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Abstract

With the need for the development of renewable sources of energy, organic photovoltaic
(OPV) has been attracting researchers’ interest for the past decades. This solar technology
utilizes carbon-based semiconductors instead of conventional inorganic materials which
enables inexpensive, lightweight and flexible roll-to-roll fabrication of large area solar panels
with a very short energy payback time. Device efficiencies have rapidly increased to above 18%
within the last few years, becoming competitive with solar technologies available on the market.
However, research has been focused on the maximization of efficiencies at all cost leading to
synthetically challenging materials and processes with negligible commercial scalability. In this
thesis, silicon phthalocyanines (SiPcs), synthetically facile molecules most known for their
extensive use as dyes and pigments in the industry, were employed as low-cost and scalable
active materials for OPV devices. We also report the use of layer-by-layer deposition of the
donor and acceptor layer providing a more scalable process compared to the conventional
blended heterojunction morphology. Different SiPc derivatives, both soluble and non-soluble,
were used as acceptors, paired with different donor polymers (P3HT, PCDTBT, and PBDB-T)
and integrated into hybrid evaporation-solution and all-solution layer-by-layer OPV devices.
Significant device engineering and optimization was performed through the investigation of
several processing conditions such as solvent choice, spin-speed, concentration and annealing
temperature/time. In particular, all-solution processed SiPc-based bilayer OPV devices
achieved PCEs above 3% with Voc above 1 V, which was similar to performances of
corresponding BHJ OPVs. SiPc derivatives also demonstrated their ability to act as electron
transport layers in perovskite solar cells. These results further establish the potential of SiPc
derivatives as active materials in different solar technologies, while promoting the use of the

bilayer structure in OPV devices.
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Abstrait

Le besoin de nouvelles sources d’énergie renouvelables ne faisant qu’augmenter, les
cellules photovoltaiques organiques (OPV) ont stimulées 1’intérét des chercheurs cette dernicre
décennie. Cette technologie solaire utilise des semi-conducteurs a base de carbone au lieu de
semi-conducteurs inorganiques conventionnels. Cela facilite la fabrication de modules solaires
larges peu coliteux, 1égers et flexibles via des procédures rouleau a rouleau, et avec un délai
d’amortissement énergétique moindre. L’efficacité des cellules a rapidement dépassée les 18%
ces dernicres années, les rendant compétitives avec les autres technologies solaires disponibles
sur le marché. Cependant, la recherche s’est focalisée sur la maximisation des efficacités a tout
prix ce qui a conduit au développement de matériaux complexes a synthétiser et a des procédés
de fabrication difficilement transposables a I’échelle commerciale. Dans cette these, les
phthalocyanines de silicium (SiPcs), des molécules connues pour leur simplicité synthétique et
leur utilisation extensive comme colorants et pigments dans 1’industrie, ont été utilisées comme
matériaux actifs bon marché et transposables a 1’échelle industrielle dans des modules OPV.
L’utilisation d’un procédé de déposition couche par couche des films donneur et accepteur, une
technique davantage transposable a plus grande échelle comparativement a la configuration
conventionnelle BHJ, est aussi rapportée. Plusieurs dérivés SiPc, solubles et insolubles, ont été
utilisés comme accepteurs et couplés avec différents polyméres donneurs (P3HT, PCDTBT, et
PBDB-T). IIs ont été intégrés dans des modules OPV préparés via procédé couche par couche
hybride évaporation-solution ou bien entiérement solution. D’importants travaux de fabrication
et d’optimisation des modules ont été réalisés a travers 1’é¢tude de différentes conditions
expérimentales comportant le choix des solvants, des vitesses de rotation, des concentrations et
des temps et températures de recuit. En particulier, les modules OPV bicouches a base de SiPc
fabriqués via procéd¢ solution ont atteint un PCE supérieur a 3% avec un Voc supérieura 1 V,
des résultats similaires a leurs homologues BHJ. Les dérivés SiPc ont aussi prouvé leur capacité
a se comporter comme des couches transporteuses d’électrons dans des cellules solaires
perovskites. Ces résultats renforcent le potentiel des dérivés SiPc comme matériaux actifs pour
diverses technologies solaires, tout en encourageant I’emploi de la structure bicouche pour les

modules OPV.
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SiPc: Silicon phthalocyanine

Voc: Open circuit voltage

Y6: 2,2'-((2Z2,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-
[1,2,5]thiadiazolo[3,4-e]thieno[2",3"":4",5"]thieno[2',3":4,5]pyrrolo[3,2-
g]thieno[2',3":4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-
2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile

ZnPc: Zinc phthalocyanine

(246F),-SiPc: Bis(2,4,6-trifluorophenoxy) SiPc

(345F),-SiPc: Bis(3,4,5-trifluorophenoxy) SiPc

(3BS)2-SiPc: Bis(tri-n-butylsilyl oxide) silicon phthalocyanine
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Chapter 1: Introduction

1.1. Introduction to OPV

As the global population continues to increase, the demand for clean and sustainable
energy is ever pressing. Thus, a major need for low-cost renewable energy sources is ever
pressing. Solar irradiation remains as one of the renewable sources of energy with the most
potential, which could produce roughly 2800 times the actual world yearly energetic demand if
we could harvest the solar radiation that hits the Earth surface.!,? Solar energy can be harnessed
through two methods: 1) solar thermal, where heat from the sun is converted to energy and 2)
through solar photovoltaic (PV) that converts photons directly into electricity and which is of
interest for this thesis. However, only a small fraction of the global energy supply is deriving
from PV technologies, but their ability to compete with fossil fuels and address global

greenhouse gas emissions forecast a boosted development in the years to come.?
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Figure 1.1. Record research solar cell efficiencies summarized by the National Renewable
Energy Laboratory as of early 2021.

