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Abstract

The world’s growing energy consumption and increasingly visible effects of climate change
originated in continued dependence on fossil fuels has strengthened the push to develop cleaner
and renewable sources of energy. Solar photovoltaic cells are at the forefront of an ongoing energy
transition and a new generation of solar technology based on organic semiconductor materials —

organic solar cells — is capturing the attention of researchers because of their unique properties.

Organic solar cells are photovoltaic devices that convert radiation into electricity using carbon-
abundant materials. They can be manufactured to be flexible, semi-transparent, lightweight, and

inexpensively produced on a large scale by roll-to-roll processes.

In this thesis work, a brief introduction on possible applications and operating principles of organic
solar cells provides the background to the area. Chapter 1 describes the heart of the organic solar
cell, the photoactive layer known as the bulk heterojunction, and the basics of the mechanisms
behind photon harvesting via exciton generation, dissociation, and collection. The main

photovoltaic metrics used to characterize these devices are also discussed.

Chapter 2 provides an overview of approaches used in the design of donor and acceptor materials
and mentions how computer-driven optimization is emerging as an experimental paradigm to
navigate the vast variable space involved in making the bulk heterojunction. The core section of
this chapter focuses on approaches to improve solution processability of PM6:BTP-BO-4Cl OPV
cells. Special emphasis is given to the application of methanol-based solvent annealing treatments

and their role in inducing film dewetting of the PEDOT:PSS layer.

Chapter 3 continues this focus on optimization of the bulk heterojunction by discussing the
application of microwave annealing of a ZR1:BTP-BO-4Cl composition. A brief critical overview
on the application of microwave annealing to increase photovoltaic performance of organic solar

cells is presented. Later, evaluation of different microwave annealing setups is examined.
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forming a sandwich structure, the chip itself is placed upside down and the thermal probe
is in contact with the uppermost heating element.

ig. 3.6: Thermal profile of the microwave cavity. The highest microwave antinode was located
at the center of the cavity; hence, the Teflon vessel was placed in that position to take
advantage of the constructive interference.

ig. 3.7: Thermal profile of the cavity after the introduction of the Teflon vessel and SiC crucible.
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that position.

ig. 3.8: Forced cooling setup. A N> exhaust line was placed over the Teflon vessel for rapid
cooling of substrates and a fan was used to cool down the SiC crucible.

ig. 3.9: Calibration ramp of microwave annealing time vs maximum substrate temperature.
Multiple substrate configurations (glass/ITO, glass/ITO/PEDOT:PSS,
glass/ITO/PEDOT:PSS/BHIJ, glass/ITO/ZnO/BHJ layer structures) were used to confirm
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ig. 3.10: Consecutive heating and cooling cycles of a P3HT:PCBM solar cell, microwave (MW)
annealing time was fixed at 56 s at a medium power setting (microwave option PWR 6).

ig. 3.11: Continuous microwave annealing of two P3HT:PCBM OPV chips. Convergence
temperature is denoted by the blue lines. Target convergence temperature in this screening
was 60 °C and was set by varying the SiC mass. Variance from target temperature was
roughly +7 °C.

3.12:  Non-uniform color profile of solar cells prepared from a
glass/ITO/PEDOT:PSS/P3HT:PCBM layer structure. a) Single P3HT:PCBM chip and b)
double chip setup in the “instant” mode. Non-uniform coloration caused by microwave
annealing became significant at higher temperatures or longer annealing times. c)
Appearance of reference solvent vapor- and hotplate- annealed P3HT:PCBM chips.
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. 3.14: Solar cells prepared from a glass/ITO/PEDOT:PSS/DRCNST:IT-4F/Al/Mg layer

structure. Side by side images of an instant mode (Type I configuration) microwave-
annealed OPV chip before and after metal contact deposit. Individual devices are labeled

in white.

. 3:15: Solar cell corresponds to a glass/ITO/PEDOT:PSS/P3HT:PCBM layer structure.

Microwave edge defects persisted in the Type II configuration.

. 3.16: Comparison of the visual appearance of three P3HT:PCBM OPV samples microwave-

annealed using a Type I and a refined Type III configuration. Discoloration corresponding
to hotspots is considerably reduced by the introduction of Si heating elements above and
below the substrate. Note that small areas of non-uniform heating were still present on the
borders for samples prepared using the Type III setup; however, those imperfections did

not greatly impact device quality.

. 3.17: Temperature calibration of a continuous mode Type IV treatment. Target “convergence”

temperature was set at the PSHT:PCBM optimized value of 150 °C. Multiple adjustments
to the SiC mass in the control crucible were made to achieve it. A magnified view of the

microwave duty cycle profile is shown in the inset.

. 3.18: Type-IV microwave annealing configuration. Here, the OPV cell is flipped so the glass

substrate faces upwards. A moderate nitrogen gas flow is allowed to flush oxygen inside
the funnel for 2 minutes prior to annealing to reduce the possibility of oxidation of the BHJ.
Afterwards, the gas line is carefully disconnected, and the microwave door is closed to

perform the annealing treatment.

. 3.19: a) Thermograph of a Si heating element showing a region of intense heating on one

edge, likely corresponding to the position of antinodes in the microwave cavity (taken
approximately after 30 s of microwave exposure). b) Visual inspection of the heating

element immediately after microwaving.

. 3.20: Thermographs of solar cell and heating element taken a) immediately after microwaving

and b) after several minutes of cooling. The physical location of the solar cell is marked by

a black square and was always placed at the center of the wafer during the entire project.

. 3.21: Calibration curve of microwave time vs temperature for the Type IV configuration,

taken by measuring the temperature various glass/ITO substrates.
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Fig. 3.22: Cracking effect of PFN-Br/MeOH on the active layer if the electron transport layer is
spin coated after thermal annealing.

Fig. 3:23: Effect of microwave time on power conversion efficiency for different batches of
individual ZR1:BTP-BO-4Cl solar cells (different colors represent different batches). The
individual data points in this graph correspond to the averaged PCE of multiple devices in
the OPV chip. Error bars correspond to performance values one standard deviation away
from the average.

Fig. 3:24: Effect of microwave time on power conversion efficiency for ZR1:BTP-BO-4Cl solar
cells. The data points correspond to averaged results of multiple solar cells annealed under
the same conditions. Error bars correspond to performance values one standard deviation
away from the average.

Fig. 3.25: Effect of microwave annealing time on various solar parameters, a) on power conversion
efficiency, b) on short-circuit current, ¢) on fill factor, d) on open-circuit voltage, €) on
shunt resistance, f) on series resistance. Blue squares correspond to averaged response of
microwaved solar cells, green squares correspond to unannealed cells, and red to hotplate
annealed cells. Error bars correspond to performance values one standard deviation away

from the average.
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Abbreviations of chemical compounds

PEDOT:PSS

PFN-Br

DIO

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

n
T O000C
O:§:O O:?:O O:?:O O:?:O O:S|:O
o OH OH OH o)
PEDOT

Poly(9,9-bis(3’-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-
2,7-(9,9-dioctylfluorene))dibromide

Octamethylene dioodide
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Chapter 1

A brief introduction to organic
photovoltaic solar cells (OPVs)

1.1 The global energy landscape and photovoltaic solar cell technology

Currently, the world’s population stands at roughly 8 billion, with some estimates suggesting
growth up to 9 — 11 billion by 2060 [29]. Energy is a core pillar in human development. In its
electrical and chemical form, energy is required to support virtually every human activity, from
transportation, to heating, to food production, to lighting, to healthcare, to communications, and
many others. The continued increase in population and energy consumption in a technology-driven
age will exacerbate global energy demand. Currently, fossil fuels continue to constitute the bulk

of the world’s energy supply, accounting for more than 80% of total primary energy supply [30].

Global primary energy consumption by source

The breakdown of primary energy is shown based on the ‘substitution’ method which takes account of inefficiencies
in energy production from fossil fuels. This is based on global energy for 2010.
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Fig. 1.1: 2020 distribution of global primary energy consumption by source. Retrieved from

OurWorldInData.org on October 2, 2021. CC-BY license [2].

It has been clearly established that the production and consumption of fossil fuels is a leading

cause in anthropogenic climate change [31], is directly related to increases in health problems



associated with pollution and environmental destruction [32], and continues to be a source of
worry around energy security and future supply. The seriousness and importance of transitioning
to renewable sources of energy cannot be understated and while important efforts have been made
to develop cleaner energy sources, a complete transition to greener energy sources remains a
pressing unfulfilled reality. Availability of natural resources for primary renewable energy
generation like water flows for hydroelectric projects, regions with adequate wind flows for eolic
energy, underground surface accessibility for geothermal power, etc. is not geographically

uniform. A more ubiquitous resource is solar energy.

Solar energy is the world’s most abundant resource, and it is estimated that fewer than 8 hours of
sunlight on terrestrial earth could satisfy global energy demand for a year [33]. While not every
country receives the same amount of irradiation, its availability is greater than other energy

sources. Thus, it is a much more ‘democratic’ energy source as it is globally distributed.
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Fig. 1.2: Map of solar irradiation on terrestrial Earth. Reprinted with permission from G2V Optics
[2].

One of the most promising ways to harness solar energy is the use of photovoltaic solar cells. As
is shown in Fig. 1.3, multiple types of photovoltaic cells exist, including those based on amorphous
poly- and mono-crystalline silicon [34], compositions of metals like CdTe [35] and CIGS [36], the
new family of halide perovskite compounds [37], dye-sensitized [38], and organic photovoltaic

cells, the latter of which are the subject of study of this thesis work [39], [40].
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1.2 Organic photovoltaic solar cells

Fig. 1.3 shows the incremental improvement in efficiency achieved for different types of
photovoltaic (PV) solar cells as per NREL. One technology that has gained considerable attention
is organic photovoltaic cells (OPVs, or organic solar cells, OSCs). These cells are manufactured
from polymeric or small molecule carbon-based materials and can be efficiently mass-
manufactured from solution-processable methods like roll-to-roll printing, slot-die casting, spray
coating, etc. [28], [41]. Other advantages of these cells are that they could have energy payback
times as small as hours [42], they are semi-transparent, color-tunable, and can be deposited on
flexible substrates, as shown in Fig. 1.4 and 3.4. Additionally, the photoactive layer thickness of
these cells is normally in the order of 100 — 300 nm [43] and overall cell thickness is = 2 pm
[44], which means that very little material is required to produce lightweight large-area panels
(estimated weight is 4 g/m? for plastic substrate OPV panels [44]), resulting in a much lower
energetic and financial cost than traditional silicon-based PV cells that are normally manufactured

as thick slabs of ultra-refined raw material and can weigh between 10 — 15 kg/m? [45].

Due to considerable research efforts that span over two decades [46], the latest state-of-the-art
OPVs have reached efficiencies above 18% [47], [48]. Already, OPVs are becoming an additional
tool in the arsenal of photovoltaic technologies, although it must be said that research is still needed
to improve their stability, durability, and recyclability. It is fair to say that these solar cells will be
very attractive from a production to decommissioning perspective. A key advantage that could
help mass-commercialization of OPVs is that they do not require burdensome modifications to site
infrastructure to accommodate for heavy panels (e.g. fabrication, transportation, and installation
of heavy-duty aluminum or stainless-steel frames, ballast mounts, poles, concrete foundations,
etc.). Additionally, it has been reported [49] that OPVs could be manufactured on cellulose
substrates as an alternative to plastic or glass, and chemical processes can be used to recover raw
materials like the polymeric photoactive layer and metal contacts, further adding to their value
offer and technological competitiveness. The unique characteristics of OPVs make them suitable
for a versatile gamma of applications, ranging from devices for the Internet of Things [50], to
wearable and stretchable electronics [51], [52], to building-integrated [53] and remote off-grid
power generation[54], to agrovoltaics [55], to lightweight military surveillance drones [56], and

more.



Al

Fig. 1.4: a) Washable and flexible OPV solar cell for clothing integration, reproduced with

permission from Springer Nature BV [4]. b) OPV solar overlays for building integration,
reproduced with permission from John Wiley & Sons [5]. c¢) Roll-to-roll printing for mass

deployment, reproduced with permission from Elsevier Science & Technology Journals [6].

1.3 Basic OPYV theoretical concepts
An organic photovoltaic solar cell consists of a tandem structure of layers that resemble a

sandwich, shown in Fig. 1.5.

a) b)

PEN-Br
PEDOT:PSS

Al/Mg

Bulk heterojunction

ITo Glass substrate

Fig. 1.5: a) Layer schematic of a conventional architecture OPV chip containing 5 solar cells. b)

A sample OPV chip manufactured in our group for research purposes.

On the outer sides of the OPV cell are charge collecting electrodes. Two types of solar cell
architectures exist, conventional or inverted. The main distinction is the order in which the
constituent layers are deposited, which will determine the flow of charge carriers collected at

which electrode. The architecture used throughout this thesis work, unless otherwise indicated,



was the conventional architecture. In the conventional architecture, an optically transparent and
conductive electrode composed of a layer of indium tin oxide (ITO)-on-glass, is used as the anode,
and an evaporated metal serves as the reflective counter electrode. The ITO layer is coated with a
conducting PEDOT:PSS hole transport layer, upon which the active light-absorbing layer, the bulk
heterojunction (BHJ), is deposited. The BHJ is composed of a mixture of donor and acceptor
organic semiconductor materials, and serves as the ‘meat’ of the sandwich. The BHJ is then capped
with the reflective top electrode that could include an electron transport layer in this forward cell

configuration.

As stated earlier, the heart of the OPV cell is the light absorbing active layer, which can comprise

a number of different structures as shown in Fig. 1.6.

(,.
Active layer
Anode buffer layer
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[ Donor mmmsm Acceptor A third component
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Trilayer

Fig. 1.6: Different types of active layer geometries. Reproduced with permission from John Wiley

& Sons [7].

These different geometries will result in varied amounts of phase boundary area between the donor
and the acceptor materials, an important variable to maximize photovoltaic performance. The
photoactive layer form that has proven to be the most practical to fabricate on a large scale is the
bulk heterojunction, as it relies upon the spontaneous nanoscale phase segregation between these
donor and acceptor materials, and has a large degree of boundary interface area between them. In
contrast, other geometries like the nanostructured- or pseudo-bilayers are more complex in that
they require specialized steps like photolithography or chemical etching to produce the comb-like
interpenetrated networks of donor and acceptor [57], [58], [59], [60], [61], [62], [63]. In terms of



the bulk heterojunction, the blending of the active layer is typically performed by mixing the donor
and acceptor in an appropriate solvent, with any additives as required [64], [65], [66]. Post-
deposition treatments, termed annealing, of the deposited active layer may be required to induce
nanoscale phase separation of the donor and acceptor to form the BHJ, as will be discussed later

in this thesis work.

1.3.1 Operating principles of OPVs and the bulk heterojunction

Photoactive
Material
hv
1. Exciton 2. Exciton 3. Charge 4. Charge

Formation/Migration Splitting Transport Collection

Fig. 1.7: a) Schematic of the processes involved in converting radiation to electrical energy in the
bulk heterojunction of an OPV solar cell. Reproduced with permission from Elsevier Science &

Technology Journals [8].
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Figure 1. Change Transfer (CT) and Recombination via CT States at an Organic Heterojunction (HJ). (A) Schematic of photogeneration processes in a type-ll
organic HJ. An exciton generated on photon absorption diffuses to the interface where CT gives rise to intermediate CT excitons that subsequently dissociate. (B) Jablonski
diagram illustrates the formation of multiple electronic CT states following CT from excited state S ;. Relaxation occurs through internal conversion (I.C.) from CT,, to CT, and
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between singlet (°CT) and triplet ("CT) spin states. The presence of low-energy triplet states at the donor or acceptor enables triplet back energy transfer (BET) from
the CT state.

Fig. 1.8) Schematic of the exciton dissociation processes from intermediate charge transfer states
in the bulk heterojunction of an OPV cell. Reproduced with permission from Elsevier Science &

Technology Journals [9].

There main mechanisms involved in the operation of an OPV are described in the following

section:
1. Exciton formation and migration

In an organic solid, charge carriers exist in the form of electrons and vacancies left behind (holes)
when those electrons are promoted to excited states. The name given to an electron-hole pair is
“exciton” [67]. In the bulk heterojunction, these excitons are strongly bound due to coulombic

forces. The exciton binding energy can be estimated as [10]:
Ep = Eq — Eg,

where E, is the energy difference between an electron-pair in the same molecular unit, and Ej is
the energy difference between two separate and unrelated electron and hole particles on different

molecular units, shown in Fig. 1.8. The binding energy in an organic material can be as high as

8



0.5 eV, which is much higher than that in an inorganic material [68]; in the latter case of the
inorganic material, the binding energy is insignificant and the generated charges are free to migrate

to their respective electrodes, driven by the potential gradient across the device.
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FIGURE 1 Schematic representation of electron-hole pairs in organic
semiconductor. a bound electron—hole pair (exciton) on one molecule, b un-
bound electron-hole pair on one molecule, ¢ bound electron-hole pair
involving two adjacent molecules (charge-transfer exciton), and d unbound
electron—hole pair on different molecules

Fig. 1.9: a) Representation of electron-hole pairs in organic molecular units. Reproduced with

permission from Springer Nature BV [10].

Photons with an energy greater than the HOMO-LUMO gap [49] are absorbed in bulk
heterojunction, promoting the excitation of electrons from a HOMO to a LUMO state and giving
rise to photogenerated electron-hole pairs generates called Frenkel excitons. As will be discussed,
the exciton binding energy of the electron-hole pair of the exciton must be overcome before the

individual charges can be separated.



