Investigating Device Physics in Bulk-Heterojunction Organic Solar Cells through Materials

Engineering of Interfaces

Kevin M. O’Malley

A dissertation submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

University of Washington

2013

Reading Committee:
Alex K.-Y. Jen, Chair
David S. Ginger

D. Michael Heinekey

Program Authorized to Offer Degree:

Chemistry



©Copyright 2013
Kevin M. O’Malley



University of Washington
Abstract

Investigating Device Physics in Bulk-Heterojunction Organic Solar Cells through Materials
Engineering of Interfaces

Kevin M. O’Malley
Chair of Supervisory Committee:
Professor Alex K.-Y. Jen
Department of Chemistry
We have designed and implemented several organic photovoltaic materials with the goal

of engineering interfaces within bulk-heterojunction organic solar cells. In one project, we
synthesized a Ce bis-adduct surfactant for use as a buffer layer between the photoactive layer
and the thermally evaporated metal top contact of conventional structure, bulk-heterojunction
organic solar cells. By systematically varying the work function of the contact metal, with and
without the surfactant buffer layer, we gained insight into the physics governing the photoactive
layer/metal interface and vastly improved the device performance. By applying Mott-Schottky
analysis to the capacitance-voltage data obtained for these devices we were able to conclude that
the surfactant modifies the metal work function to an appreciable extent, and allows for efficient
charge extraction and significantly enhanced open-circuit voltage regardless of the chosen
contact metal. This enhancement allowed us to use more air-stable metals that would ordinarily
be prohibited due to suboptimal energy level alignment at the electron-collecting electrode. In a
second line of investigation, we used impedance spectroscopy to probe the charge carrier
recombination dynamics and their effects on device performance in organic solar cells composed
of poly(indacenodithiophene-co-phananthrene-quinoxaline), as well as its fluorinated

derivatives, and various fullerenes. We find that the morphology of the blended photoactive



layer has a strong influence on the electronic density-of-states distribution, which in turn directly
affects the recombination rate as well as the achievable open-circuit voltage. We show that
attempting to increase the open-circuit voltage through structurally tuning the energy levels of
polymer and fullerene inadvertently introduces different bulk phase separation that leads to a
reduction in photocurrent. We observe that the recombination lifetime decreases more
dramatically with increasing excess photogenerated charge carrier density for blends with more
finely separated phases and propose that the resulting increase in recombination surface area
leads directly to reduced overall device performance, despite a marked increase in open-circuit

voltage.
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CHAPTER 1:
Organic solar cells

1.1 Introduction

Organic solar cells (OSC) represent a unique alternative renewable energy source
combining the potential benefits of comparatively low-cost fabrication, solution processing and
wide application through the versatility afforded by appropriate device design.' The advantages
demonstrated by OSC over their inorganic counterparts have generated extensive research efforts
over the past fifteen years and significant contributions to the field have increased our basic
knowledge of organic electronics and carried the concept of OSC in particular one step closer to
market viability. The key advantage with OSC is the potential for high throughput fabrication
based on solution processing, which could be incorporated into pre-existing roll-to-roll printing
infrastructures,” leading to a lower cost of production and ultimately a lower cost per watt ratio.
This facility of fabrication immediately opens avenues for innovative device applications usually
prohibited in traditional solar cell technology such as the ability to process the cell on flexible
substrates or to integrate modules into semi-transparent, power generating windows. Ultimately,
it is the scalability and lower production cost of OSC that will be attractive in the energy market.

The advances in OSC technology have indeed been rapid, leading to an impressive body
of scientific literature detailing significant improvements in device performance, with
photovoltaic power conversion efficiencies reaching on average above 7% and ~10% in state-of-
the-art devices,”® through a combination of materials design, interface engineering and
understanding of basic device physics. Although the outlook for OSC is certainly bright, there

remain a number of significant advances to be made and a large parameter space to be optimized.



Specifically, OSC currently suffer from an increased number of potential degradation pathways
over their inorganic counterparts, leading to reduced temporal stability and usable lifetime.
Other drawbacks include currently lower efficiencies than more mature solar technologies such
as silicon, an enhanced sensitivity to ambient operating conditions such as heat, oxygen and
moisture and an as yet poorly understood dependence of performance on active layer
morphology.  All of these problems are likely soluble within the framework of the
multidisciplinary approach being taken, and the goal of stable, reasonably efficient and cost-
effective devices is rapidly approaching reality. This work focuses on improving device
performance through materials engineering and probing the physics of interfaces in operating
OSC, with the goal of rational design of future energy converting materials and device

architectures.

1.2 Development of modern organic solar cells

1.2.1 The planar heterojunction organic solar cell

The purpose here is to contextualize the work contained in this dissertation in terms of
the evolving complexity of interfaces in OSC. Not long after the first report of conducting
polymers in 1977, extensive research efforts were launched with the aim of synthesizing new
classes of conjugated organic materials for use in traditional semiconductor electronic devices.
Although the first bilayer OSC was reported by Tang in 1986, the photoactive materials were
thermally evaporated small molecules, and the first instance of photo-excited charge transfer
from a conjugated polymer to a fullerene, representative of the most common OSC today, was
actually demonstrated by Sariciftci et al. in 1992.” This heterojunction architecture showed a

large improvement over its single component predecessors by virtue of a significant energy



offset between the highest occupied molecular orbital (HOMO) of the electron donating polymer
and lowest unoccupied molecular orbital (LUMO) of the accepting fullerene. This energy offset
provided a thermodynamic driving force for separating the coulombically bound electron-hole
pair, known as an exciton, into free charge carriers which could then be transported to their
respective electrodes under an asymmetric potential across the photoactive layer set up by the
difference in electrode work functions. Despite much improved photovoltaic properties, planar
heterojunction devices suffered from one major drawback. Exciton diffusion lengths were
determined to be on the order of 10 nm,® which meant any excitons formed further from the
heterojunction were very likely to be lost to recombination. This represented a photocurrent loss
mechanism that could be partially mitigated by decreasing the absorber layer thickness, but at the

obvious cost of optical density.

1.2.2  The bulk-heterojunction organic solar cell

In 1995, Yu et al. reported on the first OSC to utilize a bulk-heterojunction (BHJ)
photoactive layer composed of a high volume density of polymer/fullerene interfaces.” The
intimately mixed domains were found to be on the same scale as the exciton diffusion length,
which meant the photoactive layer thickness was no longer so restricted; more photogenerated
excitons could be formed, and most could now find an interface before recombination occurred,
leading to significantly increased external quantum efficiencies. It is fair to say that the
introduction of the BHJ OSC represents a paradigm shift in the field, and the majority of
scholarly work since has been focused on further optimizing performance through materials and
architecture engineering, while simultaneously attempting to gain better insight into the physics
that govern such devices though a wide range of spectroscopic methods. New, low bandgap

polymers make it possible to absorb more of the solar spectrum, creating the potential for greater



charge generation, while concurrent studies have shown the importance of certain processing
conditions on these devices such as solvent choice, drying rates and photoactive layer
annealing.'”'> Control over the active layer morphology has proven very important for device
performance, and it has been well characterized from a variety of angles,”> "> however the
mechanisms by which it determines device performance and stability are still debated in the

community.

1.2.3 Inverted organic solar cells

In 2006 the concept of an inverted BHJ OSC was introduced,'®"

which immediately
attracted attention on account of improved temporal stability and compatibility with roll-to-roll
processing. It is well known that low work function metals like Ca and Al, typically used to cap
conventional structure OSC, are prone to oxidation leading to significantly decreased device
lifetimes under ambient conditions.”® In an inverted cell, the polarity of the device is reversed
and holes are collected from the top electrode instead of electrons, which opens the door for the
development and implementation of a variety of new electron and hole transporting materials at
the charge-collecting interfaces. The inverted cell also paved the way for new, multi-junction
OSC, wherein interface engineering becomes critical.'” It is clear then, with the increasing
complexity of device design, that there is a need to understand the physics of interfaces in OSC

as well as the very practical need for new materials in order to increase device performance and

longevity.



