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Abstract

Understanding Relationships Between Morphology and
Charge Transfer States in Organic Photovoltaics

Christopher D. Liman

Renewable energy sources are becoming increasingly important as theworld’s energy

demands continue to grow and climate change continues to occur. Photovoltaic power

generation has great potential, but most commercial photovoltaic cells have typically

been made from single-crystal or polycrystalline silicon which are expensive and energy

intensive to produce. Organic semiconductors are one class of solar cell materials that

have the potential for low cost due to solution processability, roll-to-roll fabrication,mate-

rial tunability, and the very small amounts ofmaterial required to absorb light compared

to crystalline silicon. Organic photovoltaic (OPV) efficiencies have increased rapidly in

the past few years and are currently at about 11% power conversion efficiency.

To find new pathways to improve OPV performance, a deeper understanding of the

relationships between morphology, electronic properties, and OPV performance is re-

quired. This work will explore these relationships, focusing on the relationship between

morphology and charge transfer states. We focus on a small molecule material system

with only pure donor and acceptor domains, unlike the typical bulk heterojunction com-

posed of donor, acceptor, and mixed domains. The advantage of studying this system

ix



is amore well-defined interfacial area and simpler morphology that allows us to better

characterize charge transfer states at the donor-acceptor interface.

We first review the basicprinciples ofOPV operation, fabrication andcharacterization

methods, and charge transfer states. We then use grazing incidence wide angle X-ray

scattering to characterize the crystal structures and textures of the polymorphs of the

donor and acceptor in our small molecule system,which are important for understanding

their blendmorphology. Next, we demonstrate a newmethod to control morphology in

this system with the use of a thermally degradable binder polymer. Afterwards, we vary

interfacial area and charge transfer state density in this system through processing and

characterize it using sub-bandgap external quantum efficiencymeasurements, allowing

us to gain valuable insights about the photophysics of this system.

Finally,many of the insights and techniques used to study this system are also useful in

studying other systems of organic or solution-procesed semiconductors.We optimize the

morphology and performance of OPVs made with novel low-bandgap donor-acceptor

copolymers. We then find that ionic photoconductivity plays an important role in the

behavior of photodetectors made with solution processed amorphous ZnO and in their

interaction with organic semiconductors.
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Chapter 1

Introduction

1.1 Motivation and Big Questions

Renewable energy sources are becoming increasingly important as theworld’s energy

demands continue to grow and climate change continues to occur. The raw power output

of the sun is easily enough to meet humanity’s needs for the forseeable future, however

the main challenge lies in the cost-effective collection and distribution of this power.

Unlike fossil fuels, solar power requires large areas of photovoltaic cells or mirrors in

the case of solar concentrators. These cells have typically been made from single-crystal

or polycrystalline silicon1 and are expensive and energy intensive to produce. Gallium

arsenide-based multijunction cells are more efficient but much more costly, and often

used in concentrator or space applications. To decrease the cost of solar power, other

classes ofmaterials for use in solar cells have been investigated. Organic semiconductors

are one such class ofmaterials, which hold the promise of low cost cell fabrication due
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to solution processability, roll-to-roll fabrication,material tunability, and the very small

amounts ofmaterial required to absorb light compared to crystalline silicon.

Power conversion efficiencies of organic photovoltaics (OPVs) have increased rapidly

in the past few years and are currently at about 11% power conversion efficiency (Fig. 1.1).

The obstacles currently preventing OPVs from being commercially used on a wide scale

are primarily low efficiencies and device lifetimes compared to inorganic crystalline tech-

nologies.2–4 However,OPV efficiencies do not necessarily need tomatch those of inorgan-

ics because of the lower cost ofOPVs.Awide variety ofOPVmaterials can be synthesized

to vary solubility, band gap, energy levels, and other properties. Furthermore, OPVs can

bemechanically flexible and have potential for use in smaller scale applications such as

consumer electronics. The photophysics of organic semiconductors (e.g. energy states,

recombination losses, dynamics, etc.) are not understood as well as inorganic semicon-

ductors.2–4 To find new pathways to improveOPV performance, a deeper understanding

of the relationships between morphology, electronic properties, and performance is re-

quired. This work will explore these relationships, focusing on the relationship between

morphology and charge transfer states.

Charge transfer (CT) states are excitons composed of a hole on a donor and an elec-

tron on a neighboring acceptor, coulombically bound and sharing a wavefunction. CT

state densities are proportional to the donor-acceptor interfacial area. Probing CT states

is an effective way of non-destructively determining important morphological and elec-
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Figure 1.1:History of power conversion efficiencies of different types of solar cells.5

tronic properties. In this work we focus on amaterial system with only pure donor and

acceptor domains, unlike the typical bulk heterojunction composed of donor, acceptor,

andmixed domains. The advantage of studying this system is amore well-defined inter-

facial area and simpler morphology that allows us to better characterize CT states.

In the rest of this chapter, we review the basic principles of OPV operation, fabrica-

tion and characterization methods, and charge transfer states. In the next chapter, we

characterize the crystal structures and textures of the polymorphs of the donor and ac-

ceptor in our small molecule system, which are important for understanding their blend

morphology. In the following chapter, we discuss onemethod to control morphology in

this system with the use of a binder polymer. In the chapter afterwards, we link morphol-
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ogy and charge transfer states using sub-bandgap external quantum efficiency (EQE)

measurements. Finally, in the last chapter, we discuss other projects related to the char-

acterization of solution-processed electronic devices. Many of the relationships between

structure, properties, and performance found in organic photovoltaics are also useful in

studying organic semiconductors for other applications, as well as solution-processed

photovoltaics and other electronic devices in general.

1.2 Operating Principles ofOrganic Photovoltaics

There are somemajordifferences between organic and inorganic semiconductors that

must be kept in mind in order to understand the behavior of OPVs. Inorganic semicon-

ductors tend to be very crystalline with few defects, whilemost organics are disordered.

There is weaker electronic coupling in organics, occuring mostly through π-π bonds,

and electronic states are less delocalized. Therefore, instead of electronic bands, the elec-

tronic structure is represented bymolecular orbitals,with the highest occupiedmolecular

orbital (HOMO) and lowest occupiedmolecular orbital (LUMO) defining the band gap.

Excitons are bound pairs of an electron and a hole, coulombically attracted to each

other and sharing a wavefunction.6 In organic semiconductors, which have smaller di-

electric constants than inorganic semiconductors, the distance between the electron and

hole (the exciton Bohr radius) is quite small, a few angstroms,while in inorganics this dis-
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tance can be a few nanometers.Due toweak electronic coupling, strong electron-phonon

coupling, and a high amount of disorder and trap states, intermolecular charge transport

typically occurs through hopping transport instead of band transport in inorganics. The

exciton binding energy is alsomuch higher, on the order of 0.5 eV for organics compared

to around 0.01 eV for inorganics. This means that excitons will not spontaneously diffuse

apart. In order to extract charges effectively from an OPV, both a donor that transports

holes and an acceptor that transports electrons is required. Typically the donor and accep-

tor are deposited in amixture, forming a bulk heterojunction (BHJ) with a large amount

of donor-acceptor interfacial area. The excitons migrate to the heterojunction and dis-

sociate due to the difference in HOMO or LUMO energy levels between the donor and

acceptor, which needs to be at least on the order of 0.3 eV.7

A typical OPV is composed of a high work function anode and a low work function

cathode, and an active layer sandwiched between them (Fig. 1.2). Light is absorbed in

the active layer, which is typically a BHJ composed of a donor and an acceptor. At least

one of the electrodes must be transparent so that light can reach the active layer, and

typically a transparent conducting oxide such as indium tin oxide (ITO) is used for the

bottom electrode. Other layers may be included between the electrodes and active layer

for various purposes: to block one type of charge carrier and facilitate collection of the

other type and reduce leakage current, or to modify the work function or surface energy
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of one of the electrodes. One very common interfacial layer is a PEDOT:PSS (poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate)) hole transporting layer.

glass

ITO

BHJ

Al

light

e-

h+

+

PEDOT

Figure 1.2: Schematic of the layers in a typical organic solar cell.

The first OPVs were composed of a single material active layer, and had very low

efficiencies due to this lack of exciton separation.8,9 In 1986 Tang et al. introduced the

first bilayer heterojunction solar cell, with a 1 % power conversion efficiency.10 Bilayer

OPVs still had low efficiencies because of the short exciton diffusion lengths of about

5-20 nm in organic semiconductors. Only excitons generatedwithin this diffusion length

from a donor-acceptor interface have a good chance of diffusing to an interface before

recombining. Bulk heterojunction solar cells with phase separation on the order of the

exciton diffusion length proved to bemuch more efficient than bilayers, as the interfacial
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area is much increased allowing for thicker active layers that absorb a greater fraction of

sunlight while allowing for excitons to still diffuse to an interface.

The choice of donor and acceptor materials is an important factor in determining

device efficiency, and throughout the years researchers have tried to synthesize more

efficient materials. Early on, typically used donor polymers included MEH-PPV and

MDMO-PPV. Later, the OPV community settled on poly(3-hexyl thiophene) (P3HT)

as the standard donor of choice. Fullerene derivatives have been by far the most com-

mon acceptor of choice, namely [6,6]-phenyl-C61-butyric acidmethyl ester (PCBM) and

later on the stronger absorber PC71BM. Fullerene derivatives are likely effective accep-

tors because of their deep HOMO and LUMO levels, high degree of conjugation, and

ability to form good morphologies when mixed with polymers. The “baseline” system,

P3HT:PCBM, can achieve up to 5 % power conversion efficiencies. Much of the work

on finding a more efficient system has focused on the synthesis of new low bandgap

donor polymers which can absorbmore light than P3HT.11 There has also been work on

small molecule donors,12 such as porphyrins and phthalocyanines that have strong and

broad absorbance, including the one that this work focuses on, benzoporphyrin (BP).

The choice of either a polymer or a small molecule donor has its advantages and disadvan-

tages. Small molecules aremore readily purified, have a well-definedmolecular weight,

and have the potential to form thin films with a high degree of crystallinity and order.13

Polymers have a higher degree of conjugation and greater mechanical robustness. Com-
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paratively less work has been done on non-fullerene acceptors, which tend to have lower

efficiencies.

In a typical OPV, there are four main steps that need to occur for charges to be suc-

cessfully collected, namely absorption, exciton migration, charge separation, and charge

collection (Fig. 1.3). The first step that occurs when light hits a solar cell is absorption,

generating a singlet exciton. Photons may be absorbed by the active layer(s), known as

active absorption, or by the other layers in the device, known as parasitic absorption, or

be scattered or reflected. Only the fraction of photons absorbed by the active layer ηAbs

have a chance of being converted to electric current. The active absorption is dependent

on the optical band gaps of the donor and acceptor, as well as the extinction coefficient

as a function of wavelength, the active layer thickness, and optical interference effects.

Tailoring the band gaps of the donor and acceptor so that thematerials absorb at com-

plementary wavelength ranges and so that their sum absorbs over a broad range will

improve the absorption of the active layer.

The second step following absorption is exciton migration to a donor-acceptor in-

terface, primarily through Förster resonance energy transfer. This requires the dipole

orientations of the emitting and absorbing chromophores to be aligned, for them to have

spectral overlap, and for them to be within 3-10 nm of each other. The fraction of exci-

tons generated in the donor and acceptor that diffuse to an interface ηEM depends on the

exciton diffusion length LD in these materials, which ranges from about 5-20 nm and

8
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Figure 1.3: Absorption, exciton migration, charge separation, and charge collection in a

BHJ solar cell.

depends on the diffusion coefficient of the excitons and the average exciton lifetime.14

If the domain size of the donor or the acceptor is larger than LD,many of the excitons

will decay before they are able to randomly diffuse to an interface. Therefore a bilayer

device architecture results in poor exciton diffusion while the best morphology in terms

of exciton diffusion is a completelymixed BHJ with very small domains.
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One way to measure ηEM is photoluminescence (PL) quenching. This typically in-

volves comparing the PL of various thickness layers of polymer to the PL of the same

thicknesses of polymer on top of a fullerene derivative which is a strong quencher (as-

sume ηCS = 1). For a perfect bilayer the LD of the polymer can be obtained by fitting the

diffusion equation with the PL quenching data.15,16 Once the LD is known it can be used

to predict the EQE of a bilayer solar cell of varying polymer thicknesses. PL quenching

can also be used to simplymeasure the exciton harvesting efficiency ηEH = ηEMηCS in a

BHJ. However, there are difficulties in measuring the PL of PCBM because its emission

is weak and its emission spectrum overlaps that of P3HT.17

The third step is charge separation, which is the conversion of an exciton into a free

hole in the donor and electron in the acceptor. This is often thought to be composed of

two steps: charge transfer of the exciton at the interface to a bound electron-hole pair

with the hole on a donor and the electron on an acceptor (i.e. a CT state), followed by

dissociation into a free electron and hole. In order for charge transfer to occur efficiently

at short circuit, typically the HOMO of the acceptor must be deeper than that of the

donor, and the LUMO of the acceptor must be deeper than that of the donor. In general

the differences should be greater than the exciton binding energy to provide a driving

force for the charge transfer to occur. However, if these differences are too large it will

result in a loss in open circuit voltage. Charge transfer has been shown to occur if the

energy of the charge transfer state is lower than that of the exciton by at least 0.1 eV.18 The
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charge transfer state in pentacene has been measured to have a binding energy between

0.1 eV and 0.5 eV.19

After charge transfer occurs, the CT statemay dissociate into free charges, or recom-

bine through geminate or trap-assisted recombination. The alternative mechanism for

charge separation is that of hot exciton dissociation, in which an exciton directly dissoci-

ates into a free electron and holewithout first forming a CT state. Some evidence that the

CT statemechanism is predominant is that in one polymer-fullerene system, CT states

directly excited by sub-bandgap light convert into free charges with the same efficiency

as excitons generated by above-bandgap light.20

Finally, the last step is charge collection (ηCC), which includes themovement of free

holes and electrons to their respective electrodes and extraction of the charges at the

electrodes. The driving forces for themovement of free charges are diffusion away from

the donor-acceptor interfaces and the built in voltage and applied voltage across the

device causing drift.An active layermorphology inwhich there are continuous pathways

in both the donor and the acceptor to their respective electrodes,with few islands or dead

ends, is desirable. This morphology can be difficult to achieve in conjunction with the

small domain sizes necessary for efficient exciton diffusion.And although short pathways

are desirable to reduce the probability of recombination, this is counter to the desire to

have thicker active layers that improve absorption. Optimized BHJ morphologies can

result in internal quantum efficiencies above 90%.21 A loss mechanism in this step is
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bimolecular recombination, in which holes and electrons not originating from the same

exciton recombine.

To summarize, the losses in current that occur in a solar cell can be summarized in

the equation:

ηEQE(λ) = ηAbs(λ)ηIQE(λ) = ηAbs(λ)ηEM(λ)ηCS(λ)ηCC(λ) (1.1)

where each of the efficiency factors may be dependent on incident wavelength, position

in the active layer, and different in the donor and the acceptor. These factors relate to the

Jsc by the equation

Jsc = ∫
λ
eΦ(λ)ηEQE(λ)dλ (1.2)

where Φ(λ) is the incident photon flux density.

To obtain a quantitativemeasurement of ηAbs, the propagation of light through the

layers of the solar cell must be analyzed using a transfer matrixmodel.15,16 This requires

the thickness and the complex index of refraction n + iκ of each layer individually to be

measured, typically using spectroscopic ellipsometry. MATLAB and Python scripts that

use the transfer matrixmodel to output the fraction of photons absorbed by each layer

are available.22,23 Instead of using spectroscopic ellipsometry, which can be difficult to

interpret, an approximation can be made by letting n be a constant and letting k = λα
4π ,

where α is the extinction coefficient measured by absorption spectroscopy.22 Typically,

transfer matrix calculations do not account for diffuse scattering, which is dependent on

12
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the roughness of each layer, or the inhomogeneity of each layer, especially blend layers.24

Due to these inaccuracies, the calculations are used to calculate the relatively small par-

asitic absorption, which is subtracted from themeasured total absorption to obtain the

active absorption. Due to interference effects, the active absorption does not linearly in-

crease with thickness but varies sinusoidally at low thicknesses, allowing one to calculate

optimal absorption thicknesses without making many devices.

1.3 DeviceParameters and Fabrication andTestingMeth-

ods

OPV fabrication typically starts with a glass substrate onto which a transparent bot-

tom electrode is applied,most commonly ITO coated through RF sputtering. After sub-

strate cleaning, the hole transporting layer, which is typically PEDOT:PSS, is spin coated

in an aqueous dispersion onto the glass/ITO. The active layer or layers is applied, typi-

cally by depositing a solution of the dissolved donor and acceptor in a chlorinated solvent

such as chlorobenzene. For laboratory-scale experiments, this solution ismost commonly

spin coated but can also be blade coated or simply drop cast. The active layer can also

be thermally evaporated, although this loses the advantages of solution processability.

Techniques to improve themorphology of the active layer are commonly used, including

the use of solvent additives, thermal annealing, solvent annealing or slow drying. Finally,
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thermal evaporation is used to apply themetal top electrode (Fig. 1.2). OPVs are often

air sensitive and are usually fabricated and tested in a nitrogen glovebox.

The finished solar cells are tested under a solar simulator, a filered xenon lamp that

attempts to simulate the AM 1.5 solar spectrum. The current density as a function of

applied bias is measured, and from this the short circuit current Jsc , open circuit voltage

Voc , fill factor FF, and power conversion efficiency (PCE) are obtained. Thismeasurement

is repeated in the dark. Fig. 1.4 shows typical light and dark curves of an OPV, and the

approximate band diagram at Jsc, Voc, and above Voc.

Figure 1.4: Typical current density-voltage curve of a BHJ organic solar cell and the band

diagram at various applied biases.
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Jsc is the current density at zero applied bias. This is mainly dependent on the amount

of light absorbed by the active layer, but also on the efficiency of exciton migration and

recombination losses at the built-in potential. Voc is the bias at which zero current is

collected from the solar cell.At this voltage, the applied bias cancels the built-in potential

and the energy bands are flat. Voc tends to be proportional to the difference between the

HOMO of the donor and the LUMO of the acceptor, with losses attributed to, among

other things, band bending and diffusion of charges from the electrodes into the active

layer. Above Voc the device acts as a diode in the “on” condition and charges are injected

into the active layer. PCE, the power extracted from the device divided by the incident

power, is determined by the following equation containing the preceding factors:

PCE = Pout

Pin
= Voc JscFF

Pin
(1.3)

The shape of the current density-voltage curve is often modeled using the following

equivalent circuit (Fig. 1.5) and diode equation (Eq. (1.4)), including a series resistance

Rse and a shunt resistance Rsh. Rse can be approximately determined from the slope of

the dark J-V curve at biases greater than Voc, and a low Rse is desirable. Rse is ameasure

of charge injection and transport in forward bias, and the resistive losses of the interfaces

and electrodes. Rsh can be approximately determined from the slope of the dark J-V curve

at large reverse biases, and a high Rsh is desirable. Rsh is ameasure of the current leakage

in reverse bias.
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Figure 1.5: Equivalent circuit for solar cell.

Jd(V) = J0 [exp(
q(V − Jd(V)Rse)

nkT
) − 1] + V

Rsh
(1.4)

The external quantum efficiency (EQE) and internal quantum efficiency as a function

of incident wavelength are two more important parameters in an OPV. EQEmeasures

the number of charges collected from the solar cell divided by the number of incident

photons, while IQE uses the number of absorbed photons instead.

EQE = Ne

N incident
ν

(1.5)

IQE = Ne

Nabsorbed
ν

(1.6)

In an EQEmeasurement,monochromatic light is incident on the samplewhile current is

measured. This current is converted to a fraction using the known photon flux for each
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incident wavelength. A lock-in setup is often used to measure low EQE andminimize

noise, especially for sub-bandgap EQE which can be several orders ofmagnitude weaker

than above-bandgap EQE (Fig. 1.6). Above-bandgap EQE gives information about the

absorption bands of the donor and acceptor and how effectively the excitons generated

in both materials are converted to CT states and free charges. Sub-bandgap EQE gives

information about the presence, number, and energies of CT states. Finally, IQE is typ-

ically obtained by dividing the EQE by the fraction of incident light absorbed by the

device, from UV-vis reflectance. Sometimes amore accurate IQE is calculated based on

the light absorbed by the active layer and not thewhole device, by using a transfer matrix

calculation to find the parasitic absorbance. The IQE in efficient solar cells tends to vary

only a small amount with wavelength.

Figure 1.6: Typical lock-in setup for measuring external quantum efficiency.
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The hole and electronmobilities of organic semiconductors are oftenmeasured using

TFT mobility, time-of-flight mobiity, or Hall effect mobility. UV-vis absorption spec-

troscopy gives us the optical bandgap and absorption spectrum of the film, while photo-

luminescence gives us information about radiative recombination. Ultraviolet photoelec-

tron spectroscopy can be used to find theHOMO energy level of the film, and combining

this with absorption spectroscopy gives us the LUMO. Cyclic voltammetry is also used

to find theHOMO and LUMO of organic semiconductors.

There are a wide range of physical characterization methods commonly used to char-

acterizeOPVmaterials, either with the donor and acceptor blended or studied separately.

X-ray scattering can reveal important information on morphology, but the low thickness

and high degree of disorder in organic thin films means that standard sources are not

intense enough to offer , and synchrotron X-ray sources are typically used instead. Graz-

ing incidencewide-angle X-ray scattering (GIWAXS) is useful for probing shorter length

scale information such as crystal structure and texture (degree to which crystallites are

oriented in the same direction relative to the substrate), while grazing incidence small-

angleX-ray scattering (GISAXS) can probe longer length scale information.Atomic force

microscopy and profilometry directly probe the surface of the film, and scanning and

transmission electron microscopy are useful for both probing morphology and in-plane

crystallinity.
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Characterization of Polymorphs of
Molecular OPVMaterials

2.1 Benzoporphyrin

Thermally convertible organicmaterials are useful for the fabrication ofmultilayer

thin film electronic devices such as solar cells. However, substantial changes in molecular

ordering can occur during the conversion process that may lead to multiple polymorphs

having differing electronic properties. In-situ grazing incidence wide angle X-ray scatter-

ingwith two-dimensional detection (2-DGIWAXS)was used to study the changes in the

thin film crystal structure, texture, and crystallite size of a convertible small molecule elec-

tron donor, tetrabenzoporphyrin (BP), during thermal conversion from the precursor bi-

cycloporphyrin (CP), and the resulting crystal-crystal phase transition from ametastable

phase (phase I) to a stable phase (phase II). The annealing temperature and the presence

of an underlying BP layer both affect the phase transition behavior. Phase II has amuch
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weaker degree of crystalline texture than phase I, attributed to changes in molecular pack-

ing to achieve a herringbone arrangement. The unit cell for phase I was determined by

electron diffraction andGIWAXS, and the thin film structure of phase II matched the pre-

viouslydetermined bulk structure.The texture of crystallites in phase IIwas characterized

by simulation of theGIWAXS pattern. Transmission electron microscopy revealed differ-

ences in themorphology, grain size, and film coverage of the two polymorphs. Peak shape

analysis with corrections for geometric smearing and paracrystalline disorder showed an

increase in crystallite size from phase I to phase II. These results demonstrate the utility

of in-situ 2-DGIWAXS in revealing polymorphic phases during the structural transition

of thermally convertible organic semiconductors, the presence of which may impact the

performance of solar cells.

2.1.1 Introduction

Solution processed semiconducting small molecules are a promising class ofmaterial

for low cost organic electronics such as solar cells12,13,25,26 and thin film transistors.27–29

Recently, organic solar cells have achieved power conversion efficiencies of 10.0% and

external quantum efficiencies near 100%.30 Compared to polymers, small molecules can

bemore readily purified, have a well-definedmolecular weight, and have the potential to

form thin films with a high degree of crystallinity and order.13 Improved structural order-

ing has potential benefits in photovoltaic cells including higher charge carrier mobility,
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increased exciton diffusion length, and higher open circuit voltage due to a reduction in

band tail width. There are also potential drawbacks of improved ordering in bulk hetero-

junction solar cells, such as increased phase separation and grain boundaries thatmay act

as barriers to charge transport.31 To better understand the changes in ordering and phase

formation that can occur in these materials, we have studied a thermally convertible

small molecule with two polymorphs.

Non-convertible porphyrins and phthalocyanines have been used in a wide range of

heterojunction and dye-sensitized solar cells due to their high optical density and broad

spectral absorbance.32 For example, CuPcwas used in one of the first organic solar cells.10

In the bulk of the literature thesematerials are deposited from vapor33 but more recently

they have been explored as solution processablematerials.34,35 Solution processed small

molecules that are thermally or photochemically convertible are of particular interest

because the convertedmolecule tends to be insoluble, allowing for easily processedmulti-

layerdevices.36 Also, solubilizing groups that allow for solution processabilitymay disrupt

the π − π stacking within and between molecules, diminishing device performance. Con-

vertible molecules lose these solubilizing groups upon conversion. Examples of these

molecules include thermally or photochemically convertible pentacene precursors,37,38

oligothiophene derivatives,39 and precursors of porphyrins and phthalocyanines.40–48

These types of convertible molecules have so far been primarily tested in organic thin

film transistors but not in solar cells.
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Here we examine an insoluble semiconducting small molecule, tetrabenzoporphyrin

(BP),which is thermally converted from the soluble precursorbicycloporphyrin (CP).49,50

We describe a detailed study of the thermal conversion of thin films of CP to BP and

the crystal-crystal phase transition between themetastable phase I and stable phase II

of BP. In-situ 2-D grazing incidence wide angle X-ray scattering (GIWAXS) is used to

study the changes in the ordering of the films during the conversion process. This data

is supplemented by transmission electron microscopy (TEM) and optical absorption

spectroscopy to characterize the films.

A range ofmorphology characterization techniques are available to characterize or-

ganic semiconductor films.51 In-situ X-ray scattering has been used extensively to study

the evolution of crystalline ordering in organic semiconductors during deposition or

thermal phase transitions. In-situ studies of the growth of thin films from vapor have

been reported on pentacene,52–55 copper phthalocyanines,56,57 diindenoperylene,58,59 and

other materials.60,61 These studies have revealed changes in growth modes between the

initial monolayers and thicker films using specular scattering at growth rates of about

0.1 to 1 monolayers per minute. Grazing incidence scattering has also been used to study

in-plane crystalline ordering during growth.56,58 Thermal transitions of films have also

been examined in real time. For example, in one work a point detector was used to study

the changes in the in-plane peaks of hexabenzocoronene during the crystalline to liquid-

crystalline phase transition.62 An important consideration for in-situ experiments is the
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time scale of themeasurement relative to the physical process studied. In vapor growth

studies, it is possible to control the deposition rate precisely, enabling in-situ scattering

experiments using point detectors. For studies of processes with faster kinetics, an alter-

nativemethod is required.