2. Exciton dissociation

The typical distance that a Frenkel exciton can diffuse through the donor towards an interface
boundary before becoming lost to recombination is typically 5-20 nm [69], although modifications
of molecular structure can result in increases of this distance up to 50 nm [70]. Thus, in the bulk
heterojunction, a balance must be struck between larger donor domain sizes which may absorb
more photons, but have longer diffusion lengths that may result in exciton recombination in the
donor, called geminate recombination [71], [72]. Once the Frenkel exciton reaches the donor-
acceptor interface of the bulk heterojunction, the electrochemical driving force of the interface can
overcome the exciton binding energy and dissociate into free charges, with the electrons migrating

to the acceptor material and the hole remaining in the donor [73].
3. Charge transport

Once generated, these free charges will travel towards the anode or cathode due to the cascading
energy level structure of the solar cell formed by the organic materials and the electrodes with
different work functions [74]. The electrons will hop along delocalized n- & states formed by the
conjugated molecules towards the cathode while the holes will hop towards the anode [75]. During
this diffusion, the charge carriers can become lost due to a number of reasons. For instance, charges
may encounter an interfacial boundary and recombine with oppositely-charged charges via non-
geminate recombination; charges may also encounter trap sites due to the disorder of the molecular
organization in the deposited film and possible contamination; unbalanced carrier mobilities may
cause regions of charge accumulation that result in recombination [72], [76], [77]. This loss or
hindrance in charge transport will translate to a decrease in fill factor, open circuit voltage, and

short circuit current density, thereby limiting the overall power conversion efficiency of the solar

cell [75].

10
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Fig. 1.10: Flatband energy level diagram aligned at the vacuum level for different materials used
in this thesis work. Values for HOMO and LUMO levels were obtained from the following
references: ITO, PEDOT:PSS, and PFN-Br [11], PM6 and BTP-BO-4Cl [12], ZR1[13], Mg and
Al [14].

4. Charge collection

To minimize the number of holes or electrons collected the incorrect electrode, transport layers
also known as blocking layers are commonly introduced; these are intermediate layers that
preferentially allow the transport of either a hole or an electron [78]. This way, non-geminate
charge recombination can be reduced. Once collected at the electrodes, an external circuit may be

connected to form an electrical current and extract work from the system.

14 Photovoltaic metrics

In a laboratory setting, controlled illumination via a solar simulator is required to benchmark the
performance of a solar cell in a manner that is internally comparable from experiment to
experiment and externally among the wider research community. The simulator is designed to
mimic the irradiance and spectral profile of the sun under standardized conditions, and generates
a characteristic JV curve of the organic photovoltaic cell by measuring the generated photocurrent

density response vs applied bias voltage.
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Fig. 1.11: a) Picture of a high-precision LED solar simulator manufactured by G2V Optics and b)
solar spectral profile on earth. Reproduced with permission from G2V Optics [2].
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Fig. 1.12: a) Idealized characteristic J-V curve of an OPV cell. b) Equivalent photodiode circuit
representation of an OPV cell. Abbreviation definitions: Js. refers to short circuit current density;
R; to series resistance; Rqn to shunt resistance; V applied bias voltage, J current density. MP refers

to a “maximum point”. Reproduced with permission from Royal Society of Chemistry [15].

12



Important solar performance metrics can be calculated from a JV curve like the one shown in Fig.
1.12. Although much more precise definitions and approximations exist, they include physical and

electronic concepts beyond the scope of this work.

Power conversion efficiency (PCE): This value refers to how much electrical power is generated

by the solar cell with respect to the power received from the sun [15]. It is defined as:

P Voo X Iy X FF

PCE = =
Pout Pi

x 100

where Py, is calculated from the output intensity of the simulator and the area of the solar device.

Fill factor (FF): This value refers to an ideality figure of merit that is useful to track the shape of
the JV curve. Its physical meaning is related to the maximum power that can theoretically be
extracted from the cell by taking into account how difficult it is for charges to be extracted [15]. It
is defined as:

_Jup X Vyp

FF =
Jsc X Vo

Open circuit voltage (V,.): This value refers to the maximum electrochemical potential of the

cell, calculated under no current flow conditions, and can be approximated [15], [79] by:
Voc ~ HOMOdonor - LUMOacceptor

Short circuit current density (J4.): This value refers to the maximum current generated under a
null resistance load (no applied bias). Its physical meaning is related to the number of excitons

generated from light absorption, and the efficiency of charge dissociation, transport, and collection

in the cell [15].

Series resistance (Rg): This value refers to the sum of electrical resistances contributed by each
deposited layer. In an ideal solar cell, no internal resistance between the layers would exist and the

charge would flow exclusively through the diode [15].

Shunt resistance (Rgj, ): This value refers to losses of current in the cell derived from trapped

charges, pinholes, and defects. In an ideal cell, this resistance would be infinite[15].
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These resistances may be related by Kirchoft’s current law as [15]:

q(V+JRs) JRs
J=Jsc—Jole ¥eT —1)=V+7—

RSH

where /sy represents the shunt current and J is the reverse saturation current constant, K is the

Boltzmann constant, T is the temperature, and q is the elementary charge.

Chapter summary

This chapter offered a brief description on the potential that photovoltaic cells have as an
alternative energy source to fossil fuels. A brief discussion was provided on an emerging type of
photovoltaic cell, organic solar cells, whose carbon-based composition makes it an attractive
option for a wide array of applications. The basic components, operational mechanisms, and

performance metrics used to characterize them were introduced.

Chapter 2 of this thesis will deepen the processing parameters involved in the synthesis of OPVs.
Different approaches to the assembly of the materials comprising the OPV and optimization will
be addressed. This chapter will also discuss approaches to improve the solution processability of
PM6:BTP-BO-4Cl1 OPV cells and will examine the role that different solvent treatments have on

increasing photovoltaic performance.

Chapter 3 will begin with a critical examination of the application of microwave annealing as a
fast and efficient means of processing organic solar cells, to more easily and reproducibly anneal
the bulk heterojunction. The application of microwave annealing using a domestic microwave with
temperature readout of the sample is presented. An evaluation of the reproducibility of this
annealing approach for devices comprising BHJs composed of P3HT:PCBM and ZR1:BTP-BO-

4Cl bulk heterojunctions is discussed.
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Chapter 2

The effect of solvent annealing on the
PM6:BTP-BO-4Cl bulk
heterojunction

2.1 A brief on optimization approaches for high efficiency OPV bulk
heterojunctions

2.1.1 The design of high efficiency bulk heterojunctions

The last two decades have been very consequential with respect to the development of organic
solar cells. As mentioned in the previous chapter, the PCE of current state of the art OPV cells has
surpassed the 18% mark [47]. This result is a considerable scientific achievement given that
roughly twenty years ago record efficiency was only = 2% [3]. On the chemical side, so much of
this success is due to the remarkable development of low optical band gap materials that are highly
absorbent to radiation in the visible part of the solar spectrum [79], [80]. Additionally, well-
matched compositions of donors and acceptors with optimized HOMO and LUMO levels,
complimentary spectral absorption, and optimized molecular structures have pushed the boundary

of efficient charge generation and transport [81], [82], [83], [39].

For instance, in terms of molecular design, synthesis efforts have focused on shifting away from
flexible molecules with torsional rotation to materials with a planar conformation structures in the
conjugated core backbone to promote electron delocalization, increase charge carrier mobility, and
improve molecular packing in thin films [84], [85]. Careful selection of the type and length of side
alkyl chains has enabled increased solubility [86] for better control over the quality of deposition
and can influence the morphology of the bulk heterojunction [87]. Optimization of the conjugation
length of the backbone molecules and adequate pairing of donor and acceptor units in donor
materials are approaches used to increase optical absorption and adjust the HOMO-LUMO levels
[87]. Part of the goal of synthetic chemists has been to produce polymers using as few synthetic
steps as possible at a reasonable cost while maintaining adequate thermal and photochemical

stability, energy levels, and phase segregation properties. However, improving the different
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molecular properties simultaneously is an enormous synthetic challenge, and high efficiency
donors such as PM6 or D18, and small molecule non-fullerene acceptors like Y6 and BTP-BO-
4Cl, continue to be high cost due to the challenges of scaling up their syntheses. In addition,
optimization of the actual small molecules in OPV devices requires an enormous quantity of
resource-intensive experimental testing, much of it by empirical screening, to provide feedback

for structural optimization.
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Fig. 2.1: Molecular structures, absorbance spectra, and energy levels of donor:acceptor
compositions reported in state of the art OPV cells. a) A maximum device efficiency of 18.2% was
reported for the D18:Y6 composition [16]. b) A maximum device efficiency of 17.0% was
reported for PM6:Y6 composition [17]. Figure reproduced with permission from Elsevier Science

& Technology Journals [16], and with permission from Springer Nature BV [17].
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Table 2-I: State of the art donor:acceptor compositions and corresponding photovoltaic metrics,

reproduced with permission from Elsevier Science & Technology Journals [1]

PCE Jsc FF Voc

Donor Acceptor Ref.
(%) (mA/cm?) (%) )
PM6 BTP-eC9 17.8 26.2 81 0.84 [86]
PM6 BTP-BO-4Cl 17.3 26.1 77 0.85 [88]
PM7 Y6 17.0 25.6 74 0.90 [17]
PBTT-F Y6 16.1 24.8 77 0.84 [89]
S1 Y6 16.4 254 74 0.88 [90]
T1 BTP-4F-12 16.1 25.2 75 0.85 [91]
P2F-EHp Y6 16.0 26.7 74 0.81 [92]
D16 Y6 16.7 26.6 74 0.85 [93]
D18 Y6 18.2 27.7 77 0.86 [16]
PTQI10 Y6 16.5 26.7 75 0.83 [94]
PBQI10 Y6 16.3 25.8 75 0.85 [95]

A more sophisticated way researchers are finding suitable combinations of donor and acceptors is
by applying chemical computation approaches like machine learning methods coupled with
density functional theory calculations to predict which molecular properties (e.g. crystallographic
features, backbone structure, alkyl chains, etc.) might result in high performance cells. By using
dataset information from libraries like the Genome Initiative or the ANI-1 project to predict
energetic configurations or by training the algorithms with empirical data, it is possible identify
common denominators and trends with a high likelihood of resulting in high efficiency devices. In
this way, it is hoped that the process of finding and matching donor and acceptor materials be

accelerated [96], [97] at a lower cost in terms of human researcher time and experimental cost.

However, since a complete theoretical model of organic semiconductors is nonexistent and since
purely computational predictions are limited in their predictability of real device behavior, the
discovery of good OPV blend compositions continues to be a joint experimental and theoretical
endeavor carried out in incremental refinements. Complimentary to theoretical machine learning
are experimentally-driven machine learning approaches. These experimental approaches usually

begin by carrying out experiments to gather data to train an algorithm. Training can occur in
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separate stages: after a sufficiently large amount of data has been gathered (e.g. when
measurements from several experiments have been collected) or it can be ongoing and without
prior knowledge. One example of ongoing training is found in the ADA self-run platform where
an artificial intelligence controls a robotic arm to fabricate, characterize, and optimize thin-film
solar devices [98]. In this case, the platform’s algorithms select a set of conditions from parameter
space to sample, direct the manufacture a solar device, characterize it, and feed the measured data
back to the algorithm to select new refined conditions for the next experiment.
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Fig. 2.2: The process workflow of the ADA self-run platform. Reproduced with permission from
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Royal Society of Chemistry [18].

The function of the algorithm depends on what the scientist if trying to identify. For example, a
classification algorithm may be used to sort through a collection of experimental recipes which
ones result in devices with a photovoltaic performance above a certain threshold. Other algorithms
may be used to exploit or screen the vast parameter space of the bulk heterojunction to map and

predict regions of interest. The use of such a type of approach has been reported in the application
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of Design of Experiments (DOE) and machine learning to optimize the bulk heterojunction by our

group [99], [100] and other researchers [19], [18].
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Fig. 2.3: a) Illustration of the interdependence of parameters involved in the optimization of a bulk
heterojunction film. b, c) Illustrations of a large-area roll-to-roll OPV system where the ratio of
donor:acceptor and film thickness is optimized by machine learning algorithms from in-situ
measured data; d) Machine-learning map constructed to illustrate regions of chemical and

photovoltaic interest. b-d) reproduced with permission from Royal Society of Chemistry [19].

However, before any kind of computer-assisted exploration or optimization of a facet of OPVs can
be implemented, it is first necessary to first devise a fabrication approach that will lead to reliable
data quality. Any machine learning algorithm trained on data which is unreliable or not
representative of a particular behavior will predict an incorrect result. A euphemism to describe
this notion is bad data in = bad data out. A takeaway of this emerging research paradigm is that

Al-powered experimentation could revolutionize the speed of scientific discovery and accelerate
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the transferability of small-scale lab recipes to commercial manufacturing protocols. It is an
approach that may direct future organic photovoltaic research and further push the efficiency of

this type of solar cell technology.

2.1.2 Post-deposition treatments to promote phase-segregation and solution
processability of the bulk heterojunction

At the lab scale, one of the most common approaches for the manufacture of OPVs is the spin-
coating approach, where solutions of polymers, small molecules, additives, and solvents are
prepared for thin-film deposition. In this approach, an amount of a solution is dripped onto a
substrate and a spinning mechanism is activated so that centrifugal forces “flatten” and “spread”
the deposited solution over the surface of the substrate [20], [101], as shown in Fig. 2.4. This

approach is fast and generally reproducible but is not suitable for large-area manufacturing [102].

a) b) c)

Fig. 2.4: Schematic of a conventional spin-coating process: a) droplets of a bulk heterojunction
solution are deposited on the substrate, b) the sample is spun so that centrifugal forces flatten and
spread the solution over the substrate, most of the solution is flung off the sample, c) airflow causes
most of the solvent to evaporate, leaving behind a thin plasticized film. Image remains the

copyright of Ossila. Taken with permission from Ossila.com [20].

For conventional architecture solar cells, PEDOT:PSS is one of the most commonly used hole
transport layers deposited on an anode contact (usually ITO). Afterwards, the bulk heterojunction

layer is deposited on the PEDOT:PSS, and often, an electron transport layer is added before
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evaporation of metal cathode contacts. The manufacture of high efficiency OPVs usually requires
the optimization of each layer, either in individual standalone steps or as a global treatment.
Multiple optimization approaches exist to achieve this goal, ranging from those focused on
modifying the molecular structure of the materials during synthesis to enhance their electronic and
molecular properties [82], [103], [79] to those focused on the application of post-deposition
treatments to each OPV layer [104], [26], [99], [105]. The overall objective of these optimizations
is to boost power conversion by improving the efficiency of photon-to-exciton generation, exciton

dissociation, and charge carrier collection.

As was discussed in greater detail in section 1.3 of Chapter 1, it is generally accepted that the bulk
heterojunction is the most practical and successful donor:acceptor structure in the manufacture
organic solar cells from solution-processable approaches. Part of its success stems from the large
surface area available for exciton dissociation formed by the phase segregation of the donor and
acceptor materials into submicron (100-300 nm) domains [43]. Multiple post-deposition
treatments have been reported for the optimization of the bulk heterojunction, including those
based on light irradiation [106] (e.g. laser, visible, infrared), external electromagnetic field
alignment [107], mechanical shearing [108], electrical biasing [109], thermal annealing [104],
solvent vapor annealing [110], microwave annealing [111], etc. This thesis focused on the
application of the latter three of these annealing treatments. Chapter 2 explores the application of
solvent vapor annealing to the PM6:BTP-BO-4Cl blend and Chapter 3 will focus on the application

of thermal annealing by conventional hotplate and microwave approaches.

The optimization of the bulk heterojunction consists of exposing this active layer to an atmosphere
enriched with a solvent for the purpose of enhancing the mobility of the molecules in the film into
energetically-favorable configurations [112]. During spin-coating, part of the solvent used to
dissolve the donor and acceptor materials evaporates, causing a decrease in the thickness of the
deposited film. Because the solvent evaporates quickly, the molecules in the bulk heterojunction
become kinetically trapped. When solvent vapor annealing is applied, the bulk heterojunction
absorbs part of the solvent, causing the film to swell and plasticize, thus providing it with additional
mobility and time for molecular rearrangement to take place due to non-covalent forces interacting

on the molecules of the blend [112]. This process is similar to thermal annealing of polymeric
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materials where the temperature is raised above the glass transition temperature so the materials

rearrange themselves in thermodynamically favorable structures [110].
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Fig. 2.5: Representation of the morphological evolution of a UUO7:PCBM bulk heterojunction
subjected to solvent vapor annealing for different times and the impact that different domain
formations have on exciton recombination. Reproduced with permission from John Wiley & Sons.

[21].

Solvent vapor annealing promotes demixing and aggregation of donor and acceptors into domains
[113] whose size can be controlled by varying parameters like the solvent type, solvent ratio,
annealing time, and ramping protocol [23]. The control of these parameters can also impact the
crystallite size of the phase segregated domains and can lead to specific molecular pi-stacking
configurations [110], [114]. For example, the application of solvent vapor annealing could cause
molecular chains to stack along preferential in-plane or out-of-plane directions which may be more

or less favorable for charge transport along transversal or longitudinal directions.

The careful selection and application of a post-deposition treatment can play a huge role in OPV
power conversion efficiency. The materials in a bulk heterojunction may be very well designed to
be highly effective in generating excitons and with an adequate energetic profiles but if the
appropriate post-deposition treatment is not implemented, the benefits of good molecular design

will not yield the expected results.
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In the case of the bulk heterojunction, additives and co-solvents may also be introduced to promote
phase segregation. Particularly, solvents with high boiling points or those selective to the donor or

acceptor can be used to fine tune the morphology.

- acceptor

donor

N

interface

”

—— Moo

Fig. 2.6: Analytical transmission electron microscopy visualization of crystallization of donor and
acceptor domains of a PBDB-T:ITIC bulk heterojunction induced by the application of thermal
annealing (a, b) or DIO (f, g). Crystallinity is observed by the formation molecular structures
arranged in the shape of parallel rows. Scale in a) is 100 nm and scales in b-e¢) are 10 nm.