PV technologies are divided in several categories whose best performances are tracked
by the National Renewable Energy Laboratory (USA) (Figure 1.1). The first PV generation
emerged in 1954 and is known as inorganic crystalline silicon (c-Si) technologies.* PV ¢-Si
modules are leading at present with >90% of the market due to silicon availability, cell stability,

high cell efficiencies surpassing 26%, and constant reduction of production cost.’> Second
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generation encompasses inorganic thin-film technologies such as copper indium gallium
selenide (CIGS), cadmium telluride (CdTe), amorphous Si (a-Si), and gallium arsenide (GaAs),
providing device performances of roughly 23%.5 CIGS advantage over c-Si was that devices
were significantly thinner, however, with the decrease of c-Si modules prices, along with the
scarcity of tellurium and indium, and toxicity of cadmium, CIGS have fallen out of favour. The
third PV generation includes dye-sensitized solar cells (DSSCs), perovskite solar cells (PSCs),
organic photovoltaics (OPVs), and quantum-dot photovoltaics (QDPVs). They are based on
dye coated TiO> nanoparticles, organic carbon-based semiconductors, hybrid organic-inorganic
tin or lead halide materials and inorganic particles such as PbS in the active layer, respectively,
and the materials themselves can be processed by solution providing opportunity for low-cost
manufacturing compared to c-Si. A rapid growth of performances was observed, especially for
PSCs whose efficiency is now reaching 25.5% for single-junction and above 29% for tandem
with Si.” However, some major challenges remain such as the use of detrimental lead core in
the perovskite crystal structure, and a lack of reproducibility of modules.®

OPVs based on organic materials have inherent advantages over other emerging
technologies. First, most of them have a high molar absorptivity making them effective at
absorbing photons and facilitating thin films solar cells with active layers thickness in the order
of only 100-200 nm.” Secondly, organic materials have a potential lower manufacturing cost
compared to ultrapure silicon due to the low temperature processing conditions. Moreover,
unlike lead-based materials used in PSCs and QDPVs, they are generally non-toxic. Their
absorption spectra is also highly tunable which enables devices with targeted absorption, colour,
and transparency. Organic semiconductors can be soluble in a solvent which means they can be
deposited by already well implemented printing techniques such as ink jet printing or spray
coating enabling low cost, large area, roll-to-roll fabrication of devices. Finally, organic
semiconductors are inherently malleable, such as polymers, and can therefore be integrated onto
flexible and stretchable substrates. Hence, OPVs represent an inexpensive, lightweight, flexible
pathway with a low energy payback time on the order of months.!? Efficiencies have increased
from bellow 3% in the year 2000 to above 18% within the last few years (Figure 1.1), which
demonstrates incredible growth. OPVs have also the potential to serve decentralized niche solar
applications where other technologies could be impracticable, such as roll-up devices, portable
electronics, semi-transparent window covers, electronic textiles or greenhouse agriculture.!!-4
Some companies such as Armor (France), Heliatek (Germany), Merck (Germany), InfinityPV
(Denmark) and others have already launched OPVs-based products such as portable/deployable

chargers (Figure 1.2A) or integrated OPVs on different infrastructure surfaces such as glass
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windows (Figure 1.2B) or membranes tents (Figure 1.2C). Therefore, even though record
values remain below other technologies, the quick and steady increase of the organic cells yield
as well as its potential applications have set OPVs as one of the next generation solar cells

alongside c-Si or PSCs.

Figure 1.2. Examples of OPV modules application: (A) portable charger from InfinityPV (B)
PV-integrated glass windows from Heliatek (C) PV-integrated air inflated hall from Heliatek.

1.2. OPV Devices Structure and Fabrication

The operating principles of OPVs is similar to that of inorganic c-Si. The light is
absorbed by the active materials that generates a pair of excited electrons (e’) and electrons
holes (h*) charge carriers. The carriers have to be separated in order to be collected at their
respective electrodes and to supply current to an external circuit. In conventional c-Si solar cells
the generated e/h* pairs have a very low binding energy, on the order of 0.015 eV, due to the
high dielectric constant of silicon leading to instantaneous charge separation into free carriers
at room temperature. These free charge carriers can then be transported and harvested using a
simple silicon p*/n- doped junction. In OPVs, when light is absorbed in an organic material, a
strongly bound e/h" pair is generated. This pair is called an exciton, and has a binding energy
on the order of 0.3-1.0 eV."> Consequently, an additional driving force is required for the
exciton dissociation to prevent charge recombination and the loss of the current. This is the

