1mm >>A. Hence, the effect
of the substrate is included by correcting 7 and R for reflections at the air/substrate and
substrate/multilayer interfaces rather than by including it directly in the transfer matrix

calculation, viz

R — R*+R
~ 1+RR
, I'T
~ 1+RR
. A E 2 |2 — . ..
with R* = |—_ and R =| —| ° where ny is the refraction index of the substrate. The
1+n0 1+n0

absorption efficiency 74 = 1 —T' — R'. To obtain the electric field within layer j, we note that the
total multilayer transfer matrix is
S=51LS g

17

with
j-1

Sj = (1_[ In-1ynLn) * L1y
n=1

m
Sj+ = (l_[ ) I(n—l)nLn) ’ Im(m+1)
n=j+1
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The electric field propagating in the positive direction in the layer j at the left interface is

related to the incident plane wave by

1
—+ o=
Ej ot Sfll
=== St
E, 1 4 12 Jfl ei2§7d;
Sj115j11

The total electric field at an arbitrary position inside layer j is given in terms of the electric
field of the incident wave by
Ej(x) = Ef (x) + Ef (x) = (t]-’reigfx + tj"e_iff")Egr
The time averaged absorbed power as a function of position is then
4mceoking = 2
Q;(x) = —|E; ()|,
where c is the speed of light and ¢ is the permittivity of free space.

Thus, the exciton generation rate can be derived from G;(x) = (%) Q;(x). By integrating

Gj(x) on all the wavelengths where the materials have absorption, the spatial distribution of

exciton generation as a function of position in the active layer can be plotted.”*’”

5.3 PIDTT-DFBT:PC,;;BM DEVICE IN REGULAR ITO-BASED STRUCTURE:
EFFECTS OF VARYING PHOTOACTIVE LAYER THICKNESS

PIDTT-DFBT:PC;BMP*! BHJ device is employed as the sample system because of its good
performance demonstrated from a relative thin photoactive layer (~80 nm) and low loading of
the semiconducting polymer PIDTT-DFBT (25 wt%) in the photoactive blend, which suggest a
substantial fraction of the incident light may not be completely absorbed. To investigate how
much light is collection affected, optical simulations are performed. The simulated device
configuration is: glass (1 mm)/ITO (120 nm)/PEDOT:PSS (50 nm)/PIDTT-DFBT:PC7,BM (0 —

1 um)/Bis-Ce salt (8 nm)/Ag (120 nm). The complex refractive indices of each composing layer
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are acquired by spectral ellipsometric technique and shown in Figure 5-2. The light source is
assumed to be the AM 1.5 global solar spectrum at intensity of 1000 W m™. By assuming a unity
photon-to-electron conversion, i.e. IQE = 100% at all wavelengths, we can calculate the
theoretical lossless photocurrent (Jph-100%10E) of each simulated condition. The thickness of the
photoactive layer (tgny) is varied from 0 to 1 um, and the dependence of Jyn-100%1QE On tguy are

plotted in Figure 5-3.
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Figure 5-2. (a) Real parts and (b) imaginary parts of the complex refractive indices n = n + ik

of the materials acquired by variable angle ellipsometric spectroscopy.
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Figure 5-3. Calculated lossless photocurrent (Jon 100%1qr) and the measured short-circuit current
(Jse) of the PIDTT-DFBT:PC7;BM OPV devices in the regular ITO-based device configuration
plotted against the thickness of the BHJ layer (tgmy).

The Jph-100%10e curve shows common oscillating characteristics due to coherent
interference.”’>*’*! The best condition for thin absorber layer appears to be at tgyy = 70 nm with
Joh-100%1Qe reaching 13.97 mA cm™. On the other hand, the Jon-100%1Qe of device with thick
absorber layer (tgy = 1 #m) can reach > 19 mA cm™. The large photocurrent variation between
different thicknesses of absorber layers in devices clearly reveals the substantial absorption loss
when the tggy is < 100 nm. However, as mentioned earlier, the finite charge mobility of the
organic semiconductors is the main limiting factors for using thicker photoactive layers. Figure
5-3 shows the dependence of short-circuit current (Ji.) of actual OPV devices on several different
tgry (60 nm, 85 nm, 110 nm, 180 nm, 250 nm). Among all the thicknesses tested, the highest J;.
is obtained for device with a tgy; of ~ 85 nm, which is similar to the optimal condition reported

7 [201

by Xu et a 1 However, the devices with the thicker photoactive layers (tggy = 180 nm or 250

nm) show seriously declined Ji. and fill factors (Figure 5-4), implying the devices suffer
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increased charge recombination loss, which offset the improved absorption from using thicker
films. Based on combined optical simulations and device measurements, we conclude that it is
possible to further improve the PIDTT-DFBT:PC7BM system if optical dissipation can be

inhibited without using an electrically thick BHJ layer.
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Figure 5-4. J-V characteristics of PIDTT-DFBT:PC;;BM devices in the normal ITO-based

configuration with different active layer thicknesses (tgny = 60 nm, 85 nm, 110 nm, 180 nm, and

250 nm).

54 PIDTT-DFBT:PC7BM IN MICROCAVITY STRUCTURE

5.4.1  Optical Simulations of the Microcavity Device

As mentioned earlier, it is possible to apply the microcavity confinement effect to extend the
absorption path for harvesting more photons without using a thick absorber layer. To prove this,
we replaced ITO with an ultrathin Ag film as the optical incident electrode to enhance light
trapping of the OPV device. The device structure is shown in Figure S-1b. In this configuration,

the cavity is established between a transparent ultrathin Ag cathode and an opaque Ag anode,
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which reverse the direction of light incidence. Such kind of top-illuminated configuration is
appealing for their applicability to opaque or low-cost substrates like papers or metal foils.!*">*"®!