In-situGIWAXSwith a 2-Darea detector is particularlyhelpful for studying processes

with fast kinetics because it allows observation of a large portion of reciprocal space si-

multaneously. For example, the study of solution processed films is challenging due to

the relatively rapid (e.g. about 1 minute) drying kinetics during casting. The nucleation

and growth of TIPS-pentacene during drop casting63 or blade coating64 have recently

been studied with in-situ 2-DGIWAXS. The formation of bulk heterojunction solar cells

during and shortly after casting have recently been studied as well.65,66 Finally, changes in

morphology during the thermal processing of complex layers used in solar cells such as

blends67,68 and bilayers of P3HT:PCBM69 have also been studied.We use this technique

here to examine the CP to BP transition, which is a process in which BP is chemically

formed thermally from CP and the crystal structure of the resulting BP changes dramat-

ically during a subsequent phase transition. In this way we are able to obtain relatively

complete information about the changes in thematerial’s crystal structure, texture, and

morphology during annealing.

BP has been used to make solution processed organic solar cells with a relatively high

efficiency of 5.2%,70 as well as organic thin film transistors with mobilities up to 0.07
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cm2/Vs.71 This material has a strong peak linear attenuation coefficient72 of 3x105 cm−1

so thin films absorb a significant fraction of light. Furthermore, tandem devices could

lead to increased efficiency by overcoming the lack of absorbance at 500-650 nm and

below the band gap. The insolubility of the BP once it is annealed has allowed for the use

of amultilayered solar cell device structure, with an electron-blocking layer of pure BP,

a blend layer of BP and fullerene derivative, and a hole-blocking layer of pure fullerene

derivative.This stackhas amore idealmorphology than a single layerbulk heterojunction,

as the heterojunction layer is composed of column-like structures of BP and fullerene,

allowing for more continuous pathways between the interface and the electrodes while

retaining a large interfacial area.33 Themorphology of phase II has been characterized us-

ing X-ray diffraction, scanning electronmicroscopy,71 and photoconductive atomic force

microscopy.73 In addition, we have explored the use of thermally degradable polymers

to increase solution viscosity and improve processability of BP devices.74

The microstructural changes during the thermal conversion process of CP to BP

are complex. Spin-coated CP films are amorphous, but upon heating undergo a retro

Diels-Alder reaction to form crystalline BP with the loss of 4 equivalents of ethylene, as

shown by thermogravimetric analysis.50 During the conversion process after loss of the

ethylene groups, BP forms an intermediate phase, identified both by X-ray scattering and

optical spectroscopy, that has been referred to as a “metastable phase” (phase I) before

undergoing a phase transition to the final crystalline phase (phase II) (Fig. 2.1). Phase
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II is also formed by vapor deposition of BP powder at temperatures higher than 150○C,

while phase I is formed by vapor deposition of BP powder at temperatures lower than

80○C.75 While phase II has a known bulk crystal structure, phase I is generally thought

to be significantly less ordered than phase II because few out-of-plane diffraction peaks

have been observed by specular X-ray scattering.49

The existence of two polymorphs of BP affects the absorption and power conversion

efficiency of solar cells as well as the field effect mobility of transistors. In early BP solar

cells, using vapor deposited phase I in a bilayer solar cell resulted in a similar efficiency as

spin-coated phase II, 2.2%, however it is likely that solvent from the spin-coated acceptor

layer converted this phase I into phase II.72 The field effect mobility of vapor deposited

phase I, 3x10−4 cm2/Vs, is much higher than that of vapor deposited phase II, but lower

than that of spin-coated phase II, 1.7x10−2 cm2/Vs.50 It should be noted that different

degrees of photocurrent generation from different polymorphs have also been observed

in phthalocyanines.76,77

Figure 2.1: Chemical structure of CP and the two polymorphs of BP.
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2.1.2 Experimental section

CP (1,4:8,11:15,18:22,25-tetraethano-29H,31H-tetrabenzo[b,g,l,q]porphin) powderwas

obtained fromMitsubishi Chemical. To prepare UV-vis samples, CP at a concentration

of 7.5mg/mL was spin coated onto glass substrates inside a glovebox from a solution of

2:1 chlorobenzene:chloroform resulting in 25 nm thick films. The films were annealed

on a hot plate at a nominal temperature of 180○C for various times between 0.5 and 20

minutes.

To prepare films of CP for GIWAXS, 35 nm of PEDOT:PSS (poly(3,4-ethylenedioxy-

thiophene)-poly(styrenesulfonate)) was spin coated onto clean silicon substrates and

annealed at 180○C. Then, CP at a concentration of 7.5 mg/mL was spin coated inside a

glovebox from a solution of 2:1 chlorobenzene:chloroform, resulting in a film thickness

of 20-25 nm. GIWAXS on the 11-3 beamline at the Stanford Synchrotron Radiation Light-

source was used to observe the changes in the film’s crystal structure andmicrostructure

throughout the course of the transformation. A hot stage and a 2-D detector were used

on this beamline, and annealingwas carried out under flowing He gas. An incident angle

of 0.10○ or 0.12○, an X-ray energy of 12.7 keV, and a detector distance of 399.5mm were

used. To prepare films of CP on top of an underlying layer of already annealed phase

II BP, the first CP layer was spin coated and annealed inside a glovebox at 180○C for 20

minutes, then the second CP layer was spin coated on top. The top layer was observed

with 2-D GIWAXS using an incident angle of 0.08○ so that most of the X-ray radiation
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would only reach the CP layer and little diffraction from the phase II layer would be seen.

Some discussion about incidence angles is in the SI.

The samples were prepared 1-3 days before GIWAXS was performed, and were trans-

ported in an airtight container. The final annealing temperatures were 160○C or 180○C,

which are the temperatures typically used to anneal BP solar cells in the literature.72 Due

to calibration requirements, the heating stage had to be brought from room temperature

to the final temperature with the sample already on it, taking approximately 4 minutes.

Therefore, the samples’ thermal history consisted of a ramp to the final temperature in-

stead of an immediate jump. Soon after the start of the annealing ramp, the CP thermally

converted to BP (29H,31H-tetrabenzo[b,g,l,q]porphyrin). After about 20minutes of an-

nealing, the samples were slowly brought back to room temperature by cooling with a

fan. In addition to an initial diffraction pattern before heating, diffraction patterns were

collected approximately every 2 minutes during the entire heating and cooling process

using an exposure time of 30 seconds, and a final diffraction pattern was collected at

room temperature. Additional samples that were previously annealed on a hot plate for

various durations were also run in 2-D GIWAXS at room temperature. To limit beam

damage, the samples were moved laterally 0.2 mm for every 8 minutes (at most) of X-

ray exposure. Beam damage will increase disorder and reduce the intensity of the sharp

peaks. However in our plots of peak intensity vs. time we have observed the effect to be

quite small for the exposure times we are using.
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The resulting raw diffraction patterns are a distorted representation of reciprocal

space due to the grazing incidence geometry.78,79 TheWxDiff program was used to apply

polarization and χ-corrections and plot the intensity versus the scattering vector compo-

nents parallel and perpendicular to the substrate qxy and qz.80 The absorbance correction

to intensity was not applied because it is negligible in this geometry for organics. At

grazing incidence, the section of each diffraction pattern close to the qz axis cannot be

measured without changing the incident angle to each Bragg angle of interest, but the

non-zero peak widths in the polar angle χ allow for the tail of the peaks on the qz axis to

be observed. For some samples, pole figures were created by also scanning the incidence

angle at the relevant Bragg angle and then stitching together the grazing incidence and

Bragg angle scans.79 Line scans were produced by integrating 2-D GIWAXS data over

the polar angle range available in the 2-D GIWAXS images.

To prepare samples for TEM, PEDOT:PSS was spin coated onto substrates of silicon

with a 150 nm thermal oxide. After spin coating and annealing of CP, The specimens

for TEM were prepared by etching away the SiO2 layer with a 5 vol% hydrofluoric acid

solution. The floated thin film was placed on a TEM grid (Ted Pella Inc.). Imaging and

diffraction experiments were performed with a FEI Tecnai G2 TEM at 200 kV.

Several hypothetical unit cells for phase I were obtained with Dicvol, an automated

indexing routine for powders, using d-spacings obtained from 2-D GIWAXS and elec-

tron diffraction.81 The SimDiffraction program82 was used to generate the square of the
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structure factor in reciprocal space, simulating corrected 2-DGIWAXS patterns for phase

I and phase II from given unit cells, atom positions, and distributions of out-of-plane

orientations. In the case of phase I, because the atom positions are unknown, systematic

absences and peak intensities are neglected. The simulated patterns, theGIXD Igor Anal-

ysis Routine, and a customMATLAB script to generate tables of peak locations were used

to check the potential unit cells against the experimental GIWAXS patterns to select the

best fitting BP phase I unit cell,modify the previously reported BP phase II bulk unit cell

for thin films, and determine the distribution of crystallite orientations in both phases.

2.1.3 Results and discussion

Absorption spectra

The CP to BP phase I conversion and the phase I to phase II crystal-crystal transi-

tion was confirmed using UV-Vis absorption spectra that show the disappearance of the

absorption features of phase I between 1.5-2.5minutes of annealing at 180○C (Fig. 2.2).

In porphyrins, there is typically a Soret band at a short wavelength and a Q band with

several peaks at longer wavelengths.34 The CP to BP phase I conversion corresponds to a

redshift in the Soret band of the absorption spectrum from 380 nm to 410 nm and in the

Q band from 500-620 nm to 550-660 nm. This transition occurs rapidly after the start

of annealing. The phase I to phase II transition corresponds to a further redshift in Soret

and Q bands to 445 nm and 640-690 nm respectively. Because the spectrum of phase I
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matches the spectrum previously observed from phase I obtained by vapor-depositing

BP powder onto a cold substrate, we confirm that the film converts to the metastable

phase I before undergoing a phase transition to phase II. Interestingly, the peaks in the

Q band in phase II are very intense, especially the longest wavelength one, compared to

the weak Q peaks typically seen in porphyrins.34 The increased absorption makes phase

II more beneficial for use in organic solar cells.
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Figure 2.2: Absorption spectra of CP, BP phase I, and BP phase II with the same initial

thickness after various annealing times at 180○C.

In sampleswhere the temperature of the hotplatewasnot verified at the exactposition

of the sample (see SI),we observed that phase I peaks were still present at up to 4minutes

because of the temperature variation, estimated at between 167○C and 173○C. From this
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we conclude that a small variance in temperature causes a large change in the kinetics of

the phase transition.

Crystal structure

We used 2-D X-ray scattering to examine the crystal structures of BP phase I and

phase II observed during the thermal conversion process of CP to BP at 180○C. While

most X-ray studies examine single crystal, powder, or specular scattering, in this case the

extra information from 2-D GIWAXS aids in the determination of the thin film unit cell.

At the beginning of the in-situ GIWAXS experiment, the CP film was amorphous and a

broad ring was observed in the diffraction pattern (Fig. 2.3a).

After some annealing time, a well-defined pattern of peaks corresponding to phase I

(metastable BP)was observed,demonstrating thatphase I ismorehighlyordered thanpre-

viously believed (Fig. 2.3b). This figurewas indexedwith the proposed unit cell discussed

further below. In this particular sample, the phase I diffraction pattern was observed in

only one scan,which lasted between 3.75 and 4.25minutes from the start of the annealing

ramp. At the beginning of this scan, the sample was at 178○C and had been above 170○C

for 2 minutes. The diffracted intensities were relatively high and there were three sets

of diffraction planes with multiple orders of peaks, showing that crystallites with three

dimensional ordering were formed. The intensity of the amorphous CP ring was also

greatly diminished.
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Figure 2.3: (a) 2-D GIWAXS of CP at 25○C as cast; (b) 2-D GIWAXS of BP phase I at

178○C with indexed peaks; (c) 2-D GIWAXS of BP phase II at 180○C with indexed peaks

labeled. Line scans produced by integrating over polar angle during in-situ annealing and

cooling, for (d) a final annealing temperature of 180○C, (e) a final annealing temperature

of 160○C; the intensities are offset by the amount of time that has passed since the start

of annealing.

The next diffraction image taken (Fig. 2.3c) shows that the phase I to phase II transi-

tion occurred rapidly. The peaks from phase I are no longer present in this scan, which
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lasted between 5.6 and 6.1 minutes from the start of the ramp and shows only diffraction

from phase II. As seen in Fig. 2.3d, the scattering peaks from phase I and phase II are at

different q values, and therefore the unit cell andmolecular packing are different in the

two phases. The loss of crystalline texture (angular arcing of the peaks) will be discussed

in the following section.

The stable phase II was found to have almost the same crystal structure as that of the

single crystal obtained by Aramaki et al. (monoclinic, P21/n, a = 12.405Å, b = 6.591Å, c

= 14.927Å, β = 101.445○).49 In our films, we found that at room temperature, c is slightly

increased to about 15.4Å.This isdue to both thinfilm confinement and thermal expansion,

since the bulk crystal structurewas obtained at -180○C. Based on our current data,we are

not able to separate the two effects. However the thin film crystal structure is very similar

to that of the bulk, which is not always the case in other organic thin films.83 Changes

in the unit cell will influence electronic properties; for example, changes due to lattice

strain have been found to alter the charge carrier mobility in thin film transistors.84

The diffraction pattern of this modified structure (a = 12.405Å, b = 6.591Å, c = 15.4Å,

β = 101.445○) was simulated with SimDiffraction82 and compared to the experimental

2-D GIWAXS data. The molecular packing assumed in the simulation has the same

fractional coordinates as the bulk single crystal, but is stretched along the c-axis. The

integrated intensities versus q in the simulated and experimental data are very similar

and the agreement was much improved with the modification in the crystal structure
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(Fig. 2.4c), supporting the assertion that this is indeed the correct packing of phase II in

the thin film.
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Figure 2.4: (a) Overlay of experimental (color) and simulated (grayscale) 2-D GIWAXS

of BP phase I with (010) orientation; (b) Comparison of simulated and actual line scans

for BP phase I; (c) Comparison of simulated and actual line scans for BP phase II. Line

scans were produced by integrating over polar angle.

The crystal structure of phase I is unknown, so we have used a combination of 2-D

GIWAXS and electron diffraction to index the unit cell. Several possible unit cells for

phase I were obtainedwith an automated indexing routine for powders using d-spacings

obtained from these two techniques.81 However, the powder indexing routine does not

take into account the peak locations in qxy and qz when searching for possible unit cells,

only q. This extra information was used to find the best unit cell by modeling the scat-

tering from each unit cell with SimDiffraction and assessing which one best matches
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the experimental 2-D GIWAXS data. The best fit for the phase I peaks is the following

monoclinic unit cell: a = 15.7Å, b = 27.5Å, c = 7.0Å, β = 116.5○. The film has strong out-of-

plane texture with the (010) planes parallel to the substrate surface. The indexed peaks

are shown in Fig. 2.3b. The d-spacings of this unit cell match the experimental data well

(see SI).

By comparing the simulated and experimental peaks, we also gained information

about the symmetry of the phase I crystal structure (Figs. 2.4a and 2.4b). As the simu-

lation does not contain the unknown symmetry, it displays peaks in Fig. 2.4a which are

missing from the experimental data because of systematic absences due to symmetry. Not

all themissing peaks can bematched to a symmetry element, but the 010, 030, and 050

peaks aremissing, indicating that there is a 2-fold screw axis parallel to the b-axis. Also,

note that the 300 peak is present but very faint. The volume of the proposed phase I unit

cell is 2.19 times that of themodified phase II unit cell (2704.7Å3 compared to 1234.1Å3).

Assuming that the densities of the two phases are close, there should be four molecules

per unit cell in phase I compared to two in phase II.

Films annealed in-situ at a lower temperature of 160○C (Fig. 2.3e) have a different

thermal conversion and phase transition behavior than the previously discussed 180○C

films. With the lower temperature, both phase I and phase II were present throughout

much of the annealing process, while in films annealed at the higher temperature, only

one phase was observed during each scan because the kinetics are rapid. Interestingly,
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before the very intense phase I peak appeared in the scan that starts at 7.8minutes, two

of the lower-q phase II peaks appeared faintly in two scans starting at 3.9 minutes. This

indicates that a small fraction of the film has converted to phase II BP during the time

between 1.9 minutes (the end of the previous scan) and 3.9 minutes. Because of the time

between scans, we do not know whether this fraction converted directly from CP to

phase II, or went from CP to phase I to phase II. After phase I appeared themain phase

I peak grewmore intense until 10minutes, and thereafter decreased in intensity until it

disappeared at 27 minutes while phase II increased in intensity. In the literature, larger

grain sizes and decreased roughness have been observed in BP films converted at lower

temperatures.71

The transformation kinetics at higher temperatures were also observed with ex situ

GIWAXS on samples directly annealed on a hot plate for various annealing times at 180○C

(the samples reach this temperature within 1 second). Thermal conversion followed by

phase transition were observed,with only BP phase I peaks seen in the samples annealed

for 1.0 and 1.5 minutes, and only phase II peaks seen in the samples annealed for 2.5

minutes or longer (see SI). As these samples were examined with GIWAXS several days

after annealing, this shows that phase I does not spontaneously convert to phase II if it

is not annealed further.
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Crystallite size,morphology, and texture

The Scherrer equation was used to calculate the average crystallite size along various

crystallographic directions in the two phases of BP:85

D = Kλ
Bhkl cos θ

where D is the crystallite size along the diffraction direction, K is the Scherrer constant,

here taken as 0.9, λ is the X-ray wavelength, Bhkl is the crystallite size contribution to the

fullwidth athalfmaximumof the hkl peakwhen plotted in terms of 2θ, and θ is the Bragg

angle of the hkl peak which is equal to sin−1(qλ/4π). Bhkl differs from the measured

peak width Bexp = ∆qexpλ/4π cos θ because of several factors. First, geometric smearing

due to the finite length of the beam footprint on the sample contributes significantly to

measured peak width.86 When this footprint is taken into account, the equation for the

sample-specific contribution to peak width Bsample is:

Bsample = (B2
exp − B2

geo)1/2 =
⎡⎢⎢⎢⎢⎣
(
∆qexpλ
4π cos θ

)
2

− (w tan(2θ)
L

)
2⎤⎥⎥⎥⎥⎦

1/2

where Bgeo is the geometric smearing contribution to peak width, w is the footprint of

the beam on the sample (5mm) and L is the sample-detector distance (399.5mm).

If Bsample does not vary with peak order h in a series of peaks, themajor contributor to

Bsample is the crystallite size and Bhkl = Bsample . However, if there is a linear relationship

between Bsample and h in a series of peaks, part of the peak width can be attributed to

nonuniform strain, and if there is a linear relationship between Bsample and h2, part of
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the peak width can be attributed to paracrystalline disorder.85,87 In the latter case, Bhkl

can be estimated by linear regression using the following equation:68,88

B2
sample = B2

hkl + (q2π4g4)h4

where g is the paracrystalline disorder parameter.

There are three series of peaks with multiple orders in phase I BP. The 100 and 200

in-plane peaks have the same Bsample , so the crystallite size in the in-plane direction is

calculated to be 32.6 nm with negligible nonuniform strain or paracrystalline disorder.

For the 020, 040, and 060 out-of-plane peaks, the relationship between width and peak

order is consistent with a small amount of paracrystalline disorder (see SI). This is also

true for the 110 and 220 off-axis peaks. The crystallite size is calculated to be 18.7 nm in

the out-of-plane direction and 30.1 nm in the [110]* direction. It should be noted that the

former value is approximately equal to the film thickness. The paracrystalline disorder

parameter is 1.4x10−2 in the out-of-plane direction and 1.1x10−2 in the [110]* direction.

These values are similar to those observed in other small molecules and several times

smaller than typical paracrystalline disorder parameters in polymers.68

In phase II BP, there are no series of peaks with multiple orders, so the Scherrer

equation is not strictly applicable in determining crystallite size. Using the peak width of

the peak with the lowest q-value, 101, the nominal crystallite size is found to be 44.0 nm.

Bright field TEM shows that the two phases of BP have different morphologies in

addition to the differing crystal structures. In phase I (Fig. 2.5a), diffuse grains approxi-
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mately 400 nm in diameter composed of lighter and darker areas were observed. Based

on the contrast inside the grains and the crystallite size obtained frompeakwidth analysis

of the GIWAXS patterns, these grains are composed ofmany small crystallites with the

same out-of-plane orientation. The darker streaks, which are oriented in about the same

direction within each grain, are crystallites of phase I, while the lighter streaks inside the

grains are less ordered areas of CP or BP. The large dark spots are silicon dust. In gen-

eral,more crystalline areas are darker becausemore electrons are diffracted. Bright field

images of BP phase II (Fig. 2.5c) show that this phase has more distinct and anisotropic

grains, about 150-200 nm in width and 150-1000 nm in length. However, BP coverage

is worse than in phase I, due to the film dewetting in some areas. Based on peak width

analysis of the GIWAXS patterns, the phase II grains also are not single crystals but are

composed ofmany small crystallites with the same out-of-plane orientation.

Electron diffraction of the two phases help to confirm the unit cells determined

from 2-D GIWAXS and to assess the degree of in-plane texture. Electron diffraction of

phase I with an aperture of the same size as the bright field image showed a diffraction

ring (Fig. 2.5b inset), indicating that over micron-sized areas there are crystallites with

different in-plane orientations. But when a small aperture (about 270 nm in diameter)

was used to focus on one of the grains containing light anddark streaks (Fig. 2.5b), distinct

peaks were observed, indicating that the crystallites inside each grain have the same in-

plane orientation as well as out-of-plane. The d-spacings of these peaks match the ones

39



Chapter 2. Characterization of Polymorphs ofMolecular OPVMaterials

(a) (b) 

(c) (d) 

100 
14.4Å 

200 
7.21Å 

300 
4.80Å 

3.47Å 

100 

200 
    _ 
202 

113 

114 200 nm 

100 nm 

    _ 
202 

Figure 2.5: (a) Bright field TEM of BP phase I; (b) Electron diffraction of BP phase I

with a 270 nm aperture (inset: large aperture); (c) Bright field TEM of BP phase II; (d)

Electron diffraction of BP phase II with a large aperture.

observed in 2-D GIWAXS on the qxy axis and these peaks are indexed according to the

proposed phase I unit cell. The angle of the peaks also reveals some information that is

not provided by 2-D GIWAXS in that the 3.47Å peak corresponds to a diffraction plane

that is approximately normal from the other three in-plane peaks. The 202 peak is at a

93.3○ angle from the other three peaks,which closelymatches the calculated 93.02○ angle

in the proposed unit cell. Electron diffraction of phase II using a large aperture shows

that grains are formed with different in-plane orientations (Fig. 2.5d).

Now we examine the out-of-plane texture in both phases of BP. In phase I, the dis-

tinct peaks (Fig. 2.3b) show that it has a very strong degree of out-of-plane texture, i.e.
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almost all its crystallites have the same out-of-plane orientation, similar to pentacene

films. In phase II, the arcs in the polar angle indicate that it has amuch weaker degree of

out-of-plane texture than phase I. In phase II, the texture is observed to be a broad distri-

bution centered about two out-of-plane orientations, (100) and (101). This is suggested

by the fact that these two peaks have arcs which aremost intense near qz. To support this

observation, SimDiffractionwas used to simulate 2-DGIWAXS patterns of a set of phase

II crystallites with the modified crystal structure, having a broad (a FWHM of 90○ is

simulated) Gaussian distribution of out-of-plane orientations centered on each of these

orientations (Fig. 2.6a and b). Each of the simulated patterns closelymatches parts of the

experimental data, showing that the combination of the two distributions describes the

out-of-plane texture well.

Bothphases of BPhave π−π stacking along a direction close toparallel to the substrate.

The unit cells and out-of-plane orientations were plotted with the VESTA program89

(Fig. 2.7a). It can be seen that in both favored orientations of phase II, themolecules are

close to edge-on to the substrate. In the (101) orientation, the planes of themolecules are

16.0○ off perpendicular to the substrate, and in the (100) orientation, the planes of the

molecules are 21.4○ off perpendicular to the substrate. Note that although themolecules

are in a “herringbone” arrangement relative to each other, the planes of the molecules,

which are approximately (115) and (115), have the same angle with the substrate. For the

molecules to be perfectly edge-on to the substrate, the sample would need to have the
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(a) (b)

Figure 2.6: Overlay of experimental (grayscale) and simulated (color) 2-D GIWAXS at

25○C of (a) BP phase II with (101) orientation, (b) BP phase II with (100) orientation.

(201) out-of-plane orientation (Fig. 2.7b). In phase I, we conjecture that π − π stacking

is somewhat more edge-on than in phase II because of the shape of the unit cell. Unlike

in the phase II unit cell, there is enough room for themolecules to lie edge-on and not

adopt a herringbone arrangement, as the b-axis is long enough that two molecules can

lie one on top of the other. This potential difference in π − π stacking can strongly affect

charge transport andmobility.

After assigning the unit cells and out-of-plane orientations of phase I and phase II,

we examine the question of why phase I has a much stronger degree of texture than

phase II. During the phase transition from phase I to phase II, themolecules twist into
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ρ = 1.254 g/cm3 ρ = 1.374 g/cm3 ρ = 1.374 g/cm3 

(a)

(1 0 0) 

        _ 

(1 0 1) 

        _ 

(2 0 1) 

16.0° 

21.4° 

≈ (1 1 5) 

       _ 

≈ (1 1 5) 

a 

b 

c 

(b)

Figure 2.7: Unit cells of: (a) Left to right: BP phase I with (010) orientation, BP phase

II with (100) orientation, BP phase II with (101) orientation; (b) Illustration of the two

dominant out-of-plane orientations in BP phase II, (100) and (101), the out-of-plane

orientation which would have given edge-on in-plane π − π stacking, (201), and the

angles between them.

a herringbone arrangement. In different nuclei of the new phase, the molecules may

twist in different directions causing a loss of texture as the new crystallites have different

orientations. The rapid nature of the phase transition (a complete disappearance of phase

I within 1 minute at 180○C) suggests that there are a large number of these nuclei, which

leads to a weak degree of texture. It was observed that the slower phase transition that

occurs at lower annealing temperatures leads to a greater degree of texture in the final

phase II (see SI).
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Finally, it was observed that the d-spacing of each peak in phase II BP decreases

during in-situ annealing and cooling. The peak position, width, and height of six peaks

were plotted as a function of heating and cooling time and temperature (see SI). There

is no clear trend in peak width or height, indicating that the crystallites do not grow or

becomemore numerous over a long period of time but instead that themicrostructure

is fixed within at most two minutes after the initial formation of phase II. However, the

d-spacing of each peak decreases by about 0.5 to 1% during the heating process which

occurs at a constant 180○C,which is unusual andmay be caused by annealing out defects.

