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Professor David S. Ginger
Chemistry

With power conversion efficiencies on the rise, organic photovoltaics (OPVs) hold promise
as a next-generation thin-film solar technology. However, both device performance and stability
are inextricably linked to local film structure. Methods capable of probing nanoscale electronic
properties as a function of film structure are thus a crucial component of the rational design of
efficient and robust devices. This dissertation describes the use of three scanning probe methods
for studying local charge generation and photodegradation in polymer/fullerene solar cells. First,
we show that time-resolved electrostatic force microscopy (trEFM) is capable of resolving local
photocurrent from sub-bandgap excitation down to attoampere level currents, a result
unattainable by traditional contact-mode methods. We find that the local charging rates measured
with trEFM are proportional to external quantum efficiency (EQE) measurements made on

completed devices, making trEFM images equivalent to local EQE maps across the entire solar



spectrum. For both phase-segregated and well-mixed MDMO-PPV:PCBM film morphologies,
we show that the local distribution of photocurrent is invariant to excitation wavelength,
providing local evidence for the controversial result that the probability of generating separated
charge carriers does not depend on whether excitons are formed at the singlet state or charge
transfer state. Next, we describe how local dissipation imaging can be performed with
commercially-available frequency-modulated electrostatic force microscopy (FM-EFM) and
show that dissipation maps are highly sensitive to photo-oxidative effects in organic
semiconductors. We show that photo-oxidation induced changes in cantilever energy dissipation
are proportional to device performance losses. We further develop dissipation imaging by
implementing ringdown imaging, which directly measures the quality factor of the cantilever,
enabling quantitative dissipation mapping. Using organic photovoltaic materials as a testbed, we
study macroscopic device degradation as a function of photooxidation for three different film
morphologies. According to EQE measurements, we find that the stability of the macroscopic
devices is very sensitive to processing conditions, with films processed with the solvent additive
1,8-diiodooctane being the most stable. At the microscopic level, we compare the evolution of
cantilever power dissipation as a function of photochemical degradation for three different
polymer/fullerene blend morphologies, and show that the evolution of local power dissipation
correlates with device stability. Lastly, we show that cantilever power dissipation increases more
rapidly over large fullerene aggregates than in well-mixed polymer/fullerene regions, suggesting

that local photochemistry on the fullerene contributes strongly to the dissipation signal.
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Chapter 1. Introduction

1.1 MOTIVATION

Emerging energy technologies strive toward cost-effective means of producing, storing and
delivering energy for a broad range of applications. For years the high cost of silicon solar
cells was the driving force behind research on alternative solar materials such as polymer-based
organic solar cells or most recently, hugely popular devices made from organometal halide
perovskites.! But with the price of silicon solar panels now under one dollar per watt,? the cost-
effectiveness argument for alternative energy materials has become less important. Recently,
studies have shown that factors beyond cost are important to consider, such as damage to
ecosystem, human health, and resources.® In all three categories, the least damaging solar module
to produce is the organic solar cell, with the zinc oxide variant of perovskites in a close second.
The impact that crystalline and even amorphous silicon solar cells has on these factors is up to an
order of magnitude higher, providing ample evidence for continuing research on alternative energy

materials.

The materials comprising many low environmental impact electronic devices are Earth-
abundant, typically in the form of solutions-processable thin films that can be deposited onto thin
or even flexible substrates. The performance of these devices is intimately tied to the
morphological structure of the film, with a majority of the underlying electrical processes
occurring over the same length scales in which the materials are arranged. Due to this inextricable
link between structure and function, methods that can probe electrical responses at the nanoscale

have become increasingly more important in the rational design of future functional materials.

The content of this dissertation focuses on organic photovoltaics (OPVs), which have seen
significant increases in performance over the past decade, with power conversion efficiencies
rising from about 3% in 2001 up to 11.5% for the most recent record-holding single-junction
organic solar cell.* While these increases have been monumental, efficiencies still lag behind
theoretical capabilities and alternative solar technologies, with much left to be understood
regarding the underlying processes that govern charge carrier generation and transport, and
perhaps most importantly for commercialization, materials breakdown due to photochemical

1



degradation. In most cases, these properties are profoundly affected by film morphology, or in

other words, how the materials in the active layer of the solar cell are intermixed.

1.2 OPV OPERATION

I TOP CONTACTS
ACTIVE LAYER

PEDOT:PSS
INDIUM TIN OXIDE
GLASS

Figure 1.1 (Right) A basic diagram of a bulk heterojunction organic solar cell. The basic
architecture for all devices in this dissertation follows the Glass/ITO/PEDOT:PSS/Active
Layer/Top Contact structure. The ITO serves as the bottom electrode, with PEDOT:PSS acting as
a hole-transporting layer. (Left) A photon is absorbed in the active layer forming an electron-hole
pair (exciton). The exciton diffuses to a donor/acceptor interface where the charge carriers separate

and diffuse to their respective electrodes.

The active layer in OPVs is typically composed of two semiconducting materials, the most
common being an electron donating polymer (donor) and an electron accepting fullerene
(acceptor).® The two components are mixed in solution and cast into a thin film on a conductive
substrate which is most commonly a transparent conducting oxide such as indium tin oxide (ITO)
on glass. The resulting active layer film forms a bulk heterojunction, which is a complex mixture
of varying degrees of phase separation, with domain sizes ranging in length scales from tens of
nanometers to microns, depending on a broad range of factors including (but not limited to)
chemical structure, casting temperature, solvent choice or the use of thermal annealing. Upon
absorption of a photon, a Coulombically bound electron-hole pair called an exciton is formed on
the light-absorbing materials within the active layer (shown in Figure 1.1, as well as a diagram of
the basic device architecture for all devices studied here.). Since the binding energy of the exciton

is greater than kT (on the order of 500 meV),® the exciton must reach a donor/acceptor interface



where the offset in energy levels of the two materials and existence of interfacial energy states
drives exciton dissociation. The lifetime of the exciton is every short and will recombine if it does
not diffuse to a donor/acceptor interface within 10 - 20 nm.! Thus, an efficient film will have a
morphology with a great degree of intermixing between the two materials. Additionally, since
photogenerated charge carriers can take part in photochemical reactions with the organic
components of the active layer,” film morphology also has a profound effect on device stability.®
Instrumentation that can measure these electrical processes over the same length scales as film

morphology is essential for a better understanding of the device structure-function relationship.
1.3 ATOMIC FORCE MICROSCOPY

Atomic force microscopy (AFM) can be employed in a number of modes, the two most
common being contact mode and AC mode. In contact mode, the probe, a small metal cantilever
normally 100 — 200 um in length with a tip at the end that comes to a point of ~20 nm, is raster
scanned with the tip in contact with the sample surface. As the probe moves over tall and short
features on the sample surface, the cantilever bends up or down depending on the height of the
topological feature. A laser is reflected off the back of the cantilever and the signal is collected by
a four-quadrant photodiode, which changes in magnitude depending on the amount of bend in the
cantilever and is directly related to the topography of the sample. Contact mode AFM can be used
to probe electronic sample properties as well by using a conductive tip as the top electrode to
locally inject charges upon applied bias (CAFM) or collect current (pcAFM) generated in an
electronically active sample. cCAFM and pcAFM thus provide local information regarding charge
injection, transport, and generation in (semi)conducting materials.® ° The drawback of these
methods is the potential for causing mechanical damage to a soft sample material, such as the
polymers used in OPVs, when the sharp metal tip of the cantilever is dragged across the surface
of the material. Therefore, to image soft materials such as those described later in this dissertation,

non-contact AFM modes are employed.



CANTILEVER RESPONSE

LOCK-IN AMPLIFIER
AND CONTROLLER

Figure 1.2 A basic diagram of AC mode atomic force microscopy. The cantilever oscillates at a
particular amplitude by applying an AC signal to a piezoelectric element coupled to the cantilever,
and as the sample is raster scanned underneath the tip, changes in oscillation amplitude arise due
to variations in sample topography. The cantilever response is measured by reflecting a laser off
the back of the cantilever and collecting the signal with a photodiode. The system uses a feedback

loop keep the tip-sample separation constant.

In AC mode AFM, depicted in Figure 1.2, the cantilever is oscillated at its resonance
frequency at a particular amplitude and phase. As the tip is brought near the sample surface,
repulsive van der Waal’s forces cause a decrease in oscillation amplitude. Taller features in the
sample surface will damp oscillation amplitude to a greater extent, while short features damp
oscillation less. The system uses a feedback loop to adjust the separation between tip and surface
in order to keep the oscillation amplitude constant. These changes in separation distance are
directly related to the topography of the sample. Much like contact mode AFM, conductive
cantilevers can be used in AC mode operation, though normally the tip is backed away further
from the surface to interact solely through electrostatic interactions, and in this case is more
commonly referred to as non-contact mode. However, rather than directly collecting current at the



tip, differences in the electrostatic forces between tip and sample cause changes in oscillation
frequency, amplitude, and phase.!! Depending on the operation conditions of the instrumentation,
many different materials properties can be probed in non-contact AFM using a conductive
cantilever, the umbrella term for which is electrostatic force microscopy (EFM). Many variations
of EFM are employed to measure different materials properties, such as time-resolved electrostatic
force microscopy (trEFM)*? for local quantum efficiency measurements and charge transport
properties, and scanning Kelvin probe microscopy for sample work function and charge carrier

recombination.!®
1.4 SUMMARY

This dissertation describes three EFM methods for studying optoelectronic properties and
degradation in polymer/fullerene solar cells: time-resolved EFM, dissipation imaging via
frequency-modulated EFM, and dissipation imaging via cantilever ringdown. In each case, the
general experimental setups are identical, but minor variations in AFM operation give rise to
measurement of different solar cell properties. Detailed descriptions of each technique are included

in their respective chapters.

First we describe the use of trEFM for studying the sub-bandgap charge transfer state in
polymer/fullerene solar cells, an electronic state that plays a critical role in charge carrier
separation. We show that local trEFM measurements are proportional to device external quantum
efficiency (EQE) across the solar spectrum, making trEFM a powerful local EQE probe even for
the low EQEs associated with sub-gap excitation. We further compare the above- and below-gap
excitation properties for two morphologies of the MDMO-PPV:PCBM system, and find that while
the local distribution of EQEs depends on film composition, it does not depend on excitation

wavelength.

Next we present the use of frequency-modulated electrostatic force microscopy (FM-EFM)
for mapping cantilever power dissipation in photo-oxidized organic semiconductor materials. FM-
EFM is acommercially available variant of EFM that utilizes a feedback loop to keep the cantilever
at resonance. When this condition is satisfied, the amplitude of the cantilever is inversely

proportional to cantilever power dissipation. We show that local dissipation maps are highly



sensitive to photo-oxidative changes in polymer/fullerene solar cells, and that the use of the

processing additive 1,8-diiodooctane improves the stability of PTB7:PC7:BM solar cells.

Lastly, we build upon on our work with dissipation imaging, this time developing an
imaging method for quantitative measurement of cantilever energy dissipation, enabling image to
image and even sample to sample comparisons. We accomplish this by measuring the ringdown
time of an oscillating conductive cantilever, a property that is directly related to cantilever energy
dissipation. We show that when decreasing charge carrier density in photodegraded blends of
PTB7:PC7:BM is accounted for, the dissipation per mobile charge carrier increases throughout the
functional lifetime of the device, doing so at a faster rate in phase-separated polymer/fullerene
blends. By taking multiple dissipation maps as a function of device degradation, we show that the
largest photochemical changes occur at the fullerene aggregates, providing local evidence for the
important role fullerene plays in device breakdown.
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Chapter 2. Imaging Charge Transfer State Excitations in
Polymer/Fullerene Solar Cells with Time-Resolved Electrostatic Force
Microscopy?

2.1 INTRODUCTION

O rganic photovoltaics (OPVs) offer many potential advantages as a next-generation thin-film
solar technology. They have been demonstrated with over 10% power conversion
efficiencies,’ 2 are made from inherently earth-abundant and non-toxic materials, can be processed
from greener, non-halogenated solvents,# and accelerated stability testing has predicted lifetimes
exceeding seven years.> Furthermore, there is seemingly still room to improve overall
performance, as a number of studies have estimated that the ultimate power conversion efficiency
limits for OPVs should be in the range of 20-27%.5 7

However, continued improvements in OPV performance will require better understanding
of the fundamental recombination loss mechanisms taking place in organic semiconductors.’
Currently, the most efficient OPVs comprise a donor and acceptor material arranged in a bulk
heterojunction morphology that has a profound effect on charge generation, recombination,
transport, and hence device efficiency.®1° In addition, many authors have identified the charge
transfer (CT) state that forms at the donor/acceptor interface as having a key influence on device
performance.” 1*° For instance, the V. of organic solar cells shows a strong empirical correlation
with the energy of the CT state.16-1°

Because of the importance of morphology, there has been a great deal of work both to
characterize the structure of polymer/fullerene blends, as well as to develop methods that can
correlate local morphology with local variations in device performance.??” Likewise, researchers
have used a wide range of optical spectroscopic probes and device measurement techniques to
characterize the energetics and kinetics of sub-gap CT states in OPV blends,*? 2822 as well as sub-

gap excitations in related nanostructured solar materials, such as quantum dot solar cells3* 3 and

! This chapter adapted from Phillip A. Cox, Micah S. Glaz, Jeffrey S. Harrison, Sam R. Peurifoy,
David C. Coffey, David S. Ginger, J. Phys. Chem. Lett., 2015, 6 (15), pp 2852-2858, DOI:
10.1021/acs.jpclett.5b01360



organometal halide perovskites.3® Despite the large body of work demonstrating substantial spatial
heterogeneity in charge generation, recombination, and transport associated with above-gap
photoexcitation of OPV blends,3**® performing similar experiments to map spatial variations in
CT state photocurrents is challenging because of the extremely small EQEs (10 — 10 or lower)
associated with exciting the weakly allowed CT transition. Indeed, measuring photocurrents from
CT states in macroscopic devices typically requires sensitive lock-in® or Fourier-Transform

Photocurrent Spectroscopy methods.>® 44

Here we demonstrate that time-resolved electrostatic force microscopy (trEFM)?® %4 can
be used to map local variations in EQE across the solar spectrum, including direct sub-gap
excitation of the CT state. We compare trEFM maps taken with above- and below-gap excitation
and show that while morphology influences local variations in carrier generation and collection,

excitation wavelength does not.

trEFM is a non-contact atomic force microscopy technique that measures capacitive force
gradients and surface potentials between the sample and a conductive AFM cantilever.?® 2* Non-
contact scanning probe methods like trEFM are useful for imaging soft samples as they greatly
reduce the chance of damaging both the cantilever tip and thin film components, enabling repeated
imaging of the same area under various conditions. As such, we have previously used trEFM to
assess the role of morphology on both performance and photochemical damage in organic
photovoltaics and we have demonstrated that photoinduced charging rates in trEFM are
proportional to the external quantum efficiency of bulk devices under a range of conditions in

model polymer/polymer blends.?* 25 45

Figure 2.1A shows a schematic of the trEFM setup we used for probing sub-gap CT
excitation. Briefly, we photoexcite a partially-completed polymer/fullerene solar cell through the
transparent bottom substrate (indium tin oxide coated glass) with a short (4 ms) LED pulse that
creates charge carriers in the active layer. A positive bias on the AFM cantilever causes negative
charge carriers to move toward the sample surface, and these carriers lead to a decrease in the
resonance frequency of the AFM cantilever.*® 4’ By tracking the frequency as a function of time,
we can thus determine how rapidly the photoinduced carrier population builds up at the film

surface under the AFM tip. The experiment essentially measures the time it takes to charge the tip-



sample capacitor with the local photocurrent generated under the tip. The rise times are thus
associated with the magnitude of the local EQE/photocurrent (not the exciton dissociation event

itself, which typically occurs on femtosecond scales®® % in these materials).