Reproduced with permission from John Wiley & Sons [22].

2.2 Chapter results overview

The first part of this chapter consisted of the examination of different experimental variables to
improve the reproducibility of OPV cells fabricated from a PM6:BTP-BO-4Cl blend. Although
this BHJ has been reported to reproducibly achieve power conversion efficiencies above 16%,
difficulties were encountered regarding reproducibility. Therefore, the isolation of various steps in
the fabrication process was made to minimize possible sources of irreproducibility. From this
fabrication auditing process, it was noticed that one processing step in particular, deposition of the
PFN-Br electron transport layer from a methanol solution, stood out as having significant impact

on final device performance. Therefore, a more targeted examination of this step was carried out
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to more deeply understand its role in improving device efficiency. By applying dynamic and static
methanol solvent annealing treatments, it was observed that the deposition of the PFN-Br/MeOH
layer accomplished a dual effect. On one hand, it reduced charge recombination at the cathode
interface and on another hand, it induced a wetting effect on the PEDOT:PSS layer, possibly

improving this layer’s conductivity.

2.3 Approaches to improve reproducibility of PM6:BTP-BO-4Cl solar cells

Among the state of the art bulk heterojunctions with highest reported photovoltaic performance is
the PM6:BTP-BO-4Cl blend with published power conversion efficiencies roughly between 15%
to <18% [85], [86], [115]. Most recent papers report the combination of the PM6 polymer and
non-fullerene acceptors like BTP-BO-4Cl. A trend observed in PM6:Non-fullerene pairings is that
research efforts are focused on improving photovoltaic efficiency by tweaking the molecular
structure of the acceptor [86], [103], additive content in the blend [116], [117], solvent type [88],

or by introducing a ternary component to the binary composition [118].

A common denominator missing in most of these works is a lack of detailed experimental
discussion on how the authors achieved such high device performance results, often while
maintaining an astonishing degree of reproducibility. The first tests in this thesis work attempted
to reproduce a 16% efficiency target based on the recipes reported by Ma et al. [119] and Xu et al.
[88]. Unfortunately, the initial results fell far short of the expected values, almost certainly due to
the artisanal aspects of device manufacture; therefore, various fabrication steps were isolated to

minimize the lack of reproducibility.

The general bulk heterojunction recipe in this work was a 1:1.2 donor:acceptor ratio, 17.6 mg/mL
total concentration dissolved in chlorobenzene with a 0.5% v/v amount of DIO additive. Ma et al.
reported that full dissolution of the blend occurred upon stirring at 40 °C for 4 h, however, these
conditions did not result in a fully dissolved blend and the deposited films showed large fragments
of undissolved material, which resulted in poor film quality and uncontrolled concentration

conditions. To address this problem, different actions were explored, as shown in Fig 2.7c.
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Fig. 2.7: a) Molecular structure of the PM6 donor. b) Molecular structure of the BTP-BO-4C1
acceptor. ¢) Flowchart of action lines taken to improve dissolution of PM6:BTP-BO-4Cl blend
and quality of deposited thin film.

The first line of actions taken to improve the dissolution of the donor and acceptor materials
consisted of mechanical approaches; however, these attempts worsened the problem. The
introduction of a Teflon stir bar in the dissolution vial caused a ring of undissolved material to
form on the upper part of the solution vortex. Sonication caused the bulk heterojunction ink to
splash on the walls and cap of the vial, causing some of it to dry and become lost from the rest of

the solution, thereby altering the total concentration and possibly the blend ratio. Spin-coated cells
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tested by following these actions led to undissolved specks of material in the surface of the

deposited thin films.

A second line of action consisted in changing the solvent type used to dissolve the donor and
acceptor materials, and it was observed that the donor polymer appeared to be more resistant to
dissolution than the small molecule acceptor. The dissolution effectiveness of o-xylene,
dichlorobenzene, toluene, chloroform, and dichlorobenzene was tested by adding 1 mg of PM6 to
I mL of each solvent and gently tapping the container vial. From a simple qualitative visual
inspection after 1 min of tapping, it was observed that the fastest dissolution occurred with
chloroform, followed by chlorobenzene, dichlorobenzene, o-xylene, and toluene, with toluene

resulting in very poor solubility.

Fig. 2.8 Visual appearance of vials used to qualitatively assess the dissolution of 1 mg of PM6 in
ImL of solvent at room temperature. This picture was taken after 1 min of gentle tapping on the
vial. The vial on the left contained chloroform and the vial on the right contained toluene,
corresponding to best and worst observed dissolution, respectively, as was observed from the size

and number of undissolved specks or clumps of material sticking to the walls of the vial.

Attempts were made to spin-cast films from a BHJ ink prepared in chloroform, however, the
solvent evaporated too quickly before uniform coating of the cell could be achieved, as shown by
the swirl-like appearance of a deposited film in Fig. 2.7c. Therefore, chlorobenzene was kept as

the second best option that balanced dissolution effectiveness and spin-coating processability.
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A third line of action consisted of incrementally raising the temperature and dissolution time from
the literature recipe of 40 °C for 4 h. No stir bar was introduced, instead, the materials were allowed
to dissolve by thermal convection inside the vial. Remarkable improvement in the quality of the
deposited film was observed by applying this approach, as shown in Table 2-II.

Table 2-1I: Effect of increased dissolution time and temperature on the performance of

PM6:BTP-BO-4Cl solar cells

Overnight at 60 °C Overnight at 80 °C Overnight at 100 °C

SN pcg Jse  FF Voe| P™ PCE  Jsc  FF Voc| SPM PCE  Js¢  FF Voc
speed speed

speed
(%) (mA/em?) (%) (V) | (rpm) (%) (mA/em?) (%) (V) (rpm) (%) (mA/em?) (%) (V)

(rpm)

1000 8.52 24.87 43 0.81| 800 9.51 23.87 48 0.83 | 600 10.08 22.71 53 0.84

1200 8.83 24.38 45 0.80‘ 1200 11.05 23.90 56 0.83‘ 800 13.17 24.32 64 0.84
2000 7.72 22.03 44 0.79‘ 2200 8.32 19.21 54 0.70‘ 1200 13.52 23.32 69 0.85
2200 8.52 25.36 42 0.80‘ 3000 7.86 20.58 48 0.76 ‘ 2200 12.27 20.13 72 0.85
3000 6.73 19.88 41 0.82‘ 4000 6.37 17.05 47 0.74 ‘ 3500 10.63 17.65 71 0.85
6000 5.27 20.35 32 0.81 ‘ 6000 5.75 71.74 47 0.63 ‘ 6000 12.07 19.84 72 0.85

From Table 2-II it can be seen that by increasing the dissolution temperature, a higher fill factor
and a more stable open circuit voltage was achieved, leading to improved power conversion
efficiency. The increase in V. is particularly revealing, as it is related to the morphology and
donor:acceptor interface area (directly impacted by the blend ratio) [120]. This value is often used
as a fingerprint to determine whether defects have a chemical origin. Wide variations in V. like
those seen when the dissolution temperature was set to 60 and 80 °C are a sign of poor dissolution

of the materials which was verified by visual inspection of the deposited films, as can be seen in

Fig. 2.9.
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Fig. 2.9: Visual appearance of PM6:BTP-BO-4Cl OPV substrates. a) Image of BHJ layer spin-
coated on a glass/ITO/PEDOT:PSS substrate as taken by a cellphone camera, and corresponding
b-d) reflectance-mode optical microscopy close-ups where film defects caused by “specks” of

undissolved of PM6 polymer are shown.

After increasing the temperature of the dissolution vial to 120 °C and allowing the materials to
dissolve overnight, the quality of the deposited film improved significantly and minimal
undissolved material remained, as shown in Fig. 2.10. The optimum spin speed for this active layer
was 800 rpm, corresponding to a film thickness of approximately 105-108 nm (as measured by an

AFM technique).

a) b)

50 pm

—

Fig. 2.10: Improved PM6:BTP-BO-4Cl film deposition after overnight dissolution at 120 °C. a)
Image of BHJ layer spin-coated on a glass/ITO/PEDOT:PSS substrate as taken by a cellphone

camera, and corresponding reflectance-mode optical microscopy close-up.
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While the steps in action line 3 led to an improvement in PCE from =~8% to ~13%, this was still
under the expected ~16% performance reported in the literature. In previous experiments a 2 mL,
5% v/v stock solution of DIO:CB was prepared and stored over the course of days and used as
needed in the preparation of a BHJ solution. An aliquot would be taken to be added to the BHJ
vial for a 0.5% v/v additive content. However, it was found that to older (in the order of hours)
stock solutions corresponded a loss in performance of OPV devices. Therefore, in a refined step,
fresh stock solutions were prepared for immediate use during each experiment. It was also found
that by adding the DIO from a fresh stock solution 1-2 h prior to spin coating, device efficiency
increased. However, these observations were merely observational and thus it was difficult to make

any solid conclusions from them.

A final step to improve processability of the bulk heterojunction consisted of allowing the
PEDOT:PSS solution deposited on a glass/ITO substrate to thaw for 15 min prior to spin-coating.
PEDOT:PSS is normally stored in a refrigerator to improve stability and when spin-coated from a
cold solution, wettability problems would sometimes appear which prevented the deposition of a

uniform bulk heterojunction layer.

By implementing these actions and by depositing the PFN-Br electron transport layer after thermal
annealing (details which will be discussed in a later section), it was possible to finally achieve

comparable results to those reported in the literature, as can be seen in Table 2-I11.

Table 2-III: Comparability of experimental results to those reported in the literature

PCE Jsc FF Voc
Source Film thickness
(%) (mA/cm?) (%) )
Maetal. [119] 110 nm 15.7 £ 0.6 (16.5 max) 24.7 76 0.85
Experimental 105 nm 15.6 £ 0.6 (16.4 max) 26.2+0.8 69 + 1 0.86 £0.01
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2.4 Methanol treatment of the PM6:BTP-BO-4Cl bulk heterojunction

Up to this point, the quality of the deposited bulk heterojunction film and corresponding
photovoltaic efficiency had been controlled by addressing issues in solubility. As was previously
mentioned, initial tests did not match those reported in the literature, so various fabrication steps
were isolated and tested to explore the extent that each one contributed to (or subtracted from) to
processability and photovoltaic performance. The application (and lack thereof) of thermal
annealing and the deposition of a PFN-Br layer from a methanol solution were two of those isolated
fabrication steps. As will be explained in later sections, the use of the term “thermal annealing” in
the literature to describe a thermal treatment step of this PM6:BTP-BO-4Cl bulk heterojunction
appears to be imprecise given the lack of morphological or crystallographic changes observed after
its application, as experimental data in a later section will show. Therefore, unless otherwise
indicated, “thermal drying” will be used as a more precise term to describe the act of placing an

OPV substrate on a hotplate for treatment at a certain temperature for a specific amount of time.

It was observed that if thermal drying was not applied prior to the deposition of PFN-Br/MEOH,

cracking of the bulk heterojunction film would occur, as shown in Fig. 2.12.

Fig. 2.12: Visual appearance of two glass/ITO/PEDOT:PSS/PM6:BTP-BO-4Cl samples (no

thermal treatment) after spin-coating deposition of PFN-Br from a methanol solution.

As was mentioned, reported literature on this blend frequently mentions the necessity of a “thermal
annealing” step (understood to be a process that results in a modification of the crystallographic
and morphological properties of a material by thermal means). Thus, it was believed that some
modification of the bulk heterojunction caused by ‘“annealing” was necessary to prevent film

cracking. Observationally, film cracking appeared to be related to the lack of thermal drying step
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or methanol spin-coating, therefore, actions were taken to determine which treatment was

responsible for this behavior.

A first hypothesis to explain this phenomenon was that methanol was drastically modifying the
bulk heterojunction. It is known that some organic semiconductor blends experience molecular
reorganization due to thermal or solvent annealing, causing the molecular structure to change and
become more orderly and stable [121], [122], [104], [22], [23]. Thus, it was thought that if a polar
solvent like methanol was allowed to make contact with the film, perhaps van der Waals forces
might cause the dipoles of the donor and acceptor to realign and cause a similar molecular
reordering. In this sense, it was hypothesized that direct physical contact of the methanol with the
bulk heterojunction might induce a much stronger molecular response than thermal annealing.
However, as is discussed in a later section, no measurable change in the morphological features of
the PM6:BTP-BO-4Cl blend was observed due to the deposition of PFN-Br/MeOH or by spin-

coating methanol on the cell.

To more clearly understand how the photovoltaic metrics were affected by the deposition of PFN-
Br and methanol, OPV samples were prepared and characterized in a solar simulator, these results

are shown in Table 2-1V.

Table 2-1V: Effect of PFN-Br/MeOH and MeOH treatment on thermally- treated and untreated
PM6:BTP-BO-4Cl solar cells

Thermal PCE Jsc FF Voc Rsh Rsr No.
Post-deposition

treatment (%) (mA/cm?) (%) W) (k) () devices
Yes - 893+1.40 22.63+£3.89 59+4 0.67£0.29 0.68+0.17 3.90+1.34 20
Yes MeOH 11.66 £0.48 22.15+£0.59 64+1 0.82+044 0.83+£0.02 342+1.2 5
Yes PFN-Br/MeOH 15.60+0.57 26.22+084 69+1 0.86+0.01 0.72+0.19 2.01+049 21
No - 9.61+£141 2239+326 60+2 0.72+0.03 0.75+0.17 449+1.86 17
No MeOH 1297+0.07 2291+£020 671 0.84+0.01 088+0.11 2.57+024 4

No PFN-Br/MeOH 14.45+0.87 24.67+1.46 68+2 0.87+0.01 057+0.12 1.92+049 18

Thermal treatment consisted in placing the sample on a hotplate for 10 min at 120 °C. Post-deposition refers to the
spin-coating of an electron transport layer or MeOH on the BHJ layer. Although the number of devices for the MeOH-
only treated cells is low, it was obtained from different batches of solar cells, thus providing a degree of experimental
confidence. To prevent film cracking of the samples not thermally treated, they were first dried under vacuum at
1% 1075 atm.
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A first inspection of the data in Table 2-IV was made to ascertain whether the thermal step resulted
in increased photovoltaic efficiency. A seemingly contradictory behavior was observed; samples
prepared as-spun showed a PCE efficiency of 9.61% which was reduced to 8.93% after the
application of a thermal treatment. However, efficiency increased to 15.6% for thermally-treated
samples which then subjected to PFN-Br/MeOH deposition. Samples not thermally-treated but
subjected to PFN-Br/MeOH deposition only had an efficiency of 14.45%. Note: it was found that
if the samples not thermally-treated were instead subjected to high-vacuum drying at 1 X 107>

atm, film cracking could be prevented.

While comparability and statistical significance questions are valid in the light of the of the
inclusion of a high-vacuum step and the large error interval in the photovoltaic results of Table 2-
IV, it is important to recall that at the time it was thought that thermal annealing by definition had
to be causing a modification of the morphological properties of the bulk heterojunction and must
therefore consistently result in increased photovoltaic performance, contradicting the results in

seen in this table.

The results in Table 2-IV led to two burning questions, why was maximum efficiency reached
when the thermal step was applied? And why was the application of methanol or PFN-Br/MeOH

correlated to a considerable increase in photovoltaic performance.

The hypothesis that methanol must be modifying the bulk heterojunction in some way could not
be discarded right away because of the noticeable increase in Vo and FF observed after spin-
coating this solvent on the bulk heterojunction. While the lack of an appreciable change in Js
suggested no additional exciton generation, the drop in series resistance and increased shunt
resistance after methanol spin-coating indicated improved charge extraction, further strengthening
the case that some electronic property was being modified. Moreover, existing literature has
reported that that the type of solvent used to process the bulk heterojunction can affect its
photovoltaic behavior [123], [124], [120]. Thus, to more precisely discern what effect methanol
had on the BHJ, additional characterization techniques other than solar characterization were

considered.

A simple qualitative x-ray diffraction test was performed on two OPV samples processed by spin-

coating them with PFN-Br/MeOH. One sample was subjected to thermal drying and the other one
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was not. From the comparison of both diffractograms, shown in Fig. 2.13, it was concluded the
bulk heterojunction in the samples remained amorphous. Hence, this evidence was one indication
that neither the thermal nor the methanol treatment promoted molecular reordering (crystallization)
of the bulk heterojunction, phenomenon thought to be a possible explanation for the increase

photovoltaic performance measured after their application, shown in Table 2-1V.

Thermal treatment No thermal treatment

Intensity count (a.u.)

Intensity count (a.u.)

5.0 75 10.0 li.S 15‘.0 17.5 20.0 22.5 5I 1IO :I.IS 2IO
20 deg[ee 20 degree

Fig. 2.13: XRD diffractograms showing no apparent change in crystallographic structure between
OPV samples thermally- treated and untreated.

In the x-ray experiment, a Cu Ka source in a small incidence angle configuration was used. The
diffractograms in Fig. 2.13 show a lack of discernable peaks at low 20 angles (5-20°), often a
region rich with information for crystalline polymeric materials. The single amorphous peak
around 21° may correspond to the (211) reflection of the glass/ITO substrate [125], [126] used to
prepare the OPV samples. While a more precise experiment could have developed by preparing
the samples on a monocrystalline silicon substrate (to reduce background noise), by increasing the
exposure times, reducing step size, and probing a wider 20 range, this quick result was considered

one valuable source of information.