Ag is used at both electrodes due to its great conductivity and ductility. An additional top-
capping optical spacer layer is also introduced on top of the transparent Ag electrode. Such
optical spacer usually serves as the anti-reflecting or light in-coupling layer in a microcavity
configuration and is critical in determining the electric field distribution through the regulation of
the optical interference similar to the functions of regular internal optical spacers.!***2°%2""]
However, unlike the regular optical spacers, the light in-coupling layer is not connected with the
electrical loop of the OPV cell thus it only serves the optical function without participating in the
electrical operation of the OPV device. As a result, it is feasible to use a less conductive material
or a thicker layer without introducing resistive loss to the device. In literature, there are various
materials that can be used to couple with UTMF electrodes,[255’259’277'280] however, the
selection/design rules are not clearly elaborated.

In order to estimate the achievable photocurrent and find suitable materials for the top-
capping spacer layer, optical simulations based on TMM again are performed using virtual
materials with variable refractive indices. The real part (ncp) of the refractive indices of the
virtual capping layer is assumed to be wavelength-independent. The virtual materials are also
assumed to be non-absorptive so the imaginary parts (kcap) of the refractive indices are null. Jyp-
100%1€ Of device with the structure shown in Figure 5-1b is calculated by sequentially varied 7cap
from 1.0 to 3.0. For each nc,p, the thickness of various composing layers in the microcavity
device is simultaneously optimized to assure the optimal device configuration is obtained.

To show the impact of the top-capping optical spacer on light harvesting, the Jyn-100%1QE 1S

plotted as a function of the refractive index nc,, (Figure 5-5a). When no capping layer (ncap
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equals to na; = 1.0) is used, a decent Jph-100%i0e (14.51 mA cm'z) can be obtained. Once the
capping layer is introduced, the Jyn-100%1qe can be further improved for all the calculated ncqp
values (1.1 — 3.0). From the results shown in Figure 5-5a, it indicates that a wide range of n¢,p
are suitable for improving the absorption efficiency of the microcavity device; the Jyn-100%1QE
reaches its plateau of ~15.9 mA cm” when the Neap 18 between 1.7 and 2.7. The best condition
occurs at nep = 2.2 with a tep of 35 nm, giving a peak value of Jyn-100%i0e = 15.99 mA cm'z,

which is considerably better than that obtained from the ITO-based configuration.
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Figure 5-5. (a) Optimal calculated lossless photocurrent (Jon 100%1qr) of the microcavity devices
using virtual top-capping spacer layer as a function of the refractive index (7cqp) (b) The
thicknesses of the active layer (tgny), capping layer (tc.p), and ultrathin Ag electrode (ta,) in the

optimal conditions as functions of the refractive index (s1cap).

Figure 5-5b also shows how the optimal thickness of the active layer (tgny), capping layer
(teap), and thin Ag electrode (tag) changes when the n,p is sequentially varied. The optimal tgp;
increases from 55 nm to 65 nm, the optimal t., decreases from 105 nm to 20 nm, and the

optimal ta, increases more than twofold from 7 to 17 nm, respectively, as nc,p changing from 1.0
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to 3.0. To our surprise, using thinner metal electrode is not optically ideal for microcavity-based
devices but is explainable by better light trapping provided by the thicker metal reflector. Note
that being able to use a thicker semitransparent metal layer is advantageous for OPV
development because the Ry of UTMF can increase substantially if the film thickness is reduced
to near its percolation threshold (roughly ~10 nm) due to film discontinuity and

(263,278

inhomogeneity. I The superior conductance of a thicker metal film will facilitate the

(281.282) The result from Figure 5-5a suggests that the

fabrication of large-area OPV devices.
application of a capping layer with higher n., values is potentially beneficial because the
association of increasing electrode conductance.

Based on the simulations, we decide to perform simulations using tellurium oxide (TeO,) as
the top-capping optical spacer because of its relatively high refractive indices (102 ~ 2.2,
Figure 5-2) and simplicity to be deposited via vacuum evaporation.”>” Figure 5-6 shows the
topographic plot of Jph-100%10E as a function of different thickness of tgny and treo». The optimal
Jon-100%1Qe (13.97 mA cm™ at tsy = 70 nm) of the ITO-based device is outlined by the dashed
contour line. The maximum value of Jph-100%10E can reach 15.96 mA cm™ when the thickness of
tag, teus, and treoz is equal to 14 nm, 65 nm, and 35 nm, respectively. This Jyn-100%1Qr nUmMber is

extremely close to the best value predicted from the microcavity devices using virtual capping

layers, manifesting the optical ideality of TeO, as the capping layer in this system.
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Figure 5-6. J,n 10010k of the microcavity device using TeO, top-capping layer as a function of

teuy and the thickness of the TeO; layer (treo2).

54.2 Device Fabrication and Characterization

Encouraged by the significantly enhanced Jph-100%10e predicted from the simulation of

microcavity-based OPV devices, we have fabricated devices with a TeO, capping layer. A high

PCE of 8.56% could be obtained from the optimized device structure of glass/Ag (120

nm)/PEDOT:PSS (30 nm)/PIDTT-DFBT:PC7BM (85 nm)/Bis-Cg salt (8§ nm)/Ag (15 nm)/TeO,

(50 nm). The output parameters and the J-V characteristics of this optimized device and the ITO-

based control device are shown in Table 5-1 and Figure 5-7a, respectively. The EQE spectrum

is shown in Figure 5-7b. The V. (~0.96 V) and FF (~0.59) of the optimized microcavity-based

device remain almost identical to those of the ITO-based control device, showing the

replacement of electrodes and the use of TeO, capping layer does not introduce any electrical

loss. Moreover, the Ji. is significantly improved to 15.19 mA cm™, which is approximately 20%

greater than that obtained from the ITO-based control device.
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Table 5-1. Output parameters of the optimized devices in the microcavity configurations and the

regular ITO-based configuration.