Figure 2.1B shows a raw data trace of a single pixel in an image during the trEFM
measurement cycle for two different light intensities. The rise time of interest is the one following
the LED pulse as indicated in the figure. In this example, the tip-sample junction charges faster
with a brighter pulse. However, for a constant light intensity, local variations in EQE lead to
variation in the charging rate between pixels.?® A trEFM image is generated by plotting the inverse

tau from an exponential decay fit taken at each pixel location.
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Figure 2.1 (A) Schematic of the time-resolved electrostatic force microscopy technique. (B) A

raw data trace plotting cantilever frequency shift vs. time during a measurement cycle at a single
pixel as the measurement voltage and then illumination are turned on. We fit the frequency shift
vs. time after the LED pulse to the exponential decay (red trace) function shown, where the inverse
of tau is characteristic of the local photocharging rate of the tip-sample junction, a value that is
proportional to local EQE.

In this study we use the model system poly[2-methoxy-5-(3°,7’-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV):[6,6]-phenyl Ce1 butyric acid methyl ester (PCBM). The film
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morphology of this blend is easily tailored by choice of casting solvent,® and both the morphology
and charge transfer state properties of MDMO-PPV:PCBM devices have been studied in detail,®
11,49 making it an ideal system to test the ability of trEFM to resolve charge carriers arising from
both above- and below-gap photoexcitation.

2.2 RESULTS
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Figure 2.2 (A) Lock-in amplifier-detected EQE of neat MDMO-PPV, neat PCBM, 1:4 MDMO-
PPV:PCBM blend cast from chlorobenzene, and 1:4 MDMO-PPV:PCBM cast from toluene. (B)
Comparison between bulk device EQE and photon-flux normalized trEFM charging rates (local
EQE) as a function of wavelength for a device cast from chlorobenzene.

Figure 2.2A shows the lock-in detected external quantum efficiencies of macroscopic solar
cells made from neat MDMO-PPV, neat PCBM, and blends of the two materials in a 1:4 wt/wt
ratio cast from both chlorobenzene and toluene. The pure MDMO-PPV alone shows an EQE peak
around ~550 nm before sharply dropping off by 600 nm, while PCBM exhibits a longer tail but
drops off steeply at 750 nm. As expected, the MDMO-PPV:PCBM blends show higher overall
EQEs that resemble a superposition of the MDMO-PPV and PCBM spectra at shorter wavelengths,
but include a broad red tail in the near IR.!! This sub-gap EQE tail is broader than the sum of the
individual components, and arises due to sub-gap excitation directly into the interfacial CT states
comprising an electron on a fullerene and a hole on the MDMO-PPV .8
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We have previously shown that the trEFM charging rates correlate well with EQE for both
pristine and photo-oxidized films.?®> % Here we explore if this relationship holds true for
photocarriers generated via sub-gap excitation of CT states by comparing the wavelength-
dependence of the device EQE and trEFM charging rate. Figure 2.2B (blue circles) plots the
wavelength-dependent, photon-flux normalized trEFM charging rates measured on an MDMO-
PPV:PCBM blend cast from chlorobenzene. Figure 2.2B also plots the device EQES measured at
the same wavelengths (see Appendix Figure A.1and A.2). The close agreement between the traces
for the device EQE and the trEFM charging rates as they both change by over two orders of
magnitude as the wavelength changes from 455-850 nm shows that trEFM can indeed be used to
map local EQEs, even for direct excitation of sub-gap CT states. While the EQE for this CB blend
is ~0.1% (107®) at 850 nm, we can use trEFM to measure down to levels as low as 0.001% (107)
(Appendix Figure A.6). Recording a local sub-gap photocurrent with conventional
photoconductive AFM would require measurement of attoAmpere level currents. This level of
detection is made possible by the sensitivity of EFM methods to local force gradients: under

favorable conditions, sensitivity to single charges is even possible.>
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Figure 2.3 (A) Normalized singlet state charging rate (532 nm LED) and (B) CT state charging
rate (850 nm LED with 850 nm longpass filter) overlaid on film topography of a 1:4 MDMO-
PPV:PCBM film cast from chlorobenzene.
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Figures 2.3A and 2.3B show charging rate images taken at 532 and
850 nm excitation overlaid on AFM topography of a 1:4 MDMO-PPV:PCBM film cast from
chlorobenzene (frequency shift images included in Appendix Figure A.4). The morphology
consists of small features on the order of 30-60 nm with a relatively smooth surface roughness.
Figure 2.3A shows a typical charging rate map where the sample was photoexcited with a 532 nm
LED. We normalized this image (and all subsequent images presented here), by dividing every
pixel by the average charging rate. This process highlights spatial variations relative to the film
average. However, for both above- and below-gap excitation we find little to no local variation in
charging rate for films cast from chlorobenzene, regardless of excitation wavelength or local
morphology. This lack of observable variation is expected given the very small scale of the features
in a chlorobenzene-cast MDMO-PPV:PCBM blend. To explore spatial variations in photocurrent
collection more easily as a function of wavelength, we next turn to examine blends spin-coated

from toluene.
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Figure 2.4 (A) Normalized singlet state charging rate (532 nm LED) and (B) CT state charging
rate (850 nm LED with 850 nm longpass filter) overlaid on film topography of a 1:4 MDMO-
PPV:PCBM film cast from toluene. (C) and (D) Line traces of topography height and charging
rates at both 532 nm and 850 nm excitation taken at the blue (C) and green (D) lines shown in (A).

Figures 2.4A and B show trEFM charging rate images taken at 532 nm and 850 nm overlaid
on the AFM topography for a 1:4 MDMO-PPV:PCBM film cast from toluene (frequency shift
images included in Supporting Figure A.3). This blend forms films consisting of large aggregates,
roughly 250-500 nm in diameter, separated by flat valleys. The structure of MDMO-PPV:PCBM
devices cast from toluene has been meticulously studied and reported elsewhere.? 5% 52 Briefly, the
large aggregates are PCBM domains, which can be covered with a mixed MDMO-PPV:PCBM
capping layer. The valleys are regions of mixed MDMO-PPV and PCBM. For above-gap
photoexcitation, charging mainly occurs in between, and at the edges of fullerene aggregates, as
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well as on top of some of the aggregates. These locations are where there is the most polymer,
which is responsible for most absorption at 532 nm. Photoconductive-AFM (pcAFM)
measurements show that current collection mainly occurs at the aggregate boundaries but not in
the flat, mixed domains.®® While the structure and overall charging rate trends in these trEFM
images are generally consistent with pcAFM on the same films, the trEFM images show subtle
differences that we attribute to the ability of trEFM to detect and resolve photocurrent variations
in the areas between fullerene aggregates, a result that is difficult to achieve with contact-mode
PCAFM (see Appendix Figure A.7).

Figure 2.4B shows similar charging rate images obtained by exciting only the CT state
with an 850 nm LED and 850 nm longpass filter. Surprisingly, the trEFM images in Fig. 2.4A and
2.4B are very similar, despite being taken at very different excitation energies. Notably, the line
traces shown in Fig. 2.4C and 2.4D show virtually the same spatial variation with small deviations.
We attribute the small observed deviations to the result of random noise associated with measuring
what is the equivalent of attoAmpere level currents. We provide additional analysis and discussion
in Appendix Fig. A.8, showing that the correlation between the images taken with above-gap and
below-gap excitation is as high as can be expected between successive AFM scans under these
experimental conditions and imperfect spatial matching. We thus take the strong correlation
between the two images to be evidence that the local distribution of EQES is insensitive to

excitation wavelength as explained below.

At first, it may seem unexpected that the EQE maps taken at 532 and 850 nm excitation
show the same spatial structure. If we had observed structure in the trEFM maps that differed
systematically between above-gap (excitonic) and below-gap (CT state) excitation as a function of
position, it would imply that either the local absorption varies due to local composition or that the
local yield of free carriers per absorbed photon (internal quantum efficiency, IQE) changed from
region to region depending on excitation wavelength. On the other hand, the lack of change in
structure upon change in wavelength implies that either (A) the features at 532 nm and 850 nm
share both the same spatial variations in absorption and charge separation (IQE), or (B) the local
variations in absorption and IQE are coincidentally inversely proportional everywhere so as to
exactly cancel (further discussion provided in Appendix A Section 9). Since the excitonic (above
gap) and charge transfer state (below gap) absorptions both involve MDMO-PPV, and it is known
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that the MDMO-PPV phases contain molecularly dispersed PCBM,® 2 it seems reasonable that
both excitonic and CT absorption track MDMO-PPV concentration in this blend. Therefore, we
conclude that the probability of forming charge carriers from an absorbed photon must be
essentially equal at above- and below-gap photoexcitation. If this was not the case, then to preserve
the local distribution in EQEs between singlet and CT excitation, the IQE and EQE would have to
coincidentally anti-correlate everywhere in the film. Due to the unlikeliness of this possibility, we

propose that IQE is independent of excitation wavelength.

Notably, Vandewal et al.* recently reported that the internal quantum efficiency (IQE) of
a number of polymer/fullerene blends (including MEH-PPV, a polymer closely related to MDMO-
PPV) is independent of excitation wavelength. Although we emphasize that our trEFM
measurements probe EQE, not IQE, we still conclude that the strong correlation between the EQE
maps at above- and below-gap excitation shown in Fig. 2.3 and 2.4 are local evidence consistent
with the findings of VVandewal and coworkers. In other words, the only likely way to have the
macroscopic IQE be the same at two different wavelengths in a sample with significant spatial
heterogeneity is if the microscopic variations in IQE are also independent of excitation

wavelength.
2.3 CONCLUSIONS

We have employed time-resolved electrostatic force microscopy to acquire nanoscale
images of the charge-transfer state in MDMO-PPV:PCBM solar cells. Over the range of the solar
spectrum, even at sub-bandgap wavelengths, we find that the charging rates from trEFM point
scans are proportional to the EQE of a bulk device, demonstrating that trEFM can be used as a
local probe for EQE, even for very weakly absorbing states, with EQEs as low as 10°. The high
sensitivity of trEFM to local carrier generation makes it ideal for dynamic characterization of a
broad range of nanostructured materials, such as intermediate band quantum dot solar cells and
singlet fission solar cells where carriers generated from weak sub-gap excitations are of interest.
For heterogeneous OPV device morphologies, we found that the charging rates for both above-
and below-gap photoexcitation are fastest in areas where MDMO-PPV and PCBM are well mixed,
with the slowest charging rates occurring in the pure PCBM phase. These results provide local
evidence in support of recent work suggesting that IQE is insensitive to excitation wavelength.
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2.4 METHODS

2.4.1 Device Preparation

Pre-coated ITO slides (Thin Film Devices, Inc.) were sonicated in sequential solutions of
acetone and isopropanol for 20 minutes each and then dried with nitrogen. The substrates were
plasma-cleaned for 5 minutes and then immediately spincoated with a ~30 nm layer of
PEDOT:PSS (Clevios P VP 4083 Al, H.C. Stark Chemicals) before annealing at 150 °C for 20
minutes under dry nitrogen. MDMO-PPV (synthesized by Lee Park’s group, Williams College)>*
and PCBM (nano-c) solutions were created separately in either toluene or chlorobenzene solvent
and stirred overnight at 60 °C. In a nitrogen glovebox, 80 uL of 1:4 wt/wt MDMO-PPV:PCBM
solution was spincoated onto the PEDOT:PSS layer to a thickness of ~85 nm. For films used in
EQE measurements, 80 nm aluminum contacts were thermally evaporated onto the active layer

through a shadow mask.
2.4.2 Device Testing

External quantum efficiency measurements were performed with a monochromated
(Acton Research Corporation Microspec 2300i) 250 W lamp (Princeton Instruments), sourcemeter
(Keithley 2400), lock-in amplifier (Stanford Research Systems SR830) and calibrated Si
photodiode (OSI-Optoelectronics). A device mask ensured the same 0.0122 cm? of light exposure

to all devices and the photodiode.
2.4.3 Atomic Force Microscopy

AFM measurements were carried out on an Asylum Research MFP-3D Bio atomic force
microscope on top of an inverted Nikon Eclipse Ti microscope and Table Stable vibration isolation
stage. 75 kHz resonance frequency BudgetSensor silicon cantilevers with a Pt/Cr conductive
coating were used. Devices were sealed from the environment in an Asylum Research closed flow
cell with a constant stream of dry nitrogen. Excitation light sources were LEDEnNgin 455, 532, 660,
750, and 850 nm LZ4-series LEDs. The LEDs were attached to a side input of the microscope
where they were reflected off one full mirror and then a 50/50 beam splitter (850 used a full mirror)

filter cube before going through a 40x Nikon Pan Flour objective. For CT-excitation images, an
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850 nm longpass filter (ThorLabs FEL0850) was used in front of the 850 nm LED to ensure no
singlet state excitation (see Supporting Figure A.5). In comparing macroscopic EQE to local
trEFM measurements, the macroscopic EQEs were weighted to the emission spectra of the LEDs
used in the trEFM measurements (see supporting information Fig. A.1). All trEFM images are
256x256 pixels with 10 averages per pixel and fit to the Igor software’s built-in exponential decay
function with realistic constraints for the time constant. All trEFM imaging and analysis was

carried out with our custom Igor code operating within the Asylum Research AFM software.
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Chapter 3. Mapping Nanoscale variations in Photochemical Damage of
Polymer/Fullerene Solar Cells with Dissipation Imaging?