1.3 Thesis statement

We have designed and implemented several organic photovoltaic materials with the goal of
engineering interfaces within BHJ OSC. In Chapter 2, the implementation of a Cg bis-adduct
surfactant as a buffer between the photoactive layer and the thermally evaporated metal top
contact of a conventional structure organic solar cell is described. By systematically varying the
work function of the contact metal, with and without the surfactant buffer layer, we gained
insight into the physics governing the photoactive layer/metal interface and vastly improved the
device performance. By applying Mott-Schottky analysis to the capacitance-voltage data
obtained for these devices we were able to conclude that the surfactant modifies the metal work
function to an appreciable extent, and allows for efficient charge extraction and significantly
enhanced open-circuit voltage regardless of the chosen contact metal. This aspect allowed us to
use more air-stable metals that would ordinarily be prohibited due to suboptimal energy level
alignment at the electron-collecting electrode.

In Chapter 3 we discuss the use of impedance spectroscopy to probe charge carrier
recombination dynamics at the donor polymer/acceptor fullerene interface in devices composed
of poly(indacenodithiophene-co-phananthrene-quinoxaline) (PhanQ), as well as its fluorinated
derivatives, and various fullerenes. We find that the morphology of the blended photoactive
layer has a strong influence on the electronic density-of-states (DOS) distribution, which in turn
directly affects the recombination rate as well as the achievable open-circuit voltage. We show
that attempting to increase the open-circuit voltage through structurally tuning the LUMO level
of the fullerene inadvertently introduces different polymer/fullerene phase separation that leads
to a reduction in photocurrent. We observe that the recombination lifetime drops off more

steeply with increasing excess photogenerated charge density for blends with more finely



separated phases and propose that the resulting increase in recombination surface area leads
directly to reduced overall device performance, despite a marked increase in open-circuit
voltage. We close with a discussion of the implications of our findings for future materials

design.



CHAPTER 2:
Engineering the photoactive layer/top electrode interface

2.1 General operating principles of organic solar cells

2.1.1 Photovoltaic energy conversion and current-voltage characteristics

Figure 2-1 schematically illustrates the basic operation of a typical polymer:fullerene
BHIJ solar cell. Photons are usually absorbed mostly by the polymer phase, whereupon the
aforementioned excitons are generated. The excitons then diffuse to donor/acceptor interfaces
and charge transfer of the electron to the fullerene phase occurs. Fully separated charges are
then transported to the appropriate electrodes, holes through the polymer to the anode and
electrons through the fullerene to the cathode, for collection and extraction to an external circuit
where they can perform electrical work. The primary figure of merit for OSC is the power
conversion efficiency (PCE), which is a ratio of the maximum power output of the solar cell to

the input power of incident light.
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Figure 2-1: Mechanism of photovoltaic energy conversion in a conventional structure bulk-heterojunction organic solar
cell. The individual steps are labeled on the (boxed, left) physical diagram and (right) simplified energy diagram. (i)
exciton generation by photon absorption in the polymer phase. (ii) exciton diffusion to the polymer/fullerene interface.
(iii) charge transfer of the electron to the fullerene. (iv) charges overcome coulombic attraction, separation of the exciton
occurs. (v) charges are transported to respective electrodes. (vi) charge collection and extraction to external circuit.

The PCE is calculated from the short-circuit current (Isc) (where applicable J will be used to
denote current density, e.g. short-circuit current density is Jsc), open-circuit voltage (Voc) and
fill factor (FF) parameters extracted from [-V sweeps under standardized illumination conditions

as:

(2-1) PCE =" = FF (’SC"“)

light Plight
Figure 2-2 shows typical J-V curves in the dark and under illumination for a solar cell based on a
blend of PhanQ and [6,6]-phenyl-C7;-butyric acid methyl ester (PC;;BM). At high reverse bias,
the current saturates to a value Jg limited by the kinetics of charge collection at the electrodes
and represents the maximum output current density of the device. Notably, Jsc is usually less
than Js, due to a variety of potential loss mechanisms including leakage current and lower shunt
resistance within the bulk. As the bias voltage is increased, the device approaches the so-called
flatband condition, wherein the voltage difference set up by the asymmetric electrode work

functions is recovered and no photocurrent is observed. The product of Jsc and Vo represents



the ideal, maximum power output of the OSC, whereas the actual maximum power output is
usually much less. The FF relates these last two quantities and gives a qualitative measure of the
ideality of the solar cell: the greater the FF, the more “square” the J-V curve and the closer the

cell is to performing as an ideal photodiode.
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Figure 2-2: An example of a J-V curve for a bulk-heterojunction solar cell studied in this work.

2.1.2 The open-circuit voltage

The a large part of this dissertation focuses on understanding and improving Voc in BHJ
OSC, hence a more detailed description of the device parameter is given here. The terms HOMO
and LUMO typically refer to the relevant molecular orbital energy levels on a single molecule.
However, because the materials of interest in an OSC are only weakly interacting, these levels
can be considered preserved in the disordered, extended solid of the BHJ, and the concept of
band transport appropriate for traditional crystalline Si solar cells has only limited applicability.*
Instead, this disorder has the effect of broadening the HOMO and LUMO from single levels into

manifolds typically described by a Gaussian DOS. Under illumination these states become



populated by charge carriers, effectively splitting the electron and hole quasi-Fermi levels, and it
is this potential energy difference between electrons and holes that sets the upper limit for
achievable Voc in a device. This last statement assumes the critical condition that the work
functions of the electron and hole-collecting electrodes are properly aligned to the appropriate
quasi-Fermi levels, which is to say Ohmic contact is formed at the charge-collecting interfaces.
To this end, several approaches have been employed to modify the organic/electrode interface in
order to maximize Voc. In conventional structure BHJ OSC, the conducting polymer
poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), is used to modify the
surface of the hole-collecting anode. With a work function (WF) closely matching the hole-
transport level of a wide range of donor polymers, on the order of 5 eV below vacuum,
PEDOT:PSS is capable of forming excellent electrical contact with the organic active layer of
the device at the anode. Therefore, much attention has been paid to engineering the energy level

alignment at the organic/cathode interface in efforts to improve device performance.”'*?

2.2 Implementation of a Cg bis-adduct surfactant buffer layer

Previously, we reported a new bis-adduct fullerene surfactant (Ceo-bis) that functions as an
efficient electron selective material when inserted between various BHJ layers and an Al
cathode, which led to improved performance in organic photovoltaic devices.® In order to better
understand the origin of efficiency enhancement when Ceo-bis is incorporated into OSC, we have
studied the electronic properties at the BHJ/Cgo-bis/metal interface. We have performed the study
based on the high performance PhanQ:PC;BM** BHJ system and have investigated the effect of
different cathode metals (Al, Ag, Cu) on the PCE and stability of the OSC devices. Since the

Ceo-bis is processed from a methanol solution, there is no degradation of the underlying

10



PhanQ:PC7,BM active layer. This device architecture effectively achieves a desirable phase-
segregation wherein no polymer is in contact with the electron-collecting electrode, resulting in

superior charge selectivity at the metal/active layer interface.

ITO
4.8 PEDOT: 5 1

PSS 6.1
5.0

Cgo-bis 6.7

Figure 2-3: Chemical structures of (top, left) PhanQ and (bottom, right) Cg-bis surfactant; and the (top, right)
conventional structure OSC architecture with (bottom, right) corresponding energy level diagram.