Substrate Electrode Voe [V] Jse FF PCE [%]
[mA cm™]
Glass ITO 0.96 12.56 (12.63)!! 0.60 7.21 (7.30)
Glass Ag/Te0, 0.96 15.03 (15.19) 0.59 8.47 (8.56)
Glass Ag/MoOs 0.96 13.49 (13.71) 0.59 7.66 (7.80)
PET ITO 0.94 13.05 (13.33) 0.54 6.61 (7.07)
PET Ag/Te0, 0.96 14.95 (15.09) 0.58 8.37 (8.50)

[a] Numbers in parentheses represent the highest recorded value.
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Figure 5-7. (a) J-V characteristics and (b) external quantum efficiencies of the best devices in the
control ITO-based configuration and the microcavity configurations. (c) Short-circuit current
(Jse) of actual TeO,-capped microcavity OPV devices as a function of the thickness of the
photoacitve BHJ layer (tgny) (d) Jsc of actual TeO,-capped microcavity OPV devices as a
function of the thicknesses of the semitransparent Ag cathode (tag) and TeOs. (¢) Sheet resistance
(Rs) of the Ag electrode as a function of ts, . Four-point probe measurements were performed on
samples in the structure of glass/ PIDTT-DFBT:PC7;BM (85 nm)/Bis-C60 salt (8§ nm)/Ag (10

nm, 12 nm, 15 nm, 20 nm, or 25 nm) to determine Rg.

Figure 5-7¢ shows the J;. of the TeO,-capped microcavity devices as a function of tgyy while

tteo2 and tag of the devices are fixed at 50 nm and 15 nm, respectively. Figure 5-7d exhibits the
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dependence of Ji. on treo2 and Ag thickness (ta, = 10, 15, and 20 nm) while tgy; of the devices is
kept at 85 nm as control. The horizontal dashed lines in Figure 5-7¢ and 5-7d indicate the J,. of
the optimal control ITO-based device (12.56 mA cm'z). Note that the tgyy and treo2 of the best
device are deviated slightly from the optimal thickness predicted by the optical model. The
deviations might come from the errors in the refractive index measurements and without
considering any electrical contributions in the simulations. Figure 5-7e shows the sheet
resistance (R;) of the Ag electrodes measured by the four-point-probe technique. From the plot,
tag and the Jc do not show a simple negative correlation. Although the R, of the 10 nm Ag is
higher than that of 15 nm one, the fill factor of the device with 10 nm Ag electrode (FF ~ 0.55)
remains reasonable, suggesting the device does not suffer seriously from the resistive loss.
Therefore, the improved R; cannot be the sole contributor to the J, increments. Instead, the
coherent resonance effects introduced by the more reflective electrodes are believed to be the
main reason for achieving high J..

Figure 5-7b shows the EQE spectrum of the optimized microcavity devices and the ITO-
based control device. It can be seen that the EQE spectrum of the two devices look significantly
different despite they use the same BHJ blend with the same thickness (tgu; = 85 nm). The
spectral response of the microcavity device becomes narrower and more intense as a result of the
resonance effect; the region between 450 nm to 750 nm is significantly enhanced, while the
spectral response between 300 nm — 450 nm is suppressed. The net increase of light harvesting
leads to significantly enhanced photocurrent. The EQE spectra of microcavity devices with
different ta, and treo» can be found in the Figure 5-8. Adopting the resonance effect to create
relatively narrow and intense photo-response can be particularly important for the multi-junction

devices through the creation of efficient sub-cells with complementary absorption.
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Figure 5-8. EQE of the OPV devices in the microcavity configuration as a function of the
thickness of the thin Ag electrode with (a) no TeO, capping layer, (b) 35 nm TeO, capping layer,
and (c) 50 nm TeO, capping layer.

To demonstrate the general applicability of this approach and to address the environmental
concern of using TeO,, we have also fabricated device using MoOs as the top-capping layer. The
PCE of the device in the structure of glass/Ag (120 nm)/PEDOT:PSS (30 nm)/PIDTT-

DFBT:PC7,BM (90 nm)/Bis-Ce salt (8 nm)/Ag (15 nm)/MoOs3 (50 nm) can reach 7.80% (7.66%
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in average). The detailed device characteristics can be found in Table 5-1 and Figure 5-7a,b.
Although this performance is slightly lower than that of the TeO,-based device, it is still more
efficient than the ITO-based control device, which demonstrates the microcavity strategy can be
generally applicable to other capping materials. Other transparent metal oxides that have suitable
optical constants and can be deposited without destroying the underlying layers such as other
vacuum evaporation or solution-processed”™ techniques are also potential capping materials for

such micro- cavity configuration.

5.5 FABRICATION AND CHARACTERIZATION OF FLEXIBLE DEVICES

One prominent feature of OPV devices is their compatibility to solution process on
flexible substrates. By replacing the rigid glass substrate with flexible PET films, we have also
fabricated flexible devices in both the ITO-based (Figure 5-1a) and the TeO,-capped top-
illuminated microcavity ITO-free configurations (Figure 5-1b). The output parameters of the
flexible devices can be found in Table 5-1, and the J-J and EQE characteristics are also
compared with the rigid devices in Figure 5-7a and Figure 5-7b, respectively. The ITO-based
flexible OPV device shows slightly reduced performance (PCE = 7.07%, FF = 0.54) compared
with its rigid counterpart, which is due to reduced conductance of ITO electrode on PET
substrate (tro = 100 nm, Ry = 60 Q sq'l). In the case of the top-illuminated microcavity
configuration, the performance should be irrelevant to the types of substrate used since the
incident light get completely reflected by the opaque metal electrode before reaching the
substrates. As expected, when the identical optimal microcavity configuration is built on PET
substrate, we have observed very similar device performance (PCE = 8.50%) and spectral

response curve between the best flexible and rigid microcavity devices.
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5.6 CONCLUSION

In conclusion, the microcavity configuration is proved to be a promising architecture for
OPV devices because it can avoid the use of brittle and expensive ITO electrode and enhance
light trapping through coherent resonance effects. In this work, we demonstrate highly efficient
ITO-free and flexible OPV devices adopting microcavity configurations with PCE reaching
8.5%. The optimized devices show unprecedented magnitudes of improvement on the short-
circuit current and the capability of using slightly thicker Ag electrodes (15 nm) with good
lateral electrical conduction, which enables them to be considered for highly efficient large-area

devices.