3.1 INTRODUCTION

With champion-cell power conversion efficiencies now crossing the long-sought 10%
threshold, organic photovoltaics (OPVs) are gaining more attention as a cost-competitive,
renewable energy source.™ 2 For nearly a decade, the major focus of OPV research has been on
increasing device efficiencies.>> During this time, comparatively less attention has been given to
the stability of these devices.®® While accelerated lifetime testing of encapsulated OPV devices
have already been reported to exceed seven years,° the lifetimes of OPVs are still far shorter than
the multi-decade lifetimes often attributed to traditional inorganic photovoltaics.® It thus remains
an open challenge to better understand the pathways leading to the degradation of OPVs in order
to design longer lasting materials and device structures.

To date, lifetime studies have yielded important insights into the aging mechanisms of
current generations of OPVs. "1 For instance, Peters et al. tracked power conversion efficiencies
of P3HT- and PCDTBT-based solar cells over thousands of hours to understand the “burn-in loss”
dominating the degradation timescale.X® Madsen et al. used highly concentrated light of up to 150
suns to accelerate degradation in P3HT films, finding degradation to scale linearly with light
intensity.t” Alem et al. have employed conventional techniques such as NMR, XPS, and UV-
visible spectroscopy to study oxygen bond formation in the degradation of polymers containing a
central benzo[1,2-b:4,5-b']dithiophene unit.® These studies and others have provided valuable
evidence for device degradation mechanisms including the effects of contacts, thermal
morphology coarsening, impurities, the role of oxygen and water exposure,*® and photo-oxidation
of active layer materials.® While the use of inverted structures to eliminate reactive metal
interfaces,?®2® crosslinking to reduce morphological coarsening,* 2° and advances in

encapsulation have led to significant increases in practical lifetimes,?® 27 the photochemical

2 This chapter adapted from Phillip A. Cox, Dean A. Waldow, Torin J. Dupper, Stephen Jesse,
David S. Ginger, ACS Nano, 2013, 7 (11), pp 10405 — 10413, DOI: 10.1021/nn404920t.
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stability of the active layers remains an important factor in the long-term lifetime limits that can

be achieved.

While most OPV degradation studies so far have relied primarily on measuring bulk device
properties as a function of light and oxygen exposure, there is reason to believe that active layer
morphology might also play a role in determining photochemical stability. For instance,
photocurrent collection maps?®3 and device models that incorporate energetic disorder®® ¥
indicate that even in fairly efficient devices, the current can be collected predominantly along
pathways representing a small fraction of the total film volume. An alternative hypothesis suggests
that more ordered regions of a film should exhibit a lower density of tail states, leading to a higher

local stability in these regions.®

To test such hypotheses, it is important to have tools capable of measuring local variations
in electronic properties of OPV films. Scanning kelvin probe microscopy (SKPM) has also been
applied to study photodegradation in model OPV materials,®® “° though generally without
resolving variations due to local composition. In recent studies, our group has used time-resolved
electrostatic force microscopy (trEFM)* to study photochemical degradation®® #? in model
polymer/polymer donor/acceptor blends and found that device degradation is not uniform across
the active area, but can depend on active layer morphology. While trEFM is well-suited to
degradation studies, its time resolution is insufficient for the study of high-efficiency OPVs under
typical solar illumination intensities. We have also developed a next-generation method — fast, free
trEFM (FF-trEFM)* — but this method is not yet commercially available.

Motivated by the work of Denk and Pohl,** who demonstrated that the dissipation of an
oscillating atomic force microscope (AFM) cantilever could be used to measure doping induced
variations in sample conductivity in inorganic semiconductors, our goal herein is to show that
dissipation mapping using frequency-modulated electrostatic force microscopy (FM-EFM) can
provide a sensitive, non-contact probe of photochemically induced changes in the electronic
properties of bulk heterojunction organic photovoltaics. In FM-EFM, as implemented on our
system (Asylum MFP-3D), the cantilever is lifted to a particular height above the sample (typically
~10 nm) and kept at constant phase relative to the drive by modulating the frequency of the shake

piezo. A positive DC bias is applied to the cantilever while the active layer of the sample is
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photoexcited. The electrostatic interactions between the tip and the sample lead to a force gradient
which changes the cantilever resonance frequency and can be used to image variations in surface
potential and capacitive gradient.* In addition, via long-range Coulomb interactions, the cantilever
can lose energy to the motion of charges in the sample** ¢ resulting in a reduction in cantilever

amplitude — even while the frequency feedback is adjusted to keep the cantilever on resonance.

Here, using model blends of PTB7:PC71BM,*" we show that maps of cantilever dissipation
measured with FM-EFM are sensitive to photochemical damage in organic semiconductors, and
that these maps are dependent on the chosen cantilever resonance frequency. Additionally, we
compare dissipation maps between PTB7:PC7:BM films with different processing parameters, and

provide a link between morphology, bulk device performance, and aging behavior in this system.
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3.2 RESULTS AND DISCUSSION
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Figure 3.1 (A) Chemical structures of polymer PTB7 and fullerene PC7:.BM. (B) UV-Vis spectra
of neat PTB7 polymer and PC71BM, as well as the blend film as a function of photon dose. (C)
External quantum efficiencies of devices photo-oxidized over photon doses ranging from 0 to 1100

Jlem? as indicated in the legend.

Figure 3.1 shows the chemical structures, UV-Vis absorption spectra, and photovoltaic
device properties for the PTB7:PC7:BM blend devices we used in this study. PTB7 absorbs
strongly between 600 - 700 nm, while the fullerene absorption contributes more at shorter
wavelengths (300 — 600 nm). We photo-oxidized the blend films using a 660 nm LED (LEDEngin
LZ1-10R200) to preferentially excite the polymer material during degradation. Figure 3.1B shows
UV-Vis spectra collected after subjecting the blend films to a range of exposed photon doses from
150 J/cm? to 900 J/cm?. Over this dose range, the fullerene contribution to the film absorbance at
shorter wavelengths (300 — 600 nm) remains constant throughout the degradation process.
However, the PTB7-dominated absorption at longer wavelengths (600 — 700 nm) diminishes

gradually as a function of photon dose, eventually decreasing to ~40% of its original absorbance
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value after an exposed photon dose of 900 J/cm?, consistent with photobleaching of the PTB7
chromophore upon exposure to 660 nm light in air. Photobleaching leads to a decrease in light
absorption and concomitant reduction in exciton generation that can account for some of the
decrease in external quantum efficiency (EQE) we observe in the same spectral region shown in
Figure 3.1B. However, the observed reduction in photocurrent cannot result solely from decreased
light absorption: not only is the decrease in EQE much larger than the decrease in absorption at
the PTB7 absorption maximum (see Appendix Figure B.1), but we observe a reduction in EQE at
all wavelengths despite the lack of change in the absorption of the film in the shorter wavelength
region (~300 — 600 nm). This behavior would be consistent with decreases in EQE arising from
chemical degradation of the film that results in increasing recombination loss (poorer carrier

collection), as well as a decrease in light absorption near the polymer peak.
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Figure 3.2 (A) Schematic of the in situ photon doses delivered to the sample with a 632.8 nm
HeNe laser. (B) The topography (inset 1x1 pum with 500 nm scale bar), (C) AQ/Q, and (D)
frequency shift measured while imaging a 3% DI1O PTB7:PC7:BM film photo-oxidized according
to the schematic in (A) and imaged with a cantilever driven at 264.9 kHz under 5050 W/m? of cw

660 nm light. The scale bar is 10 um with an overall image length and height of 30 um.

In order to explore how photo-oxidation leads to local changes in device performance, we
first photo-oxidized a film in situ using the focused spot (~ 1 um in diameter) from a HeNe laser
(intensity 6600 W/m?) in air. We then purged the sample with dry nitrogen and imaged the same
region of the film using FM-EFM under cw illumination, recording topography during the first
pass, then cantilever frequency shift (Aw) and cantilever amplitude (A) during a second pass using
a cantilever lift height of 10 nm to retrace the topography at a fixed distance.
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Figure 3.2 shows typical data for a 3% DIO PTB7:PC71BM film imaged with FM-EFM.
Figure 3.2A shows a plot of the photon doses that we used at each point, consisting of areas roughly
10 microns apart that were sequentially subjected to increasing photon doses (~20 — 1200 J/cm?)
in the presence of air. The topography of the film, shown in Figure 3.2B, appears unchanged by
photo-oxidation at these doses. We plot the changes in cantilever dissipation at each position as
change in cantilever quality factor (AQ) divided by the quality factor (Q). We calculate AQ/Q
directly from AA/A (see supporting information). In contrast, to the topography, the AQ/Q image
in Figure 3.2C shows clear contrast between the pristine and damaged regions of the film. Figure
3.2 shows that cantilever Q is very sensitive to local photodegradation: we measure an
approximately 1% difference in Q between the fresh and most-degraded areas. In comparison, the
relative cantilever frequency exhibits a change of only a few Hz, or about 0.0015%. In general, Q
decreases over the degraded areas of the film, though this effect is frequency dependent (see
below). While we have so far assumed these changes in Q result primarily from damage to the
active layer, we estimate that even under photoexcitation conditions (carrier densities of
~10%/cmd) the probe depth of the cantilever would extend through the active layer film. We thus
cannot rule out degradation in PEDOT:PSS as contributing to the observed changes in Q.
However, as discussed below, the susceptibility of the film to photodamage is sensitive to the use
of a solvent additive in the active layer, suggesting that changes in the active layer are the dominant

effect.

Cantilever power dissipation is a well-studied phenomenon,* 4->* but to our knowledge
has not previously been applied to organic photovoltaics. The quality factor, Q, of a cantilever is
inversely proportional to local power dissipation for frequency-modulated techniques®® °°:

Py = ! kA? ! ! 3.1
In Equation 1, k£ and A are the cantilever spring constant and tip amplitude, wo and Qo are the
resonance frequency and quality factor measured far from the sample surface, and Qs the quality

factor close to the surface. The quality factor of the cantilever is proportional to the tip amplitude:
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Q=- (3.2)

This relationship is valid assuming (1) the tip amplitude is measured at the maximum height of the
resonance curve, and (2) the cantilever motion is well described by a simple linear harmonic
oscillator. We chose feedback settings to maintain condition (1), and verified that condition (2)
held for our samples by obtaining Band Excitation® ° images conducted at Oak Ridge (Appendix

Figure B.2).

Under these conditions we can interpret the AQ/Q images presented here as maps of
cantilever power dissipation in the sample, mediated by long range electrostatic interactions. The
negative AQ/Q values we observe in Figure 3.2C are thus consistent with increased electrostatic
damping of the cantilever motion over the photo-oxidized regions of the sample. We attribute this
increased power dissipation to increased resistive losses associated with charge motion at
frequencies near the cantilever resonance frequency, in response to the oscillating electric field of

the cantilever.
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Figure 3.3 External quantum efficiencies for PTB7:PC7:BM devices photo-oxidized in bulk and

FM-EFM AQ/Q for a film degraded in situ as a function of photon dose.

By creating a grid of increasing photon doses such as that shown in Figure 3.2C, we are
able to observe how the cantilever quality factor evolves over the entire lifetime of the device in a
single image. Figure 3.3 compares the locally measured change in cantilever Q to the change in

external quantum efficiency of a bulk device exposed to the same photon dose. We highlight that
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AQ/Q correlates with EQE during the functional lifetime of the device (see supporting
information). The correlation between these two properties suggests to us that measuring cantilever
Q can be an effective method for tracking nanoscale variations in device performance. This result
is particularly valuable because dissipation imaging is readily implemented on commercial
instruments without any modification aside from an illumination source. Other methods for
measuring local Q, such as band excitation,> % or acquiring resonance curves via point-by-point
frequency sweeps, should allow users with access to a wide range of AFM hardware to probe
spatial variation in photo-oxidation in OPV materials by measuring changes in local dissipation.
While pcAFM?835 can be used to map local changes in photocurrent, pcAFM is a contact mode
technique that is poorly suited to repeated imaging of soft polymer samples as is needed during
degradation studies. Additionally, Q-imaging is more sensitive to changes in performance than
conventional techniques, such as SKPM (Appendix Figure B.3),% which allows us to conduct
studies on devices during the initial stages of degradation, before significant changes to surface

photovoltage are detectable.

Denk and Pohl have suggested that dissipation imaging is measuring the loss term of the
sample dielectric function.** This logical proposal would suggest that the choice of cantilever
frequency should thus affect the results of a dissipation image. To test this hypothesis, we repeated
the FM-EFM experiment depicted in Figure 3.2 on the same sample using three different
cantilevers at five different resonance frequencies (for some cantilevers we excited both

fundamental and higher harmonics).
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Figure 3.4 AQ/Q images for (A) 69.17 kHz, (B) 153.5 kHz, (C) 264.9 kHz, (D) 438.5 kHz, (E)
945.2 kHz cantilevers.