major limitation of first generation OPVs based on single organic materials.
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material.
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C. W. Tang was the first to break the 1% efficiency barrier in 1986 by introducing a
planar heterojunction (PHJ) (Figure 1.3B) OPV comprised of two organic materials forming a
bilayer.'® A perylene carboxylic derivative with a high electron affinity (electron acceptor), and
copper phthalocyanine (CuPc) with a low electron affinity (electron donor) facilitated the
separation of the e/h* pairs into free carriers at the interface between the donor and acceptor
materials. The offset between the materials energy levels, defined as the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), is what
provided a local driving force to dissociate the charge carriers (Figure 1.3C). A second
breakthrough by Heeger et al. consisted in the blending of the donor with the acceptor into an
interpenetrating network, which was called a bulk heterojunction (BHJ) (Figure 1.3A).17 A film
consisting of an intermixed conjugated polymer donor, poly(2-methoxy-5-(2’-ethyl-hexyloxy)-
1,4-phenylene vinylene) (MEH-PPV), with a fullerene small molecule acceptor, phenyl-Ce1-
butyric acid methyl ester (PCs1BM), enabled improved exciton separation due to the increased
interfacial area between the donor and acceptor domains. The use of a donor/acceptor pair is
detrimental to efficient charge dissociation and is presently employed in the majority of modern
devices, and these PHJ and BHJ configurations are the most commonly used.

Fabrication of both PHJ and BHJ OPV devices consists of the sequential deposition of
multiple layers onto a transparent substrate, either plastic or glass. The subsequent layers can
be deposited using a combination of different solution and/or physical vapour deposition (PVD)
techniques. Many organic materials such as polymers can be solubilized by organic solvents
and can therefore be solution-processed. For lab scale devices, spin coating is commonly used,
while large area devices can be processed via mature printing techniques such as blade coating,

ink jet printing or spray coating for scale up. This would be more favorable for a low-cost
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continuous industrial process such as roll-to-roll printing. However, care must be taken during
the fabrication of the stack to prevent the destruction of the subsequent layers. Morphology of
the thin film will highly depend on the chemical structure of the active materials, but not only.
Experimental parameters such as the choice of solvent, the use of co-solvents, solvent additives,
the concentration, donor/acceptor mass ratio, drying-time, post anneal thermal treatments, will
help improve the thin film characteristics such as crystallinity, coverage, thickness roughness
or blend morphology.!®

Another method used for the fabrication of OPVs consists of thermally evaporating an
insoluble small organic molecule as a subsequent layer. This route is inherently orthogonal and
suppresses the potential risk for sequential layers degrading the previous layer. PVD can be
used to easily control the thickness of the thin films through control of the deposition rate.
Morphology (such as crystallinity) of material thin films will depend on the deposition rate, the
substrate temperature, and anneal treatments, among other parameters.'®>® Nonetheless,
thermal evaporation requires high vacuum and bears the drawbacks of high capital and

operating costs.?!

A
©

® ©)

Figure 1.4. (A) Direct OPV device architecture. (B) Indirect OPV device architecture.

Commonly, an OPV device is made of a transparent back electrode, a top metal
electrode, and the active layer is sandwiched between an electron transport layer (ETL) and a
hole transport layer (HTL) (Figure 1.4). These additional charge transport layers help
extracting the charges and limit recombination while acting as a buffer to prevent the electrode
diffusion in the active layer.?> The order of the thin films used in the OPV stack is based on the
direction of charge transport within the device. The direction is determined by the bias applied
by the electrodes material, electrons and holes being drawn towards the lower and higher work
function electrode, respectively. The two architectures (direction of stacks) are called direct

(Figure 1.4A) and indirect (Figure 1.4B). Independent of the architecture, indium tin oxide
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(ITO) is the standard material used as the transparent electrode. Direct device architectures
generally use poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) as the
HTL and bathucoproine (BCP) as the ETL, while the indirect devices use zinc oxide (ZnO) as
the ETL and molybdenum(VI) oxide (MoQ3) as the HTL. The standard top electrode is silver

(Ag) but many other materials have been investigated.??

1.3. OPV Devices Working Principle
The conversion of light into current in an OPV is a four steps process (Figure 1.5). Each
step is crucial and must be completed in succession to efficiently generate current. Increasing

the efficiency of any step will result in an increase in the overall device’s efficiency.

Charge Transport

Light Absorption Exciton Diffusion Exciton Dissociation and Collection
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Figure 1.5. The 4 steps for photocurrent generation in an OPV device: (1) Light absorption (2)
Exciton diffusion (3) Exciton separation (4) Charge transport and collection. Coloured areas
represent the material band gap.

Light Absorption and Exciton Formation

An organic material is defined by its HOMO and its LUMO which are representing its
valence and conductance bands respectively. The difference in energy between these two
energy levels is called the band gap (E,). The band gap is highly dependent on the level of
conjugation of the semiconducting material chemical structure. If the degree of conjugation is
increased, the energy difference between the HOMO and the LUMO decreases, reducing the
band gap value. The band gap value is also dependant on other factors, such as the presence of
hetero atoms or specific functional groups.?* Photons with greater energy than the band gap will
be absorbed and will promote an electron from the HOMO to the LUMO, leaving a positive
electron hole behind and creating an exciton. Factors affecting the number of photons the
organic material can absorb are the active layer thickness, the absorption spectrum, as well as

its molar absorptivity.?* Therefore, this enable the tuning of the absorption range or colour of
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devices depending on the desired application. Molecular structure is therefore often modified
as a way to tune the absorption of the thin layer either targeting a broad absorption spectrum

covering a large portion of the solar spectrum or a specific absorption of desired wavelength.