5.7 EXPERIMENTAL SECTION

5.7.1  Fabrication of Regular ITO-Based Control Devices

ITO-coated glass substrates (Colorado Concept Coatings LLC) and ITO-coated PET (Sigma-
Aldrich) are cleaned sequentially in detergent, DI water, acetone, and isopropyl alcohol (IPA) by
successive 10 min sonication steps followed by 20 s of plasma treatment. PEDOT:PSS aqueous
solution are spin-coated onto the ITO and annealed at 140 °C for 10 min. PIDTT-DFBT (4.5 mg
mL™") and PC;;BM (13.5 mg mL") are dissolved in dichlorobenzene + 2.5 vol% 1-chloro-
naphthalene as the solvent additive, stirred overnight at 80 °C, and then spin-coated under
nitrogen atmosphere to obtain a film of ~85 nm, followed by thermal annealing at 110 °C for 10
min. For the devices required different active layer thicknesses, the concentration of the solution
is adjusted accordingly. The Bis-C60 surfactant film (~8 nm) is also spin-cast under nitrogen
atmosphere and annealed at 110 °C for additional 5 min. Finally, a 120 nm-thick Ag film is

evaporated through a mask to define a device area of 4.5 mm®.
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5.7.2  Fabrication of the OPV Devices in the Microcavity Configurations

Plain glass and plain PET substrates are cleaned via identical sonication steps and plasma
treatment as the ITO-coated substrates and deposited with 120 nm Ag bottom electrodes. To
deposit PEDOT:PSS (30 nm) on the bottom Ag electrode, the aqueous PEDOT:PSS solution is
diluted 4 times with IPA to match the surface energy between the PEDOT:PSS solution and the
substrate. The photoactive layers and the surfactant layers are spin-cast and annealed at the same
conditions as the control devices. Top ultrathin Ag electrodes are evaporated at 5 A ¥ to the
desired thicknesses (10, 15, or 20 nm) through a mask to define a device area of also 4.5 mm’.

Last step the TeO, or MoOs capping layers are deposited at the rate of 0.2 A s™ via thermal

evaporation.

5.7.3 Instruments and Device Characterizations

The complex refractive indices are acquired by a variable angle spectroscopic ellipsometer
(VASE) from J.A. Woollam Co. Device characterizations are performed under inert environment
to prevent the device performance affected by moisture and oxygen. A Keithley 2400 source
meter is used to record the photocurrent for the J—V characteristics and the EQE measurements.
A 300 W xenon arc solar simulator equipped with an AM 1.5G filter is used to simulate the 1 sun
illumination. The illumination intensity was corrected by a calibrated KGS5 color filter covered
silicon photodiode. Note that the differences of the J,. and calculated short-circuit current density

from the integration of the EQE spectra are less than 5% for all the test cells.
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Chapter 6. SEMI-TRANSPARENT POLYMER SOLAR CELLS

WITH 6% PCE, 25% AVERAGE VISIBLE
TRANSMITTANCE, AND COLOR RENDERING
INDEX CLOSE TO 100 FOR POWER
GENERATING WINDOW APPLICATIONS
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6.1 INTRODUCTION
The feasibility of realizing semi-transparent device structures shows promise for the use of
OPV devices in novel applications. For example, semi-transparent OPV (ST-OPV) cells can be

stacked into multi-junction devices**"!

to enhance sunlight harnessing for higher device
performance. Besides being incorporated in multi-junction devices, ST-OPV devices are also
identified as promising candidates for power-generating windows by integration with
conventional see-through elements such as building and automobile glasses. Building integration
can be particularly interesting since buildings have large surface areas for sunlight harnessing
and have been recognized as one of the major energy consumers and carbon dioxide emitters.
Therefore, generating clean energy on site from building integrated photovoltaics (BIPV) could
potentially reduce the expense of energy and mitigate the pollution in a very appreciable scale.
Current performance of ST-OPVs, however, is much lower than their opaque counterparts,
which hinders their applications for power generating windows. For instance, ST-OPV cells
based on the most commonly used active materials poly(3-hexylthiophene) (P3HT) and PCs;BM

[73.285.286] and their limited spectral absorption results in

blends show relatively low performance,
a strong color bias of the transmitted light. Though colored windows are useful for the aesthetic
and decorative purposes, windows with minimal chromatic alternations of the light source that
allow the transmission of natural color spectrum are generally preferred for environments
required high quality of illumination. The fast and continuous development of novel organic

photovoltaic materials®*’2*]

can be leveraged in realizing high efficiency ST-OPV cells with
desirable optical effects. However, systematic studies and optimization of the optical properties

of ST-OPV for window integration are only at the early stage of their developments. Ameri et

al.?® suggested that ST-OPV cells based on PCPDTBT and PC7,BM blend can provide a more
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natural transparency color perception than the solar cells based on P3HT:PC7;BM blend.
Colsmann et al.®® demonstrated that ST-OPV cells based on the blend of PC;;BM and
PSBTBT are suitable candidates for window applications due to the remarkable transparency
color perception and color rendering capacity afforded by the transmitted light. However, further
breakthroughs, especially on the performance of ST-OPV cells, rely on the use of more advanced
materials and conscious optical engineering.

In this chapter, we present ST-OPVs in the inverted structure utilizing blends of PC;;BM and
PBDTTT-C-T (Figure 6-1).*"! Conjugated polymers based on the BDT and TT alternating units
are by far the most successful type of donor materials for organic photovoltaics that have shown
excellent PCE.[**'"") BHJ solar cells based on PBDTTT-C-T has demonstrated PCE as high as
7.6%.1"" The good performance and relatively flat spectral response curve across the visible
spectrum makes this donor-acceptor composite promising for applications required high optical
quality. By tuning the thickness of the reflective metal electrode, the PCE of the ST-OPV
devices ranging from 7.56% to 4.25 % with corresponding transparency ranges from 2% to 36%
are demonstrated. The transmitted light of these devices under AM1.5G illumination exhibits
extraordinary transparency color perceptions and rendering capacities, favoring their use for real-

life window applications.
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Figure 6-1. Device architecture of the inverted semi-transparent cells and the chemical structures
of the active materials PBDTTT-C-T and PC7;BM and the interface-modifying molecule Cgo-
SAM.