Figure 2-3 shows the energy level diagram for the completed device, the device
architecture and chemical structures of the polymer and surfactant. The HOMO level of the
surfactant is sufficiently deeper than that of the polymer, effectively blocking holes generated in
the photoactive layer from reaching the cathode and potentially recombining with electrons

before they can be collected, which is evidenced by an increase in Jsc.
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As has already been mentioned, it is desirable to select an electron-collecting electrode with
a lower work function close to the electron quasi-Fermi level. However, in so doing, the contact
becomes susceptible to rapid oxidation under ambient conditions. To circumvent this issue, we
have fabricated devices with higher WF metals less prone to oxidation, which are shown to
perform better than Al devices over time. Remarkably, the Voc appears to be independent of the

choice of cathode metal when Cg-bis is used as a buffer layer.

2.3 Experimental details

ITO-coated glass substrates (15 Q sq') were cleaned sequentially by sonication in
detergent and deionized water, acetone and isopropanol. After drying under a N, stream,
substrates were air-plasma treated for 30 s. A ca. 35 nm layer of PEDOT:PSS (Baytron® P VP
Al 4083, filtered through a 0.45 pm nylon filter) was spin-coated onto the clean substrates at 5
kRPM and annealed at 140°C for 10 min. The substrates were transferred to a N»-filled glovebox
where a homogeneously blended solution of PhanQ:PC7;;BM (40 mg/ml in o-dichlorobenzene
stirred overnight in glovebox, 1:3 polymer:fullerene by weight) was spin-coated at 2 kRPM,
producing an active layer ca. 100 nm thick, and annealed at 110°C for 10 min. Substrates
requiring a layer of fullerene surfactant were briefly transferred out of the glovebox (total
ambient exposure <10 min) and a ca. 2-5 nm thick film of Cep-bis surfactant (1 mg/ml in
methanol) was spin-coated at 5 kRPM. The substrates were then transferred back into the
glovebox and annealed at 110°C for 5 min to drive off any remaining solvent prior to metal
deposition. Metal electrodes were deposited at a base pressure <1x10® Torr through a shadow
mask, defining an active device area of 4.64 mm*. Ag and Cu were deposited at a rate of 1 A 5™

and Al was deposited at a rate of 4 A s™.

12



For devices to be characterized by XPS, ITO-coated glass substrates were prepared as
above sans air-plasma treatment. Al, Ag and Cu were deposited over the entire substrate surface
at a rate of 1 A s™'. Substrates requiring a thin layer of fullerene surfactant were transferred out of
the glovebox and a solution of Ceo-bis surfactant was spin-coated from methanol using the same
conditions as above. After transfer back into the glovebox, all substrates were heated at 70°C for
5 min to evaporate any remaining methanol prior to being sealed with parafilm in 20 ml glass
vials under N, for transport to the XPS laboratory.

J-V characteristics of the unencapsulated devices were measured in ambient conditions
using a Keithley 2400 source meter under AM 1.5 G (100 mW cm™) irradiation simulated by an
Oriel xenon lamp (450 W). AM 1.5 G illumination was confirmed by means of calibration to a
standard silicon photodiode (Hammamatsu) which can be traced to the National Renewable
Energy Laboratory. External quantum efficiency spectra were obtained by measuring the
photocurrent response of the device using chopped, monochromated light from the same xenon
lamp in conjunction with a Stanford Research Systems SR830 lock-in amplifier under ambient
conditions. Mott-Schottky analysis was performed in a N»-filled glovebox in the dark using a
Signatone probe station interfaced with a Hewlett-Packard HP4284A LCR meter. The 1 kHz AC
field applied during measurement was kept at an amplitude of 20 mV to maintain response
linearity. Capacitance-voltage characteristics measured thusly were obtained using devices
prepared as above with an active area of 10.08 mm”. Work function determination via XPS is
described in detail in the Appendix. Briefly, the secondary electron cutoff (SEC) spectrum of
each sample was measured under ultra-high vacuum (<5x10” Torr) using a PHI 5000
VersaProbe (Ulvac-Phi, Inc.) employing a focused, monochromated Al K-a x-ray source and a

hemispherical analyzer. Proper referencing of the SEC edge to that of Ar'" ion sputter-cleaned,

13



polycrystalline gold allowed for accurate determination of the sample work functions with a

reproducibility of about 0.05 eV.

2.4 Results and discussion

Figure 2-4 shows the J-V characteristics for devices fabricated with different cathode
metals both with and without a Ceo-bis buffer layer. The V¢ for devices with an Al cathode is
consistently lower than that of Cu and Ag devices, which can be attributed to the rapid oxidation
of Al in air. The non-ideal nature of this interface also manifests in a modest fill factor (FF) of
0.51 and an overall PCE of 3.22%. In contrast, when a layer of Cg-bis is used, the PCE increases
to 5.87% as a result of an increase in Jsc, FF and most notably Voc. In addition, the shunt
resistance (Rsp) is shown to increase for all metals in the case of Cep-bis, which provides
evidence of lower leakage current under illumination. Performance data for all devices are
summarized in Table 2-1.

To investigate the improvement in Jsc, external quantum efficiency (EQE) spectra (Figure 2-
4) were obtained for Al, Ag and Cu devices. The spectra exhibit an almost constant increase
across the entire wavelength range for each case when the surfactant layer was inserted. This
indicates the improvement in Jsc is due entirely to the inclusion of the surfactant and a
concurrent decrease in recombination resistance at the organic/electrode interface, rather than a

change in bulk morphology.
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Figure 2-4: Performance data for PhanQ devices fabricated with different choice of cathode metal, with and without Cgy-
bis interlayer. (top, left) J-V curves and (top, right) EQE spectra show increases in Voc and Jgc, respectively. (bottom,
left) Capacitance-voltage and (bottom, right) Mott-Schottky analysis explain increased Voc in terms of the built-in
potential of the Schottky depletion region at the cathode. The dashed line is a linear fit to the data for Vg extraction.

To further demonstrate the utility of Ceo-bis as an interfacial layer, the PCE of devices with
different cathode metals were tracked over a period of time under exposure to ambient
conditions. Figure 2-5 shows the normalized PCE for unencapsulated devices with and without
Ceo-bis over 100 h in air. As expected the performance of Al devices drops off rapidly, even with
the inclusion of the fullerene surfactant, which is likely due to the uptake of oxygen and water
molecules and their subsequent diffusion to the metal/organic interface. The Ag and Cu devices
remain very stable, however, with the Cu/Cg-bis retaining nearly 90% of its original PCE after

the entire period of ambient exposure.

15



1.00

0.80
W]
O
Q 0.60
o]
)
N
©
£ 040 —a—A
=< —0—AlIC_-bis
0.20 | —&— Ag/C, -bis
—e—Cu
—o—Cu/CeO-bis
OOO N 1 N 1 N 1 " 1 " 1 " 1 2 1 " 1 N 1 " 1
0 10 20 30 40 50 60 70 80 90 100

Time Elapsed/ hr

Figure 2-5: Normalized PCE for Al, Ag and Cu devices with and without Cg-bis under ambient conditions.

By far the most obvious benefit of Ceo-bis is a strongly enhanced Voc. To further investigate
the dramatic increase in Voc when Cep-bis is used, capacitance-voltage characteristics (C-V)
were obtained and devices were analyzed via Mott-Schottky (MS) analysis. It has previously
been shown that, due to the intrinsic p-doped nature of semiconducting polymers, a Schottky
contact is formed upon deposition of the cathode onto the photoactive layer.”> The depletion
zone formed at this interface is modulated by the applied voltage under reverse and low (<1.5V)
forward bias. Boix et al. showed that band-bending results in the vicinity of the cathode,
allowing extraction of the built-in potential (V) and impurity concentration (N) of the region by
application of C* = (2/qeN)(Vg; - V) to the appropriate bias voltage range.* It should be stressed
here that Vp; relates only to the depletion region, and not to the built-in field of the entire device.