Figure 3.4 shows images of the same 30 micron area of photo-oxidized spots taken at five
different cantilever resonance frequencies (69.17, 153.5, 264.9, 438.5, and 945.2 kHz), showing
that both the magnitude and sign of the local power dissipation are sensitive functions of the
cantilever resonance frequency. Of the frequencies measured, the maximum change in Q occurred
with the 264.9 kHz cantilever. Changes in Q were significantly smaller at 153.5 kHz, but then
increased again at the lowest point of 69.17 kHz. Above 264.9 kHz, the magnitude of the Q
changes diminished until at 945.2 kHz Q actually changed sign to show less dissipation in the
photo-oxidized areas. In all cases up to a dose of 1200 J/cm?, the greatest AQ/Q always occurs
over the most damaged area (we note that at very high levels of photo-oxidation, beyond those
likely to be relevant for device operation, AQ/Q eventually begins to change slope, and even sign,

as a function of dosage).
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Figure 3.5 The relationship between AQ/Q and the log of cantilever drive frequency at 1200, 800,
and 600 J/cm? photon doses.

Figure 3.5 plots AQ/Q as a function of cantilever frequency for three representative photon
doses. If FM-EFM probes energy loss processes in the film, then a plot of cantilever power
dissipation versus frequency should resemble the results of impedance spectroscopy measurements
of the imaginary component of the relative permittivity. We note however that while the data in
Fig. 3.5 would appear to reflect qualitatively the frequency dependence of the loss term of the local
dielectric constant, making such a correlation quantitative would require accounting for the fact
that in changing the frequency of our cantilevers, we also changed the cantilever force constants
and free Q values (see Appendix Table B.1). Within the limited range of frequencies accessible
using our current approach, there exists a qualitative similarity between the data in Figure 3.5 and
that published previously by Armbruster and co-workers®” *® who showed that the imaginary part
of the relative permittivity in P3HT:PCBM devices reaches a local maximum in the 10° Hz region,
a minimum between 10° and 10* Hz, and then steadily rises as frequency approaches zero. In our
PTB7:PC7:BM films we seem to observe a minimum at a higher frequency (around 150 kHz),
which could be the result of the differing device mobilities, carrier and trap densities in PTB7 vs.

P3HT films, as well as the absence of the evaporated top metal contacts in our samples.
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Figure 3.6 Topography and AQ/Q images for PTB7:PC7:BM films processed with (A) 3% and
(B) 0% solvent additive 1,8-diiodooctane. Both films were photo-oxidized with a 660 nm LED
over a 2120 um? area to an exposed photon dose of 400 J/cm?. AQ/Q images at additional photon
doses can be found in supporting information Figure B.5 and Figure B.6.

Finally, given that power dissipation appears to be a powerful way to image variations in
photo-oxidative damage to films over time, we applied it to compare the effect of additive
processing on the evolution of PTB7:PC7:BM blends processed with and without the solvent
additive 1,8-diiodooctane (DI1O). DIO is a commonly used solvent additive that has previously
been shown to improve morphology and performance (mostly by an increase in fill factor for
PTB7:PC71BM devices*’) of a number of polymer/fullerene bulk heterojunction solar cells.*
However, how (and if) these changes in morphology are reflected in device aging has not been
studied.

We used the same 660 nm excitation LED (operated at a higher intensity of 7500 W/m? to
accelerate degradation) to degrade large (~2120 um?) areas of the device, thereby achieving
uniform doses over our imaging fields. As before, we conducted imaging after a thorough (>20

min.) purge with dry nitrogen so that damage would not continue during imaging. Figure 3.6 shows
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topography and AQ/Q images of PTB7:PC7:BM films processed (A) with and (B) without DIO
before and after photo-oxidizing to a photon dose of 400 J/cm? (see Appendix Figure B.5 and
Figure B.6 for AQ/Q images taken at photon doses up to 3000 J/cm?). The AQ/Q image of the
undamaged 3% DIO film is relatively uniform, indicating only minor detectable variations in
carrier density/trap density/mobility on the ~10 nm and larger length scale in pristine devices
processed with DIO. In contrast, Figure 3.6B shows the AQ/Q image for a fresh 0% DIO device,
where we observe a clear variation in cantilever Q on the same length scale as the obvious variation
in surface topography, consistent with compositionally-induced variations in electrical dissipation
in these less-efficient blends. These local results are in line with the differing device fill factors
which indicate that the series resistance/recombination loss is higher in films processed without

DIO, as has previously been discussed.*’

Interestingly, the use of DIO also affects the way in which the film degrades. After a dose
of 400 J/cm? (which corresponds to an about 50% reduction in device performance) the 3% DIO
film shows small scale variations in dissipation on ~ 40 nm length scales which were nearly
invisible prior to photodegradation. On the other hand, the 0% DIO film shows faster degradation,
with an overall decrease in the distribution of Q as the areas that started off as low-dissipation are
photochemically damaged to a greater extent than the areas that began as lower-dissipation.
Qualitatively then, the two new films exhibit clear variations in the evolution of the distribution
of AQ/Q values recorded in each film as the device is further photo-oxidized (see Appendix Figure
B.7). In the case of the 3% DIO film, the distribution of AQ/Q is maximized at the same photon
dose where the largest shift in cantilever Q was observed in Figure 3.2C and then tapers off as
photon dose approaches 3000 J/cm?. For 0% DIO films, however, distribution of Q values simply
decreases monotonically as a function of photon dose. We believe this difference is due to the
decreased stability we see in 0% DIO devices (see Appendix Figures B.8 and B.9). A photon dose
of 400 J/cm? to a 0% DIO device reduces performance by ~75%, but only ~50% in 3% DIO

devices.
3.3 CONCLUSIONS

We have used frequency-modulated electrostatic force microscopy to measure changes in
cantilever quality factor, or Q, as a function of photochemical damage in model PTB7:PC7:BM
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solar cells processed with and without the solvent additive DIO. Our micron-spot photo-oxidations
show that cantilever power dissipation is initially proportional to photon dose and as a result the
quality factor of the cantilever declines as a function of damage over the functioning lifetime of
the device. By making a direct comparison between our in situ dissipation measurements and
device performance measurements, we were able to show that local changes in cantilever Q
correlate well with measured external quantum efficiency changes of PTB7:PC7:BM devices.
Finally, we compared dissipation maps of PTB7:PC7:BM films cast with and without the popular
solvent additive DIO. Our results suggest that the morphology achieved when PTB7:PC71:BM is
processed with DIO leads to more uniform device degradation via elimination of hot-spots and
bottlenecks throughout the film — consistent with the increased performance of those materials,
and consistent with the better lifetimes of DIO-processed devices. We expect dissipation imaging
by FM-EFM and Band Excitation can play an important role in the future design of efficient and
stable organic photovoltaics through its ability to map local variations in charge transport, and
possibly, to extract information reminiscent of that obtainable with frequency dependent local

impedance spectroscopy.®°
3.4 METHODS

3.4.1 Device Preparation

PTB7:PC7:BM devices were made from separate solutions of 25 mg/mL PTB7 (poly[[4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]])  (1-Material)  and PC7:.BM (3'H-
cyclopropa[8,25][5,6]fullerene-C71-D5h(6)-3'-butanoicacid, 3'-phenyl-, methyl ester) (nano-c)
dissolved in dichlorobenzene. After stirring and heating overnight at 60 °C, the solutions were
transferred in 1:1.5 proportions by volume PTB7 to PC7.BM, where the solvent additive 1,8-
diiodooctane was added at 3% by volume just prior to spincoating. The resultant solution was spin-
coated to a final thickness of about 100 nm under nitrogen onto an ITO substrate with a 30 nm
layer of PEDOT:PSS (Clevios™ P VP Al 4083, H. C. Stark. Chemicals). Films were dried
overnight in vacuum. For bulk device performance measurements, aluminum contacts were
evaporated to a final thickness of 80 nm. Aluminum contacts were evaporated after the degradation
process. Bulk devices were degraded under ambient room conditions on a home-made photo-
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oxidation setup using a 5 W 660 nm LED (LEDEngin LZ1-00R200) with an intensity of ~380
W/m?. The intensity of the LED was measured with a calibrated Si-photodiode (OSI
Optoelectronics) and Sourcemeter (Keithley 2400).

3.4.2 Device Testing

External quantum efficiencies were measured with a monochromated 450 W xenon lamp
(Oriel) and Sourcemeter (Keithley 2400) and calculated using a calibrated Si-photodiode (OSI-
optoelectronics). A device mask was used to cover the same area over each device and the
photodiode. UV-Visible spectra (Agilent 8453) were collected under ambient conditions with
either neat PTB7 (25 mg/mL), neat PC7:BM (25mg/mL), or PTB7:PC7:BM blend films spincoated
directly onto glass substrates (no ITO or PEDOT:PSS).

3.4.3 Atomic Force Microscopy

AFM measurements were carried out on an Asylum Research MFP-3D BIO atomic force
microscope seated on an inverted Nikon Eclipse Ti microscope and Table Stable vibration isolation
stage. Silicon cantilevers (BudgetSensor) with conductive Cr/Pt coating (Multi75-G, Tap190-G,
and Tap300-G) of three different resonance frequencies (69.17, 153.5, 264.9 kHz) were used. The
69 and 153 kHz cantilevers were operated in the second mode of the cantilever resonance to obtain
the images at 438.5 and 945.2 kHz, respectively. All samples were housed in a flow-cell enclosure
to control exposure to air or nitrogen. In situ photo-oxidations of ca. 1 micron spot size were
performed with a 5 mW HeNe 632.8 nm laser (Research Electro-Optics), while photo-oxidations
of ca. 2120 um? were performed with a 660 nm LED (LEDEngin LZ10R200). Samples were
purged in air for thirty minutes prior to laser exposure, and then purged in nitrogen for 30 minutes
before imaging. During imaging, the sample was under constant illumination to generate charge
carriers at 5050 W/m?2 using a 660 nm LED (LEDEngin LZ4-00R200). Both the laser and LED
intensities were measured in the same manner as the bulk photo-oxidation LED. FM-EFM images
were taken with a lift height of 10 nm and tip bias of +10 volts. The drive amplitude of the shake
piezo during the EFM pass was set to half of the topography pass amplitude. During the EFM pass,
the cantilever phase was held at 90° by modulating the drive frequency of the shake piezo. AQ/Q

images are flattened to set the fresh areas of the film as a zero-point to demonstrate the difference
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in amplitude between damaged and undamaged areas. The AQ/Q value at each photon dose is
determined by individually masking each degraded area to get amplitude versus sample distance

and then extracting the mean of a Gaussian fit.
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Chapter 4. Dissipation Imaging via Cantilever Ringdown for the Study
of Loss Processes in Polymer/Fullerene Solar Cells®

4.1 INTRODUCTION

While increases in power conversion efficiency have served as the main driving force behind
polymer solar cell research for over a decade, device stability remains a major research
challenge impeding progress in thin film solar technology.! ? Specifically, the polymer/fullerene
active layer is prone to photochemical degradation in the presence of light and oxygen.>*> Water
exposure from air is another major cause for concern especially with respect to the commonly used
hole-transport layer PEDOT:PSS.%8 Stability issues are broader than organics, indeed, the stability
of hybrid perovskites has also become an important issue.® 1% In nanostructured materials like
OPVs, the relationship between local film structure and device performance has been studied with
a broad range of instrumentation in order to better understand charge carrier generation, transport,
and collection.!"*> However, the effects of morphology on device stability have received less
attention,? with relatively few studies directly linking local structure with device stability.1®1°

A commonly used technique for controlling morphology, and thus efficiency, of organic
photovoltaics (OPVs) is the use of solvent additives.? Typically, additives such as 1,8-
diiodooctane (DIO) are added in small volumes prior to spincoating the polymer/fullerene solution
to increase the solubility of PCBM and mitigate its propensity for forming aggregates.'! ?* For
example, use of DIO in PTB7:PC7:BM devices can increase device efficiency from 3.9% to 7.4%
due to increases in short-circuit current density (Jsc) and fill factor (FF) brought about by increased
mixing of the polymer and fullerene.?? A less understood effect of the morphological changes
induced by DIO is a more stable, longer-lasting device.!’ Clearly, the same morphological effects
that contribute to increased device performance are inextricably linked to photochemical

degradation of the active layer.

3 This chapter adapted from Phillip A. Cox, Lucas Q. Flagg, Rajiv Giridharagopal, David S.
Ginger, 2016. To be submitted to J. Phys. Chem. C.
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The ability to probe electrical properties at the nanoscale during the photochemical
evolution of the semiconductor active layer is critical to understanding the relationship between
device structure and stability. While many device lifetime studies focus on bulk measurements of
completed devices®® 2226 we have previously shown that local dissipation measurements can be
used to reveal nanoscale variations in organic semiconductor materials that arise from
photochemical degradation.’” For an electronically active sample, the power dissipation of the
cantilever has contributions from Coulombic drag,?’ making dissipation imaging suited for
studying polymer/fullerene solar cell degradation as materials breakdown causes changes in trap
state density, charge carrier mobility and charge carrier density.?®3° We previously used
frequency-modulated electrostatic force microscopy (FM-EFM), a commercially-available atomic
force microscopy (AFM) technique that can create fast, qualitative dissipation maps. FM-EFM can
be used to map the quality factor (Q) of an oscillating atomic force microscope cantilever indirectly
by utilizing a phase-locked feedback loop to keep the cantilever at resonance. Under these
conditions, cantilever Q is equal to the tip amplitude divided by the drive piezo amplitude.3!-33
However, the challenge of calibrating the amplitude of the drive piezo can make quantitative
comparisons between multiple images difficult. This difficulty arises because, while the drive
voltage sent to the piezo is well known, the efficiency this energy is transferred to the cantilever
depends on the mechanical mounting, and can change during the course of imaging with changes
in environment, temperature, or coupling between the piezo and cantilever chip. Here, we instead
measure cantilever power dissipation quantitatively through the straightforward method of

cantilever ringdown imaging.