The d-spacing continues to decrease when the heat stage is turned off and the sample

is cooled, because of thermal contraction. At about 63○C, the d-spacing decreases more

rapidly, suggesting that the thermal expansion coefficient is temperature dependent. This

behavior was observed for all of the peaks, as shown in the plots of normalized d-spacing

(see SI). Rough approximations of average thermal expansion coefficientswere calculated

to be 1.2x10−5 K−1 between 180○C and 63○C, and 3.4x10−4 K−1 below 63○C.

Growth of seeded films

Finally,we examined the question ofwhether the thermal conversion and phase tran-

sition behavior of BP depends on nucleation sites.We annealed a film of CPwhichwas on

top of an underlying layer of already annealed phase II BP and observed the differences

in crystallization behavior using in-situ 2-D GIWAXS compared to the behavior with-
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out an underlying BP layer. As with the other films, the temperature was ramped from

room temperature to final annealing temperatures of 160○C and 180○C (Fig. 2.8a and

b). Before annealing, the diffraction pattern was almost the same as that of CP without

an underlying layer as in Fig. 2.3a, because the incident X-ray angle is small such that

diffraction occurs from mostly the top layer (refer to SI for incident angle calculations).

During annealing, significantly intense diffraction peaks from phase II were observed

first, and peaks from phase I later appeared and then disappeared. As the phase I peaks

disappeared, the phase II peaks becamemore intense. This is similar to the behavior of

single layerfilms annealed at 160○C (Fig. 2.3e), but it appears thatwith an underlying layer,

amuch larger fraction of the top layer converted directly from CP to phase II BP. This

could be the result of a significant fraction of the top layer growing off of the underlying

phase II layer. This behavior could also have been the result of gaps starting to form in

the CP layer near the start of annealing but before conversion, allowing for diffraction

from the underlying phase II BP layer. However, TEM of phase I BP does not indicate

that there are gaps in the film, and so this seems unlikely.
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Figure 2.8: Line scans (2-DGIWAXS integratedoverpolar angle) during in-situ annealing

and cooling, for CP films with an underlying BP layer and (a) a final annealing tempera-

ture of 180○C, (b) a final annealing temperature of 160○C. The intensities are offset by the

amount of time that has passed since the start of annealing.

2.1.4 Conclusion

In-situ 2-DGIWAXShas been shown to be a particularlyuseful tool for characterizing

phase transitions in amaterial used for solution-processed organic solar cells, as it rapidly

yields information about the transformation behaviors, crystal structures, textures, and

crystallite sizes of the various phases during annealing. We have used this technique

to study the CP to BP conversion and the crystal-crystal phase I to phase II transition

in tetrabenzoporphyrin thin films, along with the use of GIWAXS simulation to study

texture and TEM to studymorphology. Emerging solid state detectors64 will enable faster
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detection thatwill allow for these kinds of structural changes to be observedwith a higher

time resolution.

The annealing temperature used and the presence of an underlying BP film both

affect the phase transition behavior. In samples annealed at 180○C without an underlying

film, all of the CP first converts to BP phase I before transitioning to phase II. In samples

annealed at 160○C without an underlying film, or annealed at 160○C or 180○C with an

underlying film, phase I and phase II are both present during much of the annealing time.

In the samples with an underlying film a significant fraction of the CP is converts directly

to phase II BP by growing off of the underlying layer.

2-D GIWAXS and electron diffraction data have yielded a preliminary unit cell for

themetastable phase I. Phase I potentially has different π − π stacking than phase II as

there is room in the unit cell for a non-herringbonemolecular arrangement, leading to

differences in charge transport. 2-D GIWAXS has also allowed us to find the thin film

crystal structure of phase II, slightly distorted from the previously found bulk crystal

structure due to confinement.

Phase I has strong out-of-plane texture and this texture is lost when it converts to

phase II, which is a surprising finding.We find that the crystallites in phase II have a dis-

tribution of orientations centered about the (100) and (101) out-of-plane orientations, and

for both of these, themolecules are oriented close to edge-on to the substrate. TEM shows

that phase I has diffuse grains while phase II has distinct and anisotropic grains with gaps
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in between grains. In-plane texture within individual grains is also noted in both phases.

Peak width analysis estimates the crystallite sizes in phase I to range between 19 and 33

nm, and reveals that these crystallites exhibit a small degree of paracrystalline disorder

in two non-in-plane directions. The crystallite sizes in phase II grow to approximately

44 nm.

Our characterization of the properties of polymorphic phases during the structural

transition of BP is critical because the differences in unit cell, π − π stacking, crystallite

orientation,morphology, and crystallite size all lead to differences in charge transport

and therefore electronic device performance.31 A wide variety of other soluble porphyrin

and phthalocyanine precursors with or without metal centers have also recently been

synthesized,36 and the crystallization behaviorof BPmaybeuseful in understanding these

similar molecules. More broadly, understanding polymorphism in organic compounds

is important in other fields, for example influencing the dissolution rate and efficacy of a

pharmaceutical.90 In-situ 2-DGIWAXS combinedwith simulation is a valuable technique

to understand transient behaviors in organic compounds such as these.

2.1.5 Supporting Information

Incident angles of 0.10○ and 0.12○were used for the 2-DGIWAXS sampleswith a single

20-25 nm layer of CP or BP on top of 35 nm of PEDOT:PSS and a Si substrate. These

angles were selected by taking short-exposure diffraction patterns at different incident
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angles and picking the ones that resulted in the best signal to noise ratio of diffraction

from BP to diffraction from Si. Snell’s law shows that for an incident angle of 0.12○ into

the BP, the X-rays are transmitted through the BP and PEDOT:PSS layers but undergo

total internal reflection at the PEDOT:PSS/Si interface, which improves the signal to

noise ratio.91 The refractive indices of each layer and the substrate were calculated using

the Center for X-Ray Optics website (Lawrence Berkeley National Laboratory, http:

//henke.lbl.gov/optical_constants/). The density of PEDOT:PSS used was 1.45

g/cm3.92

BP (C36H22N4) Density=1.374
Energy(eV), Delta, Beta
12700. 1.8450E-06 1.1963E-09

PEDOT:PSS (C14H11S2O5) Density=1.45
Energy(eV), Delta, Beta
12700. 1.9349E-06 6.7799E-09

Si Density=2.33
Energy(eV), Delta, Beta
12700. 3.0193E-06 2.8730E-08

90-asind(1*sind(90-0.12)/(1-1.8450E-6)) = 0.0478

90-asind((1-1.8450E-6)*sind(90-0.0478)/(1-1.9349E-6)) = 0.0412

90-asind((1-1.9349E-6)*sind(90-0.0412)/(1-3.0193E-6)) = 0 + 0.0736i

For the in-situ samples with a layer of CP on top of a layer of BP, the incident angle

of 0.08○ was selected by taking short-exposure diffraction patterns at different incident

angles and picking the greatest incident anglewhere no diffraction from BPwas observed.
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The electric fielddistributionwas plottedusing theXOPprogramwith the IMDextension

(Fig. 2.9), showing that at 0.08○, the evanescent wave of the electric field only penetrates

into the CP layer so that there can be no diffraction from the BP layer, while at higher

incident angles the electric field is non-zero in both layers.

Pole figures of BP phase II samples annealed at different temperatures were created

by stitching together the 2-D GIWAXS data from grazing incidence and from the Bragg

angle for the 200 peak79 (Fig. 2.10d). The pole figures show that there is a greater degree

of crystalline texture for samples annealed at lower temperatures.

Peak fitting was conducted on the pole figure of the 200 arc of the sample annealed

at 180○C (Fig. 2.11). The large peak centered on the qz axis corresponds to the (100) out-

of-plane orientation, and the small peak about halfway between the qz and qxy axes cor-

responds to the (101) out-of-plane orientation. Peak fitting was used to find the locations

and intensities of these peaks. SimDiffraction was used to simulate the intensity of the

200 peak assuming that the entire sample had the (100) out-of-plane orientation and then

the (101) out-of-plane orientation. The locations of the simulated peaks (χ = 46.78○ for

(101) out-of-plane, and χ = 90○ for (100) out-of-plane) closelymatched those of the exper-

imental peaks. The intensities of the simulated peaks were compared with the intensities

of the experimental peaks to find the ratio of BP in the film with the (101) out-of-plane

orientation to that with the (100) out-of-plane orientation. The ratio obtained was 1.05

to 1. It should be noted that this is an approximate number and is done simply to show
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the potential usefulness of themethod, because we have not taken into account factors

such as multiple scattering, beam divergence, surface roughness, and Lorentz and other

corrections which affect the peak intensities.

Figure 2.12 shows that the 2-D GIWAXS peaks of BP samples annealed on a hotplate

are similar to those of samples annealed in-situ during GIWAXS.

Figure 2.13 is just a larger version of Figure 4a of themain text.

Figure 2.14 shows the simulated 2-D GIWAXS peaks that are overlaid in Figures 4a

and 6 of themain text.

Figure 2.15 shows a table of observed andmodel BP phase I peaks with deviations in

d-spacing.

Figure 2.16 shows the fits to the equation B2
sample = B2

hkl + (q2π4g4)h4 to obtain Bhkl

and g for two sets of peaks in BP phase I.

Figure 2.17 shows how the d-spacing of each peak in phase II BP decreases during

in-situ annealing and cooling.

Figure 2.18 shows how the height and area of the broad amorphousCP peak decreases

linearly with time during in-situ heating at 180○C.

Finally, Figure 2.19 shows UV-Vis spectra of CP/BP films annealed at slightly lower

temperatures than in themain text, showing that a small variance in temperature causes

a large change in the kinetics of the phase transition.
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Figure 2.9: Calculated electric field in the Si/PEDOT:PSS/BP/CP stack during 2-D GI-

WAXS at three incidence angles 52
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Figure 2.14: Simulated 2-D GIWAXS of (a) BP phase I (010) parallel to the substrate, (b)

BP phase II (101) parallel to the substrate, (c) BP phase II (100) parallel to the substrate.
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Calculated - Actual GIWAXS

h k l qxy(Å^-1) qz(Å^-1) q(Å^-1) d(Å) qxy(Å^-1) qz(Å^-1) q(Å^-1) d(Å) angle(°) d(Å) % error in calculated d

0 1 0 0.000 0.228 0.228 27.500

1 0 0 0.447 0.000 0.447 14.050 0.435 0 0.435 14.444 150.8 14.4 -2.725

0 2 0 0.000 0.457 0.457 13.750 0 0.468 0.468 13.426 2.416

1 1 0 0.447 0.228 0.502 12.512 0.435 0.24 0.497 12.647 -1.067

1 2 0 0.447 0.457 0.639 9.827

0 3 0 0.000 0.685 0.685 9.167

1 3 0 0.447 0.685 0.818 7.677 0.435 0.695 0.820 7.663 0.183

2 0 0 0.894 0.000 0.894 7.025 0.87 0 0.870 7.222 150.8 7.21 -2.725

1 0 -1 0.898 0.000 0.898 7.000

0 4 0 0.000 0.914 0.914 6.875 0 0.917 0.917 6.852 0.337

2 1 0 0.894 0.228 0.923 6.807 0.87 0.24 0.902 6.962 -2.232

1 1 -1 0.898 0.228 0.926 6.784

2 0 -1 1.003 0.000 1.003 6.266

0 0 -1 1.003 0.000 1.003 6.265

2 2 0 0.894 0.457 1.004 6.256 0.87 0.468 0.988 6.360 -1.639

1 2 -1 0.898 0.457 1.007 6.238

1 4 0 0.447 0.914 1.017 6.175 0.435 0.917 1.015 6.191 -0.247

2 1 -1 1.003 0.228 1.028 6.110 1 0.24 1.028 6.110 0.002

0 1 -1 1.003 0.228 1.029 6.108 1 0.24 1.028 6.110 -0.027

2 2 -1 1.003 0.457 1.102 5.702

0 2 -1 1.003 0.457 1.102 5.701

2 3 0 0.894 0.685 1.127 5.576

1 3 -1 0.898 0.685 1.129 5.563

0 5 0 0.000 1.142 1.142 5.500

2 3 -1 1.003 0.685 1.215 5.173 1 0.695 1.218 5.159 0.266

0 3 -1 1.003 0.685 1.215 5.172 1 0.695 1.218 5.159 0.245

1 5 0 0.447 1.142 1.227 5.122

3 0 -1 1.267 0.000 1.267 4.960

2 4 0 0.894 0.914 1.279 4.914 0.87 0.917 1.264 4.971 -1.149

1 4 -1 0.898 0.914 1.281 4.905

3 1 -1 1.267 0.228 1.287 4.881 1.254 0.24 1.277 4.921 -0.820

3 0 0 1.342 0.000 1.342 4.683 1.31 0 1.310 4.796 150.8 4.8 -2.353

3 2 -1 1.267 0.457 1.347 4.665 1.254 0.468 1.338 4.694 -0.615

2 4 -1 1.003 0.914 1.357 4.631 1 0.917 1.357 4.631 0.008

0 4 -1 1.003 0.914 1.357 4.631 1 0.917 1.357 4.631 -0.009

3 1 0 1.342 0.228 1.361 4.617

0 6 0 0.000 1.371 1.371 4.583 0 1.37 1.370 4.586 -0.064

3 2 0 1.342 0.457 1.417 4.433

3 3 -1 1.267 0.685 1.440 4.362 1.254 0.695 1.434 4.382 -0.465

1 6 0 0.447 1.371 1.442 4.357

2 5 0 0.894 1.142 1.451 4.331 0.87 1.15 1.442 4.357 -0.609

1 5 -1 0.898 1.142 1.453 4.325

3 3 0 1.342 0.685 1.507 4.171

2 5 -1 1.003 1.142 1.520 4.134

0 5 -1 1.003 1.142 1.520 4.133

3 4 -1 1.267 0.914 1.562 4.022

0 7 0 0.000 1.599 1.599 3.929

3 4 0 1.342 0.914 1.623 3.871

2 6 0 0.894 1.371 1.637 3.839 0.87 1.38 1.631 3.852 -0.335

1 6 -1 0.898 1.371 1.639 3.835

1 7 0 0.447 1.599 1.661 3.783 0.435 1.603 1.661 3.783 0.017

2 6 -1 1.003 1.371 1.698 3.699 1 1.38 1.704 3.687 0.342

0 6 -1 1.003 1.371 1.699 3.699 1 1.38 1.704 3.687 0.331

3 5 -1 1.267 1.142 1.706 3.683

3 5 0 1.342 1.142 1.762 3.566

2 0 -2 1.795 0.000 1.795 3.500 1.81 0 1.810 3.471 64 3.47 0.825

2 1 -2 1.795 0.228 1.810 3.472

0 8 0 0.000 1.828 1.828 3.438

2 7 0 0.894 1.599 1.832 3.429

1 7 -1 0.898 1.599 1.834 3.426

3 0 -2 1.850 0.000 1.850 3.397

1 0 -2 1.850 0.000 1.850 3.396

2 2 -2 1.795 0.457 1.852 3.392 1.81 0.468 1.870 3.361 0.922

3 1 -2 1.850 0.228 1.864 3.371 1.86 0.24 1.875 3.350 0.615

1 1 -2 1.850 0.228 1.864 3.370 1.86 0.24 1.875 3.350 0.598

3 6 -1 1.267 1.371 1.867 3.366

1 8 0 0.447 1.828 1.882 3.339

2 7 -1 1.003 1.599 1.888 3.329

0 7 -1 1.003 1.599 1.888 3.328

3 2 -2 1.850 0.457 1.905 3.297

1 2 -2 1.850 0.457 1.906 3.297

3 6 0 1.342 1.371 1.918 3.276

2 3 -2 1.795 0.685 1.922 3.270

3 3 -2 1.850 0.685 1.973 3.185

1 3 -2 1.850 0.685 1.973 3.184

0 0 -2 2.006 0.000 2.006 3.132

2 4 -2 1.795 0.914 2.014 3.119 1.81 0.917 2.029 3.097 0.725

0 1 -2 2.006 0.228 2.019 3.112

2 8 0 0.894 1.828 2.035 3.088

1 8 -1 0.898 1.828 2.036 3.086

3 7 -1 1.267 1.599 2.040 3.080

0 9 0 0.000 2.056 2.056 3.056

0 2 -2 2.006 0.457 2.057 3.054

3 4 -2 1.850 0.914 2.063 3.045

1 4 -2 1.850 0.914 2.064 3.045

2 8 -1 1.003 1.828 2.085 3.014

0 8 -1 1.003 1.828 2.085 3.014

3 7 0 1.342 1.599 2.088 3.010

1 9 0 0.447 2.056 2.104 2.986 0.435 2.06 2.105 2.984 0.050

Calculated Experimental GIWAXS Experimental ED

Figure 2.15: Table of observed andmodel BP phase I peaks with deviations in d-spacing.
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Figure 2.16: Crystallite size contribution to peakwidth (Bhkl) of (a) the (110)-orderoff-axis

peaks and (b) the (020)-order out-of-plane peaks in BP phase I.

59



Chapter 2. Characterization of Polymorphs ofMolecular OPVMaterials

10.74

10.72

10.70

10.68

10.66

10.64

d 
(Å

-1
) 

of
 (

10
-1

) 
pe

ak

200018001600140012001000800600400
Heating/cooling time (s)

180 180 180 180 180 180 180 180 153 107 79 63 50 25
Temperature (°C)

8.90

8.85

8.80

d 
(Å

-1
) 

of
 (

10
1)

 p
ea

k

200018001600140012001000800600400
Heating/cooling time (s)

180 180 180 180 180 180 180 180 153 107 79 63 50 25
Temperature (°C)

7.75

7.70

7.65

7.60

7.55

d 
(Å

-1
) 

of
 (

00
2)

 p
ea

k

200018001600140012001000800600400
Heating/cooling time (s)

180 180 180 180 180 180 180 180 153 107 79 63 50 25
Temperature (°C)

6.21

6.20

6.19

6.18

d 
(Å

-1
) 

of
 (

20
0)

 p
ea

k

200018001600140012001000800600400
Heating/cooling time (s)

180 180 180 180 180 180 180 180 153 107 79 63 50 25
Temperature (°C)

3.71

3.70

3.69

3.68

3.67

3.66

3.65

d 
(Å

-1
) 

of
 (

11
3)

 p
ea

k

200018001600140012001000800600400
Heating/cooling time (s)

180 180 180 180 180 180 180 180 153 107 79 63 50 25
Temperature (°C)

(c) (d)

(e) (f)

(g)
3.09

3.08

3.07

3.06

3.05

3.04

d 
(Å

-1
) 

of
 (

11
4)

 p
ea

k

200018001600140012001000800600400
Heating/cooling time (s)

180 180 180 180 180 180 180 180 153 107 79 63 50 25
Temperature (°C)

(h)

1.025

1.020

1.015

1.010

1.005

1.000

F
ra

ct
io

n 
of

 d
-s

pa
ci

ng
 a

t R
T

180160140120100806040
Temperature (°C)

 (10-1) in plane
 (101) in plane
 (002) in plane
 (200) in plane
 (113) in plane
 (114) in plane

1.025

1.020

1.015

1.010

1.005

1.000

F
ra

ct
io

n 
of

 d
-s

pa
ci

ng
 a

t R
T

200018001600140012001000800600400
Heating/cooling time (s)

 (10-1) in plane
 (101) in plane
 (002) in plane
 (200) in plane
 (113) in plane
 (114) in plane

(a) (b)

Figure 2.17: Normalized d-spacing of six in-plane peaks in BP phase II as a function of

(a) temperature; (b) heating and cooling time; (c-h) d-spacing of six in-plane peaks in

BP phase II as a function of heating and cooling time and temperature.

60



Chapter 2. Characterization of Polymorphs ofMolecular OPVMaterials

6x10
4

4

2

0

C
P

 p
ea

k 
ar

ea
 (

co
un

ts
)

350300250200150100500
Time since start of anneal (s)

1.4x10
5

1.2

1.0

0.8

0.6

0.4

0.2

0.0

C
P

 peak height (counts)

 CP peak area
 CP peak height

Figure 2.18:Height and area of the broad amorphous CP peak over time during in-situ

heating of Si/PEDOT/CP at 180○C

61



Chapter 2. Characterization of Polymorphs ofMolecular OPVMaterials

0.5

0.4

0.3

0.2

0.1

0.0

A
b

so
rb

an
ce

 (
A

U
)

700600500400300
Wavelength (nm)

 as cast
 0.5 min
 1 min
 2 min
 4 min
 6 min
 10 min
 12 min

Figure 2.19: Absorption spectra of CP, BP phase I, and BP phase II with the same initial

thickness after various annealing times at temperatures estimated between 167○C and

173○C.

62



Chapter 2. Characterization of Polymorphs ofMolecular OPVMaterials

2.2 PCBNB

The thermotropic behavior of [6,6]-phenyl-C61-butyric acid n-butyl ester (PCBNB)

in powder and thin film form was investigated using X-ray diffraction and transmission

electron microscopy. Upon heating PCBNB powder above its glass transition tempera-

ture, an amorphous-to-crystalline transition (i.e., cold crystallization) and a subsequent

melting of these crystals were observed. A thin film of PCBNB was observed to order on

a simple hexagonal lattice (HEX) with the c axis preferentially oriented normal to film at

an annealing temperature of 180°C, but became disordered above 200°C, consistent with

the powder results. However when annealed at 160°C, the PCBNB thin film ordered on a

superlattice of theHEX as indicated both by electron diffraction and high-angle annular

dark field scanning TEM (HAADF-STEM) images. The formation of the HEX super-

lattice polymorph was independent of both solvent and substrate and could be formed

both on heating from the amorphous as cast state, or by cooling from theHEX structure

formed at a higher temperature. HAADF-STEM show that the superlattice corresponds

to a regular deficiency of PCBNB molecules on every fifth (1 1̄ 0 0) plane of the HEX

structure.
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2.2.1 Introduction

Organic electronic devices have great potential for low-cost, flexible electronics be-

cause of the ability to use simple solution-processing methods for deposition of thin

films.93 One important challenge is to fabricate organic photovoltaics (OPVs) that achieve

power-conversion efficiencies comparable to traditional inorganic photovoltaics.94–97 It

has been widely accepted that the performance of organic photovoltaics is related to

both molecular intrinsic electronic properties andmorphological features such as phase

separation and crystalline structure. Improved control of the interface between electron

donors and acceptors and achievement of higher crystallinity is believed to be beneficial

to improve power-conversion efficiency of OPVs.91,98

Fullerene derivatives are the most commonly employed electron acceptors in bulk

heterojunction (BHJ) OPVs. In particular, [6,6]-phenyl-C61-butyric acid methyl ester

(PCBM) has been widely investigated due to its solubility in common solvents and its

ability to phase separate into nanoscale domains for charge generation and extraction

with most conjugated polymers.99 Experiments have focused on themorphology of the

blend (i.e., donor and acceptor) and the relationship to device performance.67,68,94,100–103

Despite the significant progress on understanding themorphology of BHJs, less attention

has been paid to the intrinsic phase behavior of the fullerene derivatives. The correlation

between crystalline structure and electronic properties, for example carrier mobility, can

shed light on the way to achieve the best performance through optimization.104 In spite
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of recent computer simulations105–107 and experiments67,108–111 the behavior of crystalline

PCBM structure has not been fully resolved yet.

Previously, C60 fullerenemolecules have been shown to be ordered on a face-centered

cubic (fcc) lattice in powder and thin films at room temperature.112–114 However the pen-

dant group attached on C60 cage of PCBM induces a significant change in the phase

behavior observed for C60. The PCBM crystalline structure both in thin films and sin-

gle crystals depends significantly upon preparation method such as choice of solvent,

solvent evaporation rate, and annealing temperature.67,108,110,111 Recently, Verploegen et al.

investigated the temperature dependent growth mechanism of PCBM crystals in thin

films using grazing incidence X-ray scattering.67 The density of nucleation sites depends

upon annealing temperature and determines growth mechanism and crystal orientation.

In addition the PCBM crystalline structure in thin films and in single crystals upon

thermal annealing was investigated systematically by Zheng et al.110,111 They observed

that the PCBM undergoes both an amorphous-to-crystalline phase transition starting

from an as cast thin film (i.e., cold crystallization) and a crystalline-to-crystalline phase

transformation upon heating further.

The present study focuses on the phase behavior of [6,6]-phenyl-C61-butyric acid

n-butyl ester (PCBNB) in powder and thin film form upon thermal annealing. PCBNB is

structurally similar to PCBM but has a longer aliphatic tail (butyl vs. methyl) (Fig. 2.20).

The field effect mobility of PCBNB was reported to be an order ofmagnitude lower than
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that of PCBM.115 However, relative to PCBM, solubility of PCBNB in common solvents is

enhanced due to the longer aliphatic tail, resulting in the use of this fullerene derivative

as an acceptor in some OPVs.72–75,116 Interestingly, we observed that the small change

in the molecular structure leads to remarkable difference in the phase behavior from

PCBM including a decreasedmolecular mobility, a decrease in melting temperature, and

the presence of a stable superlattice phase. Since many BHJs are thermally annealed

in the temperature range where these PCBNB crystal polymorphs are observed, these

polymorphs and their formation are potentially of interest for OPV applications.

2.2.2 Experimental Section

[6,6]-phenyl-C61-butyric acid n-butyl ester (PCBNB, Fig. 2.20) was obtained from

Mitsubishi Chemical and used as received. Poly(styrene sulfonate) and poly(3,4-ethylene

dioxythiophene) (PEDOT:PSS, HC Starck) mixture in an aqueous solution was spin-

coated on a silicon wafer covered by a 100–150 nm thick SiO2 layer (Silicon Quest Inter-

national), then annealed at 150°C for 10min. PCBNB in either toluene, chlorobenzene,

or chloroform (ca. 12–15 mg/mL) was spin-coated on the PEDOT:PSS layer. Then the

thin film was annealed at the target temperature for more than 30min, followed by rapid

cooling to room temperature.
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Figure 2.20:Molecular structure of [6,6]-phenyl-C61-butyric acid n-butyl ester.

2.2.3 Results and Discussion

Soo-Hyung Choi in Prof. Ed Kramer’s group performed XRD on PCBNB powders

to identify the crystal structure of PCBNB below Tm. The Bragg peaks were indexed on

a primitive hexagonal lattice with lattice constants of a = 10.01 Åand c = 10.29 Å(i.e., c/a

= 1.028). The simple hexagonal lattice with a = 10.01 Åand c = 10.29 Åis intriguing.With

respect to the fullerene moiety, a simple hexagonal structure has been observed for a

fulleride solid (C60I4),117 and has been theoretically proposed as one of the possible crys-

talline structures for PCBM105 but not yet observed experimentally. However, this simple

hexagonal structure is not common in materials science, even though a few materials

have been reported as having this crystalline structure.118,119 Comparing to C60 fullerene

ordered onto an fcc lattice, these values indicate that the distance between PCBNB along

the a axis is interestingly slightly smaller thanC60 fullerene (= 10.08Å),111 and the pendant

group ofPCBNB is expected to be intercalated between (0 0 0 1) planes.This thermotropic
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behavior and crystalline structure of PCBNB powder provides a guideline to understand

the behavior of PCBNB in a thin film.