Figure 2-4 shows the capacitance behavior of all devices as a function of bias voltage. The
low capacitance region up to about 0.5 V has been attributed to the capacitance of the depletion
layer, whereas a further increase in forward bias voltage yields a peak in the capacitance related

to the storage of minority carriers in the bulk.” Also shown in Figure 2-4 are the MS plots for all
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devices. At moderate to high reverse bias, C* tends to reach a steady value related to the
geometric capacitance of the organic material, which has become fully depleted of majority
carriers and can be viewed as a classical dielectric. As previously mentioned, the linear region
under low forward bias is related to the formation of a Schottky contact and can be fitted to a
plot of C versus bias voltage. Extrapolation of the linear fit line to the intercept on the bias axis
directly yields Vp; for the device. Once a value for Vp; has been obtained, an impurity
concentration N and depletion width w = (2eVi/qN)" corresponding to zero applied bias can be
extracted.”*?” A dielectric permittivity of 3 has been assumed for calculations involving these
equations.27 MS analysis data, along with the relative shifts in Voc and Vg, are summarized in
Table 2-2. Interestingly, the depletion width extracted from the capacitance-voltage data extends
over almost the entire thickness of the active layer. When taken with the N values obtained from
the same data, this indicates a consistent doping profile across the entire layer that changes
negligibly by inclusion of Cgo-bis. Since the change in the Fermi level of the active layer (Egp)
can be approximated by AEg, = kyTIn(N¢/N a),27 where N, and N, are the dopant concentrations of
the device with and without Ceo-bis, respectively, it is reasonable to conclude that Er, does not
change more than ca. 10 meV. When a semiconductor is placed in intimate contact with a metal,
their respective Ep come into equilibrium by electrons being transferred “downhill” in
energy.zo’zg’29 If we reference Vi to Erp, by Vi = (Erp — Dcathode), Where Dcamode 1S the cathode
WE, then the difference in Vg with and without Cgp-bis can be attributed to a modification of
Dcamode by the surfactant. Furthermore, since the relative shifts in Vg closely follow those of Voc
for all three metals we can conclude that the observed increase in Voc upon inclusion of Cep-bis

is due to a dipole-induced shift in @c,moqe at the interface.
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To further investigate the energetics at the interface, WFs were obtained for Al, Ag and Cu
with and without Cgo-bis spin-coated on top and are summarized in Table 2-2. WFs of in-situ,
sputter-cleaned Al, Ag and Cu films were measured to be 4.25 eV, 4.57 eV and 4.70 eV,
respectively (Figure A2). Interestingly, the WFs of Ag and Cu with Ceo-bis yield nearly the same
value. Since sampling of the substrate at normal emission is highly surface sensitive, it is
reasonable to assume these WF values correspond to the Cgo-bis. As the material is taken to be an
n-type semiconductor, one would expect Er to be closer to the LUMO level than mid-gap, which
matches well with our findings. It should be noted that the WFs of the organic overlayer may be
subject to any band bending occurring at the metal/organic interface as a result of Eg
equilibration. Additionally, it is likely that an unavoidable thin oxide layer formed on the Al
sample when it was removed from the glovebox for Ceo-bis deposition, as evidenced by a
comparison of Ols peak intensity in XPS survey spectra for bare Al before and after sputter-
cleaning with Ar" ions (not shown). These considerations might explain the lower WF of the
modified Al cathode as compared to Ag and Cu.

It should be stressed that these conditions do not prevail for regular device fabrication since
the cathode is deposited under high vacuum after spin-coating the Cgo-bis layer outside the
glovebox. Regardless, at a distance sufficiently far into the bulk of the photoactive layer only the
effective WF of the Cego-bis modified cathode can be “seen” by the rest of the device. This
ensures a constant difference between Eg” and ®caphode, and explains why Vg, and consequently
Voc, is nearly the same for all three metals when Ceo-bis is employed.

In conclusion, a Cg bis-adduct surfactant was used to modify the energy level alignment at
the organic/cathode interface in conventional structure, BHJ OSC devices. A well-defined

interface between the photoactive layer and the surfactant was ensured by virtue of process
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solvent orthogonality. The large increase in device Voc is independent of the choice of cathode
metal due to pinning of the metal Er to that of the Cg-bis upon equilibration. Mott-Schottky
analysis of the interface formed between the photoactive layer and the cathode yields a built-in
potential defined by the difference between the Fermi level of the BHJ Ep, and the effective
cathode work function ®camode- The observed changes in Vi are reflected in the magnitude of the
change in Voc. Furthermore, EQE data reveal the overall device performance enhancement to be

due entirely to the inclusion of the surfactant, rather than a beneficial change in photoactive layer

morphology.
Device Voc Jsc FF  PCE Ry
[V]  [mAcem™] [%]  [®cm”]
Al 0.619 10.28 0.51 3.22 309
Al/Cep-bis  0.877 11.19 0.60 5.87 773
Ag 0.734 10.83 0.53 4.22 351
Ag/Cgo-bis  0.879 11.50 0.61 6.22 663
Cu 0.672 9.58 0.51 3.32 387
Cu/Cgo-bis  0.875 10.13 0.61 5.37 795

Table 2-1: Summary of performance data for PhanQ:PC;;BM devices with different cathode metals, with and without

CGO-biS.

Device Voc  Ver (AVoc, AV N w  Deathode
v v [vi [10" ecm?]  [nm]  [eV]
Al 0.619 0.636 - 2.25 97 4.25
Al/Cgp-bis  0.877 0.940 (0.26, 0.30) 3.32 97 3.66
Ag 0.734 0.808 - 3.39 89 4.57
Ag/Cep-bis 0.879 0.959 (0.15,0.15) 3.77 92 3.97
Cu 0.672 0.712 - 2.51 97 4.70
Cu/Cgo-bis  0.875 0.957 (0.20, 0.25) 4.02 89 3.96

Table 2-2: Summary of the built-in potential Vg,;, dopant concentration N, and depletion width w of the organic/cathode
Schottky contact from Mott-Schottky analysis. The work functions and relative shifts in Voc and Vg for all devices are

also included.
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CHAPTER 3:
Probing recombination dynamics with impedance spectroscopy

3.1 Introduction

The rapid pace of development of photoactive layer materials has led to new benchmark
device efficiencies, however the increasing complexity of polymer and fullerene structures
necessarily translates to a more complex nanoscale structure in a completed device. Several
recent papers have identified bimolecular recombination as a key loss pathway in OSC.***
While it has been explicitly mentioned in almost all of these studies that the active layer
morphology plays an important role in determining device parameters in general and the strength
of bimolecular recombination in particular, the majority of them describe the use of purely
electrical and/or optoelectronic methods, and there exist very few structural data that adequately
support this claim. In this chapter, we describe the use of impedance spectroscopy to
simultaneously probe charge recombination lifetimes and DOS distributions in high performance
solar cells with a wide range of photoactive layer compositions, and further provide
morphological data obtained from grazing-incidence small-angle x-ray scattering (GISAXS).