We have previously shown that cantilever power dissipation is much more sensitive to
changes in film properties during photo-oxidation compared to other techniques that rely on
changes in capacitive force gradient and sample work function such as SKPM.” Furthermore,
power dissipation probes processes like changes in carrier transport and trapping, which can be
more informative than measuring optical density losses'® ** as rates of photobleaching often do
not track with the device performance characteristics of photodegraded polymer/fullerene blends.’
While other AFM methods are also capable of measuring cantilever Q, such as dual-amplitude
resonance tracking (DART)® and band excitation (BE),*® these methods have most often been

employed in contact resonance imaging modes for more structurally stable materials.
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Here we show that quantitative and non-destructive dissipation imaging can be performed
by measuring the ringdown time of a conductive AFM cantilever interacting electrostatically with
charge carriers in an organic semiconductor film. We compare device EQE measurements and
local power dissipation measurements as a function of photo-oxidative damage for three different
PTB7:PC7:BM film morphologies and show that our local dissipation measurements correlate with
device stability. Furthermore, we show how power dissipation evolves with degradation as a
function of local film structure in the most phase-segregated PTB7:PC7:BM film to show that areas
comprising large fullerene aggregates more rapidly exhibit changes in dissipation due to photo-
oxidative damage. Using DIO during film processing reduces fullerene aggregate size, thereby

improving device stability.

4.2 RESULTS AND DISCUSSION
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Figure 4.1 (A) Schematic of ringdown imaging experimental setup. (B) Raw data for a single
image pixel showing amplitude versus time as the drive amplitude is switched off and on. The
decay in amplitude is fit to the shown exponential decay function (black trace), from which tau is
used to calculate cantilever Q by the equation shown, where fo is the resonance frequency of the

cantilever.
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Figure 4.1A shows our implementation of ringdown imaging. We use the two-pass method,
where typical constant-amplitude AC-mode topography imaging is employed in the first pass, and
the second pass follows a basic EFM setup where the tip is lifted away from the surface 10 - 50
nm and the oscillation amplitude is reduced to be sufficiently out of range of van der Waal’s
interactions. During the second pass the cantilever is biased at +10 V for highest signal to noise
and driven at constant drive amplitude with no feedback loop, while an LED is used to create
photogenerated charge carriers in the semiconductor film. During each measurement cycle, the
cantilever driving force is turned off and the decaying amplitude signal is tracked in time. We allot
a 5 ms pause before turning the driving force back on, which is sufficiently longer than the
ringdown time of the cantilever (proportional to Q/f). While each pixel in a ringdown image
requires a ~16 ms measurement cycle, we were able to image with significantly shorter acquisition
times compared to BE, likely because BE acquires additional data over a wider frequency range.
For example, on an Asylum Research Cypher ES AFM (Oxford Instruments), BE images at a
resolution of 256 points by 256 lines with only one average per point took roughly seven times
longer than the ringdown imaging method. Furthermore, the processing of our raw data is
performed at the end of each image line, allowing the user to see images as they are collected,
whereas data is processed in post with BE. The ~3 ms ringdown time of the cantilevers used in
this study allots time for several ringdown cycles within a single 16 ms measurement cycle,
allowing for an increase in averages without adding to image acquisition time. Lastly, ringdown
imaging in non-contact mode is straightforward to implement by making comparatively minor

changes to existing time-resolved electrostatic force microscopy code.3®

Figure 4.1B shows the cantilever amplitude vs. time after turning off the piezo over an
illuminated polymer/fullerene film. After the driving force is turned off at t = 5 ms, the cantilever
amplitude decays to zero with the single-exponential form expected for a damped simple harmonic
oscillator. The amplitude decay shows very good signal/noise with only one average. The
cantilever amplitude recovers to its original value after the driving force is turned back on at 10
ms. We fit the amplitude decay vs. time to an exponential decay function, where zis the fit lifetime

that we use to calculate cantilever Q via:*’
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Q=mfor (4.1)

where f, is the resonance frequency of the cantilever in Hz. Q can further be used to calculate

cantilever power dissipation:??

Py = 1kz‘lzwo 12 (4.2)
2 Q @
where kis spring constant, 4 is the amplitude of the cantilever prior to turning the cantilever drive
off, and wo is the resonance frequency of the cantilever far from the sample surface. Because there
is no feedback loop employed to keep the cantilever at resonance, the amplitude, A, of the
cantilever prior to turning the driving force off shifts with changes in the cantilever Q and with the
resonance frequency that arise due to local film structure, and as a result shows structure similar
to the frequency shift images measured in FM-EFM when a phase-locked loop is used to hold the

cantilever at resonance (comparisons shown in Appendix Figure C.1).

We are concerned specifically with changes in cantilever power dissipation that arise from
photogenerated charge carriers. Therefore, we consider the change in the total dissipation that

arises when the sample is illuminated by measuring Q in the light and dark:

Py = 1kA2f ! ! (4.3)
“p 2 0 qurface Q+10V,light .

where Qsurrace IS measured in the dark with no electrical bias, and Q+zovzn: iIs measured when the
biased cantilever interacts with photogenerated carriers in the film. By calculating Pup between
Qsurtace aNd Q+10v1ighe, We do not concern ourselves with mechanical energy loss due to being in
close proximity of a material or the presence of dopants in the film, and instead report only the
additional energy lost from the cantilever as a result of electrostatic interactions between tip and

photogenerated charge carriers.

To demonstrate ringdown imaging, we chose the model polymer/fullerene OPV blend

PTB7:PC7:BM due to the ability to easily change the final film morphology using different
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solvents, solvent additives, or polymer:fullerene ratio. PTB7 once held the record efficiency for
single junction OPVs,® and has since become the focal point of a significant amount of recent
OPV research.®® Recently, Collins et al. used resonant X-ray scattering to measure and relate the
domain composition to local device performance of PTB7:PC71.BM devices processed with and
without DIO.! In both cases, fullerene aggregates are dispersed in a largely amorphous mixed
matrix of both polymer and fullerene. Increased performance in the DIO films is attained through
a reduction of fullerene aggregate size, leading to increased exciton dissociation yield due to
greater polymer access to pure fullerene aggregates. Building on these results, we prepared films
with three very different PTB7:PC7:BM morphologies and corresponding variations in device

performance for local stability testing with ringdown imaging.
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Figure 4.2 Representative AFM topography images of the film morphologies used in this study:
(A) 1:1.5 3% DIO from DCB, (B) 1:3 No Additive from CB, and (C) 1:3 3% DIO from CB
PTB7:PC71BM.

Figure 4.2 shows representative AFM topography images of the different PTB7:PC7:BM
morphologies used in this study. Figure 4.2A shows the topography of the film from 1,2-
dichlorobenzene (DCB) in a 1:1.5 polymer:fullerene ratio with DIO added. These films show the
well-known, highly-mixed morphology that has been widely studied and produces very efficient
devices for the PTB7:PC7:BM system.*® Figure 4.2B shows a highly phase-separated morphology
with very poor performance generated by casting the film from chlorobenzene (CB) in a 1:3
polymer:fullerene ratio with no additive. Finally, Figure 4.2C shows the morphology resulting
from a 1:3 polymer:fullerene ratio in CB, with 3% v/v ratio of DIO added just prior to spincoating.
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Figure 4.2C shows that the effect of adding DIO is dramatic, and prevents the formation of the
very large (250 — 500 nm) fullerene aggregates seen in Figure 4.2B, even at these higher fullerene
concentrations. These three film morphologies exhibit very different device performance, as

expected, but also exhibit extremely different stabilities, which we discuss next.

Figure 4.3 shows device EQE and local cantilever dissipation measurements for the three
PTB7:PC7:BM film morphologies shown in Figure 4.2 at varying doses of 660 nm light in air at
room temperature and 27% humidity. The reported dose is calculated by measuring the light
intensity of a 660 nm LED used for degradation (wavelength chosen for preferential excitation of
PTB7)Y and multiplying by the time of exposure. For local dissipation measurements,
degradations were administered sequentially and in situ on the AFM setup by controlling the
atmosphere of the flow cell encasing the sample and cantilever. During imaging, the sample is
exposed to a constant flow of dry nitrogen, while during photooxidation a constant flow of
compressed air of 27% relative humidity is used. For device EQE measurements, separate devices
are degraded on a home-built photo-oxidation setup using a 660 nm LED and house air of 27%
relative humidity. We note that exposure to air alone in the dark for over 10 hours had no
measurable effect on the local electrical properties of the films, indicating the degradation is

photoactivated.
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Figure 4.3 (A) Normalized EQE at 660 nm of 1:1.5 3% DIO from DCB (red trace, triangles), 1:3
3% DIO from CB (green trace, squares), and 1:3 No Additive from CB (blue trace, circles)
PTB7:PC71BM devices from 0 to 1200 J/cm? photon dose. Remaining plots follow the same
color/shape scheme. (B) Q factor, (C) cantilever power dissipation, and (D) normalized cantilever
power dissipation as a function of photon dose.

Figure 4.3A shows the EQE of the 1:1.5 3% DIO (red triangles), 1:3 3% DIO (green
squares), and 1:3 no additive (blue circles) PTB7:PC7:BM devices as a function of degradation for
doses up to 1200 J/cm?. We report EQE at 660 nm, which coincides with the wavelength of
excitation used in the AFM measurements for both degradation and imaging. The EQE traces are
normalized so that the highest EQE is set to 1.0 (full EQE spectra and non-normalized comparison

can be found in Appendix Figure C.2) to highlight the relative differences in rates of EQE decay.
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Figure 4.3A shows that the film cast with DIO at a 1:1.5 polymer:fullerene ratio is the most stable
with respect to EQE loss. In contrast, the film cast without DIO at a ratio of 1:3 loses photocurrent
the fastest when exposed to photooxidation, but using DIO in conjunction with a 1:3
polymer:PCBM ratio increases both device performance and stability, placing it firmly in between
the other two films. Interestingly, we observe that films with greater degrees of phase-separation
not only begin with lower initial EQE values (initial EQE values at 660 nm are 69% for 1:1.5 DIO
films, 55% for the 1:3 DIO films, and 21% for no additive 1:3 no additive films), but their
performance also degrades at a faster rate when exposed to light and oxygen. We note that these
results appear to contradict recent reports suggesting that residual DIO additive results in films
that are less stable against photo-oxidation,*® however those studies used photobleaching of the
films as their primary metric of stability, whereas both our group’ has found that device
performance often drops much faster the absorbance of an OPV film, presumably because small
densities of trap states can result in large recombination losses, without appreciably affecting the
UV-Vis spectrum. Taken together, these results suggest that DIO processing may result in films
that are less susceptible to early photo-oxidative damage, while being less stable to photobleaching

over the long term.

Figure 4.3B shows the average cantilever Q factor measured via cantilever ringdown for
the same three blend morphologies shown in Figure 4.2. The same cantilever was used for all
three film morphologies, and each point in the plot was collected by imaging over a 4 um? area of
32 x 32 pixels at 1 average/pixel and then averaging together all 1024 pixels over the imaged area.
The area imaged is sufficiently large compared to the nanoscale structure of the films to be
representative of general device performance (i.e. moving to another 4 um? area would result in
roughly the same values of Q). We plot Q and dissipation out to a photon dose of 250 J/cm? to
more clearly show the most substantial changes that occur in the initial stages of degradation (full
Q and dissipation versus dose curves are shown in Appendix Figure C.3 and C.4). For the 1:1.5
ratio film cast with DIO in Figure 4.3B, cantilever Q decreases by about 1% from 0 to 50 J/cm?,
which corresponds to an EQE loss of 35%. By a dose of 90 J/cm?, Q has risen only slightly and
increases at a slow rate before tapering off at higher doses. For the film cast at 1:3
polymer:fullerene ratio with DIO (green squares), Q drops by about 1.7% by a dose of only 30
Jlem? where EQE has decreased by ~30%. Q then rises for higher doses but at a rate faster than
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the 1:1.5 film with DIO. Lastly, Q for the film cast without DIO at a 1:3 polymer:fullerene ratio
drops by 1.3% by a dose of 30 J/cm?, but then rises at a significantly faster rate than the other two

films.

The sharp decline in cantilever Q during the beginning stages of degradation is a result of
greater damping forces acting on the cantilever as photogenerated charge carriers move through
the active layer. Since it has been shown that exposure to light and oxygen creates deep level traps
in the fullerene,?® we speculate that greater cantilever power dissipation is related to charge
trapping in the photo-degraded film. We suggest that the fact that Q rises after reaching its
minimum value can be explained by significant carrier losses occurring at higher photon doses. As
carrier density decreases, the strength of the electrostatic forces between tip and sample declines,
causing smaller detectable differences in cantilever Q when the sample is illuminated. Thus, when
comparing these results to the device EQEs in Figure 4.3A, it is clear that the rate at which Q
evolves with photo-oxidative damage correlates with device stability. This result shows that

tracking cantilever Q with device degradation is an effective local stability probe.

An advantage of obtaining cantilever Q via the ringdown method over FM-EFM is the
ability to quantitatively convert Q to cantilever power dissipation, which we plot in Figure 4.3C.
We calculated dissipation according to Eq. 4.3, where the reported value is the additional
cantilever power loss arising from interactions with photogenerated charge carriers compared to
the purely mechanical losses. VValues of dissipation that are more negative are higher in dissipation,
as this is energy lost from the system. We find that initial cantilever power dissipation is nearly
equivalent for the fresh, undamaged films. Similar to Q, cantilever power dissipation increases
most drastically in the beginning stages of photooxidation before turning over and decreasing at
higher doses when charge carrier losses become severe. In Figure 4.3D we normalize the
dissipation versus dose traces such that initial dissipation is set to zero and maximum power
dissipation is equal to one. In this manner, we highlight the differences between the three
morphologies, particularly in the rate at which dissipation decreases at doses past 30 — 50 J/cm?.

This result is consistent with the device EQE measurements.
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Figure 4.4 (A) Topography of a no additive 1:3 PTB7:PC7:BM film. (B) Area averages of
cantilever Q as a function of photon dose for fullerene aggregates (squares) and areas in between
aggregates (triangles), as well as average Q taken in the dark with no tip bias for the entire region
(circles). The different regions are masked off using the topography and selecting areas above or
a below a particular height threshold. (C-1) Q images via cantilever ringdown of the same film
degraded to (C) 0, (D) 10, (E) 20, (F) 50, (G) 125, (H) 250, and (I) 500 J/cm?.