6.2  OPTIMIZATION OF THE INVERTED PBDTTT-C-T:PC,;BM BHJ DEVICE

The inverted architecture is known to have several advantages over the conventional
architecture such as improved stability and compatibility to roll-to-roll processes.!'*'*""
However, switching device structure between conventional and inverted structure is not always
straightforward. The change of charge transport polarity and creation of different interfaces often
requires extra optimization efforts.*****! Similar situation is observed for the inverted PBDTTT-
C-T:PC7;BM device with the architecture drawn in Figure 6-1. We find that the modification of
the ZnO/active layer interface is crucial for otaining the optimal device performance. Devices
with no treatment on the interface are found to be significantly less efficient than the
conventional device reported by Hou et al.;[47] about 20% lower PCE (PCE = 5.7%, Js. = 12.1
mA cm?) is exhibited as manifested in Table 6-1. After modifying the ZnO/active layer

interface with self-assembled molecule C60—SAM[294] (Figure 6-1), the best inverted device

demonstrates much improved performance (PCE of 7.56%, Jic = 15.6 mA cm'z), which becomes
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comparable to the conventional device reported by Hou et al. Such interfacial modification has

- . [291,294-296
been shown to improve the electron extraction.**" ]

Table 6-1. Performance comparison of the inverted PBDTTT-C-T:PC7,BM device with and

without interface modification to conventional device reported in literature.

Structure Voe Jse FF PCE

) (mA cm?) (%)

Conventional” 0.74 17.48 0.59 7.59

Inverted without C¢o-SAM 0.77° 12.13 0.61 5.69
modification

Inverted with C¢-SAM 0.77 15.64 0.64 7.56
modification

[a] Output parameters of conventional PBDTTT-C-T:PC;;BM device obtained from reference [47].

[p] Numbers represent the data of the best device.

6.3 FABRICATION AND CHARACTERIZATION OF SEMI-TRANSPARENT DEVICES

The semi-transparent devices are fabricated by using thin Ag electrode thickness (tay) from
the most transparent (tag = 6) to the least transparent (tag = 60 nm). The interfaces between the
Zn0O and the active layer of all semi-transparent devices are treated with Cq-SAM. Figure 6-2
and Figure 6-3 show the J-J curves and EQE of the inverted semi-transparent devices with
different ta,, respectively. The series resistance (R;) and the parallel or shunt resistance (R;,) are
estimated from the slopes of the J-J curves at the points where V' = 0 and V' = V.. The sheet
resistance (Rp) of thin Ag electrodes is characterized using four-point probe measurements on
independent samples of Ag films with the same thicknesses of devices deposited on a 50 nm
layer of MoO; on glass substrates. Thin Ag films on the MoOs; substrates have shown Ry

comparable to common ITO substrates. A summary of device characteristics can be found in
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Table 6-2. PCE of the ST-OPV devices decreases from 7.56% to 4.25 % while ta, also decreases

from 60 nm to 6 nm due to higher absorption loss.

Current density (mA cm'1)

- - T r T -
-0.2 0.0 0.2 0.4 0.6 0.8

Voltage (V)

Figure 6-2. J-V characteristics of the semitransparent devices with different ty; under AM1.5G

illumination at 100 mW cm™.

Table 6-2. Characteristics of the semi-transparent PBDTTT-CT:PC7,BM solar cells.

Ag Ve Jse FF PCE R, R, Ro
thickness V) (mA cm?) (%) Q «Q (Q/o)
(nm) cm?) cm?)
60 0.77 15.64 0.64 7.56 54 5404 1.1
(0.76)° (15.09) (0.63) (7.21)
30 0.76 14.54 0.64 7.05 57 766.5 3.4
(0.76) (14.37) (0.62) (6.84)
18 0.76 13.01 0.63 6.22 6.4  740.0 8.3
(0.76) (12.99) (0.62) (6.10)
12 0.76 11.94 0.62 5.62 6.4  547.7 12.3
(0.76) (11.75) (0.62) (5.50)
6 0.75 9.33(9.25)  0.61 425 9.2 6684 8.8x10°
(0.75) 0.61) (4.19)

[a] Numbers in parentheses indicate the average values.
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Figure 6-3. EQE of the semi-transparent devices with ts, varied from 6 nm to 60 nm.

6.4  OPTICAL PROPERTIES OF THE ST-OPV DEVICES

The semitransparent solar cells exhibit a grayish or color neutral appearance due to the
complementary and balanced absorption from the PBDTTT-C-T polymer and PC;;BM over the
visible spectrum. Figure 6-4a demonstrates the transmission spectra of the solar cells with
varying Ag thickness (open symbols) obtained via UV-Vis-NIR spectroscopy. The transmission
curve of a sample without Ag electrode (ta, = 0 nm) is also measured for comparison. The
average visible transmittance (AVT), or the average of the transmittance of the solar cells in the
visible region (370 nm — 740 nm), of the ST-OPV devices are calculated and presented in Table
6-2. As the thickness of the reflective Ag electrode varies from 6 nm to 60 nm, the AVT are
reduced accordingly from ~35.9% to ~2.0%, showing the ease of transparency management
through the electrode thickness control. Though the transparency requirement of the windows
depends on the working environments, it is generally considered that AVT of 25% is the

benchmark'*”! for window application.
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The performance of the solar cells are plotted against the AVT and displayed in Figure 6-5.

It can be observed that the AVT and the device performance oppose each other almost linearly,
which clearly shows the tradeoff between the transparency and photon collection. The

- . [131,289,290,298
performance of some representative ST-OPV devices!'?!2*-2702%]

reported earlier is also
displayed in Figure 6-5 for comparison. Note the ST-OPV devices based on PBDTTT-C-
T:PC71BM show significantly improved performance compared to other ST-OPV devices with
similar transparencies. Furthermore, the devices with ta, = 12 and 18 nm are particularly

attractive among the data points since they have presented very practical AVT between 21% to

28% with excellent PCE of 6.2% to 5.6 %.
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Figure 6-4. (a) Transmission spectrum of the ST-OPV devices from optical modeling (close

symbols) and the real devices (open symbols). (b and ¢) Photographs of a pink rose taken with

exactly the same camera settings (shutter, aperture, white balance, etc.) in a sunny day.