PCBNB thin films were annealed at target temperatures for at least 30min, and were

subsequently cooled rapidly to room temperature.We believe that the structural reorga-

nization of PCBNB is so slow that the structure does not change upon reasonably rapid

cooling. By referring to the powder DSC results, annealing temperatures for the thin

films were chosen as 160°C, 180°C and 200°C, and the resulting thin films will be referred

to as PCBNB 160, PCBNB 180, and PCBNB 200, respectively. XRD results show that the

PCBNB 160 and PCBNB 180 thin films have very similar structures. Bragg peaks are in-

dexed using a simple hexagonal lattice as observed for the powder sample (a = 10.01Åand

c = 10.29Å). Bragg peaks of (0 0 0 h) are obtained in out-of-planemeasurement, thatwere

not observed with powder XRDmeasurement. Therefore, PCBNB thin films prepared

by thermal annealing are highly oriented such that the c axis is nearly perpendicular to

the substrate.

Electron diffraction by Soo-Hyung shows that the PCBNB molecules become dis-

ordered at 200°C as indicated by the broad halo. DSC results on the PCBNB powder

show that melting takes place above 200°C at relatively fast heating rate (i.e., 10 °/min),

but themeasured value in DSC is affected by kinetics of themelting transition. The fact

that PCBNB 200 thin films are not crystalline after prolonged annealing and subsequent

quenching is reasonably consistent with DSC results on the PCBNB powder.
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However, it is surprising that PCBNB 160 thin films show a superlattice structure as

indicated by the ED pattern and a domain texture seen in the bright field image. Four

weaker diffraction peaks emerge between the strong diffraction peaks that appear in

the PCBNB 180 thin films. The superlattice has a structure that repeats every five (1 1̄

0 0) planes. The direction of the superlattice rows is parallel to [1 1 2̄ 0] and the angle

between two superlattice rows is 60°. This superlattice structure from PCBNB 160 was

not detected in the thin film XRDmeasurements mainly due to limited resolution of the

lab source X-ray system.

The superlattice structure has been observed for PCBNB thin films spin coated from

different solvents such as chloroform and chlorobenzene, and then annealed at 160°C

for more than 30min. In addition, this structure has been obtained from PCBNB thin

films spin coated both on PEDOT:PSS and on an SiO2 layer. Therefore, both solvent

and substrate do not affect the formation of the superlattice structure. In addition to

the thin film annealed at 160°C after spin casting, the superlattice structure was also

observed from the thin films prepared by spin casting, heating to 230°C for an hour and

annealed at 160°C for an hour. Therefore the superlattice structure is the equilibrium

PCBNB crystalline structure at 160°C.

In order to obtain more detail about the crystalline structure of PCBNB, high-angle

annular dark field scanning TEM (HAADF-STEM) was performed by Soo-Hyung on

PCBNB 160 and PCBNB 180 thin films. HAADF images are formed from electrons scat-
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tered with large scattering angles, resulting in images dominated by Z-contrast. Heavier

atoms scatter more electrons, leading to a brighter image in HAADF-STEM. Therefore,

brighter circles of about 1 nm diameter represent PCBNB C60 cages.[40] For PCBNB 180

thin films, PCBNB C60 cages are placed on a hexagonal lattice, consistent with the pre-

vious results. However, dark streaks were observed for the PCBNB 160 thin film, which

indicates a regular deficiency of PCBNB C60 cages in every fifth (1 1̄ 0 0) plane. Therefore,

this spatially regular deficiency in C60 cages is the origin of the superlattice structure.

Furthermore, we strongly suspect that a periodic preferential orientation of the pendant

butyl ester group induces the regular deficiency.

Fig. 2.21 displays 2D images of GIWAXS results obtained from PCBNB 160, PCBNB

180, and PCBNB 200 thin films. Consistent with TEM results, the PCBNB 200 thin film

(Fig. 2.21c) shows a disordered state, and the PCBNB 180 thin film (Fig. 2.21b) is ordered

onto a simple hexagonal lattice where the c axis is perpendicular to the substrate. The

peaks are reproduced and indexed as shown in Fig. 2.21d using the simple hexagonal

lattice with the lattice constant of a = 10.01 Åand c = 10.29 Å. Fig. 2.21a from the PCBNB

160 film displays weak peaks in the in-plane direction between stronger peaks, at the

same q values at those observed from the PCBNB 180 thin film. These weak peaks are

attributed to the superlattice structure of the PCBNB 160 thin film. It should be also

pointed out that the superlattice peaks are only observed along the in-plane direction.
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Figure 2.21: 2-D GIWAXS of (a) PCBNB 160, (b) PCBNB 180, and (c) PCBNB 200 thin

films. Bragg peaks shown in (c) are indexed using simple hexagonal lattice where c axis

is normal to the substrate.

Based on the ED patterns andHAADF images,we envision the superlattice structure

formed by PCBNB thin film annealed at 160°C illustrated in Fig. 2.22. Twenty PCBNB

molecules in simple hexagonal ordering with 5 C60 deficient sites provides a building

block (a’ = b’ = 50.05 Å), that is tiled to allow the texture shown in Figure 5(a). This
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structure explains that the angle between two superlattice rows is 60° as shown in Fig. 2.22

with red and green building blocks. Then the layer is stacked on top of the others with

c’ = 10.29 Å. Note that we do not claim that the open circles are empty, only that the

probability of occupancy of these sites by C60 cages considerably less than 1. These sites

may also contain a high concentration of butyl side chains.

Figure 2.22: Temperature dependent phase behavior of the PCBNB thin film. Dark

spheres representPCBNBmolecules, and blank ones indicate deficiency of themolecules.

2.2.4 Conclusion

In this work, the phase behavior of PCBNBmolecules in both powders and thin films

was investigated upon thermal annealing. Investigation of thermotropic behavior and

crystalline structure of PCBNB powder provides guidance to understand the thin film

72



Chapter 2. Characterization of Polymorphs ofMolecular OPVMaterials

behavior. In thin films the PCBNB molecules are ordered on simple hexagonal lattice

with the c axis perpendicular to the substrate when annealed at 180 ºC below melting

temperature. At the lower annealing temperature of 160°C superlattice formation with

a basis of simple hexagonal ordering was observed, resulting from regular deficiency of

PCBNBmolecule along everyfifth (1 1̄ 0 0) plane.These results are tentatively attributed to

the orientation of the pendant group that is preferentially oriented at 160°C, but randomly

oriented at 180°C due to higher thermal energy. However, other explanations cannot be

excluded, so further study is necessary. Here it should be pointed out that three more

methylene groups in the ester chain produce a significant difference in the phase behavior

with the comparison with that of PCBM.
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Chapter 3

Microstructure Control in Small
MoleculeOPVDevices with the Use of
Binder Polymers

3.1 Introduction

Organic photovoltaics (OPV) based on bulk heterojunctions (BHJ) have efficiencies

above 7%120,121 and can be processed from solution at potentially low cost.122 BHJs com-

prise a blend of an electron donor and an electron acceptor in a phase separatedmorphol-

ogy that provides a large interfacial area for photogeneration of electron-hole pairs.[4]

The highest performance OPVs currently comprise blends of semiconducting polymers

and fullerenes, such as [6,6]-phenyl-C61-butyric acidmethyl ester (PCBM).123 Despite

their performance in BHJs, semiconducting polymers often takemany complicated steps

to synthesize and may be difficult to purify.124,125 Replacing the polymer donor with a
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small molecule donor is attractive because small molecules have well definedmolecular

structures, exact molecular weights, and high purity.13,126

BHJ solar cells with efficiencies of 5.2% can bemade with blends of 29H,31H-tetra-

benzo[b,g,l,q]porphine, BP, and fullerene.70,72,75 Although BP is poorly soluble in organic

solvents, solution coating is enabled by a soluble precursor (1,4:8,11:15,18:22,25-tetra-

ethano-29H,31H-tetrabenzo[b,g,l,q]porphine, CP (Fig. 3.1a) that undergoes a series of

retro-DielsAlder reactions on heating to formBP.Themechanism bywhich this chemical

process allows formation of polycrystalline films is not well understood. BP is attractive

as a donor in OPVs because it has an absorption edge near 720 nm and its insolubility

allows it to be used in multilayered structures, for example to form an electron blocking

layer at the hole extracting electrode.

One of the barriers to the use of small molecules in BHJs is that they can be difficult

to process from solution over large areas. Commercial large area solution-processed

solar cells are likely to be fabricated by methods such as inkjet printing127 and slot or

blade coating128 where the control of the viscosity of dilute solutions of small molecules

is necessary.129,130 Onemethod to modify the viscosity of a solution of small molecules

is the addition of a polymeric binder that can be removed after deposition. While the

control over viscosity from a binder is beneficial, the challenge is that it cannot diminish

the electronic properties of the original materials after removal.
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Figure 3.1: (a) Chemical transformation of BP precursor (CP) to benzoporphyrin (BP)

during annealing; (b) standard BP OPV device; (c) TGA analysis of PC and CP; (d)

schematic of processing method used to form films of BP for morphology analysis.

In thiswork,we demonstrate amethod to fabricate solution-processed smallmolecule

solar cellswith the aid of a sacrificial thermally degradable binder,poly(propylene carbon-

ate) (PC).We examine themorphological changes in films of BP formedusing PCbinders

using a combination of grazing incidence x-ray scattering (GIWAXS) and scanning elec-

tronmicroscopy (SEM). These studies show that use of PC does not significantly degrade

the electronic properties of BP and also helps to form nanostructured film morphologies

beneficial to OPVs.

Poly(propylene carbonate) (PC) (Fig. 3.1c), derived from carbon dioxide and propy-

lene oxide, has attracted practical interest with respect to CO2 fixation and biodegrad-
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ability.131 The carbonate linkage in the backbone of PC results in a relatively low thermal

decomposition temperature (Td), potentially limiting its practical applications as a stan-

dalone material. However, this low Td , coupled with decomposition to volatile small

molecules, can be exploited in the design of processes involving sacrificial polymer tem-

plates.132,133

The incorporation of PC binder into the CP solution increases the viscosity of the

solution and improves processability for large area fabrication. To evaluate the range of

change in viscosity, solutions of small molecules with and without the PC binder were

prepared. The solution with the binder contained a 2.0wt% blend of CP and PC (0.6:1.4

weight ratio) in a chloroform:chlorobenzenemixture (1:2 weight ratio). To compare this

with the solution used tomake the BHJ layer in the literature, a solution of smallmolecules

was prepared comprising CP and a fullerene derivative instead of PC. At 25°C, the vis-

cosity of the control solution of small molecules, 0.8 cP, is not much greater than the

viscosity of the solvent mixture (about 0.7 cP). However, the viscosity of the solution

with the PC binder increases to 1.6 cP.While the increase in viscosity at these low loading

levels is modest, such changes are known to have significant impact on coating using

inkjet printing where solutions with viscosity in the range of 1-10 cP are desirable.130–135

The viscositymay be further increased if necessary for other printing methods, such as

screen printing, by using higher concentrations of the binder. In this initial study, we
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have chosen to work with the lower range of PC loading amenable to inkjet or gravure

printing.

3.2 Experimental section

To test the influence of the binder on electronic properties, we used the PC binder

to form simple films and photovoltaic devices in a modified version of the route that

has been used to fabricate OPV devices with BP. The best photovoltaic devices with

BP have been obtained using a p-i-n structure. In this nomenclature, p refers to an

electron-blocking layer of pure BP, i refers to a blend of BP:fullerene, and n refers to a

hole-blocking layer of pure fullerene. A BHJ photovoltaic cell with BP is made in amulti-

step process. First, the soluble precursor CP is spin-coated onto a glass/ITO/PEDOT:PSS

anode, then heated at 180°C to convert it to the highly insoluble, crystalline BP donor

with the release of ethylene (Fig. 3.1a) to create the p-layer. Then a blend of CP and

a soluble fullerene is spin-coated on top and thermally converted to create the i-layer.

This heating and conversion process does not cause the fullerene to react or degrade,

but does cause it to crystallize. Finally, the soluble fullerene is spin-coated on top to

create the n-layer, and an Al cathode was thermally evaporated (Figure 1b). Matsuo et

al. has demonstrated that photovoltaic cells formed with a BHJ of BP and SIMEF (1,4-

bis(dimethylphenylsilylmethyl[60]fullerene)with a 2,9-bis(naphthalen-2yl)-4,7-diphenyl-
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1,10-phenanthroline buffer layer between the n layer andAl electrode can achieve a power-

conversion efficiency of 5.2%.70 Here,wemodify this process by using a PC binder in the

coating of the CP precursor layers.

A critical aspect of the sacrificial polymer binder strategy is the effect of the PC binder

on themorphology of BP films. To assess this effect, the p-layer and the donor compo-

nent of the i-layer were fabricated through the CP:PC route. To make the p-layer, the

CP solution is first spin-coated on a glass/ITO/PEDOT:PSS substrate for devices (or a

Si/PEDOT:PSS substrate for morphological studies) and is thermally converted to the

donor BP at 180°C (Fig. 3.1d). In the second step, a homogeneous mixture of degrad-

able PC binder (0.25 wt%) and CP (0.75wt%) in a co-solvent of chloroform and either

chlorobenzene or 2-chloroethanol is spin-coated to form the CP:PC layer. The conversion

of CP to BP occurs at 180°C and is the same temperature that PC begins to decompose.

Complete removal of PC requires heating to 200°C. Therefore, the samples were heated

first to 180°C to convert the soluble CP precursor to insoluble BP, and then to 200°C to

remove residual PC binder, resulting in a nanostructured BP layer. The resulting struc-

ture is PEDOT:PSS/BP/BP′, where BP′ denotes a layer made through the CP:PC route.

The gaps in this film can be backfilled with a fullerene to form the i-layer. A second set

of samples was fabricated containing only the p-layer made through the CP:PC route to

investigate the effect of using the CP:PC route on top of PEDOT:PSS rather than BP as
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well. The procedure used was the same as that of the i-layer, but without the underlying

BP layer, resulting in a PEDOT:PSS/BP′ structure.

3.3 Results and discussion

Top-down view and cross-section SEM were used to observe the resulting morphol-

ogy and nanostructure of the films. Grazing incidence wide angle X-ray scattering (GI-

WAXS) with 2-dimensional detection was used to study the crystal structure and tex-

ture in the BP films. BP single crystals were previously found to have amonoclinic unit

cell and the P21/n space group.49 Through GIWAXS, it was found that fully annealed

PEDOT:PSS/BP/BP′ films formed by the CP:PC route as well as PEDOT:PSS/BP films

formed by the standard route have this same crystal structure (see S.I.). Significantly,

GIWAXS characterizationwas also performed on these films while annealing in situ (see

S.I.), and it was shown that the sacrificial binder does not affect the final crystal structure.

The texture of these films, i.e. the distribution of orientations of the crystallite domains,

was also examined. First, the texture of PEDOT:PSS/BP/BP′ films made through the

CP:PC route was compared to that of PEDOT:PSS/BP films made through the standard

route. The intensities of the diffraction peaks with respect to angle from the vertical axis

β in 2-D GIWAXS plots were nearly the same for both types of films (Fig. 3.2c and f)
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Figure 3.2: Sample A (PEDOT:PSS/BP), sample B (PEDOT:PSS/BP/BP′) and sample C

(PEDOT:PSS/BP′); scale bar in top view image is 1 µm; scale bar in cross-section is 200

nm; film thicknesses obtained by SEM are approximate. (a) top view SEM of sample A;

(b) cross-section SEM of sample A; (c) 2-D GIWAXS of sample A; (d) top view SEM of

sample B; (e) cross-section SEM of sample B; (f) 2-D GIWAXS of sample B; (g) top view

SEM of sample C; (h) cross-section of sample C; (i) 2-D GIWAXS of sample C.
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While it was shown that addition of the PC binder does not impact molecular scale

ordering in BP′ films, it does affect the large-scale morphology. The morphological in-

fluence of the PC binder on the PEDOT:PSS/BP/BP′ film is to create a textured nanos-

tructure that is appropriate for BHJ solar cells. Through SEM, it was found that the vast

majority of the surface consists of rectangular BP columns (ca. diameter of 50-100 nm

and height of 100-150 nm) (Fig. 3.2d and e). In contrast, a film of PEDOT:PSS/BP formed

by the standard route revealed two types of crystal shapes, consisting of large flat regions

in themajority and smaller vertical domains in theminority (Fig. 3.2a and b), with few

gaps in the film. Films of PEDOT:PSS/BP/BP also show a similar morphology, but with

a slightly more ordered and uniform packing of the grains (see S.I.). The difference in

morphology does not affect crystallographic texture as seen in GIWAXS; the texture is

a result of the orientation of crystallites, which may not depend on the possible gaps

between them. It is conjectured that the reason for the difference in morphology is that

during the annealing process for a neat BP film formed by the standard route, CP trans-

forms to BPwith 20%weight loss by releasing 4 equivalents of ethylene. In direct contrast,

CP:PC films undergo ca. 40% weight loss due to the additional presence of PC binder

and the released small moleculemixture consisting of ethylene, CO2 and acetone. The

weight loss of CP:PC films not only results in thinner films, but also disrupts and changes

themorphology of the BP crystals, resulting in the desired ordered polycrystalline BP′
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with nanoscale (50-100 nm) gaps between each crystallite.When the gaps between the

crystallites are filled with acceptor material, themorphology forms the BHJ i-layer.

We also examined the use of CP:PC solutions to form the p-layer of the photovoltaic

devices. PEDOT:PSS/BP′ films were not advantageous for the p-layer relative to films

formed without polycarbonate. They have a less desirable crystal texture due to a wider

range of crystallite orientations andmorphology due to gaps in the film to the underlying

PEDOT:PSS layer.After annealing, the integration of 2-DGIWAXS patterns of these films

over all β showed crystal structures for the BP′ in these films to be the same as that of the

previously mentioned films (see S.I.). However, the intensities of the diffraction peaks

with respect to β show that the texture is different (Fig. 3.2i and S.I.). In PEDOT:PSS/BP′

films, the (101) and (002) rings aremost intense on the qz axis of the figure (defined as β =

0°), indicating thatmost crystallite orientations have these planes parallel to the substrate.

In comparison, for PEDOT:PSS/BP and PEDOT:PSS/BP/BP′ films, these rings aremost

intense on the qxy axis, indicating that these planes are perpendicular to the substrate.

Because the (101) and (002) planes both contain the b-axis of the unit cell [010], a large

fraction of crystallites in the latter two films have the b-axis is oriented perpendicular

to the substrate. This texture is potentially beneficial for charge transport in solar cells

because it has been suggested that the b-axis of BP has better hole mobility than the a-

and c-axes due to π-π stacking.[23] Themorphology of PEDOT:PSS/BP′ films comprises

large rectangular columns of BP approximately 300 nm in width and 100 nm in height as
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shown in Fig. 3.2g and h. In addition to theGIWAXS data, this also suggests that the long

direction of the crystallites parallel to the surface is the b-axis. This may be beneficial

for charge transport in OFETs, but the films are currently too rough to produce OFETs.

Overall, the data show that for benzoporphyrin films made through the CP:PC route, the

morphology and crystal texture is affected by interactions with the substrate. The base

layer of PEDOT:PSS/BP in BP′ samples results in much better crystal coverage as well as

smaller crystals useful for BHJ devices.

Films utilizing the BHJ morphology created as a result of the PC binder can be used

to make effective solar cells that are compatible with large area fabrication methods.

OPVs made with PEDOT:PSS/BP/BP′ films through the CP:PC route were fabricated

and compared with devices made through the standard route (Table 3.1 and Fig. 3.3). To

test the hypothesis that fullerene can be added to the nanostructured BP′ layer to produce

an i-layer, PCBNB ([6,6]-phenyl-C61-butyric acid n-butyl ester) was spin-coated on top

of PEDOT:PSS/BP/BP′ samples and annealed, and finally thermal evaporation was used

to deposit an aluminum electrode, resulting in the p-i PEDOT:PSS/BP/BP′:PCBNB/Al

structure. In another set of devices, the BP′ layer was treated as an additional p-layer

and therefore a standard i-layer of CP:PCBNB was spin coated on top and thermally

converted, and finally aluminumwas deposited, resulting in the p-i PEDOT:PSS /BP /BP′

/BP:PCBNB /Al structure. Samples spun from two different co-solvent blends were also

tested. These two types of devices were compared to the standard p-i and p-i-n control
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BP-based solar cells,made by starting with PEDOT:PSS/BP followed by spin-coating an

i-layer of CP:PCBNB on top and thermally converting, optionally spin-coating an n-layer

of PCBNB, and depositing aluminum.

Type Structure Route Voc[V] Jsc[mA/cm²] FF PCE[%]

p-i BP/BP′:PCBNB CP:PC[a] 0.57 4.33 0.46 1.12

p-i BP/BP′:PCBNB CP:PC[b] 0.54 5.15 0.48 1.35

p-i BP/BP′/BP:PCBNB CP:PC[a] 0.60 4.67 0.42 1.19

p-i BP/BP′/BP:PCBNB CP:PC[b] 0.55 5.12 0.51 1.43

p-i BP/BP:PCBNB Standard 0.58 5.48 0.49 1.54

p-i-n BP/BP:PCBNB/PCBNB Standard 0.41 5.45 0.60 1.34

Table 3.1: Device parameters of solar cells made through the CP:PC and standard routes

(average of five devices each). (a) The CP:PC solution was prepared with 2:1 by volume

of chloroform:2-chloroethanol; (b) The CP:PC solution was prepared with 2:1 by volume

of chlorobenzene:chloroform.

The efficiencies (1.35%) of p-i devices where BP′:PCBNB was the i-layer were only

slightly below those of the p-i control devices made by the standard route (1.54%). By

approximating the behavior of these devices with the Hecht expression,136 it was deter-

mined that they had similar mobility-lifetime (µτ) products of 5.5 × 10−10 cm2/V and
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Figure 3.3: (a) BP OPV device made through the CP:PC route; (b) J-V curve of device

type PEDOT:PSS/BP/BP′/BP:PCBNB/Al (chlorobenzene:chloroform) in Table 1, tested

under 1 sun and AM 1.5. J-V curves of other devices are in Fig. 3.6.

5.0 × 10−10 cm2/V respectively suggesting similar electronic properties in both cases. De-

vices in which CP:PC was spun from chlorobenzene:chloroform (CB:CL) weremore effi-

cient than devices in which CP:PC was spun from chloroform:2-chloroethanol (CL:CE).

However, themorphology of the two observed by SEMwas similar (see S.I.). These results

demonstrate that the CP:PC route can be used to make OPV devices without sacrificing

efficiency. Besides viscosity control, another advantage of using this route to create an

i-layer is increased flexibility when adding the fullerene derivative or other acceptor. It

does not require the acceptor to be annealed, increasing the potential range of solvents for

the acceptor, and causes the BHJ feature size to be independent of the choice of acceptor.
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Similar morphologies can be formed with different acceptors simplifying the evaluation

of newmaterials. The efficiency is sensitive to the solvent used for casting.

The strategy of treating BP′ as an additional p-layer and adding a standard i-layer

of BP:PCBNB to form a PEDOT:PSS/BP/BP′/BP:PCBNB/Al device was also examined.

These devices had similar efficiency (1.43%) to PEDOT:PSS/BP/BP′:PCBNB/Al devices

where BP′:PCBNB was the i-layer (1.35%). Through SEM, it was found that these devices

exhibited a BHJ that contained both a larger and a smaller feature size (about 100 nm

from BP′ and 20 nm from BP:PCBNB). Themorphology consists of smaller columnar

nanostructures due to the BP:PCBNB, on top of larger rectangular crystallites due to

the BP′ (see S.I.). Interestingly, when an n-layer consisting of PCBNB is added to the

control p-i devices to form p-i-n devices, the efficiency actually goes down (1.54% to

1.34%). Because the total device thickness remains the same and the short circuit current

remains the same, this difference is duemainly to the difference in the open circuit voltage,

Voc. Examination of the dark current shows that these devices have larger forward bias

currents than the others causing a reduction in Voc. The origin of the differences likely

lies in the energetic line-up at the aluminum electrode, but cannot be resolved from the

studies here.

It is important to note that the insulating PC binder could easily diminish device

efficiency and hole transport properties if it did not completely degrade. However, the Jsc

of devices made by the CP:PC route reached 5.1 mA/cm2, which is comparable to the Jsc
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of devices made by the standard route. This observation suggests that after the annealing

process and deposition of the fullerene that there is no residue from the PC binder in the

BP′ film to impede charge carrier generation.

3.4 Conclusion

In conclusion, this work has shown that a thermally degradable binder strategy in

processing solar cells based on small molecule donors and fullerene acceptors results

in improved process control without sacrificing efficiency. A poly(propylene carbonate)

binder allowed control of the solution viscosity without harming optoelectronic perfor-

mance. Significantly the use of PC does not change the crystal structure or texturing of

benzoporphyrin relative to the neat benzoporphyrin film, but it does result in increased

nanoscale texturing and surface area that is desirable for subsequent deposition of a

fullerene-based acceptor. Besides controlling viscosity, another advantage of using a de-

composable binder such as PC to form a BHJ is increased flexibility in the choice and

processing of the acceptor. One drawback of this method is that it currently requires an

underlying BP layer fabricated from a lower viscosity solution, to alleviate roughness and

gaps in the film. But the use of other decomposable polymers such as poly(acetaldehyde)

and the optimization of polymer:BP phase separation could eliminate this requirement.

Most importantly, photovoltaic devices with this BHJ exhibit comparable performance
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to the previously usedmethod of simplymixing the BP and PCBNB suggesting that the

decomposable binder does not degrade photovoltaic power conversion efficiency.

3.5 Supporting Information

Solution Preparation:

CP (1,4:8,11:15,18:22,25-tetraethano-29H,31H-tetrabenzo[b,g,l,q]porphine, i.e. bicy-

cloporphyrin) and PCBNB ([6,6]-phenyl-C61-butyric acid n-butyl ester) were obtained

fromMitsubishiChemical. PC (poly(propylene carbonate))was obtained fromNovomer.

TGA was conducted on the PC and BP precursor. Solutions of 7 mg/mL CP in a co-

solvent of 2:1 chlorobenzene:chloroform, as well as 2:1 chloroform:2-chloroethanol, were

prepared. Solutions of 7.5 mg/mL CP and 2.5 mg/mL PC in both of these co-solvents

were also prepared. Solutions of 6 mg/mL CP and 14 mg/mL PCBNB in 1:1 chloroben-

zene:chloroform were prepared. Finally, solutions of 12 mg/mL PCBNB in toluene were

prepared. Viscositymeasurements were conducted with an RE-80L viscometer (TOKI

SANGYO CO., LTD.)