As will be discussed later, additional characterization by tapping-mode AFM, shown in Table VI,

also showed no discernable difference between a sample that was thermally treated and two
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samples subjected to different methanol treatments. However, a core takeaway from Table IV had
been that a methanol treatment correlated to a notable increase in photovoltaic efficiency. The
unsolved questions were, if the methanol treatment had no discernible effect on the bulk
heterojunction, why was it causing photovoltaic performance to increase? And if the bulk
heterojunction was not being modified, what was? Additionally, what was it about this methanol

treatment that was causing cracking of the deposited films?

To try to answer these questions, refinements to the methanol treatment were applied. One
refinement was attempted by applying dynamic solvent vapor annealing. A computer-controlled
solvent vapor annealing system was used to vary the solvent content ratio and exposure time,

shown in Fig. 2.14.

Fig. 2.14: Image of the group’s computer-controlled solvent vapor annealing system. A full

schematic and detailed explanation of its components is reported by Jin et al. [23].

From this dynamic solvent annealing exploration, it was further observed that a correlation existed
between the drying step (thermal or vacuum), the solvent ratio, the amount of solvent exposure,
and the emergence of film modifications in the form of “textures”. Moreover, different film

textures could be induced by modifying these parameters, as shown in Fig. 2.15.

Note, the term “texture” is used henceforth to describe the visible change in the appearance of the

solvent-treated substrates.
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Fig. 2.15: In-situ images of the film evolution of two PM6:BTP-BO-4C1 OPV chips during
methanol solvent vapor annealing (the area shown corresponds to a section of roughly 3 mm by 3
mm and was captured by a digital camera coupled to a microscope focusing; the area of the OPV
chip was roughly 13 mm x 15 mm; the initial thickness of the BHJ film was approximately 108
nm, the thickness of the PEDOT:PSS layer was 30 nm; solvent ratio was 98%, approximate
annealing time was 30 min). a-f) Correspond to surface texture evolution of one OPV chip in a
chronological order matching the order of the alphabet. e-f) correspond to the chronological film

evolution of a second sample.

A static type of methanol solvent treatment was also applied. In this case, the solvent was allowed

to soak the films in liquid form for different times, as is illustrated in Fig. 2.16.
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/ substrate (e.g. MeOH)
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Fig. 2.16: Soaking setup for static solvent annealing. A sample was placed on the spin-coater
chuck, covered with a solution and spun-dry after a certain amount of humidification time had

passed.

In the following sections, “soaking” treatment is understood to be the action of depositing an
amount of solution on a substrate to cover its surface. The substrate was placed on the chuck of a
spin-coater so that after a certain amount of time, the soaking solution could be spun off the sample.
The terms “flush” or “wash” refer to the action of covering a substrate with a solution and

immediately spinning it off.

In this static solvent annealing approach, the OPV substrates were soaked in a solution of 0.5
mg/mL of PFN-Br/MeOH for varied times. This approach considerably correlated to increased

PCE when compared to as-spun controls, as shown in Fig. 2.17.
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Fig. 2.17: Effect of PFN-Br/MeOH soaking time on PCE of vacuum-dried PM6:BTP-BO-4Cl solar

cells. Blue squares correspond to OPV samples subjected to soaking and the red square

corresponds to an untreated sample. Error bars correspond to performance values one standard

deviation away from the average.

Table 2-V: Effect of PFN-Br/MeOH soaking time on the performance of PM6:BTP-BO-4Cl

solar cells

Soaking time PCE Jsc FF Voc Rsh Rsr No. devices
(%) (mA/em?) (%) ™ (k) ()

None (as spun) 9.83 £0.53 23.71+£0.59 57+2 0.72+0.01 0.57+0.17 4.89 +0.87 10
3-5s 1442 +0.86 24.73+146 67+2 0.87+0.00 0.56+0.12 1.85+0.49 18
20s 13.03+£0.82 25.43+093 59+2 0.87+0.00 0.37+0.02 2.20+0.28 4
1 min 13.25+£030 24.22+0.39 63+1 0.87+0.01 0.42+0.06 2.08+0.36 4

1.5 min 12.62+1.08 23.53+126 62+3 0.87+0.00 0.48+0.13 2.49+1.19 8
2 min 13.96£099 24.71+123 65+2 0.87+0.00 0.74+0.18 2.32+0.88 18
2.5 min 13.07+£0.58 23.22+0.62 65+1 0.87+0.00 0.63+0.11 2.73 +0.49 4
3 min 1216 £0.69 23.47+0.58 60+2 0.86+0.03 0.38+0.08 2.09+0.39 8
4 min 11.30£047 22.47+0.65 58+1 0.87+0.00 0.41+0.04 2.82+0.86 5
8 min 10.70 £0.65 23.28+0.95 53+1 0.87+0.00 0.30+0.02 3.22+0.61 5

No thermal treatment was applied, instead, cells were subjected to vacuum drying at 1 X 10~5 atm prior to soaking.
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Table 2-VI: Atomic force micrographs of best performing PM6:BTP-BO-4Cl samples after subjected to thermaEl drying, soaking in
PFN-Br/MeOH for 1 min, and soaking for 8 min.

Treatment Thermal + PFN-Br/MeOH flush Vacuum + PFN-Br/MeOH 1 min soak Vacuum + PFN-Br/MeOH 8 min soak

10.8 nm 10.8 nm

10.0

Topography

-92

Phase

=100

-149

RMS

3.51 nm 3.21 nm 2.98 nm
roughness
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Fig. 2.19: Reflectance-mode optical microscopy images of PM6:BTP-BO-4Cl OPV cells subjected
to methanol soaking treatment for different times. Images a-c) correspond to different magnified
views of an as-spun OPV cell where no texturing spontaneously occurs. d-f) Images correspond to
an OPV cell soaked in PFN-Br/MeOH for 10 s, in this case, fine texturization features begin to
form. Images g-i) correspond to an OPV cell soaked in PFN-Br/MeOH for 8 min, in this case,

texturization becomes severe.

At this point, the hypothesis that thermal “annealing” played a meaningful role in increased
photovoltaic performance by the modification of the morphology of the PM6:BTP-BO-4Cl bulk
heterojunction had been dismissed. Instead, the use of the term thermal “annealing” in the literature

appeared to refer to a thermal drying treatment, as defined previously.
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However, a point of continued “discrepancy” existed between the visible changes in physical
appearance observed in samples subjected to a methanol treatment and the information acquired
from other characterization techniques (XRD, AFM) which suggested that no modification of the
bulk heterojunction was occurring. After all, since the bulk heterojunction was the key layer in
driving photovoltaic performance, it was assumed that methanol must be changing its properties
in such a way that charge extraction was enhanced, as was manifested from the photovoltaic

characterization.

An increase in open circuit voltage from 0.72 V to =0.87 V was observed in all soaked samples,
as shown in Fig. 2.18d. This increase in V.. remained steady despite increased soaking time,
suggesting that the possible modification in surface energy caused between the bulk heterojunction
and the cathode by the introduction of the PFN-Br layer did not vary considerably once achieved.
Moreover, while the introduction of this electron transport layer was expected to play a significant

role in improving the photovoltaic properties of the cell.

However, the increase in V. also occurred by the application of a simple methanol flush, as shown
in Table 2-IV. This observation suggested that the role of the PFN-Br layer was to enhance an
existing underlying effect correlated to methanol. The decrease in series resistance in Fig. 2.18f,

suggested increased electrical conductivity in the cell.

It has been hinted so far in this chapter that although the application of a methanol treatment
correlated to increased photovoltaic performance, a causal relationship between the bulk
heterojunction and the modification of its morphology derived from the application of a methanol
treatment could not be clearly established. Therefore, as additional evidence to discard the
possibility that methanol was modifying the chemical character of the bulk heterojunction, an XPS
depth profiling test was carried out to determine if the different colors in the textures (brighter and
darker regions shown in Fig. 2.19) corresponded to the migration of donor or acceptor material

towards the anode (ITO layer) or some form of phase segregation.

In this characterization, the chlorine atoms in the acceptor and the fluorine atoms in the donor were
used as elemental trackers, and an argon gas cluster ion beam was used to “drill” through the film

so that electron signals at varied depths could be used to quantify elemental content, see Fig. 2.20.
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Fig. 2.20: XPS depth profiling of PM6:BTP-BO-4Cl OPV samples. The ratio of F:Cl in the donor
and acceptor material, respectively, was used to track possible migration of these materials towards
the ITO anode. No PFN-Br was used in this test, the samples were instead prepared as-spun and

flushed with methanol.

At first sight, Fig. 2.20 might suggest that a higher content of acceptor material (tracked by the
lower fluorine ratio) occured after treatment with a methanol flush, suggesting a possible
explanation for enhanced efficiency attributed to a higher content of the acceptor material towards
the cathode, condition known to be beneficial for electron extraction from the polymeric layers
into the metal contacts [127]. However, a more careful examination of this figure shows that the
content of donor and acceptor is virtually identical in both samples at every other measurement

point.

If a higher amount of donor or acceptor had migrated towards the anode, a decrease in its presence
throughout the rest of the layer would have been expected as matter must be conserved. While
XPS is a very powerful characterization technique, the beam size is not suitable for cm-wide area
analysis, thus, multiple additional test points would be needed to more reliably determine whether
phase separation took place in other regions of the films. However, because the treated sample was
fully covered in methanol, any surface modification would have been expected to occur uniformly

and the slightly lower fluorine ratio at the beginning and end measurements of the methanol-treated
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sample could be attributable to the beam measuring a section close to the rim of a Voronoi polygon

formed by a dewetted film.

Fig. 2-21: Image of a Voronoi polygon pattern.

From this XPS test, it was be reasonably concluded that as XRD and AFM suggested, methanol
did not appreciably modify the bulk heterojunction, even if it did affect the solar cell, as was seen

from the optical microscopy images.

The ongoing “discrepancy” was resolved by stepping back and reflecting on the bigger picture,
that is, an OPV solar cell is more than just the all-important bulk heterojunction. An OPV cell
contains multiple layers which also play critical roles in power conversion efficiency. The only
other layer in the tandem structure which may be susceptible to drastic modification by methanol
was the PEDOT:PSS layer. Therefore, a search in the literature on “methanol effects in OPV cells”
was carried out, revealing that methanol has in fact been used as a chemical treatment to increase

the conductivity of the PEDOT:PSS layer and to induce dewetting effects [26], [128].

2.4.1 Application of methanol treatments to improve the PEDOT:PSS layer

PEDOT:PSS is a composition of the electrically insulating hydrophilic PSS polymer and the
conductive hydrophobic PEDOT polymer. In conventional architecture organic solar cells,
PEDOT:PSS is used to prevent indium and oxygen from the ITO anode from diffusing into the
active layer, to preferentially allow the transport of holes towards the anode, and to improve the
interface contact between the anode and the active layer [26]. In its bonded state, PEDOT:PSS

presents a core-shell structure and is solution-processable from water, as is shown in Fig. 2-22.
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Fig. 2-22: Copolymer microstructure of the PEDOT:PSS system forms a core-shell arrangement.
The application of a solvent like methanol on a PEDOT:PSS film can cause the separation of
PEDOT from PSS, resulting in PEDOT rich domains (blue) and PSS-rich domains (gray) which
create pathways for electronic transport (hole transport) through the conductive PEDOT domains.

Reproduced and adapted with permission from CC BY 4.0 open access license [25].

Different authors have reported washing or dipping of this layer in polar solvents like methanol,
ethyleneglycol, ethanol, etc. to improve its conductivity [26], [129], [128]. This increased
conductivity is explained in terms of a screening effect between the positively charged PEDOT
polymeric chains and the negatively charged PSS chains under the presence of a solvent like
methanol. The solvent’s dipoles are believed to reduce the coulombic interaction between the
polymeric chains and the OH groups in methanol are believed to dissolve the hydrophilic PSS,

causing a separation between both polymers to take place at the nanoscale [26].

The resulting process is the formation of PEDOT-rich domains with linear structures that are phase
segregated from PSS and which provide percolated pathways for improved charge transport [ 129].
Alemu et al. confirmed that morphological changes in this layer could be induced by the
application of a methanol treatment (dipping or dripping). One of their findings was that phase
segregation of both polymers resulted in an increase in the conductivity of by three orders of
magnitude [26]. Song et al. also confirmed that a methanol-induced modification of PEDOT:PSS

also occurred in organic solar cells where the PEDOT:PSS was buried under a bulk heterojunction
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layer; specifically, they demonstrated that methanol can permeate the active layer and cause the

formation of PEDOT-rich domains with linear and coiled structures [129].

Additionally, Aghassi et al. showed that the amount of water remaining in the PEDOT:PSS film
had an impact on how much improvement methanol could induce on the photovoltaic performance
of different bulk heterojunctions [130]. According to their observations, the enhanced “methanol
effect” was prevalent in freshly made solar cells that used a PEDOT:PSS layer. In contrast, when
the cells were dried under vacuum for 12 h or when a MoOs hole transport layer was used, very
little if any improvement in photovoltaic response could be seen in the bulk heterojunctions
exposed to a methanol treatment. His observations are consistent with the high-vacuum step
necessary in this thesis work to prevent cracking of the film. In this case, cracking occurred not
from the bulk heterojunction but rather, from the PEDOT:PSS layer underneath which simply
carried the upper BHJ layer with it.

Based on these reports and from the evidence discussed in earlier sections, it can be concluded that
the PM6:BTP-BO-4Cl bulk heterojunction, like many other bulk heterojunctions, is not altered in
any discernible way solely as a response to a methanol treatment. Instead, the increase in
photovoltaic performance in this blend is likely attributable to the modification of the PEDOT:PSS
layer underneath. The increase in power conversion efficiency, current density, and series
resistance seen in this work is in agreement with the observations made by other authors who also

used PEDOT:PSS and a methanol treatment in the preparation of their samples.

The textures observed in the optical micrographs likely correspond to dewetting of the
PEDOT:PSS layer as a response to methanol permeation and evaporation. This would also explain
why severe film cracking like the one shown in Fig. 2.12 occurred if the samples were not first
thermally dried or vacuum-dried. The more water or solvents left over from spin-coating (or the
more water the cells absorbed from the atmosphere during handling), the easier it was for methanol

to permeate the PEDOT:PSS layer and induce dewetting.
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Fig. 2-23: Alemu et al. reported that a methanol immersion treatment caused serrated lines to
appear in PEDOT:PSS films, as shown in their SEM micrographs. The right micrograph shows a
pristine PEDOT:PSS film and the left micrograph corresponds to film that had been immersed in
methanol. Reproduced with permission from Royal Society of Chemistry [26].

In this work, no attempt was made to systematically control the humidity exposure conditions of
the solar cell samples other than by the application of a vacuum-drying step or thermal treatment.
Future experiments in dehumified atmosphere like that of a glove box could be carried out to more

conclusively prove that the PM6:BTP-BO-4Cl bulk heterojunction is not modified by methanol.

The results in this chapter show how although so much effort and emphasis is placed on designing
and optimizing bulk heterojunctions, the importance of other layers should not be ignored.
Moreover, this chapter illustrates how an experimentally “innocuous” variable like laboratory
humidity or water content in a sample could result in the appearance of correlations in behaviors

that are not causal in nature.

This chapter discussed that that methanol is not simply an innocent solvent used to facilitate the
deposition of a PFN-Br layer; instead, methanol can modify the PEDOT:PSS. It is the phase
segregation of the PEDOT and PSS what causes improved conductivity and ultimately allows for

a more efficient charge collection from the bulk heterojunction.
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Chapter summary

This chapter opened with a brief on different approaches used to design and optimize organic solar

cells. A description of emerging computer-assisted tools in OPV discovery was discussed.

This chapter also examined the fabrication of high efficiency PM6:BTP-BO-4Cl solar cells. The
first section addressed different approaches used to improve the quality and uniformity of the
deposited bulk heterojunction thin film. From the data gathered, it was confirmed that even small
undissolved amounts of donor and acceptor material can have a considerable impact on solar
device efficiency. Therefore, when preparing organic solar cells, care should be given to ensure
full dissolution of the donor and acceptor materials. Otherwise, batch to batch variances will make

any analysis excruciatingly difficult to track.

The second part of this chapter focused on the application of methanol treatments to PM6:BTP-
BO-4Cl1 OPV cells. It was shown that methanol has no discernible effect over the bulk
heterojunction. Instead, methanol can modify the PEDOT:PSS layer by causing phase separation
of these polymers, resulting in increased conductivity. Additionally, it is thought that the greater
content of solvent left over in OPV layers from spin-coating corresponds to greater dewetting
effects induced by methanol. Therefore, careful control over the humidity of the OPV layers is

important and thermal drying or vacuum-drying are two ways to reduce dewetting.
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Chapter 3

Microwave annealing of OPV
bulk heterojunctions

“Everyone who has done chemistry in a domestic microwave oven has had some kind of
mishap... You have to put in the time to get the conditions right... Too much power and you
absolutely obliterate your materials, too little and nothing happens. But once you get it right,
you're away.” — Dr. Nicholas Leadbeater [131]

“Those chemists who braved the risks [of microwaving] saw interesting results — usually a
phenomenal increase in reaction rate...” David Adam [131]

3.1 A critical stroll through the literature on OPV microwave
annealing

There is growing interest in the scientific community in the application of microwaves for
chemistry and materials research applications. This is evidenced from a simple Web of Science
search for papers containing the keywords “microwave”, “materials”, “chemistry”. Since the early
1980s, the number of annual publications with these keywords has grown considerably from just

4 papers in 1983 to 1,823 papers in 2020. What is driving this growing interest?