Exciton Diffusion

For the exciton to dissociate into free charge carriers, it must diffuse to the
donor/acceptor interface. However, excitons have a very short lifetime on the order of 1-10 ns
and therefore can only diffuse short distances prior to recombination. Therefore, an exciton has
a diffusion length (Lp) typically on the order of 5-15 nm in most organic materials, before
recombination occurs.? If this exciton is not generated close to the donor/acceptor interface, it
will recombine before being able to separate into free electron and hole carriers. Interfacial
surface area available between the donor and the acceptor is thus a crucial parameter and must
be maximized: the greater the interfacial area, the greater the chance for exciton dissociation.
Excitons can hop from molecule to molecule via either non-radiative Forster or Dexter energy
transfer. Forster energy transfer involves dipole-dipole interactions between the donor and the
acceptor requiring an important spectral overlap, while Dexter energy transfer involves an
exchange of electrons which can only happen between immediate neighbours.?¢ The distance
the excitons can travel (Lp) is a function of the material structure and of the film crystallinity.
Increased grain size and ordering in the crystal stack facilitate a diffusion on a longer distance
due to reduced grain boundaries that can act as charge traps and induce excitons quenching.?’
Therefore, film morphology and degree of crystallinity and phase separation are crucial factors
which need to be controlled through thin film processing in hopes to attain high performing

devices.

Exciton Dissociation

The exciton dissociation is provided by the energetic driving force between the donor
and acceptor, which is defined by the difference in HOMO and LUMO energy levels of the
respective active materials. For example, when an exciton is generated in the donor material,
electrons will travel from the donor LUMO energy level to the acceptor LUMO energy level.
When an exciton is generated in the acceptor material, holes will be transported from the
acceptor HOMO energy level to the donor HOMO energy level. For the separation to be
favourable, it was commonly believed that the energy difference should have been greater than
the exciton binding energy, typically 0.3 eV.!*> This led to a general typical rules for high

performances OPVs 2.
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|ELUM0,A - ELUMO,D| > 0.3 eV and |EHOMO,A - EHOMO,D| > 0.3eV
However, it was recently proven that devices not following this rule were still capable of
producing high efficiencies.??,’® As a matter of fact, other factors such as entropy, charge

delocalisation, energetic disorder or hot transfer states seem to also play an important role.?!,3?

Charge Transport and Collection

To facilitate charge extraction, free carriers must travel from the donor/acceptor
interfaces to their respective electrodes. The work functions difference between the two
electrodes is providing a built-in electric field capable of attracting electrons and holes to the
cathode and anode, respectively. Charge carriers transport also depends on the materials
electrons and holes mobilities.>* Charge transport mobilities, which is different for each organic
material and not the same for both types of carriers, should be balanced to avoid charge
accumulation. In other words, the electron transport mobility in the acceptor molecule would
be similar and preferably equivalent to the hole transport mobility of the donor material to reach
effective separation of both types of carriers. Morphology and purity of the donor/acceptor
materials also play a crucial role. While the carriers travel to respective electrodes they can
recombine at the electrodes or with charge traps in the active layer. Introducing charge
extracting layers between the active layer and the electrodes can help reduce the band offset
between the donor and acceptor energy levels and the electrodes work function, decreasing the
potential for charge recombination at the electrodes.>* Moreover ensuring an unhindered path
through each of the material to the respective electrodes, will prevent charges trapping in
isolated donor/acceptor region. Charges that successfully reach the electrodes are then extracted

leading to a current.

1.4. OPV Devices Characterisation

To determine the characteristic parameters of an OPV, the evolution of the current (/)
with the voltage (V) applied to the cell terminals is measured under illumination. The standard
within the photovoltaic community is to use an intensity of 100 mW.cm™ and an air mass 1.5
(AM1.5) spectrum, corresponding to the solar spectrum when the sun is at an angle of
approximately 48 °C from the horizon. This is providing an average of the yearly solar spectrum
at mid-latitude regions, giving a realistic expected efficiency of devices.*> As the photocurrent
generated is dependent on the device area, current density — voltage (J-V) curves (Figure 1.6)

are commonly reported to allow comparison between different areas.
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Figure 1.6. Typical J-V characteristic for an OPV in the dark (red line) and illuminated (green
line).

Under dark conditions, the solar cell behaves like an ideal diode and is characterized

using following the Shockley equation:

I=1 av 1

- (eXp (nkT) )

where [ is the current flow, Iy is the reverse bias current, g is the elementary charge, V is the
voltage across the device, n is an ideality factor typically between 1 and 2, k is the Boltzmann

constant, and 7 is the absolute temperature of the device. Under illumination, a photocurrent /1

is generated, and the equation becomes:

I=1 v 1 1
- (e’(p (nkT) ) L
The J-V curve provides information on the power conversion efficiency (PCE) which

is defined as the ratio of the maximum power generated by the device to the power of the

incident light, per unit area and can be calculated using the following equation:

Prax _Jsc XxVoc X FF
Pinc Pinc

PCE =

Where, Pjx is the incident light intensity in mW.cm™. Jsc is the short circuit current density in
mA.cm2. Jsc is the current density generated by the OPV when the voltage applied is zero (V
=0 V), corresponding to the y-intercept of the J-V curve. The Jsc is representative of how many
photons were absorbed and successfully converted into free charge carriers and can be increased
by improving the efficiency of any of the four steps described above. The Jsc is correlated the
organic material absorbance, mobility, and morphology.*® The Voc is the open circuit voltage

in V. It is the maximum voltage across the device when no current is flowing (J = 0),
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corresponding to the x-intercept of the J-V curve. This value is correlated to the energy
difference between the HOMO level of the donor and the LUMO level of the acceptor. It is also
dependant on the donor/acceptor interfacial area or the recombination losses.?” The fill factor
(FF) is a unitless ideality factor defined as the ratio of the theoretical maximum power output
of the device to the actual power that that is defined by:

Jsc X Voc

where J, and V,, are the current and voltage at the maximum power point of the OPV,
respectively. The theoretical maximum power output Jsc x Voc can be visually represented by
a rectangle area that can fit within the surface area of the curve, thus, the FF" can be seen as a
measure of the “squareness” of the device characteristic. It is highly dependent on the quality
of the donor/acceptor and organic material/electrode interface areas, representative of charge
recombination and contact resistance.’® However, the Shockley equation is for an ideal cell. For
a cell comprising of several layers, other parameters need to be taken into account and can be
extracted from the J-V curve. Ry is the series resistance in Q.cm? and corresponds to resistances
between each layer. Ry can be measured from the slope of the J-V curve at the Voc point and
should be at a minimum. Ry, is the shunt resistance, in Q.cm?, and represents different short-
circuits within the device. R, can be measured from the slope of the J-V curve at the Jsc point

and should be maximized.

1.5. The Current Status of OPV Devices

OPV device most often employ conjugated donor polymers and small molecule-based
acceptors in BHJ systems where materials are blended in a solvent, forming a random
interpenetrating network and maximizing interfacial area. However, OPV devices based on all-
polymer® or all-small molecule*’ active layers are still an active area of research. The most
widely studied pair is poly(3-hexylthiophene) (P3HT) polymer with a PCs1BM fullerene small
molecule.*! It is usually used as a baseline in literature with a PCE ranging between 2 and 5%,
a Voc average of 0.6 V, a Jsc average of 9 mA.cm™, and a FF average of 0.6.4* P3HT became
popular as a donor in part due to its ease of synthesis and purification, along with a strong
affinity for self-assembly, a strong absorption in the visible region around 660 nm, and a high
hole mobility. Yet, its relatively high band gap around 2 eV is problematic due to its limited
absorption in the NIR region, which limits PCEs. Thus, further development was aimed to
synthesize narrower band gap polymers to better complement fullerenes absorption that mostly

covers the UV region, and increase the solar spectrum absorption overlap towards the NIR

10
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range. This was achieved by the design of “push-pull” donor-acceptor (D-A) polymers
consisting of an electron rich and an electron poor unit within the backbone, facilitating fine
tuning of properties such as HOMO/LUMO levels. When paired with fullerene derivatives,
most push-pull polymers outperformed P3HT-based devices. Famous examples include
poly[N-90-heptadecanyl-2,7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-

benzothiadiazole)] (PCDTBT, Figure 1.7) and poly([4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b'|dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-

b]thiophenediyl]) (PTB7, Figure 1.7) derivatives with E, ranging from 1.6 to 1.9 eV, and PCEs

ranging from 7% to above 10%.%4
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Figure 1.7. Chemical structure of common donor and acceptor materials found in literature.

Initial interests in fullerene derivatives came from their high electron affinity and their
ability to form good domain sizes with donor polymers, however, their weak absorption in the
Vis/NIR regions and their deep LUMO levels limits the resulting device Voc and Jsc.*
Moreover, their rigid and ordered structure induce a poor tunability window, along with an
expensive synthesis and a tendency to aggregate. For these reasons, alternatives known as non-
fullerene acceptors (NFAs) small molecules based on “push-pull” architecture started to gain
popularity. With expanded absorption into the NIR region these new NFAs enabled the

development of wider band gap polymers with significant improvements in devices

11
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performances. The most common strategy to achieve low band gaps NFAs is to use an acceptor-
donor-acceptor (A-D-A) architecture where two electron-poor units are bounded to a core
electron-rich unit.

Zhan et al synthetized one of the first NFA based on these A-D-A fused-rings, ITIC (£,
=1.59 eV, Figure 1.7), using an indacenodithiophene electron-rich core unit and 2-(3-0x0-2,3-
dihydroinden-1-ylidene)malononitrile electron-poor end units.*’ When paired with D-A
copolymer wide band gap donor, poly[(thiophene)-alt-(6,7-difluoro-2-(2-
hexyldecyloxy)quinoxaline)] (PTQ10, E, = 1.92 eV, Figure 1.7), it delivered devices with a
Voc above 1 V and PCEs above 12%.%,% The A-D-A structure proved to promote
intermolecular charge transfers and strong absorption in the 500-780 nm wavelength range of
the solar spectrum, improving electron mobilities and Jsc values. Other ITIC derivatives with
methyl (ITIC-M), chlorine (ITIC-CI) or fluorine (ITIC-F) substituents have also been explored,
but more recently a top performing NFA called Y6 (E, = 1.33 eV, Figure 1.7) was developed
by replacing the core by a dithienothiophen[3.2-b]-pyrrolobenzothiadiazole donor unit. When
Y6 was blended with D-A donor polymers, such as W1 (E; =2.16 eV) or poly[(2,6-(4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[ 1,2-b:4,5-b"]dithiophene)-co-(1,3-di(5-thiophene-2-yl)-
5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c"]dithiophene-4,8-dione)] (PBDB-T) derivatives (E; ~
1.8-1.9 eV, Figure 1.7), PCEs >16% were reached due to increased light harvesting in the
visible and NIR regions.>*->? This extended solar absorption was achieved through engineering
of the NFA core while lateral groups and side chains were introduced to promote intermolecular
interactions and solubility. Recently, Y6 was paired with a new D-A copolymer donor, D18 (£,
= 1.98 eV), leading to an OPV PCE, of 18.2%, with a Voc of 0.86 V, a Jsc of 27.7 mA.cm™,
and a FF of 0.77.> A new PCE record > 18.6% brake a month ago with a ternary blend