Film Preparation: Glass/ITO (indium tin oxide) and Si substrates were sonicated in

acetone, soap and DI water, DI water, and isopropanol for 20minutes each. PEDOT:PSS

(poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), brandname Clevios PH)was

obtained fromH.C. Starck and spin coated onto glass/ITO substrates at 4500 rpm to form
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films about 40 nm thick. CP films (about 20 nm thick from chlorobenzene:chloroform

and about 40 nm thick from chloroform:chloroethanol)were spin-coated in a glovebox at

1500 rpm speed onto Si and glass/ITO/PEDOT:PSS substrates. The films were annealed

in a glovebox for 20minutes at 180°C to thermally decompose the CP to BP (29H,31H-

tetrabenzo[b,g,l,q]porphin, i.e. benzoporphyrin). CP:PCBNB films about 110 nm thick

were spin-coated at 1500 rpm speed and annealed for 20minutes at 180°C. CP:PC films

about 130 nm thick were spin-coated at 1500 rpm speed and 500 acceleration and an-

nealed for 20minutes at 180°C, then for 20minutes at 200°C, to transform CP to BP′ and

thermally decompose the PC without residue. PCBNB films were spin-coated at 1500 or

3000 rpm speed and dried for 10minutes at 65°C.

Device Fabrication and Testing: On the glass/ITO/PEDOT:PSS/active layer samples,

the PEDOT:PSS and active layerwere scraped off on one side to allowAl to deposit on the

ITO electrode. 90 nm of Alwas thermally evaporated using amask, creating 5 top contact

pixels and a bottom contact to the ITO. The devices were placed in a solar simulator in a

glovebox and tested under 1 sun and in the dark to obtain J-V curves.

Sample Characterization: Film thicknesses weremeasured by profilometry. Absorp-

tion spectroscopy was conducted on samples with glass substrates at various annealing

times. Top-down and cross-section SEM were conducted on samples with Si substrates

using an FEI XL30 Sirion FEG microscope. 2-D grazing incidence wide angle X-ray

scattering (GIWAXS) on the 11-3 beamline at the Stanford Synchrotron Radiation Light-
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source (SSRL) was conducted on samples with Si substrates. TheWxDiff program and

the GIXD Analysis Routine for Igor Pro were used to analyze GIWAXS data.

Figure 3.4: Control samplemade through the standard route (PEDOT:PSS/BP/BP) (a)

SEM top view; (b) SEM cross-section.
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Figure 3.5: UV/Vis absorption spectra of the progression from CP to BP on glass sub-

strates after different annealing times at 180°C.
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Figure 3.6: J-V curves of the devices in Table 3.1. (a) PEDOT:PSS /BP /BP′:PCBNB /

Al (CL:CE); (b) PEDOT:PSS /BP /BP′:PCBNB /Al (CB:CL); (c) PEDOT:PSS /BP /BP′

/BP:PCBNB /Al (CL:CE); (d) PEDOT:PSS /BP /BP′ /BP:PCBNB /Al (CB:CL); (e) PE-

DOT:PSS /BP /BP:PCBNB /Al; (f) PEDOT:PSS /BP /BP:PCBNB /PCBNB /Al.
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Figure 3.7: (a) SEM top view of sample PEDOT:PSS/BP/BP′/BP:PCBNB before Al

contact deposition and with PCBNB removed by toluene rinse; (b) SEM top view

of sample PEDOT:PSS/BP/BP′ spin-coated from 2:1 CB:CL; (c) SEM top view of

sample PEDOT:PSS/BP′ spin-coated from 2:1 CB:CL; (d) SEM top view of sample

PEDOT:PSS/BP/BP′ spin-coated from 2:1 CB:CL.
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Figure 3.8: Integration of 2-D GIWAXS figures in Fig. 3.2 (c), (f), and (i) over all β to

yield intensity vs. q. The peak positions are all the same and the intensities are nearly the

same,which shows that these films all adopt the same structure.Comparisonwith known

diffraction data shows that this is themonoclinic, P21/n structure reported previously.
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Figure 3.9: (a) GIWAXS plots of a film made through the CP:PC route during in-situ

annealing at 180°C, progressing from Si/BP/CP:PC to Si/BP/BP′. (b) GIWAXS plots of a

film made through the standard route during in-situ annealing, progressing from Si/CP

to Si/BP. From top to bottom: as cast, after 2 minutes, after 4 minutes, after 6 minutes,

after cooling. The very sharp peaks near q = 2 Å−1 are due to the Si substrate and parasitic

scattering. These data show that both routes produce films with the same end structure.

96



Chapter 3. Microstructure Control in Small MoleculeOPVDevices with the Use of Binder
Polymers

Figure 3.10: Integration of the (002) rings of the 2-D GIWAXS figures in Fig. 3.2 (c), (f),

and (i) over q to yield intensity vs. β. Here qz is at 0° and qxy is at +/- 90°.
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Chapter 4

Controlling Interface and Charge
Transfer States in Small MoleculeOPV
with Pure Domains

Charge transfer (CT) states at the interface of the donor and acceptor play a crucial role

in photocurrent generation and recombination in organic solar cells. In this work,we use

external quantum efficiency (EQE) measurements to non-destructively characterize CT

states in small molecule solar cells composed of the donor BP and the acceptor PCBNB.

By varying annealing temperature and the donor-acceptor ratio,we control the columnar

morphology and interfacial area between the donor and acceptor.We demonstrate that

the height of the CT peak in EQE spectra can be used to approximate interfacial area.We

observe that the height of the CT peak in EQE spectra varies over an order ofmagnitude

with processing, while the energy of the CT peak remains relatively constant despite

differences in the interface at the molecular level. The Urbach energy of the CT peak

is slightly lower for samples with more interfacial area suggesting that in these samples
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there is less disorder. With the assumption that the sub-bandgap IQE is similar to the

above-bandgap IQE we calculate the oscillator strength of a CT state. Finally, using a

model of Förster resonance energy transfer between chromophores within our active

layer films, we calculate bounds for the components of EQE and for the exciton binding

energy.

4.1 Introduction

Organicphotovoltaics (OPVs) are a technology for renewable energy thathave rapidly

increased in efficiency in the past few years. A continuing challenge for improving effi-

ciency is the need to better understand themorphological and electronic properties of

these devices, especially in a way that is low-cost and non-destructive. Charge transfer

(CT) states at the interface of the donor and acceptor play a crucial role in photocurrent

generation and recombination in these devices, and need to be better understood. In

this work we use external quantum efficiency (EQE) measurements to non-destructively

characterize CT states, and we quantify the impact of processing on CT state density

and donor-acceptor interfacial area. The charge transfer peaks of the EQE spectra show

much greater changes with sample preparation than themain absorption peaks, which

is helpful in characterization and optimization of OPVs.
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Charge transfer (CT) states in organic solar cells are electronic energy states inwhich

a hole in the donor material and an electron in the acceptor material have overlapping

wave functions and are bound to each other. They are an intermediate state between

the generation of Frenkel excitons in the donor or acceptor and migration to a donor-

acceptor interface on one hand, and separation into free charges in the donor and the

acceptor on the other. The formation and separation of CT states is a crucial step in

charge generation, during which recombination may occur. But CT states can also be

generated directly by absorbing light which has an energy lower than the band gaps of

both the donor and acceptor, and we observe the current extracted from these states in

EQE spectra at sub-gandgap energies.

CT states have been studied extensively in the literature. There are two main interpre-

tations of the shape of the sub-bandgapEQE andabsorption. One is that theGaussian-like

shape of the sub-bandgap EQE can be explained by electron-phonon interactions (the

Franck-Condon principle) with the peak of the curve centered at the zero-phonon CT

state energy plus the coupling or reorganizational energy. Marcus theory allows one to fit

EQE curves to obtain physical parameters such as the CT state energy, reorganizational

energy, and a factor which combines internal quantum efficiency (IQE), CT state density,

and the CT absorption cross section.137,138 Sub-bandgap EQE and electroluminescence

measurements have been used to study the dark saturation current and the losses in

Voc due to radiative and non-radiative recombination.139,140 The fits resulting from this
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interpretation generally only fit well at photon energies below the sub-bandgap EQE

peak.

The other interpretation is that the disorder in the film, characterized by exponential

tails in the density of states of the acceptor below its LUMO and of the donor above its

HOMO, dominates over electron-phonon interactions.141 In this interpretation, the shape

below the CT state energy is an exponentialUrbach tail. The EQE andCT state absorption

above and below the CT state energy can be modeled by an integral over the density

of states of the donor and acceptor, multiplied by the matrix element and interfacial

volume. A disordered dispersive transport model also fits transient photocurrent data.

We examine both interpretations of the EQE shape using our data.

Finally, an empiricalfitof the EQE composedof the sumof an exponential fordisorder

and three Gaussians for the absorption of the CT state and for the donor and acceptor

seems to fit most of the EQE curve well in a P3HT:PCBM system, suggesting that it is

likely that both coupling and disorder are significant.142 While this is a good fit to the

EQE down to a certain energy, a comparison to EQE data of the same system at lower

energies suggests that this fit predicts an EQE that is too high at lower energies.138,141

Unlike typical polymer-fullerene bulk heterojunctions that are composed ofmixed

domains aswell as pure domains of donor and acceptor,we study a small molecule system

with only pure domains of donor and acceptor. The donor is insoluble once annealed,

so the acceptor is rinsed off to view the interfacial area with atomic force microscopy
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(AFM), grazing-incidence small-angle X-ray scattering (GISAXS), and cross-sectional

scanning electron microscopy (SEM). This lets us verify that the interfacial area and CT

state density,measured by the EQE CT peak, are correlated. By varying the annealing

temperature and donor-acceptor ratio, we easily control both the amount of interfacial

area and the CT state density.

The donor material we use is the insoluble semiconducting small molecule tetraben-

zoporphyrin (BP), which is thermally converted from the soluble precursor bicyclopor-

phyrin (CP).49,50 BP has been used to make solution processed organic solar cells with

power conversion efficiencies (PCE) up to 5.2%.70 The insolubility of the BP once it is

annealed has allowed for the use of a multilayered device structure, with an electron-

blocking layer of pure BP, a heterojunction layer of BP and fullerene derivative, and a

hole-blocking layer of pure fullerene derivative. This stack has a more ideal morphol-

ogy33 than a single layer bulk heterojunction, as the heterojunction layer is composed

of column-like structures of BP and fullerene, allowing for more continuous pathways

between the interface and the electrodes while retaining a large interfacial area (Fig. 4.1).

While controlling themorphology of a pure BP layer using different annealing tempera-

tures has been studied,71 no similar work has been done on controlling themorphology

of the heterojunction layer. Previously, we have explored the use of thermally degradable

polymers to increase solution viscosity and improve processability of BP devices,74 as
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well as the changes in molecular ordering that take place during the thermal conversion

between themetastable phase I and the stable phase II of BP.143

(a) (b)

PCBNB

PEDOT:PSS

BP

PCBNB

PEDOT:PSS

BP
BP

(c)

BHJ

PEDOT:PSS

Figure 4.1: Device structures of solar cells: (a) BP/PCBNB rough bilayer, (b)

BP/BP:PCBNB columnar heterojunction with pure domains, (c) typical polymer-

fullerene bulk heterojunction with pure andmixed domains.

We further analyze CT states in our system by calculating above-bandgap IQE as

a function of energy, from the EQE, absorption spectroscopy, thickness measurements,

and a transfer matrix optical model. Absorption spectroscopy is not sensitive enough to

measure sub-bandgap photon energies, so we can assume that the efficiency of exciton

migration to an interface is near 1, so that the sub-bandgap IQE in each sample is almost

the same as the above-bandgap IQE, which has been observed to be the case in other

work.141 This lets us calculate the CT state density and the oscillator strength of a CT state.

Finally, we attempt to calculate the exciton migration efficiency by using kineticMonte-

Carlo algorithms to simulate Förster resonance energy transfer between chromophores

within our active layer films, letting us calculate amore accurate sub-bandgap IQE and
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thus CT state density and oscillator strength. The low oscillator strength of CT states

compared toFrenkel excitons, aswell as their lowerdensity, contribute to the sub-bandgap

EQE being several orders ofmagnitude less than the above-bandgap EQE.

4.2 Experimental section

CP (1,4:8,11:15,18:22,25-tetraethano-29H,31H-tetrabenzo[b,g,l,q]porphine) powder

was obtained fromMitsubishi Chemical. PCBNB ([6,6]-phenyl-C61-butyric acid n-butyl

ester) powder was obtained from Solenne. The following solutions were fabricated: 7 and

14 mg/mL of CP in a 2:1 volume ratio of chorobenzene:chloroform, 20mg/mL of PCBNB

in 1:1 chorobenzene:chloroform, and CP:PCBNB blends with a total concentration of 20

mg/mL in 1:1 chlorobenzene:chloroform and 10 wt%, 20 wt%, 30 wt%, and 40 wt% CP.

ITO (indium tin oxide) substrates were used for electrical testing, AFM, and reflectance

of solar cells, and silicon substrates were used for SEM and GISAXS. Substrates were

cleaned by sonication in deionized water and Alconox detergent for 20 minutes, then

deionized water for 20minutes, then acetone for 20minutes, and finally isopropanol for

20minutes.

The substrates were then cleaned with air plasma to enable better wetting of PE-

DOT:PSS. PEDOT:PSS (poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)) (brand

name: Clevios P VP AI4083) was filtered with a 0.45 µm PVDF filter and spin coated at
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4000 rpm onto clean substrates to form the 35 nm anode and annealed on a hot plate

at 150°C for 20minutes. The samples were transferred to a nitrogen glovebox and pure

CP solution was spin coated at 1500 rpm and annealed at 180°C for 20minutes. This con-

verts the CP to the BP (29H,31H-tetrabenzo[b,g,l,q]porphyrin) electron blocking bottom

layer. Then for the acceptor or columnar heterojunction top layer, PCBNB solution or

a CP:PCBNB blend was spin coated at 1500 rpm and annealed at either 200°C for 20

minutes, or at 150°C for 4 hours. All solutions in chlorinated solvents were filtered with

0.45 µm PTFE filters directly onto the samples. For solar cell samples, on one edge of

each sample, the organic layers were removed to expose the ITO and 80 nm of Al was

deposited with a thermal evaporator and a patternedmask to form the cathode.

For GIWAXS, GISAXS, AFM, and SEM, some of the samples were first immersed

in toluene for about 1 minute to dissolve and remove the PCBNB but not the insoluble

BP. 2-D GIWAXS was performed at beamline 11-3 of the Stanford Synchrotron Radia-

tion Lightsource at the SLAC National Accelerator Laboratory and analyzed with the

wxdiff software. A photon energy of 12.7 keV, a detector distance of 400 mm, and an

incidence angle of 0.12° was used. 2-D GISAXS was performed at beamline 7.3.3 of the

Advanced Light Source at Lawrence BerkeleyNational Laboratory and analyzedwith the

Nika software.144 A photon energy of 10 keV, a detector distance of 4000 mm, and an

incidence angle of 0.14° was used. AFM was performedwith an AsylumMFP-3D system.

Cross-sectional SEM was performed with an FEI XL30 Sirion FEG system.
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The current density-voltage curves of the solar cells were measured using a 300W

xenon arc lamp to closelymatch the AM 1.5 solar spectrum. EQE was measured using

the same lamp and amonochromator with about a 10 nm wavelength width. Measuring

EQE with low noise for a large dynamic range was accomplished through using a lock-in

technique, a reference photodiode to compensate for light intensity fluctuations over time,

and through changing amplifier sensitivities. The 300W xenon arc lamp was connected

to a chopper synchronized with two lock-in amplifiers. The light from the chopper went

into amonochromator and was then split between the sample and the reference silicon

photodiode. The currents from the sample and the reference each were connected to a

transimpedance preamplifier and then to a lock-in amplifier. The sample preamplifier

was set to a higher sensitivity at wavelengths where low device currents were expected.

The photon flux for each incident wavelength was measured by using calibrated Si and

InGaAs photodiodes as samples.

UV-Vis reflectance spectroscopy was performed on the solar cells with a Perkins

Elmer Lambda 750 spectrometer with an integrating sphere to obtain the fraction of

incident light absorbed by each solar cell, since all of the incident light is either absorbed

or reflected. IQEwas calculated by dividing themeasured EQE by the fraction of light ab-

sorbed by the device. IQE’ was calculated by dividing themeasured EQE by the fraction

of light absorbed by the active layers (the pure BP layer and the PCBNB or heterojunc-

tion layer). This fraction was found following themethod of Burkhard et al.22 We took
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themeasured fraction of incident light absorbed by the solar cell, which includes active

layer absorption and parasitic absorption by the electrodes, and subtracted the parasitic

absorption, which was calculated using transfer matrixmodel software23 from the real

and imaginary indices of refraction of each layer from literature and the approximate

thickness of each layer in the solar cells.

4.3 Results and discussion

4.3.1 Physical characterization

The BP/BP:PCBNB samples were soaked in toluene to remove the PCBNB but not

the insoluble BP.We show that this process removes all the PCBNB by comparing 2-D

GIWAXS diffraction patterns of the samples before and after soaking (see SI). Before soak-

ing, diffraction from both crystalline phases are seen, and after soaking, the diffraction

from crystalline PCBNB is no longer present while diffraction from BP is unchanged.

Cross-sectional SEM on the samples with PCBNB removed show that in the films

with 30 wt% BP in the heterojunction layer, BP forms column-like structures about 20

nm inwidth (Fig. 4.2), similar to themorphology observed in the literature.70 In the films

with a pure PCBNB layer (0 wt% BP), amuch flatter morphology is observed. It is clear

that larger interfacial areas results in more intense CT peaks. AFM on the samples with

PCBNB removed shows the same behavior, and also shows that the samples annealed at
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150°C have more interfacial area than those annealed at 200°C (Fig. 4.3). The nominal

surface areas of the AFM scans correlate with the CT peak intensities, but the resolution

attained by AFM is not sufficient to capture true interfacial areas and there a relatively

small variation in measured interfacial area, compared to over an order ofmagnitude in

CT peak intensity (Table 4.3).

(a) (b)

Figure 4.2: Cross-sectional SEMimages of BP/BP:PCBNB sampleswithPCBNB removed:

(a) 0 wt% BP annealed at 200°C, (b) 30 wt% BP annealed at 200°C.

2-DGISAXS on the samples with PCBNB removed show that the 30 wt% BP samples

have an in-plane peak somewhere along the Yoneda peak (Fig. 4.4). The peak centers are

at a d-spacing of about 20 nm, corresponding to the width of the BP columnar domains.

In general, samples which have larger interfacial areas as observed byAFM and SEM also

have a higher intensity in-plane peak, which is expected. In some cases it is possible to

obtain absolute or relative surface area measurements with small-angle scattering, but
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(a) (b) (c)

(d) (e) (f)

Figure 4.3: 10µm and 2µmAFMimages of BP/BP:PCBNB sampleswithPCBNB removed:

(a,d) 0 wt% BP annealed at 200°C, (b,e) 30 wt% BP annealed at 200°C, (c,f) 30 wt% BP

annealed at 150°C.

this is not the case for our data. For example, the Porod equation cannot be used because

the samples are not isotropic; we find that Porod exponent is about 3.3 instead of 4.0 in

the case of isotropic samples.
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Figure 4.4: Line scan along qxy on the Yoneda peak of BP/BP:PCBNB samples with

PCBNB removed (counts produced by integrating 2-D GISAXS at qz between 0.040 and

0.044 Å−1).

4.3.2 Electrical characterization

Device characterization shows that PCE and Jsc increase with the amount of BP in

the heterojunction layer, up to 30 wt% BP, and then decrease (Fig. 4.5 and Table 4.1). For

the 0 wt% and 10 wt% samples, the PCE and Jsc are higher for devices annealed at 200°C,

while for the 20 wt%, 30 wt%, and 40 wt% devices, these parameters are higher for devices

annealed at 150°C. (Note that slightly higher PCEs were obtained in another batch with

only 0 wt% and 30 wt% samples.) These data are for a 14mg/mL bottom BP layer; no clear

trend was found when comparing 7 mg/mL and 14 mg/mL bottom layers. The fill factors
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of all the devices were about the same, which is important for analyzing EQE because

this means that EQE should not vary with bias too differently for each sample.
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Figure 4.5: Light (solid lines) and dark (dashed lines) current density-voltage curves of

BP/BP:PCBNB solar cells with varied wt% of BP in the BP:PCBNB layer: (a) BP:PCBNB

layer annealed at 150°C for4 hours, (b)BP:PCBNB layer annealed at 200°C for 20minutes.
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Device Voc [V] Jsc [mA/cm²] FF PCE [%]

0% BP 150°C 0.65 4.72 0.46 1.42

0% BP 200°C 0.60 4.28 0.37 0.95

10% BP 150°C 0.70 4.26 0.41 1.22

10% BP 200°C 0.61 4.73 0.65 1.87

20% BP 150°C 0.65 7.21 0.59 2.77

20% BP 200°C 0.70 5.92 0.54 2.23

30% BP 150°C 0.64 8.18 0.63 3.29

30% BP 200°C 0.67 6.48 0.52 2.26

40% BP 150°C 0.61 7.68 0.60 2.79

40% BP 200°C 0.52 6.12 0.58 1.86

Table 4.1: Device parameters of BP/BP:PCBNB solar cells with varied annealing temper-

ature and wt% of BP in the BP:PCBNB layer.

The dark current of each device was fit with the following diode equation145 using

orthogonal regression,where J0 is the dark saturation current, q is the elementary charge,

n is the ideality factor, k is the Boltzmann constant, T is the absolute temperature, Rse is

the dark series resistance, and Rsh is the dark shunt resistance:
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Jd(V) = J0 [exp(
q(V − Jd(V)Rse)

nkT
) − 1] + V

Rsh
(4.1)

This equation fits all of the dark current curves very well. The fitting coefficients are

shown in Table 4.2.

Device Rsh Rse J0 n Jd(Voc)

[Ω cm2] [Ω cm2] [mA/cm²] [mA/cm²]

0% BP 150°C 4.28 × 104 9.21 1.91 × 10−4 2.88 1.23

0% BP 200°C 2.21 × 1011 38.88 2.46 × 10−5 2.25 0.62

10% BP 150°C 1.45 × 104 10.50 1.41 × 10−5 2.54 0.70

10% BP 200°C 1.67 × 104 7.59 3.30 × 10−5 2.05 2.69

20% BP 150°C 8.70 × 105 6.72 6.07 × 10−6 1.90 3.11

20% BP 200°C 8.26 × 104 8.76 9.16 × 10−6 2.24 1.68

30% BP 150°C 1.67 × 104 5.65 1.28 × 10−5 1.95 3.47

30% BP 200°C 6.29 × 104 9.32 7.62 × 10−6 2.07 1.83

40% BP 150°C 7.59 × 105 6.62 5.97 × 10−6 1.79 2.60

40% BP 200°C 2.15 × 104 5.67 5.73 × 10−5 1.89 2.46

Table 4.2: Fitting coefficients of the dark current of the BP/BP:PCBNB solar cells to the

diode equation, and experimental Jd at Voc.
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Typically an equation for Voc is derived by saying that at Voc, Jd is equal to the pho-

tocurrent Jph, which is assumed to be independent of applied voltage and equal to Jsc.

However, this is not the case, as Jd(Voc) ≠ Jsc (Table 4.2). Since Eq. (4.1) is a transcen-

dental equation for V , in order to solve for Voc we state this equation at V = Voc in

terms of the Lambert W function and use the following approximation: for large real x,

W0(x) ≈ ln(x) − ln(ln(x)).We also ignore the negligible -1 term and assume Rsh > Rse

and Jd(Voc) > J0, which lets us simplify to obtain:

Voc =
nkT

q
ln( Jd(Voc)

J0
) (4.2)

From this equation, which predicts the actual Voc very accurately, we can see that the

differences in Voc between the samples are due to differences in n, J0, and Jd(Voc), and

that changes in Rsh and Rse do not affect Voc.

The above-bandgap EQE plot (Fig. 4.6a) contain three peaks: one at 3.6 eV (340 nm)

corresponding to the absorption of the PCBNB, and two at 2.6 eV (480 nm) and 1.8 eV

(690 nm) corresponding to the absorption of the BP. The BP peak at 1.8 eV is composed

of three humps, also seen in the absorption of pure BP.143 In the log EQE plot (Fig. 4.6b),

the EQE from the absorption of the two components starts to drop off at 1.75-1.80 eV,

and a broad CT peak is clearly visible at 1.1 to 1.5 eV. PCBNB absorbs almost identically

to PCBM, and in EQE studies involving P3HT and PCBM there is always a bump at 1.75

from the absorption of PCBM.142 In our case this bump is difficult to see in the EQE
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because the bandgap absorption peak of BP and PCBNB are very close in energy. But

from UV-vis absorption of BP and PCBNB separately (see SI), we find that the BP peak

is at 1.80 eV and the small PCBNB peak is at 1.75 eV.

There is a much greater difference in sub-bandgap EQE (EQECT) between sample

types than there is in above-bandgap EQE (EQEbg), as the CT peak heights vary by over

an order ofmagnitude (Fig. 4.7 and Table 4.3). Both of these EQEs follow the same trend

as the PCE and Jsc , increasingwith the amount of BP in the heterojunction layer. The one

difference is that EQECT continues to increase going from 30 to 40 wt% BP annealed

at 150°C, while EQEbg and Jsc drop slightly. This may indicate that there is a greater

interfacial area at 40 wt% BP, but poorer charge collection.

From UV-vis reflectance spectroscopy, the fraction of incident light absorbed by each

solar celldoes not varymuchwith sample type (Fig. 4.8a). The absorption of sub-bandgap

light is not shown because the measurement is not sensitive enough. The IQE of the

devices (Fig. 4.8b) is calculated from the EQE and from the total absorption, and is

relativelyflatbut the presence ofpeaks is thought to be due to constructive anddestructive

interference depending on wavelength and the thickness of each layer of the devices.We

also attempted to calculate the IQE’ using only the calculated absorption of the active

layer (see SI) which was obtained through transfer matrix calculations. The IQE’ is not

as flat as might be expected, due to the simplifying assumptions in the transfer matrix
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Figure 4.6: EQE of BP/BP:PCBNB solar cells: (a) versus wavelength, (b) on a log scale

versus photon energy.
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Figure 4.7: EQE of BP/BP:PCBNB solar cells, normalized to the 0% BP 150°C cell.

calculations, namely that BP/BP:PCBNB is treated as one layer and that each layer is

homogeneous and perfectly flat.
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Figure 4.8: Parameters of BP/BP:PCBNB solar cells: a) total fraction of incident light

absorbed by device, b) IQE from total absorption.
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Device EQEbg EQECT AFM area

0% BP 150°C 1.00 1.00 -

0% BP 200°C 1.27 2.03 1.03

10% BP 150°C 0.99 1.07 -

10% BP 200°C 1.13 1.84 -

20% BP 150°C 1.39 6.16 -

20% BP 200°C 1.13 2.74 -

30% BP 150°C 1.49 9.25 1.42

30% BP 200°C 1.16 4.39 1.12

40% BP 150°C 1.33 12.60 -

40% BP 200°C 1.02 4.27 -

Table 4.3: EQE values of BP/BP:PCBNB solar cells at 1.8 eV (EQEbg) and at 1.2 eV

(EQECT), normalized to the 0% BP 150°C cell, and interfacial areas calculated from 2 µm

AFM scans of the cells with PCBNB removed, normalized to the area of a flat interface.