A possible answer might be the desire to harness the characteristic ability of microwaves to
efficiency transfer energy into a target to rapidly heat it up to hundreds of degrees in seconds. This
effect can be achieved in a contactless fashion, with high reproducibility, and with high quality
results that can be translated to large-scale production; moreover, microwave heating is being
explored in greener chemistry works because of high treatment time efficiency [132], [133], [134].
Rapid heating has been reported to enable synthetic processes to steer towards specific products
from multiple possible products or to forego the need for catalysts in certain reactions [131],
microwaves have also been used to promote block-copolymer self-assembly [135], to rapidly dry
organic materials [136], and to improve the efficiency of organic solar cells, as is the subject of

this chapter.
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Microwaves are a type of electromagnetic radiation with wavelengths in the range of 1072 to
102 m (300 GHz - 300 MHz) [137]. Typically, a 2.45 GHz radiation source is used (in smaller
labs, this is often in the form of a household oven). It is generally accepted that two mechanisms
drive the conversion of the electromagnetic energy of the microwaves into thermal energy in an
irradiated target material: ionic conduction and dipolar polarization [132], [134]. Ionic conduction
refers to the response of free charges in a material to the applied electric field; in this case, the
charges experience an attractive or repelling force (according to the sign law) that will cause them
to move back and forth along a crystal structure or space as a response to the oscillating direction
of the electric field. A similar response occurs in the case of dipolar polarization where dipolar
molecules will wobble or rotate as they try to align to the applied electric field. In both cases,
frictional effects and the increase in kinetic energy are manifested in the form of a higher
temperature [138]. This is illustrated in Fig. 3.1, where the response of different objects to an

electric field at a time t and t’ is shown.
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Figure 3.1: a) lonic conduction motion of a negative charge in response to an external electric field

and b) dipolar polarization of a water molecule.

While microwave heating has found utility in many areas of chemistry and materials research
[131], [139], [135], an area that has received much less attention is the application of microwave
annealing to the optimization of organic photovoltaic solar cells (OPVs). Most OPV devices
require some form of thermal annealing treatment as part of their fabrication. This annealing step
is performed to optimize the morphology of the bulk heterojunction by inducing a phase separation
of donor and acceptor materials into nanodomains within the bulk heterojunction to improve
exciton generation and charge harvesting. By far the most common thermal annealing method used
in laboratory-scale research is that of traditional hotplate annealing where a solar cell is heated by

thermal conduction. This method, while useful, is inefficient and lacking in reproducibility as it is
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energy-intensive and does not account for thermal gradients from the point of contact with the
substrate and through it. Moreover, the position of the heating elements in a hot-plate and their

on/off duty cycle can also negatively impact the reproducibility of large area devices.

In the field of organic solar cells, microwave annealing is a thermal annealing technique that has
been studied for roughly 15 years with successful and promising results. Curiously, it has not yet
been widely adopted for laboratory-scale OPV optimization or industrial-scale OPV
manufacturing. It is possible that this is attributable to the laborious work necessary to configure
a reliable annealing setup and the lack of a practical roadmap with “look-outs” and strategies to
get started — which is intriguingly, a common denominator missing in most published works. This
thesis work sought to dispel some misconceptions and confusion in this area associated with
microwave annealing and to provide a detailed guide for future researchers interested in

implementing their own microwave experiments.

To our knowledge, the earliest work that discusses the application of microwaves for the
optimization of organic solar cells was reported in 2007 by Ko et al. In this work [140], the authors
microwave-annealed a regular architecture ITO/PEDOT:PSS/P3HT:PCs1BM/AI solar cell.
Remarkable improvement was achieved as demonstrated by the increase of Js from 2.95 to 9.5
mA/cm?, FF from 33.8% to 63.5%, and PCE from 0.58% to 3.6% in comparison with as-spun
devices. These results are surprising since no electron transport layer was applied. Additionally,
the authors attempted to measure the annealing temperature of the various layers in the tandem
structure in situ by the application of a fluorescent rhodamine B dye whose intensity varied linearly
with the temperature. Although this approach led them to conclude that their 90 s of microwave
annealing resulted in a reasonable annealing temperature of 140 °C, which is close to the
established optimized hot-plate annealing temperature (= 120 — 150 °C) for this BHJ [104], their
approach incorrectly led them to believe that no heating occurred due to the ITO substrate. The
authors claimed that microwave radiation selectively heated the BHJ with no impact on the ITO
or PEDOT:PSS layers. However, as this thesis work will show in later sections from in-situ
temperature measurements, it is the ITO layer and not the polymeric layers the primary driver for
the microwave heating response. Despite this intriguing observation, this work was key in stirring

interest in the field around microwave annealing. To date, this publication is still one of the few
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reports where an in-situ temperature measurement is discussed or even attempted. However,

virtually no experimental information regarding the microwave configuration was provided.

Other authors were quick to pick up the claim by these authors that microwaves selectively heated
the BHJ layer. A paper published in 2009 by Yoshikawa et al. [141] and another one published in
2010 by Fligge et al. [111], attributed the ITO component of P3HT:PCBM solar cells as being
primarily responsible for the increased temperature of the solar cell, and not the BHJ. In
Yoshikawa’s work, the authors mention that “the temperature of the various samples was directly
monitored by digital thermometer through the sight hole during the microwave irradiation” [141]
but did not elaborate further on the meaning of this configuration. To a reader, this result might
suggest some form of in-situ measurement but since no further details or specifications on the type
of thermometer used or its position with respect to the solar cell are provided, this work does not
offer a practical guide to reproduce their experiments. Nevertheless, Yoshikawa’s findings are
relevant because they show that the PEDOT:PSS and BHJ layers do in fact absorb very little

microwave radiation, in contrast to the claims by Ko. et al.

Fliigge’s work takes the analysis of heating components one step further by examining Maxwell’s
electromagnetic equations and modeling a simple approximation derived from absorption and
transmission relationships to propose that the amount of microwave radiation absorbed and
converted into thermal energy by a particular layer is dependent on its conductivity. Since
nanometric thicknesses are used in OPVs, they assume the irradiated medium thickness to be null
and thus, the absorption, a, of a layer to a vertical planar microwave wavefront can be calculated

by:

2/Z4R

&= 7, + 2R,

where Zo=377 Q/cm? is the free space resistance and Ry is assumed as the homogenous sheet
resistance of the film. This equation indicates that the more conductive a film is, the greater the
amount of microwave radiation that will be reflected [111]. Conversely, higher resistivity materials
(e.g. some types of Si wafers) will heat up faster than more conductive materials [135]. This
approximation holds true for materials whose sheet resistance is not considerably high; for a pure

dielectric (R; — o) absorption decreases to 0.
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Both Fliigge and Yoshikawa were able to improve the efficiency of their P3HT:PCBM bulk
heterojunctions with microwave annealing close to their standard hotplate controls. In Fliigge’s
report, only 8 s of irradiation were necessary to improve PCE up to 2.59% from 0.03% for the as-
spun control. Little difference in efficiency was observed with a corresponding 300 s of
conventional hotplate annealing treatment which resulted in a PCE of 2.69%. However, their
reported microwave annealing temperature of 216 °C was far above their reported hotplate
temperature of 120°C. At such a high temperature, this P3HT blend is expected to experience a
drastic drop in efficiency to the 0.0-0.5% PCE range [104]. Therefore, it is likely that Fliigge’s
thermographic camera overshot the real temperature of their substrate. Since a detailed description
of their setup is not provided, readers are once again left with an incomplete perspective of how to

apply microwave annealing.

Another work that focused specifically on the optimization of BHJs by microwave annealing was
the work of Kim et. al. [142]. There, optimizations of P3HT:PCBM and PFT2:PCBM were
explored. However, no mention was given to the type of microwave or power setting used.
Additionally, no attempt to measure the substrate temperature was performed. Instead, the authors
explored the causal relation between microwave time and solar device efficiency. In the case of
their P3HT:PCBM blend, a low donor:acceptor total concentration, corresponding to an very thin
80 nm bulk heterojunction layer, might explain their low microwave-optimized efficiency of
1.16% PCE vs 0.59% PCE for the unannealed blend. In the case of their PFT2 composition, an
improvement in efficiency from 0.09% to 0.97% PCE was observed after microwave annealing.
The optimized microwave time for the P3HT system was 60 s and for the PFT2 system, treatment
time was 30 s. For the P3HT blend, the hotplate control efficiency was 1.62% PCE for 600 s of
treatment at 120 °C and for the PFT2 blend, a 1.16% PCE for 600 s of treatment at 80 °C. The
common denominator in these works is that microwave annealing improved the efficiency of OPV

devices at a fraction of time required with conventional hotplate annealing.

In the case of P3HT:PCBM, there is general consensus that the reason for performance
improvement after thermal annealing stems from morphological changes induced on the bulk
heterojunction, regardless of the source of heat. As annealing is applied, the materials pass the

glass transition temperature, the molecules rearrange themselves in more thermodynamically

52



favorable structures. As larger P3HT nanodomains are formed, more delocalized electrons are

available to interact with absorbed light to promote exciton formation [143].

A balance must be struck between the size of the domains because although larger domains
generate more excitons, very large domains reduce the available interfacial area for exciton
dissociation to take place [71]. As donor and acceptor materials form percolated interpenetrating
networks, more excitons dissociate at the interfaces. Afterwards, charge carriers commence a
diffusion process through the layered structure of the OPV cell and are collected at the electrodes.
Due to the energy level structure of the bulk heterojunction, holes diffuse towards the anode and

electrons towards the cathode.

However, while horizontal phase segregation is one factor credited with an improvement in the
short circuit current of P3HT:PCBM cells, thermal annealing has also been reported to produce a
vertical phase segregation effect [ 144]. For instance, solvent vapor annealing prior to metal contact
deposition is reported to cause PCBM to diffuse towards the cathodes, and a higher acceptor
content close to this interface facilitates charge extraction and reduces recombination, boosting
efficiency [71]. In contrast, when thermal annealing is applied prior to metal deposit, P3HT tends
to diffuse to the top of the bulk heterojunction. Electrons are not as readily transported through the
polymer and therefore, a higher concentration of P3HT towards the cathode interface is believed
to create trapping sites and increase recombination [71]. Ultimately, it is the summation of all these
factors that determines final device efficiency and microwave annealing has been demonstrated to

be a technique suitable to promote these morphological changes.

A couple of years after the first papers on microwave optimization of the bulk heterojunction were
published came a second wave of microwave annealing papers focused on the optimization of hole
transport layers and even the commonly used ITO anode. In 2014 and 2015, Gilissen et al. [134],
[27] applied microwave annealing to optimize the PEDOT:PSS layer, finding no appreciable
difference in morphology between microwave annealing and hotplate annealing. While in situ
measurements of current-voltage were performed for hotplate annealing, no temperature
measurement was made for microwave annealing due to the presence of metal contacts. Instead,
the authors examined the power to time relationship on the sheet resistance of the ITO. Although
microwave-annealed films were slightly less conductive, they closely resembled those prepared
by conventional annealing. Additionally, treatment time was reduced from 10 minutes to 30 s.
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Also in this paper was a report on the use of a screen printing technique to retain water in the
PEDOT:PSS film deposited on glass slides. The objective was to analyze how water remnants
could induce heating by microwaving. Their microwave setup included a waveguide apparatus and
wave stirrers to prevent the formation of nodes and anti-nodes in any one area of the substrate,

thus preventing the formation of standing waves and hot-spots.

Yeom et al. [145] also attempted to microwave anneal the PEDOT:PSS layer but were
unsuccessful in controlling the treatment temperature. Although they reasonably claim that due to
the high response of water in film, a temperature of 180 °C was reached in 30 s, as measured by a
thermographic camera, no attribution for the heating was given to the ITO substrate. Interestingly,
their work also applied a microwave treatment to sinter metal contacts deposited from a silver
paste. In their work, it is suggested that conductivity of the contacts was improved after 20 s of
microwave exposure due to the volatilization of residual carbon between the silver flakes of the

deposited metallic contacts.
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Figure 3.2: A microwave system custom-designed to reduce standing wave hot-spots. Reproduced

with permission from IEEE [27].

Also published in 2014 was the article by Vasilopoulou et al. on the improvement of the work
function of MoOx and WOx hole extraction layers by microwave annealing of inverted-architecture
OPVs [146]. In 2015, this same group reported an improvement in PCE from 2.59% to 3.97% for
P3HT:PC71BM OPVs whose WOy layer was microwave-annealed prior to the deposit of the active
layer [147]. In 2016, this group also followed up with a publication on additional microwave
optimization, finding that by evaporating water trapped in the crystal structure of the MOx layer,

it was possible to achieve better molecular stacking, resulting in an improved fill factor, short
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circuit current and ultimately, power conversion efficiency. Additionally, they reported that the
dehydration of their substrates by microwave annealing improved storage lifetime of the organic
solar cells, with samples retaining 95% of their efficiency after 600 h of storage, contrasting with
cells manufactured from PEDOT:PSS which began to lose efficiency virtually immediately after
production [148]. Although in this work, an FTO substrate was used, no heating effects were

attributed to it.

A more recent publication also by this group was reported on the optimization of the ITO-glass
anode by microwave treatment. In their 2017 work [149], microwave irradiation was used as a
treatment approach to reducing surface roughness and improve hydrophilicity of the ITO prior to
PEDOT:PSS deposition. A comparison of the root-mean-square roughness the ITO was reported,
indicating an RMS value of 1.9 nm for microwave and oxygen plasma treatments vs 2.2 nm RMS
for as-received ITO. PEDOT:PSS contact angle measurements for the as-received, microwave-,
and oxygen plasma- treated samples were 77°, 17°, and 16°, respectively. Their reported
P3HT:PC70BM controls showed that this approach was just as effective in improving OPV
efficiency as traditional oxygen plasma cleaning with reported OPV PCE reaching 3.54% for
microwave treatment, 3.43% for oxygen plasma treatment, and 2.07% for ITO-glass used as
received. An improved contact (seen through lower series resistance in treated OPVs) between the
ITO and the PEDOT:PSS layer is attributed as a cause for this performance boost. Although the
authors do not discuss their microwave setup in detail, other than to mention that a microwave
oven was used at a power setting of 450 W, it may be inferred that no controlled atmosphere was
used to achieve these results. Moreover, their microwave approach only required 60 s of treatment

vs 10 min of oxygen plasma [149].

Shin et al. also explored annealing treatments of ITO films [150]. Their comparison of
conventional, rapid heating, and microwave annealing revealed that heating promotes
crystallization of the ITO, as determined by the appearance of several x-ray diffraction peaks after
the treatment. This change in structure was accompanied by a slight improvement in optical
transmittance from 87.2% (untreated sample) to 89.7% (microwave-treated). Despite an increase
in surface roughness after the microwave treatment, a reduction in sheet resistance was noticed,
going from 1.72x10° Q/cm? to 4x10? Q/cm? for unannealed and annealed samples, respectively.

The authors reported that the power consumption of a conventional thermal annealing method was
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776 Wh to 160 Wh for rapid thermal annealing, to 114 Wh for microwave annealing. The

optimized microwave conditions were reported as 2.5 min at 250 W.

In 2018 Huang et al. reported on the thermal annealing of a ZnO hole transport layer which resulted
in PCE boosts from 3.23% to 3.93% and from 7.34% to 8.23% for P3HT:PCs1BM and
P7BT:PC71BM compositions, respectively [151]. An improved surface smoothness and interfacial
contact were achieved in the ZnO film after microwave treatment, thus leading to the improved
efficiency. A highlight of this work is the time saved on the film treatment. Whereas conventional
hot-plate annealing required a treatment of 200 ° C for 60 min, microwave annealing only required
9 min of treatment. The authors did not report the temperature of their substrate, only a microwave

operating power of 65 W.

While technical questions remain around microwave annealing, including how to accurately
measure substrate temperatures, how to calculate microwave irradiance absorbed through the
layers, how to prevent standing waves from causing hotspots, how to standardize annealing
conditions between different commercial microwaves, etc. clearly microwave annealing has
shown potential as a technique to improve the efficiency and properties of organic solar cells.
Microwave annealing has important advantages over conventional annealing and it could become
an all-round technique to optimize OPVs in all stages of the manufacturing process, from
conductive substrate preparation to the hole transport layer deposit to the bulk heterojunction
annealing, and even the metal contact optimization. Existing microwave annealing efforts have
achieved results very close results to those reported by conventional thermal annealing, in some
cases with slight underperformance and in some cases with slight improvement, but often within
a reasonable margin of error and not of considerable statistical significance. Thus, these techniques
are comparable, but an enduring trend is the considerable reduction in annealing time from hours
to seconds by the implementation of microwave annealing while reducing instrumental power

consumption.

Aside from the potential that microwave annealing has in expediting and pushing laboratory-scale
research, it could become an important component of mass-production systems where short
processing times and low manufacturing costs are central to successful commercialization. In roll-
to-roll systems where the total processing time of OPV modules is targeted to be in the order of

seconds [6], [28] microwaves offer an annealing solution with very short start-up and shut-down
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times. Additionally, since the majority of large-scale OPV manufacturing techniques (slot-die
printing, roll-to-roll printing, etc.) are based on solution-processing of organic inks from water and
solvents, microwaves could further assist in the dehydration and drying process which is crucial
to cell stability [152], [153]. The industrial-scale potential to reduce manufacturing times and

energy costs associated to the annealing treatment of each layer, from minutes and hours to seconds

would considerably improve the prospects of mass commercialization of this solar technology.

a)

b)

Fig. 3.3: a) A roll-to-roll assembly system. To the left is shown a ZnO slot-die deposition module,
on the center a P3HT:PCBM deposition module, and on the right a PEDOT:PSS deposition
module. Meters-long flexible films can be quickly manufactured using this system. Reproduced
with permission from Royal Society of Chemistry [28]. b) Molecular structure of the P3HT donor,
¢) Molecular structure of the PCs1BM acceptor.
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3.2 Chapter results overview

The first part of this chapter addresses the refinement of different microwave annealing
configurations based around a simple household microwave coupled to an in-situ fiber optic
thermometer probe. Detailed descriptions are given of the implemented procedure to assist readers
in setting up a similar cost-effective research system. Various bulk heterojunctions were used
during various calibration stages to ascertain with greater certainty whether the effects seen
depended or not on a particular type of composition used. Particular emphasis is placed on the
P3HT:PCs1BM system due low cost, well-known annealing behavior, and its easily visible color

variation response to annealing temperature and.