We show that there is a correlation between decreased device performance, a strongly altered

DOS profile and arrested aggregation of fullerene molecules in the photoactive layer.
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3.2 Impedance spectroscopy and its application to organic solar cells

3.2.1 Introduction to impedance spectroscopy
Generally speaking, impedance spectroscopy consists of measuring the AC electrical

current response of a system to which a small signal, AC voltage perturbation of frequency  is

applied.”® Typically, a perturbation amplitude of no more than a few tens of mV is applied in
order to maintain the linearity of the system response. Various processes in solid-state solar cells
respond to stimuli in different frequency regimes, hence an impedance spectrum is usually
measured over a broad frequency range from mHz to MHz.>’ Indeed, when the probe frequency
is small, the system response approaches that of steady state conditions. As the frequency is
increased, other faster processes are more strongly activated, however the impedance response
will contain contributions from all processes. This method offers an advantage over transient
time-domain methods, wherein a small amplitude perturbation is applied and the system is
observed as it tends toward equilibrium. The time-domain decay resulting from the perturbation

usually has some characteristic time constant T, and in the case where the system is governed by

only one decay process, it can be shown the impedance spectroscopy and transient decay
methods are both valid. However, if the system response is composed of many different
processes all happening simultaneously, it is difficult to resolve the different time constants that
make up the transient decay. By applying an appropriate equivalent electrical circuit to
impedance spectra, one can effectively deconvolute the overall system response and gain some
insight into the individual processes. It most be noted here that this approach necessitates some
prior knowledge of how the system might be modeled.”®*” It can be shown that equivalent
circuits are, in general, not unique. In fact, many circuit models may give the exact same

impedance response over the frequency range of interest, which can lead to misinterpretation of
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the parameters extracted from fitting the data.® Another potential pitfall lies in the potentially
infinite complexity of an equivalent circuit; similar to fitting a polynomial with an arbitrarily
large number of terms, the experimentalist may find excellent fit statistics with an arbitrarily
complex equivalent circuit, but only a few of those circuit parameters may have any real physical
meaning. With these caveats in mind, it is usually useful to choose the simplest model

applicable to the system under study.

3.2.2  The chemical capacitance and density-of-states

When we speak of capacitance, we are usually describing the classical electrostatic
example of a geometric capacitance set up between two parallel plates with equal amounts of
opposite charge separated by some distance. As the scale of the plates is decreased, this picture
is no longer generally valid, and we must take the plates and the “electron reservoirs” to which

39,40

they are connected as an indivisible unit. This changes the relevant capacitance from purely

geometrical, given by C, = dQ/dV, to electrochemical, given by C, = qdQ/du, where q is the
electron elementary charge and p is the chemical potential. In this picture, the chemical

capacitance relates the accumulated charge on the opposite plates to a difference in the chemical
potential of the electron reservoirs, which means that the DOS of the capacitor plates contributes
to the overall capacitance as Cpos = qsz/dE. In the macroscopic case, where dN/dE of the
plates is very large, Cpos can be ignored and the total capacitance reduces to the aforementioned
purely geometrical value.

This concept can be readily applied to the case of OSC, where the two “plates” of the
capacitor are taken as the polymer and fullerene domains in contact with their respective
contacts. From a thermodynamic standpoint, a capacitor stores energy in a volume element by

means of a generalized displacement.*” The chemical capacitance then describes the ability of a
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system to accept and lose charge carriers with a density N; due to a change in their potential p;.

We write the chemical capacitance per unit volume as:

q?0N;

@ _
(1 Cu” = o

We equate W; with the electron Fermi level Er, and obtain the chemical capacitance of electrons

occupying the fullerene LUMO manifold:

__q%dn
- 0Efpn

@ ¢
Due to the inherently complex nature of the BHJ photoactive layer, the polymer HOMO and
fullerene LUMO DOS distributions are expected to tail significantly into the effective

polymer/fullerene bandgap.’'*"*

This has the effect of localizing a density of electrons np, into
the “trapping” tail states of the bandgap DOS gn(Ern). Integrating over the bandgap yields the

value of nr, and invoking the Fermi-Dirac distribution gives:

3)  n =[0G (E)f(E — Epn)dE

Egomo

In the zero temperature limit of the Fermi-Dirac distribution, occupancy of the localized tail
states would begin at Er, and would be zero above. Hence we arrive at a simplified expression

of the chemical capacitance:

25
@ GIPUE) =L = qg(Ery)

Under steady-state illumination conditions, it is possible to extract the chemical capacitance
values from equivalent circuit fits to impedance spectra when the perturbation signal is
superimposed on a DC bias equal to the intensity-dependent Voc(I). In this case, the measured
chemical capacitance is a result of the intensity modulated quasi-Fermi level splitting obtained
via population of the fullerene LUMO tail states by excess photogenerated electrons, and a plot

of C, vs. Voc(I) produces an estimate of the electron DOS profile.

23



3.2.3 The recombination resistance
Another important parameter obtained from impedance spectroscopy is the
recombination resistance (Ryc). Neglecting losses due to series and shunt resistances, J-V curves

in BHJ OSC can be characterized by:
aBv
() =Jo|exp (522) = 1] = Jpn

where Jo is the saturation current under reverse bias, Jyn is the photocurrent and f is the inverse

41,43

of the diode ideality factor. When transport resistance and contact effects do not limit the

device current, the first summand is taken as the recombination current J,. and Ry is given by:

(6) Ryec = (%)—1

dVoc
which describes the current flow as charges in the fullerene LUMO recombine with holes in the
polymer HOMO. As with the chemical capacitance, recombination resistance is readily
extracted by appropriate fitting of impedance spectra. While the recombination resistance can
often provide information regarding the kinetics of recombination in OSC, it is the lifetime

product of Ryec and C,, T that is of paramount importance and will be the focus of our discussion

in the next section.

3.3 Experimental details

Devices with the structure Glass/ITO/PEDOT:PSS/x-PhanQ:PC;;BM/C60-bis/Ag were
processed from 20 mg/ml solutions stirred overnight, and held throughout spin-coating, at 80°C.
After several iterations of this experiment, it was observed that the C60-bis no longer properly

wet the active layer while spin-coating under ambient conditions. It was hypothesized that this
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was due to the relative humidity and residual solvent vapor conditions in the fume hood where
the spin-coater was located, and so a solution was prepared at the same concentration in dry
methanol for deposition in the glovebox. This completely alleviated the dewetting problem, and
was thereafter adopted as standard procedure.

Devices in which the composition was varied by changing the nature of the fullerene had
the structure Quartz/MoO3/Ag/MoO3/PhanQ:fullerene/Ca/Al. These devices were prepared as
part of a collaboration involving morphological characterization by grazing incidence small
angle neutron scattering (GISANS), which placed experimental constraints on the nature of the
substrate and bottom contact. In order to obtain unadulterated scattering data, the substrate could
not contain boron impurities usually found in glass/ITO substrates nor any undue scattering
centers such as those found in thermally cured layers of PEDOT:PSS. Firstly, the quartz
substrates were carefully diced so as to achieve a reproducible device area. They were then
cleaned as the glass/ITO substrates from Section 2-3 and transferred into a thermal evaporation
chamber. MoOs; was evaporated to a thickness of 40 nm at a rate of 0.2 A/s, followed by Ag
with a thickness of 15 nm at a rate of 5 A/s and finally another layer of MoOs with a thickness of
5 nm at the same rate as the first layer. Before spin-coating the active layer a small dot of
indium metal was affixed to the composite anode far from where the cathode contact would be
evaporated. Solutions were prepared at a concentration of 20 mg/ml (1:3 PhanQ:fullerene by
weight) by stirring overnight at 80°C in a glovebox. The solutions were cooled to room
temperature and filtered before spin-coating at 800 RPM for 120 s, then immediately at 2000
RPM for 5 s to remover excess solution from the substrate edges. The devices were then
annealed at 110°C for 10 min before being transferred into the evaporation chamber. Ca/Al

electrodes were deposited through a shadow mask in such a way that the overlap of the top
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contact with the underlying composite anode described above defined a device active area of
4.64 mm”.