involving a Y6 derivative.>*

1.6. On the Way to OPV Commercialization
1.6.1. Current OPV Issues and Challenges

Now that OPV modules performances are becoming competitive in regards to other
commercially available solar technologies, other major factors that have been put aside until
now, such as scalability and cost, have to be addressed. A major drawback of the OPV field is
that its been exclusively focusing on the maximization of PCEs leading using complex non-
scalable active materials and non-scalable processing methods. A perfect example is that the
synthesis of the current NFA OPV champion, Y6, requires 15 low-yielding steps and multiple

column chromatography purification steps suggesting it has negligible scale up potential. The
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cost of OPV modules for an industrial scenario have been shown to largely rely on the active
materials production cost, which itself has been closely related to the number of synthetic
steps.*,%¢ Further suggesting active materials such as Y6 are likely to never make it on the OPV
market. Lately, this issue has been identified by several researchers, and a shift towards more
industrial relevant materials is being developed.’” A few examples that can be cited are NFAs
based on perylene diimide (PDI), a common dye used in the industry, or PTQ10, a donor
polymer that involves only simple thiophene and quinoxaline units, that both produced
impressive PCEs close or above 10%.%°,* However, the development of inexpensive scalable
donor/acceptor pairs for commercially and industrially viable OPV modules is still a challenge
today. Another issue is the use of fabrication methods that are not scalable as well. Therefore,
the drastic change in the processing technique, along with inhomogeneities and variable film
quality upon upscaling makes it still difficult for large-area modules to catch up with “hero”
lab-scale cells.’® Again, top performances in labs are often obtained with small area (< 0.1 cm?)
devices and with thin films deposited by spin coating using the BHJ configuration. Device
performance is closely related to the active layer nanoscale morphology, and the use of BHJ
introduces a level of randomness in the film formation which increases the complexity of
engineering a high performing device.” The optimal BHJ morphology that is obtained via spin
coating is often kinetically trapped and therefore when moving towards more scalable
techniques such as blade coating, which have slower drying times, more optimization is
required.®®,®!  Another challenge with the BHJ morphology is that predicting the final
morphology as a function of processing conditions is very challenging. The resulting BHJ
morphology can also forms separate domains, with no path for charges to reach their respective
electrodes leading to inevitable recombination and losses in device efficiencies.®? Further losses
can emerge from the random repartition of materials as well, as donor domains can aggregate
against the cathode and acceptor domains against the anode. Bimolecular recombination in
blends and surface recombination at the electrode interfaces, are often amplified as the devices
area increases, which can be detrimental to device performance.®® Therefore, establishing
scalable lab processes will facilitate rapid active materials assessment while providing easier

transition to larger areas modules with high efficiency retainment.

1.6.2. A Dye based NFA Alternative: Silicon Phthalocyanines

4

Many dyes have been integrated into OPVs, such as rylene imides,®* squaraines,®

cyanines,® indigos,®’,% boron dipyrromethene (BODIPY),*,”® and porphyrins’!, (Figure 1.8)

with PCEs approaching 10% in some cases. In addition to being relatively inexpensive, these
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dyes have a high molecular versatility, along with good chemical and thermal stability, and a
strong tunable absorption in the visible and/or NIR regions of the solar spectrum. Therefore,

dyes turn out to be ideal candidates for efficient and large-scale OPV modules.
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Figure 1.8. Example of chemical structures of (A) rylene imide, (B) squaraine, (C) porphyrin,
(D) cyanine, (E) indigo, and (F) BODIPY dyes.

In this thesis, metal containing phthalocyanines (MPcs) are of particular interest. MPcs
are molecules from the porphyrin family forming planar aromatic macrocycles consisting of
four bound isoindoline groups linked to a central metal atom (Figure 1.9). Thanks to their
extensive chemical and thermal stability, combined to their low production cost, they have been
broadly used as dyes and pigments in industry and are currently produced on a ton basis each
year.”>”> Their characteristic blue/green colour originates from their conjugated macrocyclic
structure, which provides strong NIR absorption, and a large area for delocalized pi electrons.
MPcs have a high chemical diversity through their possible complexation with over 70 different
elements and functionalization both in peripheral and axial positions (Figure 1.9B). These
chemical handles facilitate the tuning of the resulting material properties necessary such as the
band gap and HOMO/LUMO levels, solubility and solid state interactions, all critical for a wide
range of emerging applications.’®,”” They also have a high molar extinction coefficient and
favorable molecular stacking, providing relatively high charge transport properties. MPcs have
been employed as the active material in organic thin film transistor (OTFTs),”® organic light

emitting diodes (OLEDs),” in several solar technologies including DSSCs,* OPVs,?! and
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perovskites,®? but also as catalysts,’ as additives for lubricants,3* or as sensitizers in

photodynamic therapy of oncological diseases®.
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Figure 1.9. (A) Metal-free phthalocyanine, and (B) general structure for a MPc substituted with
a metal atom center, and functionalized in peripheral (blue) and axial (red) positions.