The second part of this chapter addresses the application of microwave annealing for the
optimization of the all small-molecule ZR1:BTP-BO-4Cl bulk heterojunction. Characterization of
the optimized samples showed an excellent response to thermal annealing, resulting in a 4.6x
improvement in power conversion efficiency from 1.56% to 7.28%. No significant difference in
optimized efficiency was seen between microwave annealing and a comparable hotplate annealing

approach.

3.3 Rational optimization of a microwave annealing setup

One of the greatest challenges in the application of microwave annealing lies in configuring a
system that uniformly heats a substrate and that prevents wave node and anti-node hot-spots from
forming along its surface. As was discussed earlier, some researchers have built custom-designed
systems equipped with waveguides and radiation stirrers to produce planar wavefronts to anneal
their OPV cells. However, specialized microwave equipment is not always available in most small
research labs. A considerable part of existing microwave applications in general chemistry
literature and in the field of OPVs rely on the use of domestic microwave ovens but in most works,

very little if any description is given of the approach used by the authors to microwave their targets.
y Y p g pp y g

Particularly in the field of OPV microwave-annealing, there seems to be a void with regard to a
“microwave annealing troubleshooting” or a guide on “how to microwave” effectively and

reproducibly using a household oven to take advantage of this technique. Many microwave papers

58



seem to be unaware or unwilling to discuss the challenges of annealing in a domestic oven,
potentially burdening experimentalists with the necessity to “re-invent the wheel” over and over
or worse, leaving them unable to reproduce reported results. Moreover, virtually all works on
microwave annealing of the bulk heterojunction that have been reported have been on the well-
known P3HT:PCBM blend, which has been around for close to 20 years. This work sought to fill
these apparent gaps by evaluating different annealing configurations and applying microwave
annealing treatment to more recently reported, high efficiency ZR1 and BTP-BO-4Cl small
molecule semiconductors. Specific details on OPV fabrication steps, instrumentation, and

materials are described in the Materials and Substrate Preparation section of this thesis.

CEHB

Fig. 3.4 Molecular structure of ZR1 donor (right) and of BTP-BO-4Cl acceptor (left).
3.3.1 Evaluation of different microwave annealing configurations

The first microwave configurations of this work were inspired by a previous report on block-
copolymer self-assembly by our group [135]. In that work, a domestic microwave oven was used
as a microwave source. A Teflon vessel was used to house the substrates during the annealing
process. Overall annealing temperature range was controlled by adjusting the oven’s power levels,
annealing time, and by varying the mass of SiC in a mortar, which served to absorb radiation and
prevent microwave burn-out. A microwave-compatible fiber optic thermal probe was used for in-

situ substrate temperature measurements during calibration runs.
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Using that work as a starting point, three initial microwave configurations were tested in this work
and are shown in in Fig. 3.5. Target OPV samples were prepared by spin-coating organic
semiconductor layers onto a plasma-cleaned glass-1TO, as described in the materials and substrate
preparation section. Unless otherwise indicated, an “OPV chip” or an “OPYV cell” consisted of a

regular architecture glass/ITO/PEDOT:PSS/BHJ architecture/ETL/Al/Mg layer structure.

While early microwave experiments were performed with a Type I configuration, it was noticed
that this configuration led to unreliable results, as is described in the following section. Therefore,
trial-and-error refinements were made to the annealing setup until settling with the Type 1V
configuration. No rotatory glass base was used as the base as the plate absorbed too much energy
and the in-situ thermometer probe had to remain static in most conditions. Additionally, substrate
rotation resulted in sample cracking or melting in only a few seconds. Note that during the entire

process, the microwave door was closed to prevent radiation from escaping the chamber.
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Annealing vessel

SiC crucible |

Type lll

Fig. 3.5: a) Position of Teflon vessel and crucible in the microwave (upper lid removed for
insertion of in-situ thermometer probe). b) Three initial microwave annealing configurations used
during screening calibration experiments. Type I: the OPV chip is placed on the Teflon base
upright and the thermometer probe is in contact with the BHJ, Type II: The OPV chip is placed
upside down with the BHJ making contact with a Si heating element while the probe is in contact
with the glass side of the chip, Type IlII: a pair of silicon heating elements are placed on the top
and on the bottom of the OPV chip forming a sandwich structure, the chip itself is placed upside

down and the thermal probe is in contact with the uppermost heating element.

Because it is known that in a domestic microwave resonance in the metallic cavity leads to the
formation of standing waves and regions of constructive and destructive interference (antinodes
and nodes) which result in hot-spots, it was important to avoid annealing a sample at the interface

edge between these regions. Moreover, it was important to place the sample in a position of
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constructive interference to fully take advantage of the energy carried by the microwaves.
Therefore, a simple thermogram of the oven cavity, inspired by the work of Vollmer [137] was
obtained by placing a cardboard square at the approximate height where the OPV chip would
anneal inside the Teflon vessel. Running the microwave for 5 s at the maximum power setting was

sufficient to avoid combustion and to obtain a clear false-color temperature profile, see Fig. 3.6.
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Fig. 3.6: Thermal profile of the microwave cavity. The highest microwave antinode was located
at the center of the cavity; hence, the Teflon vessel was placed in that position to take advantage

of the constructive interference.
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Fig. 3.7: Thermal profile of the cavity after the introduction of the Teflon vessel and SiC crucible.
The cooler central region of the thermogram likely occurred because Teflon has a high degree of

transparency to microwaves, therefore little microwave absorption took place in that position.
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Because the position of the control crucible alters the wave resonance profile of the chamber, its
location inside the oven was fixed during the entire project. The addition or removal of the SiC
powder was done by taking small scoops and gently tapping the sides of the crucible to flatten the
remaining powder. Generally, increments of 1-2 g of SiC resulted in a temperature increase of 5-
15° C (for a fixed time and a medium power setting). However, this behavior was not completely
linear as sudden spikes of 20-50° C were randomly observed after removing a gram or less of SiC
once a critical amount had been taken. In other cases, a mass variation of up to 15 g was required
to see any major change in the substrate temperature. One possible reason for this random behavior
is believed to be caused by changes in the dielectric constant of the absorbing materials (SiC and
working substrate) corresponding to increased temperature [137] after running the microwave
oven for an extended time. To reduce this possible source of variance in radiation absorption due
to thermal effects, a forced cooling step was implemented after each annealing run to lower the
temperature of the Teflon vessel (and any contents inside, when applicable) to 20 °C £3 °C. The
temperature in the SiC in the crucible was roughly kept between 20-30 © C throughout the workday,

as measured with an IR thermometer gun.

Fig. 3.8: Forced cooling setup. A N> exhaust line was placed over the Teflon vessel for rapid

cooling of substrates and a fan was used to cool down the SiC crucible.
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3.3.2 Type I configuration

As an initial screening step, various substrates were heated for different times at a fixed medium
power setting (PWR 6) in a continuous microwave mode, using a Type I configuration, see Fig.
3.5b. From these tests, a plot of the relationship between time and temperature was obtained
showing that ITO was the primary driver of substrate heating, with organic semiconductor layers

playing a minor role in the absorption of radiation and its conversion into thermal energy.

Although the data appears to follow a composition of linear and natural logarithmic functions, a
simple linear fit was chosen to extrapolate the number of seconds required to reach a target
temperature. Moreover, the linear slope provided a quick estimate of the temperature resolution as
a function of the power setting and annealing time. Higher power settings implied a higher slope
and hence, lower temperature resolution. Target temperature and resolution at various power

settings could also be fine-tuned by adjusting the amount of SiC in the crucible.
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Fig. 3.9: Calibration ramp of microwave annealing time vs maximum substrate temperature.
Multiple substrate configurations (glass/ITO, glass/ITO/PEDOT:PSS,
glass/ITO/PEDOT:PSS/BHJ, glass/ITO/ZnO/BHJ layer structures) were used to confirm that
neither the number or content of the layers caused a thermal response discernably different from
simple glass/ITO controls.
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The linear fit for the Type I configuration referenced in Fig. 3.9 was determined as:

°C
T =246 ?+ 19.7 °C

It is important to note that this seemingly linear regime could collapse and give way to sharp
exponential spikes after a critical temperature was reached. This exponential rise could occur by
increasing the annealing time as little as 3 s from the unknown critical temperature, so care should
be placed when measuring calibration ramps.

As was mentioned earlier, the optimum thermal annealing treatment for the P3HT:PCBM bulk
heterojunction has been reported to approximately be 150 °C for 10 min. In this work, two
microwave operation modes were examined to achieve this temperature, “continuous” and
“instant” microwave generation, as allowed by the built-in functions of the oven, as shown in Figs.

3.10 and 3.11.

As a starting point in this project, an initial objective had been to compare microwave and hotplate
annealing treatments as faithfully as possible. Maintaining a substrate at the target thermal
annealing temperature for an optimum amount of time was believed to be necessary to provide the
active layer with sufficient time for self-assembly of donor and acceptor domains. However,
because continuous microwave irradiation causes a constant increase in the substrate temperature,
maintaining the annealing temperature constant for an extended period of time could only be
achieved by applying pulsed microwave runs. Two options for pulsed microwaves were possible

in the domestic oven, an “instant” mode and a “continuous” mode.

65



l I = MW stopped

o ]

100

= Rapid cooling
started

Temperature

50

Ll I T T I T 1
-100 0 100 200 300 400 500 600 700
Time

Fig. 3.10: Consecutive heating and cooling cycles of a P3HT:PCBM solar cell, microwave (MW)

annealing time was fixed at 56 s at a medium power setting (microwave option PWR 6).

In the “instant” mode, a fixed power setting and number of seconds required to reach the target
temperature was selected. After execution, the substrate was cooled down to room temperature
and was reheated using the same settings as in the first run, as attempted in Fig. 3.10. Thus,
“extended” annealing times could be reached by adding the multiple time intervals (runs) when
the substrate reached the target temperature. However, it was observed that after the first annealing
run, subsequent runs on the same substrate, with the same power and time parameters, and no
change in its position resulted in a higher final temperature. This might be due a modification of
the dielectric properties of ITO and the polymeric layers which causes changes in microwave
absorbance [135]. This behavior was very problematic excessive heating causes a degradation of
the organic materials and thus, results in a significant drop in power conversion efficiency.
Because this changing temperature behavior could not be controlled, another operation mode was

explored.

In the “continuous” mode, (oven setting: PWR 1), the microwave oven cycled between on and off
states at a fixed output power. By running this duty cycle, energy was absorbed and dissipated by
the substrate, keeping it hot within a temperature range that averaged to a mean “convergence”

temperature. Thus, it was possible to anneal a substrate at a relatively steady mean temperature for
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prolonged times, as shown in Fig. 3.11. The “convergence” temperature could be adjusted by

varying the amount of SiC in the crucible.
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Fig. 3.11: Continuous microwave annealing of two P3HT:PCBM OPV chips. Convergence
temperature is denoted by the blue lines. Target convergence temperature in this screening was 60

°C and was set by varying the SiC mass. Variance from target temperature was roughly +7 °C.

The earliest calibration runs for P3HT:PCBM in this work were performed at low temperatures
(60 — 100 °C) to reduce the time needed to cool down the system to make adjustments. Once an
apparently reliable temperature control procedure was established, the convergence temperature
was increased to 150 °C to treat this bulk heterojunction. Up to this point, the in-situ thermometer
probe had been a constant component of the experimental setup as it was crucial to determine the
temperature of the samples exposed to microwaves. However, its presence prevented the Teflon
vessel from being sealed with an inert atmosphere during annealing, a necessary step to prevent

drops in efficiency from annealing in an air atmosphere.

While annealing temperatures remained below 100 °C, the annealed the bulk heterojunction

appeared uniformly colored. However, as the temperature was increased to 150 °C, a non-uniform
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coloration appeared around the edges of the OPV substrates, as shown in Fig. 3.12a for both the
“instantaneous” and “continuous” modes. From previous solvent vapor annealing experience it
was known that for P3HT:PCBM blend, a darker maroon-color appearance was usually indicative
of higher device performance. In the case of thermal annealing, an annealing temperature above
150 °C caused a lighter visual appearance of the bulk heterojunction and a lowering of

performance.
To discard the possibility that the thermometer probe might having a scattering or a thermal

absorption effect along the edges of the substrate, two OPV chips were placed side by side,

allowing one chip to maintain contact with the probe (as a temperature proxy) while the other one

an
(1] LB

Solvent vapor Unannealed Hotplate Hotplate Hotplate
(30 min) 150 °C, 10 min 200°C.1mun  200°C. 10 min

was unperturbed, see Fig. 3.12b.

Fig. 3.12: Non-uniform color profile of solar cells prepared from a
glass/ITO/PEDOT:PSS/P3HT:PCBM layer structure. a) Single P3HT:PCBM chip and b) double
chip setup in the “instant” mode. Non-uniform coloration caused by microwave annealing became
significant at higher temperatures or longer annealing times. ¢) Appearance of reference solvent

vapor- and hotplate- annealed P3HT:PCBM chips.
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Since non-uniform coloration was present with or without the in-situ thermometer probe and since
discoloration was particularly noticeable at higher temperatures or long annealing times, as shown
in Fig. 3.13, it was concluded that the poor lateral heat conductivity of ITO was unable to
compensate for hot-spots generated by microwave interference generated even in the center of the

oven cavity.

Thus, an experiment was carried out where the Teflon vessel was placed on the rotating cog of the
microwave so that the chip inside would be irradiated more evenly as it crossed wave anti-nodes
forming on the plane of the OPV position. However, this approach resulted in very high
temperatures that burned off the organic layers in the cell, did not result in uniform heating, and
even melted the glass substrate, see Fig. 3.13. Therefore, the use of a rotating configuration was

entirely abandoned.

a) | o) RGO

Fig. 3.13: Solar cells prepared from a glass/ITO/PEDOT:PSS/P3HT:PCBM layer structure.

Continuous mode annealing of P3HT:PCBM chips for extended times, a) using a static

configuration and b) using a rotating configuration.
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To further illustrate the negative impact of poor lateral thermal conductivity, a DRCNST:IT-4F
small-molecule system known to be highly responsive to thermal annealing [30] was tested. The
blend was spin-coated and annealed using the static instant mode configuration, resulting in a
similar edge discoloration as seen in P3HT:PCBM. After annealing, Al/Mg metal contacts were

deposited and individual device performance was compared, see Table 3-1.

Fig. 3.14: Solar cells prepared from a glass/ITO/PEDOT:PSS/DRCNST:IT-4F/Al/Mg layer
structure. Side by side images of an instant mode (Type I configuration) microwave-annealed OPV

chip before and after metal contact deposit. Individual devices are labeled in white.

Table 3-I: Individual device performance of a DRCNST:IT-4F chip annealed using a Type I

configuration
Device PCE Jsc FF Voe Rsh Rse
(%)  (mA/em?) (%) ™ (k) )
1 1.65 4.15 47 0.86 0.69 3.48
2 1.13 2.94 45 0.85 0.65 3.88
3 0.61 1.85 39 0.85 0.88 3.50
4 0.23 0.80 35 0.84 1.37 4.51
5 0.01 0.21 10 0.64 0.85 45.46
No thermal annealing 0.02 0.07 28 0.96 13.91 161.18
Hot Plate: 150 °C, 20 min 3.09 6.74 54 0.85 0.82 2.30

Hot plate and unannealed controls were obtained from the average of 5 individual devices.
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While the lateral thermal gradient of the glass-ITO substrate was largely responsible for poor
annealing quality, it is also known that conductive objects exposed to an external electromagnetic
field tend to experience electrical edge effects where charge accumulates on the borders of the
object. This commonly causes electrical discharges and increased heating of metals placed inside
a microwave oven. Thus, to improve heat conductivity and reduce electric edge effects in ITO, a
Si heating element was introduced. This modification became Type II configuration, as shown in

Fig. 3.5b.
3.3.3 Type II configuration

The introduction of a Si heating element to absorb radiation and disperse heat laterally more
efficiently reduced the degree of non-uniform coloration of the active layer but did not eliminate
it completely, see Fig. 3.15. Inspiration for this heating element approach was taken from the

experimental work on microwave heating for organic thin-film self-assembly by Cong et al. [135].

B

Fig. 3:15: Solar cell corresponds to a glass/ITO/PEDOT:PSS/P3HT:PCBM layer structure.

Microwave edge defects persisted in the Type II configuration.

The dimensions of the heating element were approximately L :24.5, W: 27.5 cm, H: 0.06 cm and
the dimensions of the glass substrate were approximately L: 13.0, W: 15.5 cm, H: 0.11 cm.

Additional details are provided in the materials section. Building on this improvement, a Type 111
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configuration (Fig. 3.5¢) was implemented which consisted of two Si elements with the same
dimensions placed above and below the glass substrate with the ITO sandwiched between them
facing down. Teflon weights were added to the vessel to improve contact between the active layer

and the Si surface.
3.3.3 Type III configuration

High temperature tests with the Type III configuration were considered adequate to begin bulk
heterojunction optimization, see Fig. 3.16. For microwave-annealed samples manufactured to be
tested in the solar simulator, unless otherwise indicated, the Teflon vessel was sealed in a nitrogen
atmosphere in a glove box, brought to the microwave for annealing, allowed to cool inside the
vessel for 2 min prior to sample extraction’, and finally, taken to the metal evaporator for metallic
contacts deposition. Because the vessel was sealed, in-situ temperature could not be measured.
Instead, temperature parameters were first calibrated and then the sample was annealed to an

extrapolated target temperature.