To better understand how degradation is accelerated by local film morphology in the 1:3
blend, we took high resolution Q images via cantilever ringdown to see which areas in the film
exhibit the greatest changes upon exposure to light and oxygen. Figure 4.4 shows the Q images
collected via cantilever ringdown of a 1:3 PTB7:PC71BM film cast with no solvent additive
degraded in situ from 0 to 500 J/cm? Figure 4.4A shows the topography of the film, which consists
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of very large fullerene aggregates roughly 250-500 nm in diameter with well-mixed regions of
polymer and dispersed fullerene in between.!! When the film is fresh in Figure 4.4C, we find
significant heterogeneity in dissipation that reflects local film structure, with dissipation lowest
directly on top of fullerene aggregates, and highest over the mixed regions occupying the space in
between aggregates. After an initial dose of 10 J/cm?, average Q for the image drops significantly,
consistent with our results in Figure 4.3. However, the largest contribution to the average change
in Q is due to substantial changes in Q directly on top of fullerene aggregates, with very little
change in Q occurring over the mixed regions. This is illustrated more clearly in Figure 4.2B,
where the average value of Q for masked regions of the film is plotted as a function of photon
dose. Continuing to doses of 20 and 50 J/cm?, changes in Q for both regions occur by roughly the
same amount which continues to a dose of 125 J/cm?. Past this point, Q for fullerene aggregate
areas evolves at a slower rate than the mixed regions, eventually becoming highest in dissipation,
with the well-mixed regions becoming lowest in dissipation. The significant heterogeneity in
dissipation for the film cast without DIO is in sharp contrast to the films cast with DIO, which
exhibited very little to no local variation in dissipation even after photo-oxidation due to the high
degree of polymer/fullerene mixing (these images can be found in Appendix Figure C.5).

Based on our local Q images, it is clear that substantial increases in power dissipation occur
during the initial steps of degradation, and that these increases in dissipation center on the large
fullerene aggregates. The well-mixed regions in between aggregates appear to be substantially
more resistant to changes in dissipation. This result suggests that a property intrinsic to fullerene
aggregation is the root cause for instigating or accelerating photo-oxidative losses in photocurrent
for polymer/fullerene solar cells. Reese and coworkers?® found that oxidation of the PCBM
fullerene cage was a critical component in degradation of the active layer for P3HT:PCBM solar
cells. Despite minor changes in PCBM absorbance throughout photo-oxidation (i.e. minimal
photobleaching of PCBM), they found with MALDI-TOF that the fullerene cage is oxidized by a
single oxygen at a time, with the rate-limiting step being the first oxygen addition and subsequent
additions occurring at a faster rate. Additionally, DFT calculations showed a monotonic decrease
in the PCBM LUMO with each addition of oxygen, forming deep level traps in the active layer.

With this in mind, our results suggest that the fast rise in power dissipation is caused by formation
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of traps on the PCBM domains. Both the dense packing and longer carrier lifetimes®* in fullerene

aggregates give rise to a higher probability that electrons will reach these traps.

Although speculative, we can use this hypothesis to explain the differences in stability
between the three different PTB7:PC7:BM morphologies studied herein. By using EQE as a metric
for device stability, we consider only how quickly losses in collected photocurrent occur as a
function of photooxidation. This does not necessarily mean that photochemical reactions occur
more quickly in films with large fullerene aggregates, but rather that pathways for photocurrent
collection are eliminated at a faster rate. If this is the case, then films composed of large areas of
densely packed traps (PCBM) will lose current collection pathways faster than when these same
traps, even if they are generated at the same rate via photooxidation, are dispersed more evenly
through the film. Thus, stability is enhanced when processing additives are used to reduce
aggregation and disperse and distribute fullerene more uniformly within the polymer matrix, as
seen in our results for both the 1:3 and 1:1.5 films cast with DIO. Other studies have also reported
a strong fullerene influence on stability.? ** This would indicate a more universal principle in
polymer/fullerene solar cells that processing methods which reduce aggregation of the fullerene,
or perhaps changing the electronic structure of fullerene, can enhance stability in polymer/fullerene

solar cells.
4.3 CONCLUSION

We have developed an implementation of dissipation imaging via cantilever ringdown for
the study of energy loss processes in organic semiconductor films. The ringdown time of the
cantilever is directly related to cantilever energy loss when interacting with photogenerated charge
carriers. We have shown that for three PTB7:PC7:.BM morphologies, cantilever power dissipation
correlates with device stability, making ringdown imaging an effective local stability probe. We
show that ringdown imaging is capable of resolving local heterogeneity in dissipation for phase-
segregated films, and show that dissipation increases as a function of photodegradation more
quickly in regions dominated by fullerene aggregation, providing local evidence in favor of
reducing fullerene aggregation for more photochemically stable devices. Dissipation imaging via

cantilever ringdown is a powerful technique for resolving charge carrier loss processes at
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nanometer length scales and with further development will prove useful in understanding loss

mechanisms in a variety of nanostructured energy materials.
4.4 METHODS

4.4.1 Device Preparation

Device fabrication and photo-oxidation procedures have been slightly modified from Ref.
12. PTB7:PC71.BM devices were made from separate solutions of 25 mg/mL PTB7 (poly[[4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]])  (1-Material) and PC1BM  (3’H-
cyclopropa[8,25][5,6]fullerene-C71-D5h(6)-3’-butanoic  acid, 3’-phenyl-, methyl ester)
(American Dye Source) in 1,2-dichlorobenzene (Sigma-Aldrich) for the 1:1.5 blend and
chlorobenzene (Sigma-Aldrich) for the 1:3 blends. ITO-coated glass substrates (Thin Film
Devices) were sonicated in subsequent solutions of acetone and 2-propanol and plasma cleaned
before spincoating a ~30 nm layer of PEDOT:PSS (Clevios P VP Al 4083, H.C. Starck Chemicals)
and annealing at 150 °C under nitrogen for 20 minutes. The PTB7 and PC7:BM solutions were
stirred at 80 °C and 800 RPM for at least 12 hours before being combined by adding the PTB7 and
PC71BM to a third vial ina 1:1.5 v/v ratio, or by adding the PTB7 directly into the PC71:BM solution
ina 1:3 v/v ratio. 1,8-diiodooctane (TCI Chemicals) was added at 3% v/v just prior to spincoating
the 1:1.5 blend and the 1:3 blend with DIO. The final solutions were spincast from 70 °C to a final
active layer thickness of ~100 nm in a nitrogen glovebox. Films were then dried in the glovebox
at 80 °C on a hotplate. For device testing, 80 nm aluminum electrodes were thermally evaporated
through a shadow mask, but only after the photo-oxidation process. Photo-oxidations were carried
out in a controlled environment of ~27% relative humidity by flowing compressed air through a
sealed chamber. Films were exposed to a 5 W 660 nm LED (LEDEngin LZ1-00R200) with an
intensity of ~500 W/m?. The intensity of the LED was measured using a calibrated Si-photodiode
(OSI Optoelectronics) and sourcemeter (Keithley 2400). Photon doses are calculated by
multiplying the power of the LED by the time of exposure.
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4.4.2 Device Measurements

External quantum efficiencies were measured with a monochromated 250 W tungsten-
halogen lamp (Acton) and sourcemeter (Keithley 2400) and referenced to a calibrated Si-
photodiode (OSl-optoelectronics). A device mask ensured the same 0.013 cm? area was
illuminated during each measurement. For very low EQE values lock-in detection EQE was

performed with a Stanford Research Systems lock-in amplifier for enhanced signal to noise.
4.4.3 Atomic Force Microscopy

AFM measurements were taken with an Asylum Research MFP-3D BIO atomic force
microscope (Oxford Instruments) installed on an inverted Nikon Eclipse Ti inverted microscope
and Table Stable vibration isolation stage. 320 kHz resonance frequency silicon cantilevers with
conductive Pt coating (MikroMasch) were used for all measurements. Samples were housed in a
closed flow-cell where the environment could be controlled by flowing either nitrogen (for
imaging) or compressed air (for photo-oxidation, relative humidity 27%) through the enclosure.
Before photo-oxidation, compressed air was flowed through the enclosure for 5 minutes. After
photo-oxidation, the enclosure was purged with nitrogen for 5 minutes before imaging with
illumination using a 10 W 660 nm LED (LEDEngin LZ4-series) at ~900 W/m? (intensity
measurements vary slightly by day and are retaken each time an AFM trial is performed) through
diffuser (Thor Labs). In situ photo-oxidation is carried out with the 660 nm LED over an area of
~2120 pm?. Q images were taken with a 20 nm lift height, drive amplitude set to ~30% of the
topography pass amplitude, and +10 V bias on the tip, with the sample ITO attached to ground.
Tip parameters such as spring constant and amplitude inverse optical lever sensitivity are

calibrated for quantitative conversion of Q into power dissipation.
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Chapter 5. Conclusions and Future Directions

We have presented three scanning probe microscopy methods based on EFM for probing
local optoelectronic properties in nanostructured solar materials. In each case, the
properties studied were all affected by the local morphology of the materials system,
demonstrating the need for such local probes in better understanding the underlying physics behind
device operation and stability at the nanoscale. The methods presented here were demonstrated on
polymer/fullerene solar materials, but their operation requires only the ability to measure variations
in capacitive force gradients or cantilever power dissipation due to charge motion, making them

widely applicable to any materials system with dynamic charge carriers.

In chapter one we studied the weakly absorbing charge transfer state in polymer/fullerene
solar cells with time-resolved electrostatic force microscopy. We showed that if excitation
wavelength is varied across the solar spectrum, our trEFM measurements are proportional to
device EQE, even for the low photocurrents associated with charge transfer states. We
demonstrated that trEFM is sensitive to currents as low as a few attoAmps, making it well-suited
to studying the low currents obtained from sub-gap excitation. We used trEFM to collect local
EQE maps of two very different morphologies of MDMO-PPV:PCBM films, and found that while
the local distribution of EQE varies with local film composition, it does not vary with excitation
wavelength. This result provided nanoscale evidence in support of a controversial result that
internal quantum efficiency does not vary with excitation wavelength, and that the probability of
forming separated charge carriers is equivalent regardless of whether the exciton is formed at the

singlet or charge transfer state.

Our study used the polymer/fullerene system MDMO-PPV:PCBM, which has been studied
in great detail for over a decade. Today, some of the highest performing solar materials such as
PTB7 and its variants have a greater amorphous character than polyphenylvinylenes such as
MDMO-PPV. Thus, a straightforward continuation of this study would be to image the local CT
state properties of newer, state-of-the-art materials. Is the probability that charge carriers form
from above- and below-gap excitation equivalent for these newer polymers as well? Or does the

local distribution of EQEs vary with excitation wavelength? The high sensitivity of trEFM to
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capacitive force gradient changes allows for detection of very low currents (attoAmpere levels). It
would be interesting to take advantage of this sensitivity and apply it to sub-gap states in other
materials, such as defect states in organometal halide perovskites, another solar material whose
film structure is intimately tied to overall device performance. Does the current acquired from
these sub-gap states decrease with common surface passivation treatments? Furthermore, we
showed that trEFM can be used as a local EQE probe for a range of excitation wavelengths. In
theory, then, it should be possible to collect nanoscale EQE spectra using the right excitation
source — a high power monochromated white light source coupled into the AFM setup that can be
toggled on and off with <10 ps rise times but remain on for ~4 ms at a time would accomplish this.

EQE spectra could then be collected as a function of local materials properties.

In chapter three we showed that the cantilever amplitude measured via frequency-
modulated electrostatic force microscopy is inversely proportional to cantilever energy dissipation,
and that this parameter is highly sensitive to photo-oxidative changes in organic semiconductor
materials. Using PTB7:PC7:BM as a model system, we found that decreases in cantilever
amplitude were related to EQE loss over the functional lifetime of a device, and that local
variations in dissipation exist when films are cast with or without the solvent additive 1,8-
diiodooctane. Our EQE measurements confirmed that films cast with the additive were more
stable, explaining the slower evolution of local power dissipation as a function of degradation. We
qualitatively compared our dissipation measurements to those measured with impedance
spectroscopy by imaging the same photodegraded spots with multiple cantilevers of varying
resonance frequencies which suggests FM-EFM measurements may be related to the imaginary

term of the complex relative permittivity.

Further development of the actual physical properties in organic semiconductors that give
rise to variations in local dissipation would propel this instrumental capability forward into a much
more broadly applicable technique. At the moment, we can only hypothesize that charge carrier
trapping and detrapping is responsible for energy loss in the cantilever. If we knew for certain
trapping/detrapping was the dominant mechanism, the imaging technique would be more robust
and could be applied to a range of systems with more straightforward interpretation of the results,
potentially serving as a quick nanoscale check for intrinsic charge carrier loss for a range of
processing conditions or materials. FM-EFM can only qualitatively be used to measure dissipation
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in materials, a drawback when compared to our ringdown technique presented in chapter four.
However, FM-EFM images can be collected quickly at high resolution. While it may make more
sense to develop the theory behind dissipation imaging with a quantitative technique such as
ringdown imaging, once the principles are known FM-EFM will benefit researchers as a

commercially available and fast imaging tool for studying loss processes in solar cells.

In chapter four we presented our method for quantitatively measuring cantilever Q, and
thus cantilever energy dissipation, by implementing a version of cantilever ringdown imaging.
Collecting cantilever Q as a function of film degradation shows that initially total cantilever power
dissipation increases with increasing levels of film damage and maximizes at a level indicative of
the device lifetime. By comparing device EQE measurements for three very different
PTB7:PC7:BM film morphologies with our local dissipation measurements, we show that
measuring cantilever power dissipation as a function of materials degradation is correlated with
device stability. For PTB7 morphologies comprised of significant fullerene aggregation, we find
that dissipation increases significantly faster with degradation in areas of high fullerene
concentration than in well-mixed regions. These results are consistent with other studies that show

the fullerene has a profound effect on device stability.

Similar to FM-EFM, ringdown imaging would benefit from a more robust understanding
of the underlying physical processes in semiconductor materials that lead to cantilever energy loss.
In the case of ringdown imaging, quantitative measurements can be made, making it ideal for
image to image and sample to sample comparisons. Preliminary results show that tracking
cantilever Q as a function of degradation can be used to study local performance loss in
organometal halide perovskite devices, making ringdown imaging more broadly applicable. While
we have thus far measured cantilever Q changes with device degradation, Q should be sensitive to
a variety of variables in semiconductor systems. Therefore, future studies that track Q as a function
of changing materials properties can be performed. Beyond solar materials, measuring cantilever

Q can be applied to other electronically active systems as well.