The first reported bilayer OPV device was using an MPc material, and since then, the
most studied MPcs are CuPc or zinc phthalocyanine (ZnPc).%® However, Pcs usually have a
poor solubility in most common organic solvents, and these compounds require chemical
functionalization to become soluble. Examples of soluble CuPc and ZnPc derivatives have been
reported with the addition of different peripheral substituents, such as thioalkanes,’
trifluoroethoxy,’® tert-butyl,*® polyoxyethylene,”® or sulfonic acid tetrasodium salt®!. The
incorporation of soluble CuPc and ZnPc derivatives in either blend or bilayer devices have led
to OPVs with PCEs <1%. CuPc and ZnPc have been mainly studied as a donor layer deposited
through thermal evaporation with insoluble Ceo fullerene acceptor derivatives ; these resulting
planar hetero junction (PHJ) OPVs were characterized by a PCESs ranging from 1% to 5%.°%-°
Recently, our group has explore the use of tetravalent Pcs such as silicon phthalocyanines (SiPc)
due to their axial groups which can easily be functionalized. SiPcs are simply obtained from
the formation of silicon phthalocyanine dichloride (Cl2-SiPc) through the 1-step reaction of
diiminoisoindoline with silicon tetrachloride in quinoline followed by purification by train
sublimation (Figure 1.10).!%,1°! The incorporation of axial functional groups can provide
additional solubility, and can enable the engineering of the solid state molecular stacking

providing further devices optimization.!%2103
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Figure 1.10. Synthetic route for SiPc derivatives reported in literature.'%?

The first modern integration of SiPc in OPV devices was reported by Honda et. al. in
2009.1%4 The authors performed a series of studies to assess the potential of bis(tri-nhexylsilyl
oxide) silicon phthalocyanine ((3HS).-SiPc, Figure 1.11A) as a ternary additive in
P3HT:PCs1BM BHJ modules, a SiPc derivative which was first synthetized by Wheeler et. al.
in 1984.19! They found that the introduction of <10 wt% (3HS)-SiPc induced a 50% increase
in Jsc and improved the overall PCE by 20% thanks to increased EQE contribution from
P3HT:PCs:1BM, and an additional EQE contribution from (3HS),-SiPc in the 650-700 nm
wavelength range. The presence of bulky axial groups reduced the tendency of aggregation and
phase separation, helping to maintain an optimal BHJ morphology and performance. Moreover,
(3HS)2-SiPc was shown to preferably migrate to the P3HT/PCs1BM interfaces, improving
charge transfer and charge collection thanks to its intermediate energy levels between the donor
and acceptor, and further increasing the Jsc.!197 Several studies followed, further
demonstrating the potential of these SiPcs derivatives as ternary additives in BHJ devices. In
2014, Lessard et. al. observed that (3HS):-SiPc had a unique high driving force for
crystallization compared to other metal substituted Pcs, and hypothesized that it facilitated the
charge transfer and increased performances.'”® The Lessard research group published a follow-
up study where Dang et. al. investigated the variation of the alkyl chain length substituent and
its impact on the properties by synthetizing bis(tri-n-butylsilyl oxide) silicon phthalocyanine
((3BS)2-SiPc) (Figure 1.11B) and bis(tri-n-isopropylsilyl oxide) silicon phthalocyanine
((3TS)2-SiPc).!® The use of these derivatives as ternary additives in P3HT:PCs1BM BHJ as
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well resulted in a 10% increase in Jsc compared to the use of (3HS)>-SiPc. While they showed
a similar trend for high crystallization, XRD results revealed that shorter alkyl chains were
potentially forming smaller crystalline domains allowing better dispersion at the donor/acceptor
interface. By synthetizing 6 more alkyl derivatives, we demonstrated that devices performances
could be further improved by matching the SiPc additive solubility to that of the polymer
donor.!'% The Lessard group also investigated another SiPc derivative with crosslinking
groups, bis(6-azidohexanoate)silicon phthalocyanine ((HxN3):-SiPc) (Figure 1.11D).!'! In
P3HT:PCsi1BM blends, it simultaneously increased the PCE by additional photocurrent
generation in the NIR region, while stabilizing the active layer morphology with a 97% PCE
retention after thermal ageing at 150 °C for 23 h compared to 47% for baseline devices by
reducing fullerene aggregation. Honda et. al. investigated a silicon naphthalocyanine (SiNc)
based ternary additive as well functionalised with tri-n-hexylsilyl axial substituents and
similarly achieved an extended EQE contribution around 750-800 nm and an improved Jsc for
P3HT:PCs:BM and P3HT:N2200 blend devices.!'2,'!3 In addition to these benefits, Lim et. al.
showed that functionalisation of SiNc¢ with tert-butyl axial substituents allowed higher dye
concentration in PHT:PCs;BM blends thanks to reduced aggregation.'!'# This further increased
the ternary additive contribution to absorption and photocurrent generation, and a PCE of 4.5%
was achieved. More recently, Ke et. al. reported a series of pyrene-substituted SiNcs and SiPcs
with different lengths of alkyl chain spacer that were incorporated as ternary and quaternary
additives.!!>,116 P3BHT:SiPc:PCs1BM systems yielded to a 20% and 50% increase of the Jsc and
PCE respectively, with a PCE value above 4%.
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Figure 1.11. Chemical structure of (A) (3HS):-SiPc, (B) (3BS)2-SiPc, (C) (3PS):-SiPc, (D)
(HxN3),-SiPc, (E) Fio-SiPc, (F) (246F),-SiPc and (G) (345F),-SiPc.