J-V characterization was carried out with a Keithley 2400 source meter in a N, glovebox
equipped with a quartz window to allow AM1.5G illumination by a Solar Light 16S-300 W solar
simulator (Xe lamp). The light intensity was calibrated as in Section 2-3. The center conductors
of two independent coaxial cables were used to carry the DC output of the source meter to the
device via BNC feed-throughs in the glovebox. A Hewlett-Packard HP4284A LCR meter with a
4-into-2 terminal configuration was used to obtain light intensity dependent impedance spectra.
The instrument’s open and short circuit correction settings were used to account for stray L, R
and C caused by contacts and leads. A 1 m cable length correction factor was also applied,
although it is noted that the actual distance from the instrument reference plane to the device was
longer than 1 m. A dual-wheel filter assembly equipped with neutral density filters was
employed to change the light intensity incident upon the device. The light intensity could be
tuned over a wide range from 100 mW/cm* down to 0.01 mW/ecm®. The light intensity-
dependent Voc values were obtained just prior to measuring the intensity dependent impedance
spectra for the same device. At each light intensity setting, an AC perturbation voltage of 20 mV
and a DC bias equal to Voc were applied to the device over a frequency range of 200 Hz to 1

MHz, with 50 points per scan. The instrument was operated in the Z-0 (radian) mode and set to

perform 5 analogue-to-digital conversions per frequency point, with an integration time set to

“short”.
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3.4 Results and discussion

3.4.1 Fluorine-substituted PhanQ:PC7;BM devices

The design concept of PhanQ was originally motivated by the desire to simultaneously
decrease the polymer bandgap, which would allow for better overlap of the solar spectrum with
the polymer’s absorption profile, and increase the Voc. The strong interaction between the donor
and acceptor moieties of the polymer backbone makes it possible to decrease the bandgap
without sacrificing Voc by, for example, upshifting the polymer HOMO level.** By further
modifying the PhanQ with electron withdrawing groups, it would be possible to increase the Voc
without widening the bandgap by virtue of downshifting both the HOMO and LUMO of the
polymer in approximately equal measure. To this end, several fluorinated PhanQ derivatives
were synthesized, the chemical structures of which are shown in Figure 3-1. Based on the
energy level data (Table 3-1) one would expect a trend in Voc like DiF(b)-PhanQ > F-PhanQ >
DiF(t)-PhanQ > PhanQ, and indeed the J-V data bear this out. Figure 3-2 shows the linear J-V

curves for a representative set of devices, the parameters for which are summarized in Table 3-2.
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F-PhanQ DiF(t)-PhanQ DiF(b)-PhanQ
J

A

Figure 3-1: Chemical structures of the materials used in this work. Devices are typically fabricated in a 3:1 weight ratio of
a fullerene (top row) and a polymer (bottom row). Polymers were synthesized with a variety of acceptor moieties, denoted
A, in order to tune the energy levels for enhanced V¢ while maintaining essentially the same absorption profile.

It should be noted that batches of devices often deviated from this trend due to variations
in device quality, however the impedance spectra and subsequent extraction of recombination
parameters were only dependent on biasing the device at Voc, rather than on its absolute
magnitude. In other words, the same recombination resistance and chemical capacitance data
were obtained across many iterations of the experiment, even though the maximum achievable
Voc (at 1 sun) varied. This is then a good indication that the processes being probed were indeed

related only to the bulk.
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Figure 3-2: J-V curves at 1 sun illumination conditions for the x-PhanQ polymer:PC;;BM devices tested. A marked
decrease in photocurrent in the case of DiF(t)- and DiF(b)-PhanQ is attributed to a suboptimal driving force for exciton
charge separation.

Figure 3-3 shows a typical series of light intensity dependent impedance spectra for
PhanQ devices plotted in the complex plane (Cole-Cole plot). The spectra are characterized by a

major RC arc related to charge recombination,***°

while a smaller and less obvious arc shows up
at higher frequency, and has been attributed to the R and C elements associated with interfaces
involving the outer contacts. A rather complicated equivalent circuit has recently been proposed

wherein a geometric capacitance in parallel and a transport resistance in series with the

recombination R..C, subcircuit are utilized.*” We note that this circuit is only valid under the

experimental conditions used therein; namely that the transport resistance and geometric
capacitance only appear when the DC bias is varied at constant illumination. The fitting
software we used for analysis in our experiment uses a simple statistical discrimination process
to determine whether or not a particular circuit element is valid. Essentially, the error in an

element value is calculated by testing a number of possible solutions larger and smaller than the
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“best fit” value. The deviation from this value is increased until the weighted sum of squares,
which is proportional to the average percent error between the experimental and analytical values
of the model, begins to increase. Large circuit element error values are a good indication that the
element is not relevant to the model, and can be removed from the circuit entirely. Including the
aforementioned geometric capacitance and transport resistance in our circuit model yielded very
large error estimates and were thus excluded, which makes sense intuitively, since the dominant

processes at open-circuit are the photogeneration and subsequent recombination of charge

carriers.
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Figure 3-3: Light intensity-dependent impedance spectra of a PhanQ:PC;;BM device biased at Vo, represented as the
negative imaginary versus real components of the complex impedance Z(®) (Cole-Cole plot). Parallel RC circuit elements
appear in the plot as semicircles. Typical impedance spectra for the devices studied here are dominated by a large RC arc
at lower frequencies (frequency increases right to left along arc), which indicates the chemical capacitance and
recombination resistance related to charge recombination.

In Figure 3-4 we show the Ry and C, values extracted from fitting the impedance spectra

for all four polymer:fullerene blends. Solid lines representing exponential fits to the data are

shown in both plots with the corresponding equations:
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We note that for all polymers, R begins to saturate at low charge carrier density toward the RC
limit of the device. This has been attributed to the relatively small shunt resistances of the
devices under study, arising from variations in processing quality.*® At low charge density the
effective resistance of the device is quite large and the charges will tend discharge through the
lowest resistance pathway. Nevertheless, it is the higher intensity, higher charge carrier density

regime we focus on for our impedance analysis.

10°

10° ® PhanQ
A F-PhanQ
* . v DiF(t)-PhanQ
10°F Y Aav ¢ DiF(b)-PhanQ
3 A
L ° =
e 10°F A o E
E E ‘
g g 110" 8
ot 0L e .
= RRTA L
[ A >
[ v A
10'E
Ve o ¢ A
AA A
100 " 1 " 1 . 1 N N N N N 1l 1 L 1 1 Il
02 03 04 05 06 07 08 09 10 02 03 04 05 06 07 08 09 1.0
V.SV AaY

Figure 3-4: (left) Recombination resistance and (right) chemical capacitance values extracted from impedance spectra
and plotted against their respective light intensity-dependent V¢ values. Solid lines are exponential fits to the high
intensity data. The chemical capacitance plot includes a second y-axis scaled by application of Equation 4.