Photograph (c) was taken through the ST-OPV devices with the six different Ag thicknesses and

blank ITO and glass substrates.



Table 6-3. Optical properties of the semi-transparent devices with different transparencies.

Ag thickness AVT  HPT CIE 1931 CCT |Auv| General
(nm) (%) (%) (xy) (K) CRI
60 2.0 1.4 (0.2650, 0.2617) 15894 3.90x107 94.8
30 10.6 9.5 (0.2917, 0.3010) 8390 3.98x10° 96.7
18 21.3 21.1 (0.3091, 0.3227) 6764 1.76x107 97.3
12 27.9 28.9  (0.3187,0.3351) 6156 3.34x107 96.8
6 35.9 37.3 (0.3225, 0.3442) 5943 6.11x107 96.3
0 48.7 51.3 (0.3323,0.3478) 5507 3.44x107 98.0
8

Figure 6-5. Dependence of PCE of the ST-OPV devices to their respective transparency.

Representative ST-OPV devices reported in literature are also displayed for comparison.

Power conversion efficiency (%)

o Experimental
—— Simulated

A

E Riede et al.
4- Yang etal. Ref.298
Ref. 131
34 3 v
1 Colsmann et al.
21 Ref. 290 °
1 Brabec et al.
14 Ref.289
0 — T 1 T T 1T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Transparency (%)

6.5 OPTICAL PERCEPTION CORRECTED BY RESPONSE OF HUMAN EYE
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The visual appearances of the ST-OPV cells perceived by the human eye are also the key

properties in determining their functionalities and applications. Due to the spectrally dependent

response of the human eyes, the human perception of color and transparency may vary from the
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experimental values acquired from machine. For example, the human perception of transmittance
(HPT) of ST-OPV cell based on P3HT:PC7;BM is distinctly lower than its AVT® due to the
low responsivity to red light of human eyes. Therefore, we analyze the effect of the response of
the human eye by calibrating the transmission spectra of the ST-OPV devices with the human
eye sensitivity (y color-matching function) following the procedure reported by Ameri et al.**”!
The analysis shows small differences between the HPT and AVT of our ST-OPV devices as
summarized in Table 6-3, which can be attributed to the rather balanced absorption of the
PBDTTT-C-T:PC7;BM blend over the visible range as revealed in the transmission spectra. The
transmission spectra and the small difference between the AVT and HPT suggest the ST-OPV
cells are acting similarly to neutral density filters, which is ideal for the windows applications.
The transparency color perceptions of the ST-OPV devices are depicted using the CIE 1931
chromaticity diagram (xyY), which is specifically designed to represent the colors perceptible by
the human eye. The transmitted light is represented by the product of the AMI.5G solar
spectrum and the transmission spectrum of each semi-transparent device, and the corresponding
color coordinates CIE 1931 (x,y) are summarized in Table 6-3. The representations of the color
coordinates of the ST-OPV devices are also displayed on the CIE 1931 chromaticity diagram in
Figure 6-6. The color coordinates of the ST-OPV devices with thin Ag electrodes (tag < 30 nm)
are located in the low colorfulness area in the CIE chromaticity diagram, indicating good
achromatic or neutral color sensations when looking through the devices under AM1.5G
illumination. The transmitted light of the device with ta; = 12 nm and tsg = 18 nm show the color
coordinates particularly close to the standard daylight illuminant D65 (Xxpes,ypss) = (0.3128,
0.3290) at (xagi2, Yagi2) = (0.3187, 0.3351) and (Xagis, Yaeis) = (0.3091, 0.3227), respectively,

capable of providing extremely high quality illumination with achromatic sensation. The color
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coordinates move in the direction toward the blue corner of the CIE chromaticity diagram as the
Ag electrode gets thicker, but overall the color coordinates of the ST-OPV cells suggest
transparency color perceptions of neutral colors from the transmitted light with very little color

bias caused by the PBDTTT-C-T:PC;;BM based STOPV cells.

6.6 COLOR RENDERING CAPACITY

The human visual system is capable to correct for color deviations caused by varying
illumination conditions. This ability is known as color constancy.”®” Experimentally has been
determined that the different chromaticities associated to the phases of daylight are close to that
of blackbody radiators in the range 4000 to 25000 K.*°”! Because the color constancy of our
vision system under daylight illumination is known to be excellent, blackbody radiators are often
referred in colorimetry as light sources of perfect color rendering capacities. We have
demonstrated the transmitted lights of ST-OPV devices under AM1.5G illumination are good
metamers, or dissimilar spectral distributions that produce the same color sensation, to nearly
white light illuminants. However, white light illuminants do not necessarily provide good color
rendering capacities. Therefore, we further evaluate the color rendering indices (CRIs) of the

transmitted light of the STOPV cells.
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Figure 6-5. The representation of color coordinate of the STOPV devices with different
thickness of Ag electrode under AM1.5G illumination on the CIE chromaticity diagram xyY
(1931) and the enlarged image. The color coordinate representation of D65 standard daylight

illuminant and AM1.5G illumination are also presented.
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The trace of the blackbody emission as the function of temperature in a particular color space
is known as the Planckian locus or the blackbody locus. When the color coordinate of a light
source is considered in the CIE 1960 UCS (uniform color space), the correlated color
temperature (CCT) of the light source is defined as the color temperature of the nearest point on
the Planckian locus. Note that the CCT is considered meaningful only if the distance between the
color coordinate of the light source and the Planckian locus is within +0.05 as recommended by
CIE. The CIE 1931 (x,y) coordinates of the devices are transformed to the UCS CIE 1960 (u, v)
color space displayed in Figure 6-7. The CCTs of the points and their corresponding distances to
the Planckian locus (Ayy) are calculated from the UCS coordinates and summarized in Table 6-3.
Notably, all points are very close to the Planckian locus with |Ay,| all less than 0.05, suggesting

the transmitted light of all devices are all still close to blackbody radiators.
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Figure 6-6. Planckian locus and the UCS coordinates CIE 1960 (u, v) of the STOPYV devices.