4.3.3 Fitting EQE to models

The EQE of a solar cell is a function of incident energy E depends on the IQE and the

fraction of incident photons that are absorbed by the device or active layer A. The IQE is

the product of the efficiency of exciton migration to a donor-acceptor interface EM, the
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charge separation efficiency CS which includes formation of the CT state and dissocia-

tion into the charge separated state, and the charge collection efficiency CC. EM is by

definition 1 for CT absorption but otherwise does not vary with energy. A recent study

has found that the IQE is approximately constant with energy for various material sys-

tems including polymer-fullerene, polymer-polymer and all-small-molecule, suggesting

that EM is close to 1 at all energies.146

EQE(E) = A(E) IQE(E) (4.3)

= A(E) EM CS(E) CC (4.4)

The probability of absorption A can be calculated using a transfer matrix function of

the complex indices of refraction of each layer in the device as a function of energy and

the thickness of each layer in the device.22 In the case of CT absorption which is low and

not affectedmuch by the non-active layers, A can be approximated as the product of the

density of CT states in the active layer NCT , twice the thickness of the active layer d, and

the absorption cross section of a CT state σCT .

EQECT(E) = [NCT2dσCT(E)] IQECT (4.5)

Severalmodels are used to fit and analyze EQECT ,with some representative fits shown

in the SI.The disorder/densityof statesmodeldevelopedby Street et al.141 includes an expo-
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nential Urbach tail below the zero-phononCT state energy ECT and a parabolic*1/energy

curvewell above this energy, from the assumption of parabolic bands. E0 is the inverse of

the slope of the Urbach tail, CP is a fitting coefficient combining several terms, and CPσ is

a coefficient proportional to the absorption cross section.We plot these two components

as separate fits. This model fits most of the sub-bandgap energies well, but does not fit

the part of the curve near 1.2 eV.

EQEUrbach(E) = exp(
E − ECT

E0
)EQEUrbach(ECT) (4.6)

EQEParabolic(E) =
CP

E
(E − ECT)2 (4.7)

CP = NCT2dCPσ IQECT (4.8)

The Marcus theory model developed by Vandewal et al.138 is a Gaussian*1/energy

curve centered at the zero-phonon CT state energy plus the coupling or reorganizational

energy Eλ. CM is a combined fitting coefficient, and CMσ is a coefficient proportional to

the absorption cross section. This model fits the sub-bandgap energies well but does not

extend to energies as high as the disorder model does.

EQEMarcus(E) =
CM

E
√
4πkTEλ

exp(−(E − ECT − Eλ)2
4kTEλ

) (4.9)

CM = NCT2dCMσ IQECT (4.10)
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Finally, the empiricalmodel developed byPresselt et al.142 is the sumof an exponential

for disorder and threeGaussians for the absorption of the CT state and for the donor and

acceptor. Since the donor and acceptor have very similar band gaps in our case, we use

one Gaussian for both. This model fits the entire curve quite well from low energies up

to energies above the absorption of the donor and acceptor, but this is expected because

there aremore terms in the equation.

EQEEmpirical(E) = Cbg exp
⎛
⎝
−
(E − Ebg)2

b2
bg

⎞
⎠

+CCT exp(−
(E − ECT)2

b2
CT

) + exp(E − Edisorder

bdisorder
) (4.11)

The zero-phonon CT state energies ECT resulting from both the disorder and the

Marcus fits do not change significantly with samplemorphology, ranging from 1.11 to 1.17

eV (Table 4.4). This is surprising because if the molecules at the interface are oriented

in the way that GIWAXS indicates, then there should be significant differences in the

orientation of donor and acceptor molecules with respect to another with varying inter-

facial area. Different crystal surfaces would be expected to face each other depending on

whether a PCBNB crystallite is adjacent to the top or the side of a BP crystallite. One ex-

planation may be that themolecules at the interface are not part of crystallites but rather

are amorphous. As each model can only fit a limited range of energies, the energy range

used slightly affects the reported CT state energy. In the disorder model this varies by +/-
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0.04 eV and in theMarcus model it varies by +/- 0.02 eV. Bothmodels predict similar CT

state energies for each sample. TheMarcus model also predicts similar reorganizational

energies Eλ for each sample ranging from 0.30 eV to 0.39 eV. In the empirical model, the

CT stateGaussian is centered at 1.47 eV, similar to the sumof the zero-phononCT energy

and the reorganizational energy, and the primary absorption Gaussian is centered at 1.78

eV.

Despite the small differences in ECT (0.06 eV spread) in the different samples, the

Voc of these samples does differ significantly, with a spread of 0.18 V. There is no trend

observed between ECT/q and Voc, in contrast to literature where a linear relationship

with a slope of 1 was observed.147 However, an equation in more recent literature138 in-

dicates that other parameters also affect Voc, namely temperature, Jsc, CM , Eλ, and the

electroluminescence quantum efficiency EQEEL.We derive a similar equation but with

the inclusion of the ideality factor by starting with the following equation:

J0 =
2πqCM

h3c2EQEEL
(ECT − Eλ) exp(

−ECT

kT
) (4.12)

and combining with Eq. (4.2) to obtain:

Voc =
nECT

q
+ nkT

q
lnEQEEL +

nkT
q

ln( Jd(Voc)h3c2

2πqCM(ECT − Eλ)
) (4.13)

Although we did not see a trend between ECT/q and Voc, we do observe a strong

trend between Voc and nECT/q with a slope of 3.9 (a large change in nECT/q causes a
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Marcus Urbach Parabolic

Device ECT [eV] Eλ [eV] CM [eV2] ECT [eV] E0 [eV] ECT [eV]CP [eV−1]

0% BP 150°C 1.13 0.39 0.2 × 10−3 1.17 6.7 × 10−2 1.16 0.7 × 10−2

0% BP 200°C 1.11 0.38 0.3 × 10−3 1.13 4.9 × 10−2 1.13 0.9 × 10−2

10% BP 150°C 1.13 0.39 0.2 × 10−3 1.16 5.9 × 10−2 1.16 0.7 × 10−2

10% BP 200°C 1.12 0.38 0.3 × 10−3 1.14 5.2 × 10−2 1.15 1.0 × 10−2

20% BP 150°C 1.17 0.30 0.9 × 10−3 1.13 4.3 × 10−2 1.14 3.5 × 10−2

20% BP 200°C 1.15 0.35 0.4 × 10−3 1.15 4.9 × 10−2 1.15 1.7 × 10−2

30% BP 150°C 1.16 0.32 1.4 × 10−3 1.13 4.3 × 10−2 1.13 4.9 × 10−2

30% BP 200°C 1.16 0.34 0.7 × 10−3 1.15 4.5 × 10−2 1.14 2.7 × 10−2

40% BP 150°C 1.14 0.33 1.6 × 10−3 1.12 4.3 × 10−2 1.12 5.2 × 10−2

40% BP 200°C 1.16 0.34 0.7 × 10−3 1.15 4.4 × 10−2 1.15 2.7 × 10−2

Table 4.4: EQE fit parameters of BP/BP:PCBNB solar cells using several different models.

small change in Voc). In our samples temperature is constant and the only piece of data

we are missing is EQEEL. This lets us obtain a calculated EQEEL for each sample from

Eq. (4.13), which range from 5 × 10−13 to 1 × 10−10 but do not follow any particular trend

with Voc . These numbers are several orders ofmagnitude smaller than measured EQEEL

in the literature.138 When this same analysis was done neglecting the ideality factor, we
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obtained EQEEL ranging from 3 × 10−8 to 3 × 10−5, which is on the same order as the

literature.

In the disorder model, the slope 1/E0 of the Urbach edge is associated with the slope

of the exponential density of states in the band gap of the donor and acceptor. This slope

does vary with sample morphology, and appears to be slightly steeper in samples with

greater interfacial areas. This suggests that in these samples there is less disorder and

fewer deep trap states. E0 is similar to other OPV systems and ranges from 43-67 meV,

compared to about 38meV for P3HT:PCBM at room temperature141 and 35-69 meV in a

study of small molecule solar cells.148

The parameter that changes themost with sample processing is the height of the sub-

bandgap EQE, which is associated with the term CM in the Marcus theory model and

the term CP in the parabolic portion of the disorder model. As discussed previously, the

height closely tracks the approximate interfacial area fromAFM. The numbers for CM we

obtain here are similar to those of a few polymers in the literature at room temperature,

but about an order ofmagnitude higher than that of P3HT:PCBM.138

We can now form a more complete picture of the energy transitions that occur in

BP:PCBNB solar cells (from the point of view of theMarcus model) (Fig. 4.9). The op-

tical band gap of BP and PCBNB are 1.74 eV and 1.67 eV respectively, from fitting the

absorption spectra onsets. These band gaps determine the initial energies of the excitons.

During charge transfer at a donor-acceptor interface, if the charge transfer excitons relax
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to the lowest CT state instead of undergoing “hot” exciton dissocation, they decrease in

energy to ECT , about 1.15 eV. Charge transfer excitons can also be formed by direct excita-

tion at energies centered at ECT + Eλ, about 1.5 eV. After charge separation, the energy of

the separated charges depends on the difference between theHOMO of BP (4.9 eV) and

the LUMO of PCBNB (4.0 eV)75 which is the same as that of PCBM. This difference is

about 0.9 eV. Finally the charges are collected at the electrodes with a small energy loss

to obtain Voc, which is 0.64 eV in the highest efficiency sample.

eVoc

0.64 eV

E BP*
1.74 eV

PCBNB*
1.67 eV

ECT

1.15 eV BP+ + PCBNB-

(HOMOBP-LUMOPCBNB)

0.9 eV

ECT + Eλ

1.4 eV

Figure 4.9: Energy levels of the BP:PCBNB solar cell.

4.3.4 Density and oscillator strength of CT states

From the heights of the CT peaks in the EQE and Eq. (4.10), we calculate the density

of CT states and an average oscillator strength of the CT state in the BP:PCBNB system.

Several assumptions are required: first we assume that the IQECT of each sample is equal

to its above-bandgap IQE. This was recently found to be approximately the case for

125



Chapter 4. Controlling Interface and Charge Transfer States in Small Molecule OPV with
Pure Domains

two polymer-fullerene BHJ systems.146 For IQECT we take the average of IQE from 320

to 675 nm. EM and the CT state formation efficiency component of CS are assumed

to be 1 at energies both above and below the band gap, and CMσ is assumed to be a

constant in this system. Finally,one additional piece of data is needed.We assume that the

interfacial area from AFM of the 0% BP 200C sample (which is smoothest and therefore

the determination of surface area by AFM is likely themost accurate on this sample) is

the actual interfacial area of that sample.

Using the definition of CM in the Marcus model in Eq. (4.10) and the number of

CT states per unit interfacial area (calculated from the known crystal structures of BP49

and PCBNB,149 we use the number of BP molecules per unit interfacial area, as BP has

the lower areal molecular density) we find that CMσ = 3.85 × 10−18 eV2 cm2. This lets us

calculate NCT for each sample (Table 4.5). Note that the number of CT states per unit

interfacial area varies depending on the face of the BP unit cell that is closest to the

PCBNB unit cell, so the average is taken. More informative than the CT state volume

densityNCT is the CT state area densityNCTd,which correlateswith the EQE peak height

and varies over half an order ofmagnitude with sample processing. This confirms that

simple sub-bandgap EQEmeasurements are a good non-destructivemeasure of the CT

state density.

We then use CMσ to calculate the absorption cross section of a CT state from theMar-

cusmodel σCTMarcus . The oscillator strength of a CT state f is then calculated by integrating
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Device IQECT d [nm] NCT [cm−3] NCTd [cm−2]

0% BP 150°C 0.44 85 0.7 × 1019 0.6 × 1014

0% BP 200°C 0.47 83 0.9 × 1019 0.7 × 1014

10% BP 150°C 0.46 72 0.8 × 1019 0.6 × 1014

10% BP 200°C 0.46 98 0.8 × 1019 0.8 × 1014

20% BP 150°C 0.65 122 1.5 × 1019 1.8 × 1014

20% BP 200°C 0.54 98 1.1 × 1019 1.1 × 1014

30% BP 150°C 0.68 131 2.0 × 1019 2.6 × 1014

30% BP 200°C 0.55 115 1.5 × 1019 1.7 × 1014

40% BP 150°C 0.59 125 2.7 × 1019 3.4 × 1014

40% BP 200°C 0.52 112 1.6 × 1019 1.8 × 1014

Table 4.5: IQECT , total active layer thickness (pure BP layer plus mixed layer), CT state

density, and CT state areal density of BP:PCBNB solar cells. The pure BP layer thickness

by itself is approximately 42.8 nm.

the absorption cross section over its energy band.150,151 Here h is the Planck constant, me

is themass of the electron, ε0 is the vacuum permittivity, and c is the speed of light.We

obtain fCT = 0.024.
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σCTParabolic(E) =
CPσ

E
(E − ECT)2 (4.14)

σCTMarcus(E) =
CMσ

E
√
4πkTEλ

exp(−(E − ECT − Eλ)2
4kTEλ

) (4.15)

f = 4meε0c
hq2 ∫

E
σ(E)dE (4.16)

The oscillator strength of the CT state is about an order ofmagnitude smaller than

that of BP, which is fD = 0.32. The latter was obtained by integrating the absorption cross

section of a pure BP layer σD in the lowest energy absorption band, 1.6 eV to 2.3 eV in

Eq. (4.16). σD was obtained from the decadic absorbance aD, thickness d, and density of

BP chromophores ND:

σD(E) =
2.303aD(E)

NDd
(4.17)

4.3.5 Simulation of exciton diffusion

Instead of assuming that the IQECT of each sample is equal to its above-bandgap

IQE, we now calculate upper and lower bounds for the exciton migration efficiency EM

and charge collection efficiency CC. Based on these bounds and results from a kinetic

Monte-Carlo simulation of exciton diffusion in a bilayer,we estimate an exciton diffusion

length for both the BP and PCBNB. Unlike the previous section, we do not use the AFM

interfacial area. However we do need to assume that the charge separation efficiency CS

= 1.
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The efficiency of a solar cell is determined by the efficiencies of exciton collection,

charge separation, and charge collection.We begin by assuming assumingEQE is given by

Eq. (4.4) so IQE(E) = EMCS(E)CC.Using themeasuredEQE and IQE,we can estimate

the values of EM and CC for the donor and acceptor phases as well as approximate the

exciton diffusion lengths of thematerials and the number of charge transfer states at the

interfaces.

We can use the donor and acceptor regions in the IQE to define upper and lower

bounds on the values of EM and CC (donor and acceptor are designated by subscripts

D and A). The probability of charge separation, CS, is assumed to be 1, and so IQE is

independent of photon energy. The upper bound of the exciton collection efficiency is

EM ≤ 1, so the lower bound on CC is given by CCD ≥ IQED and CCA ≥ IQEA. If we

assume that CC is the same for charges generated from excitations on the donor and on

the acceptor, then CC ≥max(IQED , IQEA). Now we define l to match the subscript of

the larger value of IQE and s to match the subscript of the smaller value of IQE. Then the

upper bound on EMl is still 1, but the upper bound on EMs is now IQEs/min(CC) and

min(CC) will be IQEl .

The other bounds can be determined similarly, assuming that CC ≤ 1. Then EMD ≥

IQED and EMA ≥ IQEA.

To summarize:

IQEl ≤ CC ≤ 1 (4.18)
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IQEl ≤ EMl ≤ 1 (4.19)

IQEs ≤ EMs ≤
IQEs

IQEl
(4.20)
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Figure 4.10: PCE versus normalized CT peak height and upper and lower bounds on CC,

EMBP and EMPCBNB versus normalized CT. Themarkers show data for each sample and

the solid lines show a best fit curve to guide the eye.

From these equations, we can estimate values for upper and lower bounds on CC,

EMD, and EMA in our samples by taking the average value of IQE for the regions of donor

and acceptor absorbance (from 475 to 700nm forBP and from 325 to 425 nm forPCBNB).
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In all samples, IQEl = IQED and IQEs = IQEA. A plot of these efficiencies derived from

IQE versus the normalized height of the CT peak (Fig. 4.10) shows increasing lower

bounds on efficiencies with increasing CT peak height. This trend roughly tracks the

increases in PCE for the samples up until the two samples with the highest CT peaks.

Using this informationwe can also put upper and lowerbounds onACT fromEq. (4.4)

which we could not determine exactly from experiment.

EQECT(s1) = ACT(s1)IQECT(s1) (4.21)

= ACT(s1)EM(s1)CC(s1). (4.22)

We know that EM(s1) should be 1 for CT states so the equation becomes

EQECT(s1) = ACT(s1)CC(s1). (4.23)

And we can use the upper and lower bounds of CC to set the bounds on ACT

EQECT(s1) ≤ ACT(s1) ≤
EQECT(s1)
IQEl(s1)

. (4.24)

So for s1 = 0% BP 200°C, ACT(s1) is between 1 × 10−4 and 2 × 10−4 and for s2 = 30%

BP 200°C, ACT(s2) is between 4 × 10−4 and 6 × 10−4.Which means the upper and lower

bounds on the ratio of ACT is given by

IQEl(s2)
EQECT(s1)
EQECT(s2)

≤ ACT(s1)
ACT(s2)

≤ 1
IQEl(s1)

EQECT(s1)
EQECT(s2)

(4.25)
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Then for s2 and s1, 2 ≤ ACT(s1)
ACT(s2) ≤ 8 (EQE ratio at ECT alone gives 4.6).

Additional measurements could allow for a more accurate determination of ACT

(PDS, surface area1) or EM (fluorescence quenching). Based on our measurements of

SA by AFM, NCT changes by ∼ 40% while the ratio of EQEs at the CT energy change

by nearly an order of magnitude (Table 4.3). The maximum possible increase in CC

(which is bounded by 100% efficiency) is not large enough to account for the increase

in EQE, which suggests that our measurement of surface area by AFM does not give an

accurate estimate in the actual molecular interfacial areawhere CT states form, especially

for samples with rougher interfaces.

We also estimate the exciton diffusion length of bothmaterials using a kineticMonte-

Carlo simulation of exciton diffusion. Exciton diffusion is treated as Förster resonance

energy transfer between chromophores within our active layer films and we are able to

simulate the exciton diffusion length and the efficiency of exciton migration to the inter-

face.We compare simulated results for a bilayer to the device data from the 0% BP 200°C

because it is the closest to a true bilayer (RMS roughness byAFM is 3.5 nm). The films are

treated as square lattices of BP or PCBNB with the appropriate chromophore densities

(giving square lattice unit cell parameters of a = 0.84 nm and 1.04 nm, respectively).We

assume a square lattice will give no more than a 20% error in LD because it is known
1Attempts at photothermal deflection spectroscopy failed because the technique is not sensitive enough

to measure the absorption of the CT state of our samples and determinations of surface area by atomic
forcemicroscopy and small angle X-ray scattering did not provide accurate estimates of the intermolecular
interfaces.
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Figure 4.11: Exciton migration efficiency as a function of exciton diffusion length LD. The

markers show the simulated efficiency ofmigration of excitons to the bilayer interface

for the BP and PCBNB layers in the bilayer device. The solid lines are best fit lines to the

simulated data. The dashed lines show the upper and lower bounds of EM and LD for

BP and PCBNB.

analytically that the difference in LD between a square lattice and randomly distributed

chromophores of the same number density is only 20%.152

Based on the upper and lower bounds of EM for the flattest sample (0% BP 200°C)

and the simulated EM (Fig. 4.11), the exciton diffusion length of BP in our polycrystalline

samples is between 40 and 380 nm (EM between 0.40 and 0.95) and the exciton diffusion

length of amorphous PCBNB is between 23 and 60 nm (EM between 0.23 and 0.58). The

rangewe determined for LD of BP compares favorably with the published literature value
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of 100 to 400 nm (for different directions in the lattice plane of single crystals of BP)

calculated by DFT.153

4.4 Conclusion

In this work, we have examined CT states at interfaces between the small molecule

donorBP andacceptorPCBNB.By varying annealing temperature and the donor-acceptor

ratio in themixed layer, we have been able to control the columnar morphology and in-

terfacial area between the donor and acceptor. We demonstrate that the height of the

CT peak in EQE spectra can be used as a non-destructive method for approximating

interfacial area. We have observed that the height of this peak varies over an order of

magnitude with processing, while the energy of the CT peak remains relatively constant

despite differences in the interface at themolecular level. The Urbach energy of the CT

peak is slightly lower for samples with more interfacial area suggesting that in these sam-

ples there is less disorder.With the assumption that the sub-bandgap IQE is similar to the

above-bandgap IQE we calculated the oscillator strength of a CT state. Finally, using a

simulation of Förster resonance energy transfer between chromophores within our active

layer films, we have calculated bounds for the components of EQE and for the exciton

binding energy.

134



Chapter 4. Controlling Interface and Charge Transfer States in Small Molecule OPV with
Pure Domains

4.5 Supporting Information

135



Chapter 4. Controlling Interface and Charge Transfer States in Small Molecule OPV with
Pure Domains

2.5

2.0

1.5

1.0

0.5

0.0

q z
 (

Å
-1

)

2.52.01.51.00.50.0

qxy (Å
-1

)

(a)

2.5

2.0

1.5

1.0

0.5

0.0

q z
 (

Å
-1

)

2.52.01.51.00.50.0

qxy (Å
-1

)

(b)

2.5

2.0

1.5

1.0

0.5

0.0

q z
 (

Å
-1

)

2.52.01.51.00.50.0

qxy (Å
-1

)

(c)

2.5

2.0

1.5

1.0

0.5

0.0

q z
 (

Å
-1

)

2.52.01.51.00.50.0

qxy (Å
-1

)

(d)

Figure 4.12: 2-D GIWAXS of BP/BP:PCBNB films a) annealed at 150°C before rinsing,

b) after rinsing with toluene; c) annealed at 200°C before rinsing, d) after rinsing with

toluene.
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Figure 4.13: a)Decadic absorbance of spin-coated BP andPCBNB films annealed at 150°C,
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the data using various models, and residuals of the fits.
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Chapter 5

Characterization of Solution-Processed
Electronic Devices

Many of the relationships between structure, properties, and performance found in or-

ganic photovoltaics are also useful in studying organic semiconductors for other applica-

tions, as well as solution-processed photovoltaics and other electronic devices in general.

Additionally,many of the thin film fabrication and characterization techniques also apply

to these other applications. In this section we discuss several projects in which solution-

processed electronic devices are characterized. First, the phenomenon of ionic photocon-

ductivity in amorphous ZnO (a-ZnO) thin films is studied by impedancemeasurements

and by studying the behavior of photodetectors and TFTs. Then, the fabrication and char-

acterization of organic solar cells using novel π-A-π donor polymers is discussed. Finally,

the use of fullerene derivatives for thermoelectric applications is briefly discussed.
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5.1 UV-induced ionic photoconductivity in a-ZnO pho-

todetectors and transistors

We investigate themechanism for persistent photoconductivity after UV exposure in

solution processed a-ZnO thin films bymeasuring the impedance ofMIS capacitors.We

find that the impedance behavior cannotbe explainedonly by an increase in free electrons

after UV exposure, but is a result ofmobile positive ions generated by UV exposure.We

then explore how persistent photoconductivity and ionic conductivity affect the behavior

of a-ZnO TFTs and hybrid a-ZnO/P3HT:PCBM photodetectors. These effects may be

utilized to createUV photodetectors that do not require constant polling, reducing power

consumption.

5.1.1 Introduction

ZnO is a wide bandgap semiconductor that has attracted attention for potential ap-

plications in thin film devices such as UV photodetectors,154–156 solar cells,157 thin film

transistors (TFTs),158–165 and sensors.166,167 ZnO has been used as an oxygen166 and hydro-

gen sensor,167 as the presence of these gases greatly affects photoconductivity under UV

illumination. ZnO spun from a precursor solution,158–161 ZnO nanoparticles162–164 and

ZnO nanowires165 have been used as the semiconductor in n-type TFTs. In some of these
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devices,161,164 UV exposure has been used to convert precursors to ZnO in order to yield

higher mobility at lower temperatures.

It is well known that UV exposure causes persistent conductivity (PPC) in crystalline

ZnO. This fact is commonly used to improve device performance. For example, ZnO has

been used as an hole blocking layer in solar cells, and often requires some amount of light

soaking to turn on the PPC before reaching maximum efficiency.168–172 It is important to

better understand the stability of ZnO with light exposure in these devices.

PPC in crystalline154,167,170,173 ZnO is typically explained by the following processes:

i) Atmospheric oxygen adsorbs onto the ZnO surface, trapping electrons and creating a

non-conducting depletion layer. UV exposure above the ZnO band gap generates holes

and electrons, and the holes reactwith the adsorbed oxygen, desorbing it from the surface

and increasing conductivity. ii) Additionally, UV exposuremay also cause photolysis of

ZnO173,174 and the desorption of lattice oxygen, which is possibly catalyzed by surface hy-

drocarbons. This generates oxygen vacancies,whichmay become positively charged.154,175

When the ZnO is exposed to ambient conditions, oxygen again adsorbs to the surface

and fills the oxygen vacancies in the lattice, decreasing conductivity. iii) Finally, hydrogen

ions andmolecules in interstitial sites and in oxygen vacancies may dope the ZnO and

contribute to PPC.176,177 In contrast to its crystalline phase, there is no literature focused

on studying PPC in a-ZnO but we start with the assumption that these processes occur

to a certain extent in this material. In one study dealing with a-ZnO,159 it was found
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that TFTs exposed to oxygen when the ZnO was previously annealed in hydrogen have

decreased current due to the formation of OH groups that act as electron acceptors.