In a recent work, the recombination parameter 3 and DOS tailing parameter o were

empirically related through the recombination current density J... for devices composed of
poly(3-hexylthiophene) (P3HT) and various fullerenes.* It was shown that J.. is proportional to
the square of the excess photogenerated electron density, which in turn is proportional to exp(-

qBVoc/kyT) and exp(2qoVoc/kyT). This proportionality allowed the authors to state that B=2a,

which was born out empirically by fitting of their impedance spectra. Our data reflect the same

empirical relationship for PhanQ and F-PhanQ, but begin to deviate significantly for the two
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DiF-PhanQ polymers (Table 3-2). It must be noted that this recombination model makes the
assumption that any electron occupied state in the fullerene phase is able to transfer to any vacant
state in the polymer with a probability dependent on the electron and hole quasi-Fermi levels of
the recombining carriers. Furthermore, the model does not make any statements about the spatial
distribution of charge carriers, rather we are measuring an averaged Fermi level over the entire
bulk, which does not allow us to explicitly state, for example, the distance of a recombining
electron from the polymer/fullerene interface.”” The possibility of different recombination
pathways simultaneously affecting the recombination kinetics in different blends may explain the

aforementioned deviation from B=2o. In Figure 3-5 we show the recombination lifetimes each

different blend calculated from their respective impedance parameters. In the higher light
intensity regime, we see a linear relationship between the recombination lifetime and the charge
density calculated by integration of the chemical capacitance. By linearly fitting a log-log plot of

the same data, we are able to extract a slope parameter 7y that directly relates the carrier
recombination kinetics with carrier density as T < n. It has been proposed that y=2 indicates
bimolecular recombination kinetics, however we observe values of y greater than two, indicating

a higher order dependence of lifetime on charge carrier density. It should be mentioned that this

.. . . cp . 33.49
behavior is not unprecedented, and has been observed in transient lifetime analyses.”™
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Figure 3-5: (left) Recombination lifetime T=R,..C, versus charge density obtained by integration of the C, curves in
Figure 3-4. Error bars indicate +/- one standard deviation for data averaged over three iterations of the same experiment
(i.e. one device on three separate substrates per polymer). (right) Log-log plot of the same data, excluding error bars for
better visualization. An steeper slope (larger ) in the log-log plot qualitatively describes the adverse effects of a
broadened DOS as it tails further into the bandgap.

We hypothesize that morphology plays an important role in determining the shape of the
electron DOS and therefore the relation of carrier lifetime to increasing DOS occupancy. To test
this hypothesis, we obtained GISAXS profiles for four polymers blended with PC;;BM (Figure
3-6).”” We observe greater scattering intensity at larger values of Qy (off-specular scattering) for
DiF(t)-PhanQ compared to all other polymers in the series. We interpret these data as indicating
a large degree of small aggregates of PC;;BM in the bulk. Smaller aggregates typically mean a
higher surface-to-volume ratio, and hence an increase in polymer/fullerene interfaces where
recombination can occur. At the same time, a less aggregated, more spread out fullerene phase
with a higher solubility in the polymer phase of the BHJ would yield a broader electron DOS

distribution in the bandgap.

33



2.0 0.5 7 2.0

_04- 15 047 1.5
&0.3— 1.0§ %'50.3- 1.0(§
0.2 - 05 = ND.2 - 0532
(@] g ~

0.1+ 0.0 0.1 1 0.0

g : -0. -0.5

0.0 — 1 0.5 0.0 - —
-04 -02 00 02 04 -04 -02 00 02 04
Q, (A1) Q, (A1)

0.5 20 0.5 20
A0.4 15 04 1.5
%03 105 %03 105
N N LQ
ONO.Z 05 = 3'0.2 0.53

0.1 0.0 0.1 0.0

00 - s ki '05 . ’ W '05

-04 -0.2 0. 0.2 04 -04 -02 00 02 04
Q, (A1) Q, (A1)

Figure 3-6: GISAXS profiles for the x-PhanQ:PC,;BM blends plotted in reciprocal space. The Q, axis shows the
orthogonal scattering (specular) of the incident x-ray beam while Q, represents the in-plane scattering component. A
wider intensity profile in the Q, axis is indicative of smaller fullerene aggregates.

This is supported by the o parameters mentioned previously in that a smaller o indicates
a broader DOS with a higher degree of tailing into the bandgap. From Figure 3-5, it is clear that

the only polymer that deviates from this observation is DiF(b)-PhanQ. Although o is

significantly lower in this case than in any other system, the GISAXS profile we obtained shows
even less off-specular scattering than PhanQ and F-PhanQ, suggesting the absence of small
fullerene aggregates, which in turn suggests that the apparent broadening of the DOS is unrelated
to the film morphology. We have previously studied charge transfer energetics of these
polymer:fullerene blends by photoinduced absorption spectroscopy (PIA)™ and found that the
driving force for exciton dissociation is below the threshold for spontaneous free charge carrier
generation for DiF(b)-PhanQ, which is distinctly different from any of the other three polymers
under study. It is not unreasonable to assume that, due to an inherently different energy

landscape for this polymer, we could expect to see a vastly different DOS distribution as well.
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The exact nature of this difference relative to the lifetime behavior observed for the other

polymers is as yet unresolved, and warrants further investigation.

3.4.2 PhanQ:Cg fullerene devices

In order to verify the generality of the above assertion, that carrier lifetimes are related to
morphology through the DOS, we fabricated BHJ devices composed of PhanQ blended with
various Cg fullerenes (Figure 3-1). Figure 3-7 shows the J-V curves of the devices under 1 sun
illumination conditions. The device parameters, summarized in Table 3-2, indicate little
difference in performance between the PCs;BM and ICc0MA cases but a rather large increase in
Voc for IC¢BA. The differences in Voc roughly correspond to the cyclic voltammetry deduced
LUMO levels of the three fullerenes,51 however IC¢BA suffers from a significantly reduced FF

and PCE compared to PCs;BM.
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Figure 3-7: Representative J-V curves at 1 sun illumination conditions for the PhanQ:Cg fullerene devices. A large
increase in V¢ for IC¢BA is due to an upshifted LUMO, which acts to increase the quasi-Fermi level splitting. The
decrease in photocurrent density is attributed to a combination of poor exciton dissociation driving force and poor
morphology, as indicated by the DOS extracted from impedance spectroscopy as well as enhanced small-angle scattering
intensity from GISAXS analysis.

Figure 3-8 shows the recombination resistance and chemical capacitance/DOS data
extracted from IS measurements of the different fullerene blends. As with the F-substituted
PhanQ polymer series, all three fullerenes show the same dependence of Ry on Voc with B
values in the range of 0.55 to 0.61, however the difference in chemical capacitance behavior bet-
ween them is quite dramatic. By inspection PCsBM and ICqoMA appear to have very similar

DOS distributions, and indeed they both have an o value of 0.30. As before, a linear fit to the
log-log plot of lifetime vs. carrier density indicates that the devices exhibiting similar o also
have similar recombination dynamics, while the significantly lower o IC¢BA case exhibits a

much sharper drop in lifetime vs. charge density. Figure 3-9 shows GISAXS and lifetime data
for the different fullerene blends. We observe markedly increased off-specular scattering

intensity for the ICsBA device, but very little if any such behavior for the other two fullerenes.
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We conclude that the correlation between poor morphology, broadened DOS distribution and

shorter lifetime with increased occupancy, previously proposed for the F-substituted PhanQ

polymer series, is supported here with entirely different active layer compositions.
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Figure 3-8: (left) Recombination resistance and (right) chemical capacitance data for PhanQ:Cg fullerene devices

analyzed as in Figure 3-4.
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Figure 3-9: Recombination data for PhanQ:Cg fullerene devices with linear fits through the high light intensity points,
and (bottom) corresponding GISAXS profiles. From left: PC¢BM, IC4 MA and IC4BA. IC¢BA shows behavior
qualitatively similar to devices composed of DiF(t)-PhanQ and PC,;;BM.
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Table 3-1: Summary of material energy levels obtained by cyclic voltammetry. LUMO levels for fullerenes were

Material HOMO LUMO
[eV] [eV]
PhanQ 5.10 3.36
F-PhanQ 5.16 3.40
DiF(t)-PhanQ  5.14 3.48
DiF(b)-PhanQ  5.22 3.44
PC¢BM - 4.30
ICsoMA - 3.86
ICs0BA - 3.74

calculated from the onset of the first reduction potential against ferrocene. LUMO levels for polymers were measured in a
similar fashion, while the HOMO levels were calculated by adding energy corresponding to the low photon energy onset

of UV-Vis absorption spectra.