The gray dots represent the nearest Planckian radiators.

The color rendering capacities are analyzed by using the test sample method (TSM).*"! The
method compares the color associated in the UCS color space to 8 standard color samples
(TCS01-08) evenly distributed over the complete range of hues when they are illuminated by a
probing light, which denotes the AM1.5G spectrum folded with the transmission spectrum of any

of the ST-OPV cells in this case, and a reference white light source with the same color
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temperature to the probing light. The choice of the reference white light source depends on the
CCT. In the cases of CCT > 5000 K, a CIE standard illuminant D with she same CCT is used as

the reference.
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Figure 6-7. Determination of the color rendering index of the ST-OPV device with 12 nm Ag
electrode. The central green triangle represents the transmitted light of the PBDTTT-C-
T:PC7:BM STOPV cell under AM1.5G illumination. The surrounding green dots correspond to
the TCS01-08 illuminated by the transmitted light of the ST-OPV cell under AM1.5G
illumination. The red dots represent the TCS01-08 illuminated by the reference Standard
[Mluminant D of CCT = 6156 K.

By multiplying the spectra of the color samples with the reference or with the probing light
spectra, we obtain the reflection spectra of the samples, which are further used to calculate their
color coordinates in the CIEUVW space and the special CRIs. The mean of the special CRIs is
called the general CRI, which represents the color rendering capacity of the sample. By

definition, the special and the general CRI can range from 0 to 100, where a higher general CRI
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represents a better color rendering capacity. The general CRIs of the transmitted light of all
STOPV devices are listed in Table 6-3, and the special CRIs are shown in Table 6-4. The CRIs
of all our functional devices are close to 100. To the best of our knowledge, these are the highest
general CRI values ever reported for ST-OPV cells. The UCS points of a representative STOPV
device (tag = 12nm), the nearest Planckian locus point, and the color samples under both the
tested and the reference illumination are plotted in Figure 6-8. As implied by the excellent
general CRIs, the color point corresponding to the ST-OPV cell is almost superimposed with the
nearest point on the Planckian locus. Similarly, the corresponding sample color points under both
kinds of illuminations are nearly superimposed, clearly demonstrating the exceptional color

rendering properties of this system.

Table 6-4. Special color rendering indices (CRIs) of the transmitted light of the STOPV devices
under AM1.5G illumination.

0 nm 6 nm 12 nm 18 nm 30 nm 60 nm
Special CRI - TCSO01 97.7 95.0 96.3 97.5 97.9 97.6
Special CRI - TCS02 98.7 96.9 97.6 97.8 96.8 94.8
Special CRI - TCS03 99.5 99.3 98.9 98.3 96.0 91.2
Special CRI - TCS04 98.2 96.1 97.1 97.7 96.6 93.0
Special CRI - TCS05 98.1 95.6 96.9 98.0 98.4 98.2
Special CRI - TCS06 98.8 96.6 97.5 97.6 96.5 94.5
Special CRI - TCS07 98.1 97.8 97.2 97.2 96.2 93.7
Special CRI - TCS08 95.1 92.8 93.1 94.6 95.5 95.6

6.7 OPTICAL SIMULATIONS

In order to investigate and exploit the full potential of this system, particularly
concerning the limitation of transparency imposed on the highest achievable efficiency,
optical simulations based on the transfer matrix method (TMM) were performed. The
optical model comprises 120 nm of ITO, following by 33 nm of sol-gel ZnO, 90 nm of

the PBDTTT-C-T:PC71BM (1 : 1.5 w/w) active layer, 5 nm of MoOs, and finally a Ag



layer with variable thickness. Each component is represented by its complex refractive

index acquired by variable angle spectroscopic ellipsometry (VASE). The simulations are

based on assumptions of planar interfaces and total isotropy for all layers.
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Figure 6-8. Simulations for the electric field intensity profile |E|* in the studied STOPV

devices with (a) 6 nm, (b) 12nm, (c) 18 nm, (d) 30 nm, and (e) 60 nm of Ag electrode.
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A constant energy radiator, i.e. illuminant with normalized incident amplitude at all
wavelengths, is first applied to the optical model to obtain the electric field distribution
inside the solar cells. The electric field intensity profiles of the ST-OPV cells can be
visualized in Figure 6-9. The simulations indicate that the distributions of the electric
field inside the solar cells are highly wavelength dependent and inhomogeneous as a
result of the interference effect. Higher intensity of electric field distributed in the device
with thicker Ag electrode is observed as expected due to less transmitted photon loss.
From the electric field distributions, simulated transmission curves of the ST-OPV cells
are derived and compared with the experimental curves in Figure 6-4. We note that the
simulated curves are in exceptionally good agreements with the experimental curves,

indicating the validity of our model.
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Figure 6-9. Simulations of exciton generation rate in the studied STOPV devices with (a)

6 nm, (b) 12nm, (c) 18 nm, (d) 30 nm, and (e) 60 nm of Ag electrode.

Generation of excitons in the active layer is also described as the product of the
modulus squared of the electric field obtained from TMM, the AM1.5G spectrum, the
real part of the refractive index (7), and the absorption coefficient (o), which is associated
to the imaginary part (x) of the refractive index by a = 47x/4 and the factor cey/2, where ¢

is the speed of light in vacuum and &)the permittivity of free space. The expressions of
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the exciton generation rate of the ST-OPV devices are presented in Fig. 6-10. It can be
observed that the excitons are generated efficiently over the visible regime, which
explains the effectiveness of photocurrent generation from the PBDTTT-C-T:PC71BM

system.
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Figure 6-10. Dependence of the exciton generation rate to the thickness of the Ag
electrode from the optical model. The dependence of the average visible-light
transmittance (AVT, black curve) and human perception of transmittance (HPT, red
curve) of devices simulated from the optical model at various Ag thicknesses are also

revealed.