Whilemost studies that investigatePPC focus on crystallineZnOfilms andnanowires,

we investigate this effect in a-ZnO by analyzing the impact of UV radiation on the

impedance ofmetal-insulator-semiconductor (MIS) capacitors and the dark current of

organic solar cells with a transparent hole blocking ZnO layer. From our analysis,we find

a third aspect of the PPC behavior in a-ZnO, in that UV exposure creates mobile ions

that not only contribute to conductivity, but also significantly alter device characteristics

in a way that cannot be explained by the previous two mechanisms alone. PPC has been

observed to be much stronger in solution processed a-ZnO158 than in crystalline ZnO,

and stronger in devices with a surface-to-volume ratio such as nanorods178 or very thin

films.

Solution processed ZnO is of particular interest for lower cost and large area process-

ing. There are several approaches to fabricating solution processed ZnO. Here we use an

ammoniumhydroxide precursor179 which has the advantage of a single synthesis step and

lets one use annealing temperatures between 120°C and 135°C.At these low temperatures

the resulting film is amorphous.180

Most solution based ZnO precursor processes, including the one we use, yield thin

films on the order of a few tens of nm at most.159–161 This is not thick enough to act as

an effective UV photodetector by charge generation from absorbed photons; about 200
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nm of ZnO are needed to absorb about 80% of 350 nm light. Nevertheless, we utilize the

PPC/ionic conductivity property of ZnO to enable low-power UV detection in devices

with photodetector and TFT structures.

5.1.2 Experimental section

Solutions

Poly(3-hexylthiophene) (P3HT), brandname SepiolidP200,was obtained fromRieke

Metals. [6,6]-phenyl-C61-butyric acidmethyl ester (PCBM) was obtained from NanoC.

A blend solutionwith 20mg/mL of P3HT and 16 mg/mL of PCBM in o-dichlorobenzene

(ODCB) was prepared for photodetectors. A solution of 10mg/mL of P3HT in ODCB

was created for TFTs. ZnO thin films were made from an ammonia based precursor

solution of 0.1M ZnO ⋅ nH2O in 19% NH3(aq). Additional information can be found in

previous publications.160,181

Photodetectors

Indium tin oxide (ITO) substrates were sonicated in acetone, deionized water and

Alconox detergent, deionized water, and isopropanol, then cleaned with air plasma. 50

nm of Al was deposited with a thermal evaporator through amask with several pixels to

form the cathode. On some samples, a 5 nm layer of ZnO was spin coated and annealed

at 130°C for 30 minutes. About 220 nm of P3HT:PCBM was spin coated in a nitrogen
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glovebox, dried under a petri dish, and annealed at 150°C for 5minutes. A 10 nmMoO3

electron blocking layer followed by a 10 nm semitransparent Ag anode was thermally

deposited (Fig. 5.1a). Current density vs. voltage curves of the photodetectors weremea-

sured in a nitrogen glovebox using a 300 W xenon arc lamp to closely match the AM

1.5 solar spectrum. External quantum efficiency was measured using the same lamp, a

monochromator, and a lock-in technique in which the incident light and device current

were chopped. For higher precision testing of UV exposure, a UV LED was pulsed at 2

Hz for several hours while the device current at -0.5 V on the Ag electrode was continu-

ouslymeasured. The current was then measured during recovery in the dark for several

days. The LED had emission centered at 365 nm and a FWHM of 10 nm. Transfer matrix

model software23 was used to calculate the approximate fraction of photons incident on

the photodetector active area that are absorbed by the ZnO layer.
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Figure 5.1: Device structures of (a) organic photodetectors with ZnO blocking layer, (b)

ZnO TFTs, and (c) ZnOMIS capacitors.
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TFTs andMIS capacitors

Bottom-gate top-contact thin film transistors were fabricated as follows: antimony-

doped n-type Si with a 200 nm thermal oxide was sonicated in acetone, isopropanol,

and deionized water, then cleaned with oxygen plasma. A ~ 5 nm layer of ZnO was spin

coated and annealed at 150°C for 30minutes. 140 nm of Al was thermally deposited for

the source and drain electrodes. On some samples, approximately 50 nm of P3HT was

spin coated on top of the electrodes, and on others only the solvent, ODCB, was spin

coated on top (Fig. 5.1b).

MIS capacitors were fabricated as follows: boron-doped p-type Si with a 100 nm

thermal oxide and a conductivity of 0.001–0.005Ω−cm (translates to a dopant concentra-

tion of 1.5 × 1019–1.5 × 1020 cm−3)182 was sonicated in acetone, isopropanol, and deionized

water, then cleaned with oxygen plasma. A ~ 5 nm layer of ZnO was spin coated and

annealed at 130°C for 30minutes. This step was repeated 3-4 times to form about 15 or

20 nm thick films. Control samples with no ZnO were also fabricated. 120 nm of Ag was

thermally deposited with a circular mask (Fig. 5.1c).

The TFTs and MIS capacitors were measured in a probe station, both in the dark

and after exposure to a low-pressuremercury-vapor lamp at 254 nm through the quartz

window of the probe station. A diamond scribe was used to scratch through the back

oxide layer, and silver pastewas used to connect the Si to the bias-controlled probe station

chuck. TFTs were tested under vacuum, andMIS capacitors were tested under nitrogen.
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Impedancemagnitude and phase of theMIS capacitors weremeasured with a Solartron

1260 Impedance/Gain-Phase Analyzer with alternating voltage at frequencies of 5Hz to

1 MHz and an amplitude of 0.1 V on top of a direct voltage from -40 to 40 V. In theMIS

capacitors, although light is blocked from directly reaching the ZnO layer under the Ag

(the active area), the SiO2 not covered byAg acts as awaveguide and allows light to reach

the ZnO active area. UV light at angles greater than 3.14° will be totally reflected and

coupled to the ZnO which has a higher refractive index than SiO2.

5.1.3 Results and discussion

Impedance spectroscopy reveals ion migration

To investigate themechanisms behind PPC in a-ZnO, we conduct impedancemea-

surements of aMIS capacitors (Fig. 5.1c) with a-ZnO as the semiconductor layer before

and after UV exposure. Before UV exposure, the Nyquist plot shows nearly ideal capac-

itive behavior with Z” > Z’ (Fig. 5.2a). We fit the pre-UV impedance behavior with an

equivalent circuit composed of a series resistor and capacitor for the ZnO, RZnO and CZnO

(Fig. 5.2b). These are in series with the resistor and capacitor for the contacts and the SiO2

dielectric, whose values were obtained bymeasuring the control sample. The calculated

capacitance of the ZnO layer CZnO varies with applied DC bias.When the device is in the

depletion regime (negative bias on Si), electrons in the ZnO are pushed away from the

146



Chapter 5. Characterization of Solution-Processed Electronic Devices

SiO2/ZnO interface, decreasing CZnO. When the device is in the accumulation regime

(positive bias on Si), electrons are attracted to the interface, increasing CZnO (Fig. 5.2c).

Using the second harmonic of the C-V measurement in Fig. 5.2c with Eq. (5.1)183

yields the density of trap states in the active layer N dependent on the distanceW from

the interface. From this we find that the trap states in the ZnO before UV exposure are

evenly distributed as a function of depth (Fig. 5.2d).

N(W) = 2
qεs
(∆ [1/C

2(ω)]
∆Vbias

)
−1
,W = εs

C(ω) (5.1)

After a 1 minute UV exposure, the impedance of the same device changes drastically:

themagnitude of the impedance decreases and the real part becomes significant (Fig. 5.3a

blue points). TheNyquist plot is composed of two partial semicircles, one ofwhich is cen-

tered off of the x-axis (commonly called a depressed semicircle), indicating the presence

of a constant phase element (CPE). This indicates that UV exposure generates mobile

ions in the ZnO layer. To fit this behavior,wemust change the equivalent circuit dramati-

cally: the capacitance component of the ZnO layer is short circuited by a resistor Rp, and

a second component composed of a parallel CPE Qps and resistor Rps appears (Fig. 5.3c).

The impedance of the CPE ZCPE is defined by Eq. (5.2), where n = 1 is an ideal capacitor

and n = 0 is an ideal resistor, and Qps is themagnitude of the admittance.
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(b) Equivalent circuit before UV exposure. (c) Modeled parameter CZnO as a function

of applied bias. (d) Density of trap states in ZnO as a function of distance from the

SiO2/ZnO interface at zero bias before UV exposure.
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plots at various direct biases on Si after exposure to 254 nm light and recovery for 40

minutes. (c) Equivalent circuit used to fit impedance behavior.

ZCPE =
e−

π
2 ni

Qps ωn (5.2)

When the sample is left in the dark over time, the device approaches its pre-UV

behavior with Z” > Z’ (Fig. 5.3a). The circuit parameters as a function of time after UV
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exposure (Fig. 5.4a) show that the ionic conduction disappears as oxygen is readsorbed,

n approaches 1, while Qps, Rp, and Rps increase.

2.0x10
6

1.5

1.0

0.5

Im
pe

da
nc

e 
[O

hm
]

87654321
time after UV exposure [min]

0.84

0.82

0.80

0.78

n

1.2x10
10

1.1

1.0

0.9

 Rp
 Rps
 1/Qps
 n

(a)

10
1 
 

10
4 
 

10
7 
 

10
10 
 

10
13 
 

10
16 
 

Im
pe

da
nc

e 
[O

hm
]

-40 -20 0 20 40
bias [V]

1.00

0.98

0.96

0.94

0.92

0.90

0.88

0.86

n

 Rp
 Rps
 1/Qps
 n

(b)

3.0x10
5

2.5

2.0

1.5

1.0

0.5

0.0io
n 

cu
to

ff 
fr

eq
ue

nc
y 

[1
/(

2π
R

ps
Q

ps
)]

87654321
time after UV exposure [min]

0.86

0.84

0.82

0.80

0.78

0.76

n

 1/(2πRpsQps)
 n

(c)
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After a recovery period of 40minutes, a positive bias on the Si side of the device in-

creases ionic conduction and a negative bias decreases it (Fig. 5.3b). The equivalent circuit

parameters as a function of bias reveal information about themobile ions (Fig. 5.4b). If

negative bias is applied to the Si, n is close to 1,while if positive bias is applied, n decreases.

The CPE can be thought of as many capacitors in parallel with different inter-charge dis-

tances, and in our samples these charges could be Zn and O ions. Possible causes for

n to move closer to 1 are: i) the disappearance of mobile ions or ii) the movement of

the ions due to the direct bias so that they all have the same inter-charge distance, al-

lowing them to be treated as one large capacitor. When negative bias is applied to the

Si, positively charged ions would be expected to move towards the SiO2/ZnO interface

while negatively charged ions would be expected to move away from this interface. Since

Qps increases with negative bias, it is likely that the ions are approaching the interface

rather than receding from it or disappearing. As a-ZnO exhibits negligible holemobili-

ties,we believe that the positive ions aremobile af f > 5Hz while the negative ions are not.

The PPC due to mobile ions likely occurs concurrently with the previouslymentioned

known mechanisms for PPC. It seems likely that these are Zn2+ and Zn1+ ions which

have a low formation enthalpies andmigration barriers in crystalline ZnO of less than

1.7 eV184 but possibly also protons which originate from bulk hydrogen intersitials176 or

from interfacial hydroxide adsorbates.
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Fig. 5.4c reveals more information about the rebonding behavior of the ions. The

alternating field brings the photogenerated zinc and oxygen (and possibly other) ions

closer and further apart, and if these ions come close enough for a long enough time

they will reform ZnO. At field frequencies below the ion cutoff frequency 1/(2πRpsQps),

the reaction rate is fast, while at frequencies above it the reaction rate is slow. The cutoff

frequency decreases as a function of time after UV exposure, while n increases. The

decreasing cutoff frequency tells us that the oxygen does not only exist as one type of ion

homogeneously distributed in the film. One explanation is that oxygen has accumulated

at one side of the ZnO film, likely atmospheric oxygen at the exposed surface. Right after

UV exposure, there is enough oxygen next to the zinc ions so even at relatively high

frequencies, reactions are occurring rapidly. But over time this oxygen is depleted and

the alternating field has to move ions from further away to have them react. It is also

possible that the various ions have different reaction rates, and the ones with faster rates

are depleted faster, decreasing the cutoff frequency.

Photodetectors with persistent photoconductivity in interfacial layer

We take advantage of PPC to build organic bulk heterojunction photodetectors with

an additional a-ZnO layer,which causes the dark current to stay high for some time after

UV exposure, potentially allowing for low power sensors that have a long, and as we will

explain later, adjustable, polling interval (Fig. 5.1a). As with our previously published

152



Chapter 5. Characterization of Solution-Processed Electronic Devices

work on photodetectors,185 we use an inverted structure in which the incident light goes

through the top Ag anode instead of going through the glass/ITO as in typical organic

solar cells. This prevents absorption ofUV light by the glass/ITO and improves the figures

ofmerit at UV wavelengths. The inverted design also allows for easier integration with

circuit boards on arbitrary substrates.

Before UV exposure, both the dark and the light current for devices with andwithout

the a-ZnO layer are very similar (red and black lines in Figs. 5.5a and 5.5b). Two figures

of merit typically used to evaluate the performance of photodetectors are responsivity

and detectivity. Responsivity Rλ as a function of wavelength λ is calculated by:

Rλ =
ηeλ
hc

(5.3)

and specific detectivity D∗λ is calculated by:

D∗λ =
Rλ√

2eJdark
(5.4)

assuming that shot noise is the dominant noise source. η is the external quantum effi-

ciency, Jdark is the dark current density, e is the elementary charge, h is Planck’s constant,

and c is the speed of light. Because the thin ZnO layer does not absorbmuch UV light,

the absorbance of devices with and without ZnO are very similar, and the responsivities

are also very similar. For a device on which external quantum efficiency was measured,

the device without ZnO has a slightly higher light current in reverse bias (-0.5 V on

the Ag electrode) and thus slightly better responsivity (Fig. 5.6 inset). The specific de-
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tectivities (calculated using the initial dark current) are also almost identical (Fig. 5.6),

but in this case the initial dark current of the device with ZnO is lower and thus its

detectivity is slightly better. These figures of merit are comparable in the UV to other

organic photodetectors185,186 and to Si photodetectors, but lower than purely inorganic

ZnO photodetectors.155

However, because the dark current of devices with ZnO increases by several orders of

magnitude after exposure to above-band gap light (Fig. 5.5d), the specific detectivity cal-

culated using the post-UV dark current is much lower. The previouslymentioned causes

for PPC in ZnO, including ionic photoconductivity, likely contributes to this increase in

dark current. Also, the applied bias may cause themobile positive ions in ZnO to move

to the interface with P3HT:PCBM, causing holes to be injected into the P3HT:PCBM

(see arrows in Fig. 5.1a). Finally, as ZnO has a low density of states (about 1 × 1019 cm−3),

a small change in the density of states due to UV exposure can move the Fermi energy a

significant amount. The dark current of devices without ZnO does not change post-UV.

The dark current of photodetectors with ZnO recovers much faster in ambient con-

ditions than when stored in a nitrogen glovebox. After exposure to the xenon arc lamp

approximatingAM1.5 for about 1minutewith about 7 × 1015 photons cm−2 s−1 incident on

the active area, it takes about 2 days for devices in nitrogen to mostly recover (Fig. 5.5b),

while in air the devices are already mostly recovered immediately after exposure and

recover further after 1 day in air (Fig. 5.5c).
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Figure 5.5: Current density of glass/Al/ZnO/P3HT:PCBM/MoO3/Ag photodetectors, (a)
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time, (c) with ZnO in ambient atmosphere, (d) dark current with ZnO in nitrogen after

excitation at various wavelengths.
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glass/ZnO/P3HT:PCBM/MoO3/Ag photodetectors at -0.5 V applied bias.

To better quantify the effect ofUV exposure on the ZnO photodetectors, the light and

dark current was measured at -0.5 V on the Ag electrode during exposure to a UV LED

pulsed at 2 Hz (Fig. 5.7). The dark current recovery after the LED was shut off was also

measured. Thismeasurement provides a lower incident intensity than the xenon arc lamp

andmore control over exposure time. The emitted power of the LED was 1.26mW cm−2

at the sample location, and we calculate that about 2% of the photons incident on the

active area of each pixel are absorbed by the ZnO layer. In a nitrogen environment, both

the dark and light current increase with the amount of time the device is exposed to

UV, with an additional minor effect that some recovery is likely taking place during the

dark intervals. But under ambient conditions, the dark current remains steady with UV

exposure.
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Figure 5.7: ZnO photodetector current densities in nitrogen, under pulsed UV LED illu-

mination and after LED is shut off, at -0.5V applied bias.

After the UV LED was shut off, it took a little less than two days for the dark current

of the photodetector under nitrogen to return to 110% of its initial value. Empirically,

the light and dark current rise and dark current decay all fit several functions relatively

well: the sum of two exponentials, a stretched exponential, or a power law function.We

propose that in our system the oxygen readsorption to the surface and the reformation

of Zn-O bonds are responsible for the two time constants. Similar behavior has been

seen in the literature. Liu et al. found that the sum of two exponentials fits the dark

current decay of ZnO photoconductive detectors187 (although in our case the decay is

much slower because of the ZnO is amorphous and much thinner). They concluded

that slow detrapping of holes was responsible for the decay time, but also suspected that

oxygen adsorption at the surface might affect the decay time. Reemts et al. found that
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electrodeposited porous ZnO films had a light current rise and a dark current decay that

both fit stretched exponential fits, and they attribute this to lattice relaxation of surface

states as the cause of PPC.188 Finally, Su et al. found that simple exponential decay fits the

dark current decay of ZnO photoconductive detectors.178

The PPC behavior of our photodetectors means that they can be used as low-power

UV photodetectors in a non-traditional fashion, especially if low time resolution is not a

problem. The device should be kept in an oxygen-free environment and the initial dark

current measured. When the device is polled, based on the measured current and its

history one can determine whether the device is presently exposed to light, or is now in

the dark but recently was exposed toUV light,ornone of the above. If low time resolution

is not a problem, the device can be polled at intervals of up to a couple of days,whichwill

reveal whether it was exposed to UV light at any time during this period. Furthermore,

while the light current is sensitive to both UV and visible light, the dark current is only

sensitive to UV light,making it unnecessary to use a filter to block visible light. For this

use it would be beneficial to protect the device against oxygen to increase theminimum

polling interval required. But once UV exposure has been read out, it would be favorable

to expose the devices to oxygen to reset them and allow them to detect again. In the next

section we explore another device structure that could be used for UV photodetectors

as well as the use of an oxygen hindering layer.
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Thin film transistors with persistent photoconductivity

We now investigate the effect of PPC on TFTs with an a-ZnO semiconducting layer

and show that a reduction in onset voltage can be used to sense UV light (Fig. 5.1b).

We also investigate the use of a polymer oxygen-hindering layer to change the recovery

behavior of the TFTs after UV exposure.We chose P3HT as this layer for an initial study

in order to relate TFT behavior to the bulk heterojunction photodetectors. This device

geometry allows us to alter the a-ZnO top interface to hinder oxygen without altering

charge injection in the device.

Before UV exposure, adsorbed oxygen ions (and possibly other species such as hy-

droxide or water) on the top surface of the ZnO film at the TFT back channel trap elec-

trons, depleting the film andmaking it insulating. This necessitates a large positive gate

voltage to displace the back channel field and fill the trap states in order to accumulate

mobile electrons towards the gate and create a conductive channel (Fig. 5.8a). The onset

voltage increases with further measurements possibly because the positive gate field is

not completely screened at the back channel surface, which causes more oxygen to be

adsorbed.

According to the aforementionedmechanisms for PPC, directly after UV exposure,

oxygen is desorbed and electrons are no longer trapped, so the channel is conductive at

zero gate voltage, and negative gate voltage is required to deplete the channel (Fig. 5.8b).

Also, UV exposure may break Zn-O bonds and increase the number of free electrons.

159



Chapter 5. Characterization of Solution-Processed Electronic Devices

Finally, breaking Zn-O bonds creates mobile ions that are free charge carriers, further

decreasing onset voltage. The on-off ratio is decreased, possibly because of the mobile

ions. In subsequent measurements, the onset voltage and on-off ratio starts to recover

to their previous values, as oxygen is readsorbed/rebonded andmobile ions disappear

(Fig. 5.8c). The effect of UV exposure on the onset voltagemeans that these TFTs could

be used as UV photodetectors.

A change in onset voltage was also seen in InGaZnO and InZnO TFTs where light

and negative bias generated positive and negative ions at the gate interface and the back

channel respectively,189 but our findings suggest an alternative explanation, that the ions

were produced everywhere and transported to the interfaces by the bias.

The presence of a P3HT layer covering the ZnO surface affects the TFT behavior

(Fig. 5.8c). Before UV exposure, devices with a P3HT layer have a lower onset voltage

that changes less with further measurements compared to devices without. This is likely

because theP3HT layerhas blocked some oxygen from adsorbing to theZnO andbecause

the P3HT causes accumulation due to a band offset at the interface between theZnO back

channel and the P3HT. Band offsets in TFTs at a nanoparticle ZnO/polymer interface190

and for a-ZnO179 are discussed in previous literature.

After UV exposure,deviceswith theP3HT layer continue to have a loweronset voltage

compared to devices without P3HT, because oxygen reuptake is slowed. Transfer curves

of the other device types (reference devices withODCB surface treatment as well as those
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with a P3HT layer annealed at a lower temperature of 80°C) are in the SI. This behavior

shows that a more effective oxygen blocking layer could be used to slow the recovery

rate in both the photodetector and TFT UV photodetectors. This layer would allow for a

reduction in the required polling time for these photodetectors in order to save power,

especially under ambient conditions. Finally, a reset of the ZnO layer after UV exposure

and readout could be achieved with an oxygen blocking layer which releases the oxygen

upon applying a bias.
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Figure 5.8: Three consecutive measurements of transfer curves of

Si/SiO2/ZnO/Al/P3HT(150°C), (a) before and (b) after UV exposure at 254 nm

for 2 minutes, and (c) onset voltages for devices with ODCB, P3HT annealed at 80°C,

and P3HT annealed at 150°C on top of the Al.
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5.1.4 Conclusion

In this work,we have demonstrated through impedancemeasurements that UV expo-

sure of a-ZnO films generates mobile positive ions which contribute to PPC, in addition

to the known effects of oxygen desorption and photolysis. The PPC significantly affects

the behavior of a-ZnO TFTs and hybrid a-ZnO/P3HT:PCBM photodetectors. Recovery

of the pre-UV device behavior is rapid in an ambient atmosphere but slow in a nitrogen

atmosphere, and is slowed by an oxygen hindering layer. These findings lead to the po-

tential for UV- or oxygen-sensing devices that can be polled less frequently, leading to

lower power consumption.

5.1.5 Supporting Information
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Figure 5.9: ZnO photodetector current densities in ambient atmosphere, under pulsed

UV LED illumination and after LED is shut off, at -0.5V applied bias.
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Figure 5.10: Three consecutive measurements of transfer curves of (a-b)

Si/SiO2/ZnO/Al/P3HT(80°C), (c-d) Si/SiO2/ZnO/Al/ODCB, before and after UV

exposure at 254 nm for 2 minutes.
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5.2 Characterization of Solar Cells Utilizing Low Band

GapDonor-Acceptor Copolymers

A co-author developed a facile and scalable synthetic route to a soluble dithieno[3,2-

b:2′,3′-d]thiophene (DTT) unit, which utilizes a Stille-coupling reaction to efficiently

synthesize the bisthienylsulfide intermediate. This simplifies the overall DTT synthesis

and increases yield, facilitating the use of DTT as a donor unit in low-bandgap polymers.

Solution processable alternatingD-π-A-π polymers (DTTBTO andDTTDPP) have been

synthesized with DTT as the donor unit and either a benzothiodiazole derivative (BTO)

or fused ring 1,4-diketopyrrolo[3,4-c]pyrrole (DPP) serving as the acceptor unit. We

characterized thesematerials and optimized solar cells using solvent additives, giving us

a better understanding of structure-property relationships to be applied to the design of

high performance organic solar cells.

5.2.1 Introduction

Technologies that directly convert sunlight into electricity are attractive sources of

clean, renewable energy. One of the most promising of these technologies is thin film,

polymer-based organic photovoltaic devices (OPV)2 which can be fabricated by low-

cost, solution processing methods over large areas and on flexible substrates. Due to

recent advances in conjugated polymer design and device fabrication techniques, the
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efficiencies of polymer-based photovoltaic devices are approaching 10% - theminimum

often considered to make the technology commercially relevant on large scale. These

advances in photoconversion efficiency directly result from more complete absorption

of the solar spectrum and a greater control of the active layer morphology.100,191,192 One

of the future challenges is to develop new p-type conjugated polymers that possess (a)

sufficient solubility to enable solution processing, (b) a broad and intense absorption

profile across the solar spectrum and (c) a large free charge carrier mobility for facile

charge transport.

Appropriate choice ofmonomers in the backbone of a semiconducting polymer can

push their optical absorbance towards the near-infrared. One strategy is to incorporate

electron-rich donor units and electron deficient acceptor segments in the polymer back-

bone.193 Through the “push-pull” interaction, the energy gap of the conjugated polymers

decreases thus shifting the absorption band to lower energy. Another strategy is to in-

troducemonomer units with quinoidal character into the conjugated system, which can

reduce the band gap and enhance π-π stacking.194 Fused thiophene ring systems are well-

known to stabilize this quinoidal structure195,196 and alternating polymers containing

fused thiophene units, such as thieno[3,4-b]thiophene,120,121,197 and dithieno[3,2-b:2’,3’-

d]silole,198 have achieved efficiencies of about 7%.

Recently, oligomers that incorporate a new donor building block - the dithieno[3,2-

b:2’,3’-d]thiophene (DTT) unit - have demonstrated high mobility due to the planarity
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and favorable sulfur-sulfur interactions for the fused DTT repeat unit.199–201 However,

the synthesis of DTT-basedmonomers is plagued by low yields resulting from inefficient

reactions over a dozen steps. One such example is reported byHe and coworkers, which

utilized a ketone-based ring closure procedure for the synthesis of DTT.201 This strategy

requires double annulation reactions, which are often low-yielding and unreliable. Li

et al. used an alternative method to synthesize DTT based on a single ketone-based

ring closure procedure.202 However, this method requires a greater number of synthetic

steps,which limits its scalability and significantly lowers the overall yield. As a result, the

development of a simple and efficient method to synthesize the DTT unit is a necessity

for further investigation of this promising electron-rich unit.

In this report, a reliable and scalable synthetic route to the DTT building block is

demonstrated. This synthetic route utilizes a Stille-coupling reaction to efficiently syn-

thesize the bisthienylsulfide intermediate and simplifies the overall strategy (four steps

with a yield of 44%). This facilitates the use of DTT as a donor unit to construct low-

bandgap polymers with two different acceptors: a benzothiodiazole derivative (BTO)203

and the fused ring 1,4-diketopyrrolo[3,4-c]pyrrole (DPP).204,205 A D-π-A-π alternating

copolymer strategy was utilized by introducing a thiophene π-spacer between the donor

and acceptor to relieve steric hindrance and achieve increased conjugation. Through

this strategy, soluble, highmolecular weight D-π-A-π alternating copolymers with broad,
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near infrared absorption were prepared and employed in the fabrication of efficient pho-

tovoltaic devices.