Type | Type Il

=)

Fig. 3.16: Comparison of the visual appearance of three P3HT:PCBM OPV samples microwave-
annealed using a Type I and a refined Type III configuration. Discoloration corresponding to
hotspots is considerably reduced by the introduction of Si heating elements above and below the

substrate. Note that small areas of non-uniform heating were still present on the borders for

! This time was chosen arbitrarily to facilitate handling. The time the substrate remains at the target
temperature is close to 3 s, afterwards, a rapid decrease in temperature was observed.
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samples prepared using the Type III setup; however, those imperfections did not greatly impact
device quality.

The increased quality of microwave treatment enabled a more reliable and reproducible
optimization of P3HT:PCs1BM OPVs. Attempts were made to optimize microwave annealing
around extended treatment times (ie. “‘continuous mode” microwaving). However, the introduction
of multiple Si elements greatly increased the heat dispersive nature of the setup and temperature

resolution decreased considerably (variance of £17 °C), see. Fig. 3.17.
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Fig. 3.17: Temperature calibration of a continuous mode Type [V treatment. Target “convergence”
temperature was set at the P3HT:PCBM optimized value of 150 °C. Multiple adjustments to the

SiC mass in the control crucible were made to achieve it. A magnified view of the microwave duty

cycle profile is shown in the inset.

Additionally, preliminary testing suggested a decrease in OPV performance as a function of
increased microwave time (time spent annealing in a regime where convergence temperature was
reached), likely due to excessive upper bound heating. This behavior is exemplified in Table 3-II.

In the case of continuous treatment, the upper temperature bound was expected to be 167 °C,
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whereas, in the case of 3 consecutive “instant” runs, the expected temperature after the third cycle
was expected to be 200 °C. For continuous treatment, the ramp-up time necessary for convergence
temperature was roughly 8 min and the time spent annealing after that time was considered as the
effective annealing time. Because the temperature could not be adequately controlled, these
attempts at increasing the annealing time at a chosen convergence temperature were abandoned.
However, in a more sophisticated microwave oven where the pulse and output power can be fine-

adjusted, it may be possible to achieve better results.

Table 3-1I: Extended microwave annealing of P3HT:PCs1BM

PCE Jsc FF Vuc Rsnh Ry
%) | marem?) | %) | v) (kQ) @)

Mode Treatment

8 min ramp + 2 min effective
Continuous 0.69 2.71 42 0.58 0.91 11.62
annealing

3 consecutive cycles,
Instant 0.59 2.01 45 0.64 1.18 14.81
56 s each

Instant 1 cycle 0.84 2.43 54 0.63 1.43 4.39

Results are the average of at least 5 devices.

Further microwave experiments confirmed that the most effective annealing occurred when a
single heating run was carried out. A comparison between conventional thermal annealing and
microwave annealing of P3HT:PCs1BM OPVs showed a small difference between performance
achieved by both approaches, see Table 3-III. Particularly, microwave annealed cells had a slight
decrease in performance, perhaps attributable to the reduced time that the active layer had to phase

segregate or perhaps due to random annealing temperature variations.
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3.4 Optimization of P3HT:PC¢BM organic photovoltaic solar cells

Note that since P3HT:PCs1BM has been widely studied in the literature and since in this work it
was not the object of the study but rather an aid used for calibration and screening purposes, a
more comprehensive evaluation of this bulk heterojunction was not performed. Thus, the number
of devices differed between examined treatments. Nevertheless, clear tendencies in performance

are still evident.
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Table 3-I111: Reference controls for P3HT:PCs1BM solar cells

Expected PCE Jsc FF Vo Rsh Rsr No. of
Treatment Atmosphere
Temperature (%) (mA/cm?) (%) ) (k) Q) devices
No thermal 20°C Air 15.34
) 1.82+0.22 6241063 46+4 059+0.03 0.55+0.12 15
annealing +9.63
2.18 6.85 54 0.60 0.40 6.14 Maximum
SVA 20°C DCB vapor- 397 +0.21 1091+056 59+1 0.63+0.01 1.09+0.22 2.35%0.23 15
30 min enriched air
4.30 11.66 59 0.63 1.10 2.25 Maximum
Thermal 100 °C Air 1.74+ 041 6294155 47+4 0.61+0.07 0414010 7.724+2.47 10
HP
10 min 2.10 7.18 46 0.62 0.34 10.60 Maximum
Thermal 150 °C Air 1.89+044 578+1.15 51+1 0.64+0.03 050+0.03 7.79+3.08 10
HP
10 min 2.41 7.08 51 0.67 0.50 7.84 Maximum

HP denotes conventional hot-plate annealing; MW denotes Type III microwave annealing.
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Table 3-1V: Performance evaluation for microwave-annealed P3HT:PCs1BM solar cells

Expected PCE Jsc FF Vo Rsh Rsr No. of
Treatment Atmosphere
Temperature (%) (mA/cm?) (%) (%) (k) Q) devices
MW 6 s 60 °C N, 2124026 5.52+0.79 50+2 065+0.01 0.69+0.11 4.60+0.69 8
2.45 6.64 58 0.64 0.55 4.50 Maximum
MW 7 s 80°C N, 255+046 6.34+1.15 61+2 066+0.01 0.69+0.12 4911276 10
3.30 8.08 0.63 65 0.71 1.90 Maximum
MW 8 s 100 °C N, 2.26+0.20 6.44 1+ 0.55 54+2 065+0.01 0.61+0.10 3.26+0.58 10
2.46 6.79 56 0.54 0.65 2.56 Maximum
MW 9's 130 °C N,
1.56 + 042 4.64+0.86 51+3 0.65+0.02 0.63+0.08 5.66+1.74 8
2.34 6.13 57 0.67 0.74 3.00 Maximum
MW 10's 150°¢ N, 1014041 3614146 44+10 065+004 083+046 oo 15
1.78 6.72 47 0.56 0.55 16.23 Maximum

HP denotes conventional hot-plate annealing; MW denotes Type Il microwave annealing.
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Table 3-V: Performance evaluation for hotplate annealed P3HT:PCs1BM solar cells

Treatment Expected Atmosphere PeE Jse Fr Voe Roy R No. of devices
Temperature (%) (mA/cm?) (%) V) (kQ) Q)
HP 10 min 80°C N, 1.86 + 0.10 4.86 +0.32 59+2 0.65+0.01 0.74 +0.08 5.87 +£0.77 10
2.00 5.18 60 0.64 0.72 4.80 Maximum
HP 10 min 100 °C N, 2.51+0.18 6.93 £+ 0.65 57+4 0.63+0.02 0.50 + 0.05 3.91 +0.47 8
2.72 7.83 55 0.63 0.52 4.35 Maximum
HP 10 min 130°C N, 2.49 +0.36 6.60 £+ 0.79 59+4 0.6440.02 0.58+0.10 3.67 £0.48 6
2.85 7.48 61 0.63 0.50 3.89 Maximum
HP 10 min 150 °C N, 3.03+0.19 7.80 + 0.36 59+2 0.66+0.01 0.59+0.17 2.89 £ 0.65 6
3.32 8.37 60 0.66 0.76 2.40 Maximum
HP 5 min 150 °C N, 1.62 £ 0.15 520+ 0.46 50+ 0 0.63+0 0.62 +0.03 3.54 1+ 041 5
1.74 5.57 50 0.63 0.60 3.28 Maximum
HP 2 min 150 °C N, 1.06 £ 0.19 384+048 45+2 0.60+£0.01 0.53+£0.04 4.6110.70 5
1.21 4.32 46 0.61 0.51 5.33 Maximum
HP 10 min 200°C N, 0.38 +£0.01 1.84 £ 0.07 28+ 0 0.73£0 0.61+0.04 2290+1.29 5
0.39 1.89 28 0.73 0.59 23.30 Maximum

HP denotes conventional hotplate annealing; MW denotes Type III microwave annealing.
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From the results in the previous tables it was confirmed as has been reported in the literature, that
hotplate annealing at 150 °C for 10 min is ideal to optimize power conversion efficiency of the
P3HT:PCBM composition. Intriguingly, with this microwave configuration, 7 s (80 °C) resulted
in the highest performance out of all the tested microwave annealing times. Because the substrate
was sealed inside the Teflon vessel, no in-situ temperature measurement could be carried out to
definitively confirm whether the substrate annealed at this temperature. Additionally, because the
position of the OPV chip between the Si heating elements might have shifted during transport from
the glove box to the oven, further temperature validations are needed to explain the discrepancy
between this annealing temperature difference to expected power conversion efficiency. An

improved statistic analysis could also help to give better context to the limited data captured.

3.5 TypelV configuration

While the Type III configuration led to promising results, the persistence of minor edge defects
continued to be a source of worry. It was believed that during the transport from the glove box to
the microwave the glass substrate might move off center towards the edge of the Si elements and
anneal non-uniformly or at incorrect temperatures. Therefore, a larger Si heating element was
introduced to reduce the local thermal gradient around the cell and further improve the annealing

setup, see Fig. 3.18.
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Fig. 3.18: Type-IV microwave annealing configuration. Here, the OPV cell is flipped so the glass
substrate faces upwards. A moderate nitrogen gas flow is allowed to flush oxygen inside the funnel
for 2 minutes prior to annealing to reduce the possibility of oxidation of the BHJ. Afterwards, the
gas line is carefully disconnected, and the microwave door is closed to perform the annealing

treatment.

In this configuration, the Si wafer (heating element) was allowed to rest on a small circular Teflon
base to facilitate setup “reset” to room temperature in between different treatments. While the same
inherent hot-spot problem seen in previous configurations remained, the larger area significantly
reduced local device performance variations in OPV solar cells. To better understand the thermal
profile of the heating element, a second Si wafer was covered with black electrical tape,
microwaved, and thermographs were taken with an IR camera. Note that since the wafer was too
hot to handle, the thermographs were taken at an angle and therefore, the thermal overlay in the

thermographs is slightly shifted. See Fig. 3.19 and Fig. 3.20.
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Fig. 3.19: a) Thermograph of a Si heating element showing a region of intense heating on one
edge, likely corresponding to the position of antinodes in the microwave cavity (taken
approximately after 30 s of microwave exposure). b) Visual inspection of the heating element

immediately after microwaving.

Fig. 3.20: Thermographs of solar cell and heating element taken a) immediately after microwaving
and b) after several minutes of cooling. The physical location of the solar cell is marked by a black

square and was always placed at the center of the wafer during the entire project.

At first sight, the temperature gradient of the larger heating element might suggest considerable
variance between individual devices of the OPV chip. However, the excellent thermal conductivity
of the Si appears to cause a wave-like heat diffusion throughout its volume. An analogy that may
facilitate conceptualization of this effect is by imagining a rain cloud that moves over a small town
from East to West; the eastern parts of the town will get wet before the western parts, but in the
end they will all receive roughly the same amount of rain. In this sense, a Type IV configuration
(Table 3-VI) takes advantage of the much larger ratio of wafer heating area vs OPV substrate area
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to reduce local temperature differences between devices. No noticeable local variance directly
attributable to poor thermal uniformity was seen in OPV substrates annealed with this

configuration.

Table 3-VI: Individual device performance of a ZR1:BTP-BO-4Cl solar cell
MW-annealed for 15 s

D PCE Jsc FF Voc Rsh Rsr
[\

(%) (mAlem?d) (%) (V) (kQ) ()

1 7.58 14.61 57 0.91 0.46 2.00

2 6.89 13.56 56 0.91 0.53 3.10
3 6.48 12.76 56 0.91 0.57 2.88
4 7.41 13.90 59 0.91 0.55 2.72
5 7.02 14.02 56 0.90 0.43 2.22

Device variance is within expected tolerance for spin-coated OPVs.

Although this Type IV setup allows for a functional thermal annealing range between =1-20 s of
microwave treatment corresponding to an OPV substrate temperature of =<20-150 °C, hot-spot non-
uniformity became too extreme for the Si to effectively disperse heat after 23 s (173 °C). After this

time, the same edge effects seen in other configurations were considerable.

Once the Type IV configuration was validated for reliability, a calibration curve was obtained and
optimization of an all-small molecule bulk heterojunction was performed. These temperatures
were measured with a microwave-compatible fiber optic probe in physical contact with the glass

side of the OPV solar cells.
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Fig. 3.21: Calibration curve of microwave time vs temperature for the Type IV configuration,

taken by measuring the temperature various glass/ITO substrates.
A linear fit was calculated for this calibration curve as:

T = (6.93 °C/s)t + 8.35°C
Am = +0.10 °C/s
Ab = +1.73°C

where T is the temperature of the OPV substrate, Am is the uncertainty of the slope, and Ab is the

uncertainty of the intercept.

Although a more realistic behavior could have been modelled where a temperature intercept
matched with the room temperature, this linear fit was sufficient for the purposes of estimating the
temperature that the OPV substrate reached and shows that this configuration has a thermal

resolution of roughly 7 °C/s.

Limited optimization of a ZR1:BTP-BO-4Cl bulk heterojunction composition was performed by
a rapid one-variable-at-a-time optimization approach. While more powerful approaches have been
previously explored by our group [99], [100], time limitations and a focus on microwave annealing

were reasons to apply this simple approach. To our knowledge, this blend has not been previously
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reported but falls in line with a wider literature pattern in favor of non-fullerene acceptors paired
to high efficiency donors, particularly of the Y-series type [80], [83], [154]. Additionally, ZR1 is
one of a handful of reported high efficiency (14%< PCE) small molecule donors.

3.5.1 ZR1:BTP-BO:4Cl optimization

The initial inspiration for this blend was the work of Zhou et al. [13] where a ZR1:Y6 composition
was optimized via thermal annealing for a maximum PCE of 14.34%. The BTP-BO-4Cl acceptor
was chosen as a substitute of Y6 because the ZR1:BTP-BO-4Cl blend had a compatible energy
level structure, this BTP-BO-4Cl chlorinated, butyloctyl version of Y6 has been reported to have
enhanced solubility and lead to higher performance for PM6-based cells. Additional details may

be found in the materials section.

In this work, preliminary screening tests were performed by varying the donor:acceptor weight
ratio between 1:0.4, 1:0.5, and 1:0.7 while maintaining a fixed total concentration of 15 mg/mL
and varying the spin speed. Additional sample preparation details are found in the Materials and

Substrate Preparation section.

From those limited screening tests, the best performance was found at 1:0.5 w.w. ratio of
ZR1:BTP-BO-4Cl. Optimum spin speed was 2200 rpm. As was discussed in Chapter 2, electron
transport layers play a considerable role in improving charge collection and reducing
recombination. While Zhou et al. did not report the use of an ETL, this work did. A PFN-Br layer
was deposited on the bulk heterojunction by spinning it at 3000 rpm from a 0.5 mg/mL solution
of methanol (corresponding to a thickness of roughly 2-3 nm). It was found that unlike PM6:BTP-
BO-4Cl, this electron transport layer needed to be spin-coated prior to thermal annealing to prevent

film cracking, see Fig. 3.22.

84



w

Fig. 3.22: Cracking effect of PFN-Br/MeOH on the active layer if the electron transport layer is

spin coated after thermal annealing.

A more targeted study is necessary to conclusively determine what is behind this cracking behavior
after the MeOH spin coat step. In Chapter 2, it was argued that the interaction between methanol
and additive remnants in the bulk heterojunction or water in the PEDOT:PSS could induce
dewetting effects. It was also mentioned that methanol has been used to separate the PSS polymer
from PEDOT and this separation may translate into percolation pathways that further induce
dewetting. While in this particular blend no additives were used, another possibility behind the
cracking may be due to the phase segregation taking place between ZR1 and BTP-BO-4Cl after
annealing. In the untreated state, both donor and acceptor molecules are thought to be uniformly
dissolved throughout the film. After thermal annealing, phase segregation occurs, allowing for

even more pathways for the methanol to reach the PEDOT layer.

For the purposes of this work, PFN-Br/MeOH was spin coated prior to thermal annealing. No
major difference in performance was seen with respect to samples prepared by evaporating the
PFN-Br layer on the thermally annealed bulk heterojunction. A note to consider is that if the liquid
PFN-Br/MeOH solution was left in contact with the bulk heterojunction for more than a few

seconds, cracking would start to happen even in unannealed samples.

Since a considerable number of OPV papers report a thermal annealing step above 100 °C, this

work focused on screening a microwave annealing time range roughly centered around this
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temperature. From individual solar cell performance results and averaged results (Fig. 3.23 and
Fig. 3:24, respectively), it is possible to see that power conversion efficiency increases roughly by
5x when compared to unannealed samples (denoted by a green square in Figs. 3:24-3.25). In
particular, 15 s of microwave annealing, corresponding to roughly 112 °C seemed to provide the
best improvement. No significant difference was observed with the corresponding hot-plate

results, shown in Figs. 3:23-3.25.

0 rFr-—rr-—r-—r-——r r-r r T 1r 1 1T " 17
0 2 4 6 8 10 12 14 16 18 20 22 24
Microwave time (s)

Fig. 3:23: Effect of microwave time on power conversion efficiency for different batches of
individual ZR1:BTP-BO-4Cl solar cells (different colors represent different batches). The
individual data points in this graph correspond to the averaged PCE of multiple devices in the OPV

chip. Error bars correspond to performance values one standard deviation away from the average.
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Fig. 3:24: Effect of microwave time on power conversion efficiency for ZR1:BTP-BO-4Cl solar
cells. The data points correspond to averaged results of multiple solar cells annealed under the

same conditions. Error bars correspond to performance values one standard deviation away from

the average.