Device Voc Jsc FF PCE ¢« B 20 Y
[V]  [mAcm?”] [%]

PhanQ 0.876 11.67 0.65 6.62 031 0.62 0.62 458
F-PhanQ 0.928 11.11 0.62 642 032 063 0.64 4.67
DiF(t)-PhanQ 0.909 8.20 0.55 4.12 0.15 0.61 030 5.65
DiF(b)-PhanQ 0.940 7.17 048 322 0.06 0.56 0.12 745
PC¢1BM 0.817 4.53 0.61 228 030 0.55 0.60 4.29
ICsoMA 0.794 4.61 0.60 2.21 030 0.59 0.60 6.44
ICsoBA 1.03 3.55 049 1.81 0.05 061 0.10 13.83

Table 3-2: Summary of J-V device characteristics and slope parameters extracted from impedance spectroscopy analysis

for all devices.
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CHAPTER 4:
Conclusions and future directions

4.1 Conclusions

We have studied the device physics of bulk-heterojunction organic solar cells
incorporating various materials aimed at engineering interfaces within completed devices. In
one line of investigation, we synthesized a Cq bis-adduct surfactant to be used as a buffer
between the photoactive layer and the thermally evaporated metal top contact of a conventional
structure organic solar cell. By systematically varying the work function of the contact metal,
with and without the surfactant buffer layer, we gained insight into the physics governing the
photoactive layer/metal interface and vastly improved the device performance. By applying
Mott-Schottky analysis to the capacitance-voltage data obtained for these devices we were able
to conclude that the surfactant modifies the metal work function to an appreciable extent, and
allows for efficient charge extraction and significantly enhanced open-circuit voltage regardless
of the chosen contact metal. This aspect allowed us to use more air-stable metals that would
ordinarily be prohibited due to suboptimal energy level alignment at the electron-collecting
electrode. In a second investigation we used impedance spectroscopy to probe charge carrier
recombination dynamics at the donor polymer/acceptor fullerene interface in devices composed
of PhanQ, as well as its fluorinated derivatives, and various fullerenes. We found that the
morphology of the blended photoactive layer had a strong influence on the electronic DOS

distribution, which in turn directly affected the recombination rate as well as the achievable Voc.
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We show that attempting to increase the open-circuit voltage through structurally tuning the
LUMO level of the fullerene inadvertently introduces different polymer/fullerene phase
separation that leads to a reduction in photocurrent. We observe that the recombination lifetime
drops off more steeply with increasing excess photogenerated charge density for blends with
more finely separated phases and propose that the resulting increase in recombination surface
area leads directly to reduced overall device performance, despite a marked increase in open-

circuit voltage.

4.2 Future directions

In Chapter 3 we noted a strong correlation between apparent differences in active layer
morphology, brought about by incorporating different photoactive materials, and the dependence
of charge carrier recombination lifetime on density of excess photogenerated carriers. It must be
noted that the GISAXS data presented in this dissertation, while encouraging, are preliminary.
Analysis of GISAXS profiles is non-trivial and is based on a number of variable factors
including scattering center number density, scattering volume and length, aggregate form factors
and a spatial correlation factor, to name a few. Going forward, we wish to know more about the
nature of the size and spatial distribution of fullerene aggregates in bulk-heterojunction layers,
with the ultimate goal of correlating recombination dynamics to a well-known set of
morphological parameters. By carefully tuning materials properties of polymers and fullerenes
and observing their morphological differences, we hope to be able to predict a device’s
performance and recombination dynamics based solely on the knowledge of how the materials
interact with each other in the bulk film. This in turn would afford us yet another tool for

rational design of the next generation of polymers and fullerenes for OSC.
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At present, we can say with certainty that the choice of photoactive layer materials has a
strong influence on the final device morphology, and that it is reasonable to assume that some
polymers are responsible for driving the growth of smaller fullerene aggregates. Whether it is
the fullerene size distribution, the spacing or some combination of the two that we’re observing
in GISAXS remains an open question. We propose that gaining some insight into the solubility
of fullerenes in the polymer matrix, perhaps by spectroscopic ellipsometry, is an important first
step to decoupling the aforementioned host of morphological variables, which would bring us
more clarity in our interpretation of GISAXS data.

It was observed that subtle differences in device processing lead to sometimes significant
changes in the recombination lifetime behavior obtained through impedance spectroscopy
analysis. Though there was adequate statistical agreement between different iterations of the
experiment, indicated by the error bars in Figure 3-5, we suggest that future studies include a
greater number of devices from the same substrate to further reduce statistical anomalies in the
data. The acquisition of impedance spectra is, at present, highly serial and manual in nature.
Automation of the neutral density filter apparatus, inclusion of a shutter and a Peltier cell to
control substrate temperature are all possible improvements that could be made to the
experimental setup. Nevertheless, impedance spectroscopy is proving to be a valuable tool in

simultaneously evaluating several important device performance metrics of organic solar cells.
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APPENDIX A:
Appendix to CHAPTER 2

A.1 Cyclic voltammetry measurements

Cyclic voltammetry measurements were carried out under N, in a one-compartment cell
equipped with a glassy carbon working electrode, a platinum wire counter electrode, and a
Ag/Ag" reference electrode. Measurements were performed in THF solution containing
Tetrabutylammonium Hexafluorophosphate (0.1 M) as a supporting electrolyte with a scan rate
of 100 mV/s. All potentials were corrected against the Fc/Fc™ couple and LUMO levels were

estimated using the following equation: LUMO = -(4.8 + E, /2redl) eV.

A.2 Work function measurements

Work function values were obtained following a modified method previously employed by
Professor Rudy Schlaf's research group at the University of South Florida (M.M. Beerbom et al.,
Journal of Electron Spectroscopy and Related Phenomena 152, 2006, 12-17). The spectrometer's
analyzer was calibrated according to the manufacturer's guidelines to yield photoemission lines
of Ar’ ion sputter-cleaned copper and gold foils for Cu 2p 3/2 and Au 4f 7/2 at 932.62 eV and
83.96 eV, respectively, following ISO 15472 (M.P. Seah, Surf. Interface Anal., 31, 2001, 721-

723). This procedure ensures the linearity of the binding energy scale for the instrument,
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extrapolated out to the secondary electron cutoff (SEC) near the photon energy of the system
(1486.6 eV for monochromated Al K-a x-rays). SEC spectra were measured at an x-ray power of
25W and 15kV acceleration at normal emission (90° take-off angle). For all SEC spectra a bias
of -15V was applied during measurement to ensure ample separation of the sample SEC and that
of the analyzer. Under these conditions a SEC value of 1466.24 eV for clean, polycrystalline
gold was obtained, corresponding to a work function of 5.36 eV. Since the Cu and Au core level
spectra mentioned above are referenced to the Fermi level, set at zero binding energy, the work
function of gold was obtained by @14 = (hv - qVapp - Esec) where hv is the x-ray photon energy,
Vapp 1s the applied bias and Esgc is energy position of the secondary electron cutoff on the
binding energy scale. Ideally, the SEC edge should be a step function at OK, however
experimental conditions include thermal and instrumental broadening. Hence, the position of the
SEC is taken as the local maximum of the first derivative of the SEC feature. Figure S1 below
shows the SEC spectrum of clean, polycrystalline Au foil and its corresponding first derivative.
Once the work function of clean Au has been obtained thusly, all other sample work functions
can be derived simply from their SEC positions obtained via the first derivative method as @sampie
= (Eskc, gold — Eskc, sample) T @gota. Figure S2 shows the SEC spectra for Al, Ag and Cu with and

without Ceo-bis. Figure S2¢ includes the SEC spectrum of clean gold foil as a reference.
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