5.2.2 Results and Discussion

Material Synthesis

The D-π-A-π polymers DTTBTO and DTTDPP were synthesized by Sung-Yu Ku

in Prof. Craig Hawker’s group. The details will not be discussed here except to say that

the notable characteristics of the synthesis route are better yields with fewer steps than

the previously used approaches. The DTT intermediate is formed by Stille coupling on

3-bromo-4-dodecylthiophene to form the bisthienylsulfide intermediate and then ring

closure to form DTT, instead of the previously used double annulation approach on a

diketothiophene intermediate. DTT was successfully synthesized in four steps with an

overall yield of 44% from commercial available 3-dodecylthiophene. This represents a

significant improvement over previous strategies201,202 and now allows multi-gram (10+

g) quantities of DTT to be routinely prepared.

The successful development of a facile and scalable route to DTT-basedmonomers

now permits the exploration of this fused ring system in the synthesis of conjugated

polymers, an area that has received little attention. From the limited literature, it is ap-

parent that the main challenge for DTT-based copolymers is a relatively large energy

gap, resulting in inefficient utilization of the solar spectrum. For example, an alternating
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D-A copolymer consisting of DTT and benzothiadiazole (BT) has a narrow absorption

spectrum (absorption onset of 600 nm) that does not utilize the majority of the solar

spectrum.206 In order to broaden the absorption spectrum, Patil et al. reported D-π-A

conjugated copolymers based on DTT and 2,3-bis((4-octyloxy)phenyl)-5,8-dithien-2-

ylquinoxaline that increased the absorption edge to 700 nm through the introduction of

thiophene π-spacer groups.207 The success of this π-spacer strategy promoted the use of

a similar strategy in the design of DTT monomers. The conjugation length of the DTT is

extended with thiophene units, and a benzothiodiazole derivative (BTO) and the fused

ring 1,4-diketopyrrolo[3,4-c]pyrrole (DPP) were chosen as two different acceptors to

construct low-band-gap polymers.

Significantly, all polymers showed good solubility (greater than 20mg/mL) in chlori-

nated solvents,which is essential forhighqualityfilm formation using solution processing.

Themolecular weight and polydispersity index (PDI) of the polymers weremeasured by

GPCandcalculatedusing polystyrene standardswithDTTBTOhaving anumber-average

molecular weight, Mn, of 12 000 amu (PDI = 2.1) and DTTDPP having a significantly

higher number-average molecular weight (Mn = 114000 amu; PDI = 1.6). The increase

in Mn for DTTDPP is proposed to be a result of the decreased steric interactions due to

the two flanking thiophenes which have no substituents in the 3 and 4-positions when

compared to DTTBTO which has a phenyl ring with alkyloxy substituents in the 5 and

6-positions.
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Physical properties

Thin films (about 55nm) were prepared by dissolving the polymers in o-DCB fol-

lowed by spin coating. The absorption spectrum of the resulting thin films is reported

in Fig. 5.11 with the DTTBTO showing a broad absorption from 400 to 700 nm with

maximum absorption peaks at 425 nm and 595 nm from the second and first excited

states respectively. The absorption onset of DTTBTO is 701 nm, and the optical band gap

(Eopt
g ) can be calculated as 1.77 eV. Significantly, substituting the DPP acceptor for the

BTO acceptor to form DTTDPP resulted in a shift of the absorption edge from 700 nm

to 891 nm and associated lowering of the optical band gap to 1.39 eV.

Electrochemical properties

The frontier energy levels of semiconducting polymers are significant parameters for

the design and modification of the polymeric repeat units in order to optimize photo-

voltaic devices. In this way, the energy gap between the HOMO of the p-type polymer

and the LUMO of the n-type fullerene set an upper bound for the open circuit voltage

(Voc). The LUMO level of the p-type polymer must be offset, above that of the fullerene,

to prevent charge trapping. The LUMO energy levels for the copolymers described above

were obtained by cyclic voltammetry in o-DCB solution (Fig. 5.12). We obtain LUMO

levels for DTTBTO and DTTDPP of 3.35 eV and 3.60 eV, respectively. TheHOMO levels

were estimated by subtracting the value for the optical bandgap (determined from the
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Figure 5.11: Thin film absorption spectra for the DTTBTO andDTTDPPD-π-A-π copoly-

mers.

absorption edge in the thin films) from the LUMO energy levels; these values have the

uncertainty of the exciton binding energy, which is about 0.4 eV in many cases, and are

likely underestimates.208 The estimatedHOMO values still allow relative trends inVoc to

be predicted. The polymers’ HOMO levels (DTTDPP ~ 4.99 eV, DTTBTO ~ 5.12 eV) are

~ 0.3 eV and ~ 0.4 eV deeper than that of P3HT (4.72 eV)18 respectively. The polymers’

LUMO levels (DTTDPP: 3.60 eV, DTTBTO: 3.35 eV) are ~ 0.6 eV and ~ 0.55 eV deeper

than that of P3HT (2.81 eV)18 respectively, resulting in increased absorption without a
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corresponding loss in Voc. A summary of the optical and electrochemical properties for

the donor-acceptor copolymers is shown in Table 5.1.

Figure 5.12: Cyclic voltamograms for the donor-acceptor copolymer, DTTBTO and

DTTDPP ~ 1mg/mL o-DCB; working electrode: carbon electrode; counter electrode:

Pt, reference electrode: Ag; 0.1M nBu4NClO4.

Electrical Performance

Thin Film Transistors. The electrical performance of these materials were initially

examined as p-type thin film transistors (TFTs). Both as-cast and annealed films of DT-

TBTO and DTTDPP where the annealing temperature was chosen as 150°C based on
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Film Onset [nm] Eopta
g [eV] Eb

red [eV] LUMO [eV] HOMO [eV]

DTTBTO 701 1.77 -1.75 3.35±0.4 5.12±0.4

DTTDPP 891 1.39 -1.50 3.60±0.4 4.99±0.4

Table 5.1: Summary of optical and electrochemical properties of D-π-A-π polymers. (a)

Eopt
g = 1239/λonset; (b) potential determined by cyclic voltammetry in 0.1M Bu4NClO4–o-

DCB vs. ferrocene/ferrocene+; (c) LUMO = Ered + 5.1 [eV]; d. HOMO = LUMO + Eopt
g .

the solvent boiling point (details of device processing and raw current-voltage data are

presented in S. I.)were examined. As-cast films of DTTBTOwere poorly conductive, but

after annealing at 150°C for 30min under nitrogen, improved current-voltage characteris-

tics were observed with average saturation mobilities of 5.1 × 10−4 cm2 V−1 s−1, threshold

voltages, VT , of -13.0 V, and current on-off ratios Ion/o f f of 102. In contrast, both the as-

cast and annealed films of DTTDPP showed conventional current-voltage characteristics.

As-cast devices possessed average saturation mobilities of 2.8 × 10−2 cm2 V−1 s−1, VT of

-1.6 V, and Ion/o f f of 103. Annealed devices showed a slight increase in average saturation

mobility to 3.3 × 10−2 cm2 V−1 s−1, a negative shift in VT to -4.8 V, and comparable Ion/o f f ,

103.

Photovoltaicproperties.Bulk heterojunction solar cellswere fabricatedusingDTTDPP

and DTTBTO as the donors and PC71BM as the acceptor. Solar cells were fabricated us-
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ing DTTDPP:PC71BM in 1:1, 1:2 and 1:3 weight ratios with Ca/Al electrodes (fabrication

details and structure are presented in the SI). The best devices that contained no additives

were composed of DTTDPP:PC71BM (1:2), yielding an efficiency of 1.01% with a Voc of

0.64 V, Jsc of 2.39 mA cm−2 and FF of 0.67 (Fig. 5.13a (black trace)). Significantly, the

photovoltaic devices consistently had fill factors higher than other low bandgap poly-

mers,120,121,197,198 suggesting efficient free charge carrier transport and collection. However,

the low photocurrent for the DTTDPP:PC71BM device leads to lowered efficiency with

the high fill factor suggests that inefficient charge generation is limiting the short circuit

current. Atomic forcemicroscopy (AFM) analysis of the BHJs processed from o-DCB

revealed large domains of polymer and fullerene likely leading to inefficient generation

due to the relatively low interfacial area, (Fig. 5.14a and c). High boiling point additives,

such as 1,8-diiodoctane (DIO) and 1-chloronaphthalene (CN), were then used to modify

the polymer:fullerene phase separation and increase interfacial area.121,209 As expected,

the active layer from the 1:1 and 1:2 blends processed with 9 vol.% CN additive in o-DCB

show finer morphological features and increased interfacial area (Fig. 5.14b and d) lead-

ing to an increased efficiency of 2.35% with a Voc of 0.61 V, Jsc of 6.10mA cm−2 and FF

of 0.67 (Fig. 5.13a (red trace)). Similarly, addition of 3% vol. DIO gave finer nanoscale

morphology with a corresponding improvement in Jsc to 5.28mA cm−2 and efficiency

to 1.77%.
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DTTDPP:PC71BM Additive Voc [V] Jsc [mA/cm²] FF PCE [%]

1:1 none 0.64 3.10 0.66 1.30

1:2 none 0.64 2.39 0.67 1.01

1:3 none 0.63 2.38 0.67 1.01

1:2 9% CN 0.61 6.09 0.63 2.35

1:2 3% DIO 0.59 5.28 0.57 1.77

Table 5.2: Device parameters for DTTDPP:PC71BM solar cells.

Despite the use of additives to give nanoscale phasemorphologies andmore intimate

mixing of polymer and fullerene domains, the Jsc is still relatively low in these devices.Ab-

sorption spectroscopy shows that the extinction coefficient of DTTDPP:PC71BM is com-

parable to that of P3HT:PCBM (about 5 × 104 cm−1),210 but with awider absorption range.

External quantum efficiency (EQE) measurements suggest that the relatively low Jscmay

be due to low charge generation from photons absorbed in the DTTDPP (Fig. 5.13b). This

hypothesis is supported by the observation that at longer wavelengths (650 - 800 nm),

where the polymer absorbs more strongly, the EQE is lower than at shorter wavelengths

where the fullerene absorbance is stronger. As a result, excitons that are being generated

in the polymer have a lower probability of being converted into free charge carrierswhich

is in contrast to the behavior seen for P3HT:PC61BM solar cells, where it has been sug-
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gested that less efficient exciton harvesting takes place in PC61BM compared to P3HT,

due to the smaller exciton diffusion length in the fullerene phase.17 The behavior observed

for the DTTDPP:PC71BM devices is similar to literature reports for other DPP-based

polymers and has been attributed to a morphological effect based on solvent-induced

ordering.210 The cells studied here have higher fill factors and suggest that the origin of

this behavior may be due to charge generation rather than charge extraction although

further study will be required to determine the detailedmechanism of loss.

(a) (b)

Figure 5.13: (a) Solar cell J-V curve for DTTDPP:PC71BM (1:2) without additive (black)

and with 9 vol.% CN additive (red); (b) EQE (black) and thin film extinction coefficient

(red) for DTTDPP:PC71BM (1:2) solar cell device with 9 vol.% CN additive.

Solar cells were also fabricated using DTTBTO for comparison with the DTTDPP

systems. In this case, the optimum active layer composition was a 1:3 weight ratio of

DTTBTO:PC71BM with cells being processed using 2% vol. of CN as an additive and
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Figure 5.14: AFM topography images of DTTDPP:PC71BM (1:1) composite film(a) spin

coated from o-DCB solution; ((b) spin coated from o-DCB solution with 9 vol.% CN

additive; AFM topography images of DTTDPP:PC71BM (1:2) composite film (c) spin

coated from o-DCB solution; (d) spin coated from o-DCB solution with 9 vol.% CN

additive.

LiF/Al as the cathode. This device structure yielded an efficiency of 2.2% with a Voc

of 0.72 V, Jsc of 6.59 mA cm−2, and FF of 0.46 (Fig. 5.14a). The ability of the DTTBTO

based devices to give an increased Voc when compared to the DTTDPP is in agreement

with the deeper values for the HOMO level measured by CV. However, the lower FF
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(resulting from inefficient charge extraction) limited the overall device performance

relative to DTTDPP. Despite the wider optical gap of DTTBTO than DTTDPP, the short

circuit current was still higher in DTTBTO due to a higher extinction coefficient and

thus exciton generation in the wavelengths that it absorbs.

DTTBTO:PC71BM Additive Voc [V] Jsc [mA/cm²] FF PCE [%]

1:2 none 0.70 3.51 0.37 0.91

1:2 none 0.69 4.11 0.37 1.06

1:3 2% CN 0.72 6.59 0.46 2.18

Table 5.3: Device parameters for DTTBTO:PC71BM solar cells.
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(a) (b)

Figure 5.15: (a) Solar cell J-V curve for DTTBTO:PC71BM (1:3) solar cell device with

2 vol.%CN additive; (b) EQE (black) and thin film extinction coefficient (red) for DT-

TBTO:PC71BM (1:3) solar cell device with 2 vol.%CN additive.

5.2.3 Conclusions

Wehave developed a simple and scalable route to synthesize the fused thiophene build-

ing block, DTT,which has enabled the preparation of D-π-A-π low-bandgap copolymers

with two different acceptors (BTO and DPP). The ability to tailor the structure of these

materials permits design rules for these donor-acceptor systems to be demonstrated. The

use of thiophene spacers allows DTTDPP to have a broader absorption spectrum (λmax

near 800 nm), while DTTBTO has a deeper HOMO energy level yielding a higher Voc.

The efficient charge transport and collection in DTTDPP devices suggests that optimiza-
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tion of the polymer/fullerene phase separation may lead to further increases in efficiency

and to high performance organic solar cells.

5.2.4 Supporting Information

(a) (b)

Figure 5.16: TGA of DTTBTO and DTTDPP.

Cyclic voltammetry was performed in ODCB solutions (1.0mg polymer /1ml ODCB)

containing 0.1 M tetra-n-butylammonium perchlorate (0.1M nBu4NClO4) as the sup-

porting electrolyte at a scan rate of 100mV/s. A glassy carbon electrode and a platinum

wire were used as the working and counter electrodes, respectively. All potentials were

recorded versus Ag as a reference electrode. The ferrocenium/ferrocene redox couple in

ODCB/ nBu4NClO4 occurs at a value of Eo’ of +0.42V, with respect to Ag electrode.

Photovoltaic device fabrication and characterization. In a glove box, solutions of

DTTDPP:PC71BM or DTTBTO:PC71BM in 1:1, 1:2, and 1:3 ratios in chlorobenzene or
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o-dichlorobenzenewere prepared, resulting in total concentrations of 20mg/mL.An addi-

tiveof between 0-9 vol% chloronapthalenewas added to the solutions in o-dichlorobenzene,

andan additiveof between 0-6 vol%diiodooctanewas added to the solutions in chloroben-

zene. The solutions were stirred at 80°C before cooling to room temperature. Glass/ITO

substrates were sonicatedwith acetone and isopropanol for 20minutes each, spin-coated

with 40 nm of PEDOT:PSS (Clevios P VP AI 4083), annealed for 20 minutes at 150°C,

and transferred to a glove box. The active layer solutionwas filteredwith a 0.45 µm PTFE

filter and spin-coated on top of the PEDOT:PSS to form a 90-150 nm layer. On one side

of each sample, the active layer and PEDOT:PSS were rubbed off to allow for a bottom

contact to the ITO. 25 nm of Ca and 75 nm of Al were thermally evaporated using a

mask, creating 5 top contact pixels and a bottom contact to the ITO. The devices were

placed in a solar simulator in a glovebox and PCEmeasurements were taken under 1 sun

AM 1.5 light. EQE measurements were taken using a filter wheel. Absorption spectra

of the non-metal covered portions of the devices were taken, and film thicknesses were

measured using a DEKTAK profilometer.

OTFT device fabrication and characterization. Transistors were fabricated using a

top contact, bottom gate geometry. Gold was used for the source-drain contacts and

antimony doped silicon was used as the gate contact. An octyltrichlorosiliane (OTS)

modified 200 nm thermal oxide silicon substrate was used as the dielectric. The OTS

layer was solution deposited by placing the air plasma cleaned substrates in a solution of
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20mL dry toluene and 20 µL OTS for 10minutes followed by washing in hexane, acetone,

and isopropanol. Synthesized polymers were dissolved in a 5 mg/mL solution of dry

chlorobenzene:o-dichlorobenzene (1:1 ratio), purchased from Sigma-Aldrich. Solutions

were heated to 100°C for 30mins then filteredwith a 13mmWhatman 0.45 µmPTFEfilter.

Films were spun under nitrogen from a room temperature solution at 300 rpm/3 s then

1000 rpm/40 s. Film thickness averaged 50 nm,measured using a DEKTAK profilometer.

35 nmof thermally evaporated goldwas placed on top through a shadowmask to form the

source-drain contacts. Films were annealed under nitrogen on a hot plate calibrated to

150°C for 30minutes.A back gatewas formed by scribing the back of the silicon substrate

and applying a small quantity of silver conducting grease to form a conducting pathway

to the probe station chuck. Samples were characterized under vacuum, about 10-5 torr,

at room temperature; negative voltages were applied to measure polymer holemobilities

for the materials in question. A Lakeshore TTP5 probe station using 2 Kiethley 2400

SMU run under a Lab View routine was used to perform all transistor measurements.

Theoretical calculations. The geometry of model monomers were optimized at the

HF/6-31G* level of theory using Spartan (Wavefunction Inc).

Molecular geometry. To gain insights into the electronic structure differences for the

DTTBTO and DTTDPP repeat units,molecular geometries were calculated at theHF/6-

31G* level. The lowest energy conformation of DTTBTO shows that the BTO acceptor

unit rotates out of the plane of the co-planar thiophene units with a dihedral angle of

183



Chapter 5. Characterization of Solution-Processed Electronic Devices

Figure 5.17: Normalized output curves for DTTDPP as cast (dashed lines) and annealed

(solid lines) films at VG = -20, -30, -40 V.

35°. In contrast, the DPP unit is rotated by 17° out of the plane of the thiophene units in

DTTDPP. The larger dihedral angle between the donor and acceptor in DTTBTO limits

π-conjugation along the backbone when compared to themore coplanar DTTDPP. The

frontier orbitals reflect these differences showing strong localization of theHOMOon the
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Figure 5.18: Normalized transfer curves for DTTDPP as cast (black lines) and annealed

(red lines) films at a VG = -40 V.

Figure 5.19: TheHOMO and LUMO calculation for DTTBTO and DTTDPP polymers.

DTT and the LUMO on BTO for DTTBTO whereas only partial localization is observed

for DTTDPP.
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Figure 5.20: Molecular geometry from DFT calculations on (a) DTTBTO and (b)

DTTDPP at theHF/6-31G* level.

2-D grazing incidence wide angle X-ray scattering (GIWAXS) experiments were per-

formed on the 11-3 beamline at the Stanford Synchrotron Radiation Lightsource (SSRL)

on films of DTTDPP and DTTBTO on top of Si substrates.

Figure 5.21: (a) 2-D GIWAXS image of DTTDPP; (b) 2-D GIWAXS image of DTTBTO.

186



Chapter 5. Characterization of Solution-Processed Electronic Devices

DTTDPP:PC71BM Additive Electrode Voc [V] Jsc [mA/cm²] FF PCE [%]

1:1 none Ca/Al 0.64 3.10 0.66 1.30

1:2 none Ca/Al 0.64 2.39 0.67 1.01

1:3 none Ca/Al 0.63 2.38 0.67 1.01

1:1 3% DIO Ca/Al 0.61 4.90 0.51 1.51

1:2 3% DIO Ca/Al 0.59 5.28 0.57 1.77

1:3 3% DIO Ca/Al 0.61 3.73 0.53 1.21

1:2 1.5% CN Ca/Al 0.63 4.18 0.65 1.70

1:2 3% CN Ca/Al 0.62 5.48 0.63 2.15

1:2 9% CN Ca/Al 0.61 6.09 0.63 2.35

DTTBTO:PC71BM Additive Electrode Voc [V] Jsc [mA/cm²] FF PCE [%]

1:2 none Ca/Al 0.70 3.51 0.37 0.91

1:3 none Ca/Al 0.69 4.11 0.37 1.06

1:2 2% CN Ca/Al 0.71 4.41 0.43 1.24

1:3 2% CN Ca/Al 0.70 4.86 0.43 1.47

1:2 6% CN Ca/Al 0.72 4.28 0.40 1.24

1:3 6% CN Ca/Al 0.72 4.44 0.42 1.34

1:3 2% CN LiF/Al 0.72 6.59 0.46 2.18

Table 5.4: Device parameters for more conditions of DTTDPP:PC71BM and DT-

TBTO:PC71BM solar cells. 187



Chapter 5. Characterization of Solution-Processed Electronic Devices

5.3 Fullerene Derivatives with Low Thermal Conductiv-

ity for Thermoelectric Applications

Recently,Duda et al.211 reported that the fullerene derivative [6,6]-phenyl-C61-butyric

acidmethyl ester (PCBM) has the lowest thermal conductivity Λ ever observed in a fully

dense solid, Λ ≈ 0.03Wm−1 K−1.We prepared a variety of phases andmicrostructures

of PCBM and the closely related compound [6,6]-phenyl-C61-butyric acid n-butyl ester

(PCBNB) and found that the thermal conductivities of PCBM and PCBNB films are

mostly limited to the range 0.05 <Λ <0.06Wm−1 K−1 with a few samples having slightly

higher Λ. The conductivities we observe are ≈ 70% larger than reported byDuda et al. but

are still “ultralow” in the sense that the thermal conductivity is a factor of ≈ 3 below the

conductivity predicted by theminimum thermal conductivitymodel using an estimate

of the thermally excitedmodes per molecule.

PCBNB was used as received from Solenne. PCBNB was dissolved in chlorobenzene

at concentrations of 16 mg/mL and 20mg/mL and stirred at 90°C for more than 3 hours

in a N2 environment. Silicon substrates were washed sequentially with acetone, 2 wt.%

soap:DI water solution, DI water, and isopropanol in an ultrasonic bath for 5 minutes

respectively. PEDOT:PSS (Clevios P VP AI 4083 as received from Heraeus) was brought

to room temperature, and filtered through a 0.45 µm PVDF filter onto some of the clean

Si substrates. Spin coating was performed at 4000 rpm for 45 seconds, producing films
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35 nm thick. The samples were annealed on a hot plate at 150°C for 20 minutes, and

transferred into a N2 glovebox. The PCBNB solutions were cooled to room temperature

and passed through a 0.45 µm PTFE filter onto the substrates. The 16 mg/mL solution

was spin coated on the substrates at rates of 700 or 1000 rpm for 60 seconds in the first

step and 2000 rpm for 5 seconds in the second step, producing films 50-100 nm thick as

measured byprofilometry.The 20mg/mL solutionwas spin coatedon the clean substrates

at a rate of 600 rpm for 60 seconds in the first step and 2000 rpm for 5 seconds in the

second step, producing films 110 nm thick as measured by profilometry. Some films were

annealed on a hot plate at temperatures ranging from 80-180 °C for 30minutes.

Xiaojia Wang in Prof. David Cahill’s group at UIUC used time-domain thermore-

flectance (TDTR) to study the thermal conductivity of thin films of C60, PCBM, and

PCBNB. The fabrication conditions, substrate types, sample thicknesses, and polymorphs

do not have significant impacts on the thermal conductivities of PCBM and PCBNB. This

class of samples made from fullerene derivatives have ultralow thermal conductivities

close to the lowest value of fully dense solids.
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Conclusion

In this work, we have discussed the relationships between morphology and charge trans-

fer states in organic solar cells. We focused on studying a small molecule system com-

posed of BP donor and PCBNB acceptor, which, in contrast to most BHJ solar cells, has

only pure domains.We first characterized the crystal structures and textures of the poly-

morphs of BP and PCBNB. Changes in the unit cell, π-π stacking, crystallite orientation

and size, and blendmorphology can lead to differences in charge transport and device

performance. Pure films of both materials exhibit multiple polymorphs at room temper-

ature depending on annealing temperature and time. In-situ 2-D GIWAXS was used

to rapidly examine the two polymorphs of BP which have drastically different degrees

of texture. In PCBNB, electron microscopy shows that the crystal structures of the two

crystalline polymorphs are based on the same simple hexagonal lattice, but one poly-

morph exhibits a superlattice consisting of a regular deficiency of fullerene molecules.

In the future, studying the phase transformations of these materials with greater time
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resolution, for example using in-situ GIWAXS measurement setups where diffraction

patterns are collectedmore rapidly, can provide greater insight into the kinetics of the

transformations.

We thendescribedamethodofusing a thermallydegradable binderpolymer,poly(prop-

ylene carbonate), to control the interfacial morphology of solar cells composed of BP and

PCBNB without mixing them in a blend layer. This was possible due to the property of

BP that it is insoluble while its precursor is soluble, enabling the sequential deposition of

layers.When the BP precursor layer is annealed, it transforms into BP while the binder

polymer decomposes into gaseous products, leaving fixed gaps in the film which are

then filled with PCBNB. Therefore, unlike themorphology of a blend layer, the interfa-

cial morphology is independent of the choice of acceptor, allowing for the possibility of

optimizing the morphology and the choice of acceptor independently. Using different

acceptors with this method would be a promising avenue for future exploration. Further-

more, the increased viscosity of the solution containing BP precursor and binder polymer

increases its large area fabrication processability.

Going back to the blendmorphology of BP andPCBNB,we varied the donor-acceptor

ratio and annealing temperature of the blend film and obtainedmorphologies ranging

from mostly flat to column-like features of BP and PCBNB. The charge transfer state

density, which is proportional to the donor-acceptor interfacial area, was examined non-

destructively using sub-bandgap external quantum efficiencymeasurements. By combin-
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ing these measurements with AFM topography and a simulation of Förster resonance

energy transfer, we were able to gain valuable insights about the photophysics in this

system, including the oscillator strength of CT states and the exciton binding energy.

Future electroluminescencemeasurements would enhance the analysis of CT states, and

it would be interesting to apply our methods to other materials systems with either pure

domains, or both pure andmixed domains.

Finally,we showed thatmanyof the insights and techniques used to study the BP:PCBNB

system are also useful in studying other systems of organic or solution-procesed semi-

conductors.We optimized themorphology and performance of OPVs made with novel

low-bandgap donor-acceptor copolymers.We then found that ionic photoconductivity

plays an important role in the behavior of photodetectors made with solution processed

amorphous ZnO and their interaction with organic semiconductors. It is hoped that

these and further advances in the characterization of organic semiconductors will allow

for increased understanding and commercialization of thesematerials.
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