To better track and identify the source of the performance improvement in this ZR1:BTP-BO-4Cl

con, various solar parameters were plotted as a function of microwave time, see Fig. 3.25.
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Fig. 3.25: Effect of microwave annealing time on various solar parameters, a) on power conversion efficiency, b) on short-circuit current,

c) on fill factor, d) on open-circuit voltage, e) on shunt resistance, f) on series resistance. Blue squares correspond to averaged response

of microwaved solar cells, green squares correspond to unannealed cells, and red to hotplate annealed cells. Error bars correspond to

performance values one standard deviation away from the average.
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Table 3-VII: Atomic force micrographs of unannealed, microwave-annealed, and hotplate-annealed ZR1:BTP-BO-4C1 OPV samples

Optimized microwave annealed Corresponding hotplate-annealed
Treatment Unannealed ]
155 (112 °C) 112 °C, 10 min
0.0 ym 05 10 15 00pm 05 10 15
0.0 2500m 130mm 15.0 nm
220 10.0 120
200 80 100
. 180 60 80
16.0 40 60
140 20 40
Topography o " i
100 20 on
b -40 20
15 60 -60 40
80 -6.0
40
~10.0 a0
20 120 -100
0.0
00um 05 10 15 0.0pm 05 10 15
? S 13.0 deg 60.0 deg 250 deg
58.0
10.0 220
56.0
8.0 200
540
6.0 18.0
52.0
4.0 16.0
- 14.0
Phase 20 - _
0.0 120
46.0
-20 100
440
_40 80
420
-6.0 60
40.0
-8.0 40
38.0
-10.0 20
-12.0 350 00

RMS

3.09 1.72 1.89
roughness
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From the data in Fig 3:25, it can be observed that improved performance after thermal annealing

is caused by the collective effects of enhanced short circuit current, fill factor, and series resistance.

A likely reason for this improved current generation, as has been previously discussed, is due to
the thermally induced modification of the morphology of the bulk heterojunction. Particularly, a
comparison of the height and roughness features of the micrographs in Table 3-VII suggests a
smoothening of the surface after annealing, likely caused by improved molecular packing and
solvent evaporation. As the molecules are given kinetic energy by the microwaves, they are likely
to reposition themselves in more compact and energetically-favorable structures. This might
explain the decrease in height difference between the nadirs and zeniths as compared to the
unannealed sample. The active film thicknesses for the unannealed OPV, optimized microwave-
annealed, and corresponding hotplate-annealed samples was 122 nm, 111 nm, and 113 nm,
respectively. Thus, it reasonable to expect that the added kinetic motion and the dehydration of the
cells by the evaporation of solvent (water from the PEDOT:PSS and chloroform remnants from
the bulk heterojunction) created a structure with fewer defects for charges to become trapped or
recombined. This is supported by the increased conductivity manifested as a decrease in series
resistance in Fig. 3:26. A thinner layer is expected to be less resistive than a thicker one because
the greater the distance a charge carrier must travel, the more possibilities there are for it to collapse
and recombine or encounter a trap site, for instance by those created by solvent molecules
remaining in the layers. A smoother film may also help to reduce interfacial defects between the
different layers that might trap charge carriers. These reasons could explain the improved fill factor

and improved conductivity seen in Fig. 3:25b, f.

As was mentioned previously, it is generally accepted that larger donor domains lead to improved
exciton generation, thus as more excitons are available for charge extraction, the short circuit
current is expected to increase, as is seen in Fig. 3:25b. Additionally, the increase in shunt
resistance shown in Fig. 3.25e suggests a decrease in current leakage pathways [155], so more
efficient charge transport is taking place. Another contributing factor constant throughout this
work was the introduction of PFN-Br as a hole blocking layer, fewer recombination interactions
occur at the boundary with the metal contacts, thus, more of the charge carriers can be separated

for external work to be carried out.
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While ultimate power conversion efficiency achieved with this blend in this chapter is below the
high-efficiency PM6:BTP-BO-4Cl system discussed in chapter 2, there is still much left to explore
and much optimization potential for the ZR1:BTP-BO-4Cl system. Particularly, this blend exhibits
a high V. of =0.90 V and for one experimental batch, three distinct solar cells achieved power
conversion efficiencies above a symbolic 10% value (parameters were DA ratio of 1:0.5 w/w., tot.
conc. 15 mg/mL). However, it is important to note these results could not be reproduced a second
time. A more in-depth examination to determine the source of irreproducibility could not be carried
out in the available time and with the available amounts of material. Therefore, these results were
catalogued as outliers and were not included in this analysis. Subsequent tests with the same 1:0.5
w/w. DA ratio and total concentration of 15 mg/mL led to more consistent <8% PCE. A possible
explanation for this discrepancy might be that the molecules did not fully dissolve in the 10% PCE
batch, hence the ratio and concentration did not match the target values. Additionally, because
chloroform rapidly evaporates, it is possible that a faulty seal in the dissolution vial for that batch

altered the total concentration of the solution.

It is also important to note that occasional small specks of undissolved molecules could be seen
on spin coated films throughout this work but they were minimized by increasing the dissolution
time from 3 h to overnight. This solubility variance could be a reason for batch-to-batch variability
seen in Fig. 3:23. However, because the same improvement trend remains with the application of

microwave annealing, the benefit of the approach itself is not put in doubt.
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Table 3-VIII: Individual device performance for an outlier ZR1:BTP-BO-4Cl batch

BHJ Spin speed PCE Jsc FF Voe Rsn R
(%) (mA/cm?) (%) \%) (k) Q)

1800 10.01 20.23 56.8 0.87 0.27 2.01

1800 10.43 21.20 56.6 0.87 0.28 1.91

1800 9.83 21.20 52.3 0.89 0.22 1.81

1800 9.67 20.33 53.5 0.89 0.17 2.08

1800 10.06 20.40 55.4 0.89 0.30 2.31
2200 9.60 20.01 55.0 0.87 0.19 1.64
2200 9.57 20.00 54.7 0.87 0.18 1.64
2200 9.52 19.82 55.0 0.87 0.17 1.83

Provided for reference as a cautious potential lead to future works.

The following is a compilation of the averaged results considered reliable in this work.

Table 3-IX: Averaged ZR1:BTP-BO-4Cl performance results as a function of annealing treatment

Treatment PCE Jsc FF Voe Rsh Rr No. of

(%) (mA/em?) (%) \2) (kQ) () devices
Unannealed 1.56 5.91 333 0.83 0.35 13.29 11
TA 112 °C, 10 min 7.28 15.08 56.9 0.84 0.50 2.85 14
TA 112 °C, 15 s flipped 6.32 13.02 52.9 0.91 0.38 2.56 7
MW 9s 1.68 6.38 28.7 0.90 0.19 11.87 4
MW 10 s 6.32 13.63 50.0 0.93 0.40 3.11 4
MW 11s 6.49 12.77 61.5 0.82 0.23 2.05 4
MW 12 s 6.33 13.71 50.2 0.91 0.43 5.39 8
MW 13 s 7.28 14.64 54.4 0.91 0.39 2.29 4
MW 14 s 6.91 13.44 56.2 0.91 0.55 3.50 8
MW 15s 7.26 13.98 59.9 0.87 0.52 2.71 19
MW 16 s 6.75 13.63 56.0 0.88 0.39 2.68 9
MW 17 s 6.58 13.36 57.9 0.85 0.44 2.17 6
MW 18 s 6.36 12.62 60.6 0.83 0.35 2.27 8
MW 22 s 1.82 5.48 46.3 0.71 0.45 2.21 3
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Although the number of devices varied between treatments, when considered in combination with
the trends in Fig. 3:23 and Fig. 3:24, it is reasonable to take 15 s as the optimum microwave

annealing time.

Table 3-X: Reference unannealed, microwaved, and hotplate annealed ZR1:BTP-BO-4CI OPV

cells with uncertainties

PCE JSC FF Voc Rsh RSI‘
Treatment

(%) (mA/cm?) (%) W) (kQ) (D))
Unannealed 1.56 £0.14 591+0.42 333+7.8 0.83+0.16 0.35+0.15 13.29+4.32

TA112°C,10min  7.28+0.49 15.08+2.06 56.9+4.8 0.84 +0.03 0.50+0.16 2.85+0.94
MW 15s(112°C) 7.26+0.49 13.98+0.63 59.9+5.8 0.87£0.05 0.52+0.18 2.71+0.78

These averaged results are highlighted as the core results of this section

Table 3-XI: Maximum device performance achieved for the different reference treatments

(ZR1:BTP-BO-4Cl1 OPV cells)

PCE Jsc FF Vo Rsn Ry
Treatment
(%) (mA/em?) (%) W) (kQ) ()
Unannealed 1.78 6.72 0.47 0.56 0.55 16.23
TA 112 °C, 10 min 7.99 21.97 0.44 0.83 0.11 2.24
MW 15s 8.09 14.84 0.59 0.92 0.65 2.54

These individual device results are provided as reference; however, conclusions should be based off the average
device performances.

One of the main observations from Table 3-IX is that performance is generally high in an annealing
time range of 10-18 s (77-133 °C). In other words, although performance experiences a slight peak
around 13-15 s (98-112 °C), this improvement is not considerably different from the wider time
range. Especially when considering that spin-coating OPVs will inevitably lead to slight variations

in performance due to the nature of the deposition technique.

Although additional testing is required to improve the statistical representability, for instance,
around 14 s of annealing time, the annealing improvement is highlighted by the bathtub-like curve

of efficiency vs microwave time. The sudden drop in efficiency towards higher annealing time in
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Fig. 3:24 is due to excessive heating of the Si element after 22 s of microwave irradiation. Despite
its good lateral thermal conductivity, the wafer cannot disperse heat fast enough to prevent cell
burn out. At the other end of smaller annealing time, the sudden drop could indicate a critical
temperature for molecular rearranging. It is known that the boiling point of chloroform is roughly
60 °C, perhaps a reason why efficiency suddenly increases after 9 s (70 °C) is that at higher
temperatures, enough solvent is removed for adequate nanomorphologies to form. However, future
experiments should be carried out to confirm this hypothesis by testing annealing times below 9 s
and to a more complete study. A factor to consider when testing low microwave temperatures is
that the temperature of the substrates may increase during the metal evaporation step, so even if a
sample is intentionally microwave-annealed at a low temperature, the real device may still anneal

at a higher temperature during contact deposition.

An additional test was carried out to compare a microwave and conventional rapid thermal
annealing. In this test, a silicon wafer was placed on the hotplate and a thermometer probe was
allowed to rest on the surface of the wafer. A temperature of 112 °C was set and a flipped-chip
thermal treatment was applied for 15 s. From the solar characterization shown in Table 3-X, it can
be seen that little variance occurs between both conditions. However, the slightly lower efficiency
with the fast conventional treatment may be due to the additional 30 s of temperature equalization
time given to the microwaved samples. During this time, the sample may still be annealing albeit

at a lower temperature than the maximum 112 °C which is sustained for roughly 4 s.

This comparability in efficiency was expected, as it is a heating element what provides the energy
for modification of the bulk heterojunction. However, microwave annealing still retains an edge
as an on-demand solution for fast thermal annealing. A hotplate takes a long time to warm up to
the target temperature if turning on from a cold start and it cannot be turned off for on demand
heating. However, as this work showed, a microwave approach offers start up times in the order

of seconds while consuming less electrical power than the hotplate.
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3.6 Chapter summary

This chapter examined existing works on the application of microwave annealing to organic
photovoltaic solar cells, identifying that contradictory claims exist with regard to which layer of
the OPV absorbs radiation to induce thermal annealing. From the review of existing works, it is
believed that although several groups have experimented with microwave annealing of
P3HT:PCBM bulk heterojunctions, no group has applied this approach to all small-molecule
blends and most recent publications have focused on the optimization of the transport layers.
Additionally, few groups provide detailed accounts of their experimental configurations or
optimization processes, in many cases, leaving the readers to figure out how take advantage of
microwave annealing and how to set up a microwave experiment.

This chapter examined different microwave annealing configurations to find one that led
to uniform heating and reproducible results. A P3HT:PCBM blend was selected as a calibration
material due to the dramatic changes in visual appearance observable as a function of annealing
temperature. Once an adequate annealing configuration was found, a calibration ramp of

microwave time vs temperature was measured to serve as reference during the annealing process.

A ZR1:BTP-BO-4Cl blend was selected as an all-small molecule composition for
optimization via microwaves. It was found that this bulk heterojunction is highly responsive to
microwave annealing. A screening of different microwave times suggested that a microwave
annealing time of 15 s (112 °C) led to a 4.6x increase in power conversion efficiency as compared
to an unannealed sample. Moreover, little difference was seen between this annealing technique

and an equivalent traditional hotplate approach.

At a time when everyone must do their part to reduce carbon emissions, even small energy
savings from multiple laboratory-scale experiments are important. Additionally, whereas a
hotplate is a costly and “slow” scientific instrument, savings in the form of time and energy derived
from adapting a household microwave for research would add up over the long term. For instance,
the half-hour required for a hotplate to reach a target temperature is costly in terms of operator
time and salary, and this cost is compounded over the length of a project (e.g. years of graduate
research work). Moreover, this cost is multiplied if multiple users require the implementation of

thermal annealing to optimize their solar cells. While there is a high initial effort to setup a
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microwave annealing system, its advantages make it an attractive approach. In an industrial setting

these savings may be even more substantial.

3.7 Gallery of Infamy

Microwave annealing can be a challenging process. Experimentalists should not be discouraged
by initial failures. The following “Gallery of Infamy” has been included to motivate fellow
scientists interested in the approach to remain persistent despite failure. In the scientific
community, behind-the-scenes work often goes unnoticed and unpublished, causing some to
believe they are alone in their difficulties or that “optimization” is a trivial process. These pictures
are provided encouragement to those who experience failure and to illustrate possible worse-case
scenarios that are not uncommon when performing initial calibrations of their microwave setup.

With this reference, interested experimentalists will not be caught by surprise if they encounter

similar problems during their calibrations.
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Materials section

The PM6, BTP-BO-4Cl, PFN-Br materials were purchased from Solarmer Inc. The P3HT donor
was purchased from Rieke Materials. The PCs1BM and PC71BM acceptors were purchased from
American Elements. PEDOT:PSS was purchased from Ossila. The ZR1 donor was purchased from
1-Material. All solvents were purchased from Sigma-Aldrich and Fischer and were used as

received without further purification. ITO coated glass substrates were purchased from Delta

Technologies (8-12 €)/sq).
OPYV device preparation

ITO-coated glass substrates were subjected to a wash cycle consisting of sequential sonication, as

indicated:

1) Dichloromethane 10 min
2) Deionized water 10 min

3) Isopropanol 10 min

Afterwards, the substrates were dried under a nitrogen flow and placed in a Harrick plasma system

(18 W) for air plasma cleaning at 1.0 torr for 10 minutes.

An amount of PEDOT:PSS was extracted from a storage bottle under refrigeration with a syringe
and allowed to thaw for 15 min prior to spin-casting. The solution was filtered through a cellulose-
membrane syringe filter (0.2 um pore) and four to five drops were dripped on the glass/ITO
substrate for spin coating at 3000 rpm for 1 min (approximate thickness of 30 nm). Afterwards,
100 pL of a bulk heterojunction ink was taken from a dissolution vial and spin coated to the target

thickness.

In the case of the PM6:BTP-BO-4Cl film, the BHJ was allowed to dissolve in chlorobenzene at
120 °C. BHIJ solution was prepared by mixing a donor:acceptor ratio of 1:1.2 w/w., tot. conc. of

17.6 mg/mL. A 2 mL, 5% v/v stock solution of DIO:CB was prepared immediately prior to
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dissolution and added to the BHJ vial for a 0.5% v/v content of DIO 1-2 hours prior to spin-coating.
No filtration was required during spin coating. Optimum spin speed was 800 rpm for 1 min (105-

108 nm thick layer).

In the case of the ZR1:BTP-BP-4Cl film, the BHJ was allowed to dissolve in chloroform at 55 °C.
BHJ solution was prepared by mixing a donor:acceptor ratio of 1:0.5 w/w., tot. conc. of 15 mg/mL.
No additive was used. The BHJ solution was filtered through a PTFE filter (0.2 um pore) prior to
spin coating. Optimum spin speed was 2200 rpm for 30 s (110 nm thick layer).

In both cases, the donor and acceptor materials were sealed in an Ar-filled glove box and allowed

to dissolve overnight.

Unless otherwise stated, thermal annealing occurred by placing the OPV substrate on a hotplate

inside a nitrogen-filled glovebox for a specific amount of time.

Metal cathode was thermally evaporation onto the OPV chip by depositing a 0.8 nm layer of LiF,
followed by a 20 nm layer of Al, and a 60 nm layer of Mg. Evaporation rates were 1.0 A/s for LiF,
and 2.0 A/s for Al and 2.0 Mg. Solar devices had an approximate area of 10 mm? Note: PM6- and
ZR1-based solar cells did not include a LiF layer.

DRCNST:IT-4F cells were prepared following the same bulk heterojunction recipe reported by
Kirkey at el. al. [99] with the difference that a conventional architecture was used:

glass/ITO/PEDOT:PSS/DRCNST:IT-4F. The PEDOT:PSS layer was 30 nm thick.

PPDT2FBT:PCBM cells were prepared according to the recipe reported by Mainville et al. [156]

Microwave section

The microwave Si elements in the Type I configuration were cut for an approximate area of 3 cm
x 3 cm from a 1.5-5 Q, boron-doped, P-type wafer. Heating element thickness was approximately

0.65 mm.

Microwave thermometer probe used was an Osensa 300-GEN controller PRB-G40-02M-ST-HC

fiber optic sensor.
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Instruments

Solar simulator was a G2V Pico LED instrument from G2V Optics using AM 1.5G light at 100

mW/cm?.
The microwave used was a Panasonic NNST651B.

AFM characterization was performed in the tapping mode using a Digital Instruments/ Veeco

Multimode unit. Data was processed using the Gwyddion software.
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