With further advances and development, local scanning probes will continue to play an
integral part in our ability to design robust and efficient electronic devices. Beyond the organic

solar materials studied here, many emerging device technologies make use of similarly
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nanostructured materials whose morphology profoundly influences device performance.
Therefore, the contributions to general scanning probe presented in this dissertation will serve to

more broadly impact materials design fields in the future.
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APPENDIX A.

Appendix A accompanies Chapter 2. Imaging Charge Transfer State Excitations in

Polymer/Fullerene Solar Cells with Time-Resolved Electrostatic Force Microscopy

1. LED Spectra and Si diode responsivity used in EQE adjustments for Figure 2B.
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Figure A.1 The LED emission spectra, Si diode responsivity, and EQE used in the construction

of Figure 2.2B.
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Figure A.1 shows the led emission spectra at 455, 532, 660, 750 and 850 nm along with
the Si diode responsivity and EQE of 1:4 MDMO-PPV:PCBM in chlorobenzene. Due to the broad
spectrum of the LEDs, the responsivity used in calculating LED intensities and EQE used in Figure

2.2B was calculated using a weighted average of the emission spectra.
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2. Point scans of 1:4 MDMO-PPV:PCBM cast from chlorobenzene at various wavelengths and

intensities used for Figure 2B.

5000 prerrrrrrrprrerrrr e e 5000 e e prerrrre AaEas Eansy 3 5000 prrrrrr R R P e 1

N 4000 3 N 40001 ¢ — N 4000f -
P b o ] ° ]
© o < T 3000 4 5 L P L4
IZCEB 3000 ] &u ] & 3000 ) ]
> ] 2 ] > ; 1
-5, 20001 . > 20001 i S 2000 ) .
E ] g [ 1 :_:n 1
O 1000 3 O 1000f, 4 S 1000F o 3

[0 TSI FVST TP FRTTITI PP il Onulwlllun\n\\Hl\\l\unl\\l_ [o] R Liviain Livawtoiaals ‘nu.:

02 03 04 05 06 07 0 1 2 3 4 2 4 6 8

y b ; 2 ; 2
Intensity | W/m Intensity | Wim Intensity / W/m
750 nm 850 nm w/ 850 LP
5000 prrrrrrrrrrrrrr e e e 5000

2 4000 — o 4000; : 9
O O F =
§ 3000+ — Etca 3000;
2 2 o
) 2000 . S 2000:— 5
C @« L
= = F
© 1000 ] 3G 1000F

[o] RN EEE T B O:u.l PRI BRI BT R

0 20 40 60 0 50 100 150 200 250

Intensity / W/m2 Intensity | W m?

Figure A.2 trEFM point scans of a 1:4 MDMO-PPV:PCBM film cast from chlorobenzene at
wavelengths 455, 523, 660, 750, and 850 nm with 850 nm longpass filter as a function of LED

intensity.

Figure A.2 shows trEFM charging rate point scans for a 1:4 MDMO-PPV:PCBM film cast
from chlorobenzene at wavelengths 455, 532, 660, 750, and 850 nm with an 850 nm longpass filter
as a function of LED intensity. The intensity is lowered until the cantilever frequency shift is slow
enough as to not be faster than the feedback loop that keeps the cantilever at resonance. The
charging rate is approximately linear with LED intensity once the charging rate is appropriately
slow enough to measure. This is shown in Figure A.2 where the charging rate plateaus for high
LED intensities, but decreases linearly when LED intensity is low enough. To construct Figure
2.1B, the charging rates from Figure A.2 are normalized to photons/s incident on the film, and then
averaged together to yield a value that resembles “charges/photons” so that the trEFM charging

rates can better be compared to the bulk device EQEs. We used only charging rates that are within
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the linear regime and/or under 4000 Hz (which equates to a slower than 250 us charging rate, well

within our instrumental resolution).

3. Frequency shift images of 1:4 MDMO-PPV:PCBM film cast from toluene.
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Figure A.3 (A) Topography, (B) singlet state and (C) CT state frequency shift images of a 1:4
MDMO-PPV:PCBM film cast from toluene.

B

The frequency shift images in Figure A.3 accompany the charging rate images in Figure
2.3 for the 1:4 MDMO-PPV:PCBM film cast from toluene. The frequency shift is largest over the
fullerene aggregates, despite having the slowest charging rates. This is likely due to greater charge
carrier density in areas where the film is thicker (this is consistent with what is reported in reference
20).

65



4. Frequency shift images of 1:4 MDMO-PPV:PCBM film cast from chlorobenzene.
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Figure A.4 (A) Topography, (B) singlet state and (C) CT state frequency shift images of a 1:4
MDMO-PPV:PCBM film cast from chlorobenzene.

The frequency shift images in Figure A.4 accompany the charging rate images in Figure
2.4 for the 1:4 MDMO-PPV:PCBM film cast from chlorobenzene. In this case, the frequency shift
is smallest in areas of higher topography, which is contrast to the film cast from toluene. The
structure in the frequency shift images is not seen in the charging rate images. Note that a slight
drift occurred in between imaging Figure A.4B and Figure A.4C.
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5. MDMO-PPV and PCBM neat trEFM point scans

Freq. Shift | Hz
Freq. Shift/ Hz

7 8 9 10 11 12
Time | ms

Figure A.5 Frequency shift traces of trEFM point scans for (A) neat MDMO-PPV and (B) neat
PCBM films excited at 455 nm and 850 nm. Without both materials present in the film, there is no

detectable frequency shift/charging rate at the wavelength where CT state absorption occurs.
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In Figure A.5 we show the frequency shift traces of trEFM point scans done on films of
neat MDMO-PPV and neat PCBM at wavelengths 455 and 850 nm. Here we show that without
both materials present in the film there is no detectable charging rate at 850 nm where CT state
absorption occurs (even at the highest LED intensity we can create in the AFM at 850 nm). There

is, however, a detectable change at the wavelength where singlet state absorption occurs in either

material.
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6. Incremental addition of wt/wt% PCBM to establish lower limits of CT state resolution.
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Figure A.6 (A) External quantum efficiency measurements for devices cast from chlorobenzene
where the mass of MDMO-PPV is held constant and PCBM wt/wt% is incrementally increased.
The black curve (circles) corresponds to the left axis and is the maximum EQE of each device.
The red curve (squares) corresponds to the right axis and is the EQE at 850 nm. (B) trEFM point

scans as a function of PCBM wt/wt% excited at 850 nm with an 850 nm longpass filter.

In Figure A.6A we show the external quantum efficiencies of a series of devices cast from
chlorobenzene where the mass of MDMO-PPV is held constant and the wt/wt% of PCBM is
increased from one device to the next. We find that as a function of PCBM weight content, the
EQE at 850 nm (corresponding to direct to CT state excitation) grows in at a faster rate than the
EQE of singlet state excitation. Additionally, we can resolve the EQE at 850 nm down to ~0.0002-
0.0003% beginning at 20% PCBM content. At 10% PCBM content (not shown) the structure of
the EQE spectrum resembles that of pure MDMO-PPV. Figure A.6B shows trEFM point scans
using 850 nm (and 850 nm longpass filter) excitation of similar devices fabricated as a function of
PCBM content. Here we find that our trEFM instrumentation is capable of resolving CT state
originating charge carriers down to 50% PCBM content, and possibly at 40% (the charging rate is
too slow to fit adequately though a slight frequency shift does exist). Based on our bulk device

EQE results, our trEFM measurements are capable of resolving EQEs down to ~0.001-0.002%.
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7. Photoconductive-AFM and trEFM images of MDMO-PPV:PCBM devices.

Figure A.7 (A) Topography and (B) corresponding photoconductive current map fora 1:4
MDMO-PPV:PCBM film cast from toluene. (C) Topography and (D) corresponding trEFM

charging rate map for the same film.

Figure A.7A and B show the topography and current maps obtained through
photoconductive AFM (pcAFM) of a 1:4 MDMO-PPV:PCBM film cast from toluene. With
pcAFM, photocurrent is collected primarily on top of fullerene aggregates, with lower current
collection in the middle of the aggregates. No current is collected in between the fullerene
aggregates. Figure A.7C and D show topography and charging rate images obtained through
trEFM for the same film. In this case, photocurrent is collected in all areas, but primarily in
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between the aggregates, which is in sharp contrast to the current map obtained with pcAFM.
PCAFM is less sensitive and prone to tip contact effects, making it unreliable in collecting

photocurrent in the regions in between the aggregates.

8. Correlation Scatter Plots
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Figure A.8 Analysis of the correlation between the 532 nm and 850 nm charging rate images
shows that the correlation is very strong approaching that expected within experimental limits. (A)
Correlation plot of the 532 nm photoexcitation charging rates versus 850 nm photoexcitation
charging rates for the images shown in Figure 2.3 (1:4 MDMO-PPV:PCBM film cast from
chlorobenzene). Each point in the scatter plots represents a pair of pixels from the image sets. (B)
Correlation plot of the 532 nm photoexcitation charging rates versus 850 nm photoexcitation
charging rates for the images shown in Figure 2.4 (1:4 MDMO-PPV:PCBM film cast from
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toluene). The Pearson correlation coefficient between the pixels is r =0.73. This is a good
correlation, and in fact approaches the level of correlation one expects when correlating two
identical experimental images taken under these conditions. For comparison, Figs A.8C-F show
A.8C: perfect correlation (for an image correlated with itself), A.8D: correlation of an image with
the same perfectly aligned image with an experimentally meaningful level of noise, A.8E:
correlation of the same image against itself but offset by one pixel in x and y, A.8F: the same plot

shown in A.8B, with Pearson r = 0.73.

Plotting the charging rates from the images in Figures 2.3 and 2.4 as scatter plots, where
the normalized singlet state charging rates (532 nm excitation) are on the y-axis and CT state (850
nm excitation) charging rates are on the x-axis shows how well correlated the images are regardless
of excitation wavelength. In Figure A.8A, the scatter plot shows a very tight distribution as
expected because of the lack of variation in charging rate structure in the images for films cast
from chlorobenzene. The charging rates are uniform and homogeneous throughout, at least within
our detection resolution. In Figure A.8B, a strong positive correlation is shown in the scatter plot,
showing that the charging rate images are highly correlated regardless of excitation wavelength.
Performing a Pearson coefficient calculation results in a coefficient of 0.73 (the closer to 1, the
more positively correlated two data sets are), further demonstrating the strong correlation between

the two images.

In Supporting Fig. A.8C, we show a range of possible scatter correlation plots. In the first
case, when the same image is plotted against itself, perfect correlation results in a straight line with
Pearson correlation coefficient 1.0. When we add a meaningful amount of random Gaussian noise
of the same standard deviation we see in our own trEFM images, the correlation coefficient is
slightly lowered to 0.98, with a marked increase in the distribution of values. The largest change
in correlation occurs when we take the same image but shift it by a single pixel in both the x and
y (no noise added), dropping the coefficient to 0.77. During normal imaging, drift in the scanning
piezo causes the subsequent images to not be in precisely the same location as the original. In our
case, the CT excitation image was taken after the singlet excitation image, which causes spatial
differences between the two. During post-processing we then try to overlap the two images as best
as possible by shifting the CT image. However, this process is imperfect and it is very likely we

are not perfectly overlapping the singlet and CT images when computing their correlation.
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Combining the random noise from image to image, as well as imperfect overlap, it is reasonable
to believe that the correlation between singlet and CT images shown in Figure A.8B are as best as

possible.

9. Additional discussion of IQE dependence on excitation wavelength

The local EQE measured by trEFM at any position in the film, 7, can be described as follows:
EQE(#A) = a(7 A) * IQE(?, A) (1)

where EQE and IQE are a function of position and excitation wavelength, and « is the absorptivity,
also a function of position and wavelength. To compare the local EQE at above and below-gap

excitation (532 and 850 nm), we can take the ratio of the two:

EQE(¥,532nm) __ a(7,532nm)+IQE (#,532nm)
EQE(#,850nm)  a(#,850nm)*IQE(#,850nm)

)

Since the absorption at each wavelength in the film is a combination of the contributions from the

polymer, fullerene, and interface states, we can then write the absorptivity as

a(@ 1) = Xi¢;(¥) * a; (1) 3)

where i indexes the different contributions arising from variations in film composition. If we make
the reasonable assumptions that at 532 nm the polymer absorption dominates and that only the CT
state is responsible for sub-gap absorption, the ratio of EQES in (2) becomes

EQE(7,532nm) _ Cpolymer(F)*Apolymer(532nm)=IQE(7,532nm) [Cpolymer(f')] " [a’polymer(532nm)] "
EQE(#,850nm) ccr(P*acr(850nm)+IQE(7,850nm) cer(®) acr(850nm)

[1QE(r532nm)] ( )
IQE(#,850nm)

We can ignore the absorption coefficient ratio as we are interested in the spatial variation (i.e. the
polymer absorption at 532 nm and CT absorption at 850 nm do not change with position). If we
also assume, based on our results, that IQE is independent of position or excitation wavelength,
the relation becomes
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EQE(#,532nm) [cpolymer(?) (5)
EQE(#,850nm) L cor(®)

In the case of the well-mixed morphology (film cast from chlorobenzene, Figure 3), it is reasonable
to assume that the ratio of polymer to CT state concentration is constant throughout the film, since
the polymer and fullerene are spread homogeneously. As a result, the ratio of EQEs is equal to a
proportionality constant, and any variations in the measured local EQE arise due to random
fluctuations in polymer/fullerene concentration or image error. Indeed, this is what we observe, as
clearly depicted in the scatter plot in Supporting Figure A.8, which shows a random distribution
of values with no spatial correlation when the trEFM image taken at 532 nm is plotted against the
image taken at 850 nm.

For the phase-segregated film, we cannot easily assume that the ratio of polymer to CT state

concentration is constant.