By integrating the distributed exciton generation rate over the whole active layer, we
also obtain the accumulated exciton generation rate, or the total number of absorbed
photons (M), in the solar cells. Figure 6-11 plots the N, against continuous change of
the tag (0 nm — 100 nm). The trend indicates that Ny, is fairly sensitive to the change of

tag When ta, is small. N,y starts with a close to linear increment as Ag begins to build up,
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doubles at tag ~25 nm, and finally gets to a plateau when tsg > 65 nm. The monotonic and
evident enhancement of the N, upon the application of reflective electrode in the
PBDTTT-C-T:PC7BM inverted cell explains the effectiveness of tuning the transparency
through the thickness control of the metal electrode. Interestingly, the observation is very
different to the simulation of semitransparent inverted P3HT:PC;;BM device performed
by Ameri et al., where applying a 100 nm opaque reflective electrode to the device only
results in relatively mild enhancement on N,,. We attribute the difference between the
two systems to the optical effect of the hole-transport layer. By replacing the 5 nm MoO3
in the optical model with 100 nm PEDOT:PSS as used in the P3HT:PC;;BM inverted
solar cell, we observe that the difference of Ny, of devices with and without 100 nm Ag
electrode becomes insignificant (data not shown). Figure 5.11 also shows the simulations
of AVT and HPT at various Ag thicknesses. Again, the figure reveals the HPT is almost
identical to AVT at every Ag thickness.

From the simulation of Ny, we can also estimate the relation between the highest
achievable PCE with transparency by assuming constant IQE of 100% at every
wavelength, V,. = 0.76, and FF = 0.63. The calculation establishes a near linear
relationship between the highest achievable PCE and the AVT (Figure 6-5), which fits
the experimental data even with good quantitative accuracy. The relation makes it
possible to build devices with predictable performance and transparency. The success of
optical simulations in portraying the optical behaviors of the PBDTTT-C-T:PC;BM

system proposes their usefulness in designing or engineering future ST-OPV systems.
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6.8 CONCLUSION

In conclusion, we have demonstrated high efficiency ST-OPV cells with significantly
improved, state-of-the-art performance compared to other ST-OPV devices with similar
transparency. The ST-OPV devices under the AMI1.5G illumination provide close to
white or achromatic transparency color perceptions, especially for the devices with thin
Ag electrodes (tag < 30 nm). The transmitted light further demonstrates extraordinary
transparency color rendering capacities with the highest CRIs (> 96) ever reported for
ST-OPV devices. This combination of advantages suggest that inverted ST-OPV devices
based on PBDTTT-C-T:PC7;BM mixtures can provide high quality transmitted light that
is suitable for window applications. We also built an optical model that portrays the

optical behaviors of the ST-OPV systems accurately.

6.9 EXPERIMENTAL SECTION

6.9.1 Materials

PBDTTT-C-T is synthesized according to the procedure reported elsewhere.*”

PBDTTT-C-T (10 mg ml") and PC;;BM (American Dye Source, 15 mg ml"') were
dissolved in 1,2-dichlorobenzene with 3 vol% of 1,8-diiodooctaneas the processing
additive. 1,2-dichlorobenzene (Aldrich) and 1,8-diiodooctane (Aldrich) were used
without further purification. The PBDTTT-C-T:PC7,BM blend solution was heated for
homogenous mixing but was cooled and filtered with 0.45 um PTFE filter before use.
The ZnO precursor was prepared following the procedure reported by Sun et al."°" Zinc
acetate dihydrate (Aldrich, 99.9%, 1 g) is dissolved in and ethanolamine (Aldrich, 99.5%,

0.28 g) are dissolved in 2-methoxyethanol (Aldrich, 99.8%, 10 mL) under vigorous
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stirring for a least 12 h and filtered (0.45 wm PTFE) before use. Synthesis of the Cgo-

SAM molecule is described in previous report.**

6.9.2 Device Fabrication and Characterizations

ITO-coated glass substrates were cleaned sequentially by sonication in detergent, de-
ionized water, acetone, and isopropyl alcohol, and dried in a nitrogen stream, followed by
30 s of oxygen plasma treatment. The deposition of each layer is described as followed.
ZnO precursor solution was first spin-coated on the ITO-coated glass substrates to
deposit a thin ZnO layer (ca. 33 nm) and baked at 200°C for 1 h under ambient condition.
The substrates were then transferred into a nitrogen-filled glovebox for the following
processing. Ce-SAM molecules were dissolved in chlorobenzene (Aldrich, 50 vol%) and
tetrahydrofuran (THF, Aldrich, 50 vol%) co-solvent at the concentration of 1 wt%. The
self-assembly of the Cg-SAM was performed by spin-coating of the C¢-SAM solution
on top of the ZnO surface. The substrates were washed with THF to remove unbound
Cs0-SAM molecules. Subsequently, the PBDTTT-C-T:PC7,BM active layer (ca. 90 nm)
was spin-coated on the ZnO layer from filtered solution. No further post-treatments such
as thermal annealing were performed on the devices. The substrates pumped down to
high vacuum (< 2x10° Torr) in the evaporator chamber, and then MoO; (5 nm) and silver
(6 nm - 60 nm) were sequentially evaporated onto the active layer through shadow masks
to define the device area of 10.08 mm”.

The current density-voltage (J-FV) characteristics of photovoltaic devices were
measured in an inert environment using a Keithley 2400 source-measurement unit under
simulated AM 1.5 global illumination from an 300 Watt Solar Light solar simulator. A

Hamamatsu silicon solar cell with a KG5 color filter, which is traced to the National
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Renewable Energy Laboratory (NREL), was used as the reference cell to calibrate the
light intensity to 1 sun (100 mW/cm?®). The spectral external quantum efficiency was
recorded under chopped illumination in ambient atmosphere. The photocurrent was

recorded with a lock-in-amplifier (Stanford Research Systems SR830).
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