EQE(7,532nm) I:Cpolymer(f:)] " I:IQE(T_:v532nm) (6)
EQE(#850nm) L cor(® [QE(#,850nm)

We show in Figure 2.4 that the ratio of local EQEs does not vary spatially or with excitation
wavelength within the limits of the experiment. This result leaves two possible explanations for
our observations: (A) changes in the polymer to CT state absorption ratio are exactly canceled by
an equal and opposite change in the ratio of polymer to CT state IQE or (B) the ratio of polymer
to CT concentration is constant and IQE is independent of excitation wavelength. Because case
(A) is statistically unlikely due to the need for perfect anti-correlation between concentration and
IQE, we conclude that case (B) is most likely. Since MDMO-PPV is known to intercalate
fullerene,! the regions outside of the fullerene domains are a well-mixed combination of MDMO-
PPV and PCBM, and the large fullerene aggregates are regularly capped by a skin-like layer of
MDMO-PPV,? we posit that it is thus not unlikely for the concentration of CT states to track with
concentration of polymer, even for the film cast from toluene. Therefore, we believe the highly
similar distribution of local EQE for both above- and below-gap excitation is indicative of IQE

being independent of excitation wavelength.
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APPENDIX B.

Appendix B accompanies Chapter 3. Mapping Nanoscale Variations in Photochemical Damage

of Polymer/Fullerene Solar Cells with Dissipation Imaging.
1. Comparison Between EQE and Absorption Loss

To illustrate the increased reduction in EQE versus absorption, we plot the percent change
in EQE (at 450 nm) and absorption (also at 450 nm) as a function of absorbed photon dose in
Figure B.1. The EQE at each dose is referenced to the fresh device EQE. The absorbed photon
dose corrects for the loss in absorbance of the film as it degrades.
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Figure B.1 Percent change of UV-Vis and EQE (at 450 nm) for 3% PTB7:PC7:.BM devices as a
function of absorbed photon dose. The absorbed photon dose accounts for loss in absorbance as
the devices degrade.

2. Band Excitation Data: Relationship of Q to FM-EFM Amplitude

To show that amplitude measured via FM-EFM is proportional to Q measured via Band
Excitation (BE), we photo-oxidized a 3% DIO PTB7:PC71BM sample through a TEM Grid
(PELCO 400 Mesh) to create a sharp step between fresh and degraded areas in the film. We
degraded the sample to a photon dose of ~400 J/cm? using a 660 nm 5 W LED (LEDEngin
LZ10R200). We imaged the sample using FM-EFM and BE on an Asylum Cypher AFM at the
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Center for Nanophase Materials sponsored by Oak Ridge National Laboratory. Like our
measurements on the MFP-3D BIO system, we applied +10 V to the tip at a lift height of 10 nm
during FM-EFM imaging. Due to difficulties with the particular BE hardware used, we applied a
tip bias of +7.5 V. Regardless, the images show that cantilever amplitude is proportional to

cantilever Q under our imaging conditions.
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Figure B.2 A comparison between (A) amplitude from FM-EFM and (B) Q from Band Excitation
for a 3% DIO PTB7:PC7:BM sample photodegraded through a TEM grid using cw 660 nm light.

We report FM-EFM amplitude images as AQ/Q to account for variations in drive amplitude

from image to image. AQ/Q is equivalent to AA/A and eliminates the need to measure drive

amplitude:
Aeff _ Aavy Aeff — Aavg
AQ _Qesr=Qavg _ Ay Aq _ A4 _Aerr —Aavg _ DA M
Q Qers Acrr Aerr Acrr A

Aq Aq

Here, Aq is the drive amplitude, Qefr and Aess are Q and amplitude of the cantilever at any given
pixel in the image, while Qavg and Aavg are the average Q and amplitude over the fresh areas of the
device. In the case of films photo-oxidized with spots by the HeNe laser, the average amplitude

excludes the degraded areas.
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3. Sensitivity of Q-Imaging in Photo-Oxidative Studies

To provide evidence for the sensitivity of Q-imaging compared to SKPM in photodegraded
OPVs, we carried out an additional in situ photo-oxidation experiment where a sample was
exposed to a 633 nm HeNe laser (5 mW Research Electro-Optics) at ~5030 W/m? for photon doses
ranging from ~600 to 3000 J/cm?2. SKPM images were taken both in the dark and under 660 nm
illumination (5060 W/m? LEDEngin). Even for doses up to 3000 J/cm?, differences in sample work

function are difficult to discern.
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Figure B.3 Changes in tip bias measured via amplitude-feedback SKPM for a 3% DIO
PTB7:PC7:BM sample photo-oxidized in situ with cw 633 nm laser at ~5030 W/m? for photon
doses ranging from ~600 to 3000 J/cm?in (A) dark and (B) 660 nm illumination. Images are 20x20

microns.

On the same sample in Figure B.3, we collected a AQ/Q image to show that when the
sample is degraded past its functional lifetime, the sign of AQ/Q changes and Q begins to rise in
the degraded areas. At high enough doses, Q actually exceeds that of a fresh film. This is important
to note as it essentially means the relationship between AQ/Q and external quantum efficiencies
that we show in Figure 3.3 breaks down once the device has been degraded past normal
functionality. Care must be taken in degrading to reasonable photon doses when comparing local

FM-EFM results with bulk device measurements.
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Figure B.4 The AQ/Q image of a 3% DIO PTB7:PC7:BM sample photo-oxidized in situ with cw
633 nm laser at ~5030 W/m? for photon doses ranging from ~600 to 3000 J/cm?. Image is 20x20

microns.

4. Table of Cantilever Constants

Table B.1 Manufacturer reported constants for the cantilevers used in this study.

Resonance Frequency | Spring Constant Quality Factor*
Multi75-G 75+ 15 kHz 3 N/m 164
Tap190-G 190 + 60 kHz 48 N/m 391
Tap300-G 300 + 100 kHz 40 N/m 508

*Experimentally determined.
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5. Additional Images

The photo-oxidation images shown in Figure 3.5 and Figure 3.6 were also taken at higher
photon doses (800, 1200, 1800, and 3000 J/cm?) to assess the evolution of photochemical damage
throughout the lifetime of the device. We chose to display only the fresh and 400 J/cm? images to
highlight the most important differences between PTB7:PC71BM films made with and without
DIO. Figure B.5 (DIO) and Figure B.6 (no DIO) show the images over the entire range of photon

dose.

Fresh AQ/Q
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Figure B.5 Topography and AQ/Q for all photon doses (0, 400, 800, 1200, 1800, 3000 J/cm?) of
a 3% DIO PTB7:PC7:.BM film photo-oxidized in situ with a 660 nm LED.
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Figure B.6 Topography and AQ/Q for all photon doses (0, 400, 800, 1200, 1800, 3000 J/cm?) of
a 0% DIO PTB7:PC7:BM film photo-oxidized in situ with a 660 nm LED.
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6. Evolution of Q Distribution in PTB7:PC7.BM Films Processed With and Without DIO
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Figure B.7 Distribution of amplitudes measured by FM-EFM as a function of photon dose for
PTB7:PC7:BM films processed with and without DIO.

To more quantitatively assess the distribution of Q changes seen in photo-oxidizing
PTB7:PC7:BM films processed with and without DIO, we fit a histogram of flattened FM-EFM
amplitude images from figures B.5 and B.6 (not converted to AQ/Q in this case) with a Gaussian
and then plotted the value of the Gaussian width of each image against photon dose. The greater
the variation in tip amplitude over the image, the greater the Gaussian width (i.e. a uniformly

performing device would have a very small Gaussian width).
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7. Comparison between 0% and 3% DIO PTB7:PC7:BM EQEs as a function of photon dose.
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Figure B.8 External quantum efficiencies of PTB7:PC7:BM processed (A) with and (B) without
DIO photo-oxidized over photon doses ranging from 0 to 1100 J/cm?.
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Figure B.9 A comparison between the % change in EQE at 660 nm of 0% and 3% DIO

PTB7:PC7:BM devices as they are subjected to increasing photon doses.

We show in Figure B.8 and Figure B.9 the difference in stabilities between PTB7:PC7.BM
devices processed with and without DIO. Devices processed without DIO degrade at a faster rate.

We note that the devices made with 0% DIO were fabricated using a different batch of PTB7
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polymer from 1-Material and, despite the exact same processing conditions, resulted in a higher
performing device. We do not believe this affects the stability of the devices. Figure B.9 shows
the percent loss in EQE as a function of photon dose for both 0% and 3% DIO devices. We did
this by calculating the %-difference from the fresh device for each photon dose and then plotting
it against the absorbed photon dose. The absorbed photon dose corrects for the loss in absorbance

of the film as it degrades.
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APPENDIX C.

This appendix accompanies Chapter 4. Dissipation Imaging via Cantilever Ringdown for the

Study of Loss Processes in Polymer/Fullerene Solar Cells.

1. Comparisons between FM-EFM and ringdown imaging.
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Figure C.1 (A-C) FM-EFM images of topography, lift amplitude and lift frequency, respectively
of a fresh no additive 1:3 PTB7:PC7:.BM film. (D-E) Ringdown images of topography, cantilever

Q, and amplitude shift of the same film in the same area.

Figure C.1 shows a comparison between images obtained using frequency-modulated
electrostatic force microscopy and ringdown imaging of the same no additive 1:3 PTB7:PC7:BM
film prior to photo-oxidation. There is no difference in the implementation of the topography pass
for the two imaging techniques, resulting In identical topography images. In FM-EFM, the lift
amplitude (Figure C.1B) during the second pass is proportional to Q by A over Aq, where A is the
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amplitude of the cantilever and Aq is the drive amplitude of the shake piezo. Because the drive
amplitude is very difficult to measure, FM-EFM amplitude images cannot be converted directly
into Q and are instead left in units of amplitude and used as qualitative dissipation maps. The
drawback here is system drift causes the cantilever amplitude to change from one image to another,
making quantitative comparisons between images or different samples impossible. Figure C.1C
shows the lift frequency, which is simply a measure of how much the drive frequency needed to
shift in order to keep the cantilever at the peak of its resonance curve due to electrostatic
differences that occur as a result of the local variations in film performance. Typically we do not
see significant changes in resonance frequency as a result of film degradation, and only see

significant spatial changes in the Q/dissipation images.

Figure C.1D-F show the corresponding images taken with our implementation of ringdown
imaging to their FM-EFM counterparts. Figure C.1E is actual cantilever Q, and can be used in
quantitative comparisons over multiple images or samples, and can further be used to calculate
cantilever power dissipation with Eqg. 2. Interestingly, the shifts in cantilever resonance as a
response to local performance variations are retained in the amplitude shift of the cantilever
ringdown, i.e. the amplitude of the cantilever prior to turning off the driving force. This makes
sense as any changes in cantilever resonance curve will cause not only changes in resonance
frequency but also amplitude. Therefore it makes sense that the changes in amplitude would reflect
those seen in the frequency shifts obtained when using a phase-locked feedback loop to keep the

cantilever at resonance.
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2. Full EQE Spectra for 3% DIO 1:1.5 and No Additive 1:3 PTB7:PC7:BM Films as a Function of

Photon Dose
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Figure C.2 EQE spectra of completed devices subjected to a range of photon doses ranging from
0 to 1200 J/cm?. (A) 3% DIO 1:1.5 from DCB, (B) no additive 1:3 PTB7:PC7:BM from CB, and
(C) 3% DIO 1:3 PTB7:PC7:BM from CB. (D) EQEs at 660 nm for all types of device on a linear
scale as a function of photon dose.

Figure C.2 shows the full EQE spectra as a function of wavelength for the 3% DIO 1:1.5

and no additive 1:3 films used in this study. The extremely low EQEs seen in Figure C.2B for

doses past 125 J/cm? were collected using lock-in detection EQE for increased signal to noise.

Figure C.2C shows the non-normalized EQEs at 660 nm for both types of device.
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3. Full Q versus photon dose curves for local dissipation measurements shown in Figure 4.3.
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Figure C.3 Full Q versus photon dose curves obtained for (A) 1:3 from CB, (B) 1:3 3% DIO from
CB, and (C) 1:1.5 3% DIO from DCB PTB7:PC7:.BM films.

Figure C.3 shows the full Q versus photon dose curves obtained during ringdown imaging

to accompany Figure 4.3. Q values were obtained out to high doses where changes in Q were

minimal and show that for sufficiently high doses the value of Q essentially no longer changes

past the functional lifetime of the device.
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4. Full cantilever power dissipation versus photon dose curves for local dissipation measurements

shown in Figure 4.3.
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Figure C.4 Full cantilever power dissipation versus photon dose curves obtained for (A) 1:3 from
CB, (B) 1:3 3% DIO from CB, and (C) 1:1.5 3% DIO from DCB PTB7:PC7:BM films.

Figure C.4 shows the full power dissipation versus photon dose curves collected for each
morphology studied. Per equation 4.3, each point is calculated using Qsurface and Q+zov,igne for each
step of degradation. The tip amplitude is taken to be the average amplitude before the driving force
is turned off. The spring constant and cantilever resonance frequency (as well amplitude invOLYS)

are measured prior to imaging.
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5. High resolution images of 1:1.5 3% DIO and 1:3 3% DIO PTB7:PC7:BM films.
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Figure C.5 (A) Topography and (B) ringdown Q image of a fresh, undamaged 1:1.5 3% DIO from
DCB PTB7:PC7:BM. (C) Topography and (D) ringdown Q image of a fresh, undamaged 1:3 3%
DIO from CB PTB7:PC7:BM. (E) Topography and (F) ringdown Q image of the same 1:3 3% DIO
from CB PTB7:PC71BM film degraded to 20 J/cm?. Each image is 1 um?, 256 x 256 pixels, 1

average per pixel.

Figure C.5 shows the topography and ringdown Q images of the two films cast using DIO.
In both cases, the resulting Q image is highly homogeneous with little to no variation in the
distribution of cantilever dissipation as a function of film morphology. The use of DIO reduces
both structural and dissipative heterogeneity in the films, resulting in higher performing and more
stable devices. Even after degrading the 1:3 film from CB with 3% DIO to 20 J/cm? as shown in
Figure C.5F, very little heterogeneity appears in the Q image.
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