As SiPcs have primarily been studied as ternary additives, only a few reports have
investigated their potential as donor or acceptor materials. While CuPc and ZnPc were primarily
used as electron donors, most SiPcs have demonstrated an n-type behavior and effectively
transport electrons motivating their use as NFAs. As regards to BHJ devices, Dang et. al.
blended (3TS):-SiPc with P3HT and achieved a modest PCE of 1.1%.'” Other soluble
carboxylate-substitued SiPcs synthetized by Zysman-Colman et. al. reached 2.7% efficiency
when paired with PTB7.!!7 Very recently, the Lessard group published two studies where Grant
et. al. achieved increased performances. In the first study, they blended (3BS),-SiPc both with
P3HT and PBDB-T and obtained a PCE of 3.6% and 3.4% respectively, with an impressive
Voc as high as 1.10 V for the latest thanks to a minimal donor/acceptor energetic offset. '8
Characterization under reduced light showed that SiPc based devices exhibited a higher relative
PCE compared to the PCs1BM reference, suggesting that SiPcs could be more suitable for
indoor or diffuse light applications. In the second study, bis(tri-n-propylsilyl oxide) silicon
phthalocyanine ((3PS);-SiPc) (Figure 1.11C) was blended with P3HT and a new PCE record
of 4.3% for SiPc¢ based devices was achieved.!!® A significant phase separation due to strong
(3PS)2-SiPc crystallization created a unique P3HT:(3PS),-SiPc morphology.

As regards to bilayer devices, only sublimable SiPc molecules were used. First, Lessard

et. al. assessed the potential of Cl>-SiPc and bis(pentafluoro phenoxy) silicon phthalocyanine
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(F10-SiPc) (Figure 1.11E) as both donors and acceptors in evaporation processed PHJ
devices.!?* While addition of pentafluoro phenoxy substituents had no effects on the
optophysical properties, it modified the solid-state arrangement and provided a greater degree
of m-nt overlap between the neighbouring SiPc molecules. Therefore, Fio-SiPc outperformed
ClL2-SiPc both as an electron donor and acceptor when paired with a Ceo acceptor and a
pentacene or an a-sexithiophene (a-6T) donor, with PCEs around 0.4%. In a follow-up study,
Lessard et. al. investigated the impact of fluoro atoms positions and frequency change on the
material properties and arrangement, and therefore on the devices performances.'?! They
synthetized bis(2,4,6-trifluorophenoxy) SiPc ((246F);-SiPc) (Figure 1.11F) and (bis(3,4,5-
trifluorophenoxy) SiPc ((345F),-SiPc) (Figure 1.11G), but noticed only small changes in UV-
Vis absorption, energy levels, and solid state arrangement. When used as NFAs, a-6T/(246F),-
SiPc and a-6T/(345F):-SiPc systems achieved a PCE of 0.87% and 1% respectively for
unoptimized devices. However, (246F),-SiPc emerged as a material with a dual functionality

reaching a PCE up to 1.8% with a Voc as high as 0.9 V for (246F)>-SiPc/Cso devices.

1.6.3. A Fabrication Alternative: Layer-by-Layer for Better Scale Up

Commercialization of OPV modules is likely to be achieved through roll-to-roll
fabrication processes. However, as pointed out above, current popular lab device fabrication
strategies often don’t translate to roll-to-roll. Very recently, more attention has been paid to a
pseudo-bilayer configuration using a layer-by-bilayer (LbL) fabrication method, where the
layers are successively deposited.®2,'?>12% Sequentially processed OPV devices are commonly
all-solution processed where both layers are deposited from orthogonal or non-orthogonal
solvents. In some cases, the second layer can be thermally evaporated as well.!3°,!13! The LbL
approach possesses many advantages compared to the BHJ configuration that could help reduce
the efficiency-stability gap. The use of the LbL method has shown to promote a more
thermodynamically favourable nanoscale morphology where enough donor/acceptor interfacial
area is formed, while maintaining neat acceptor and donor layers at the right electrodes to
reduce bimolecular recombination.!*? Greater light absorption coefficients, stronger charge
transfer driving force, and a more stable morphology have all been observed. This morphology
can be controlled and optimized through independent tuning of each layer and processing
conditions, and interfacial properties can more easily be characterized helping the design of
modules through a better understanding of the link morphology/efficiency.!** This part has been

more deeply reviewed in Chapter 2.
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1.7. Scope of Thesis

This chapter introduced the OPV technology, including its position in the solar market,
its particular aspects and principle of functioning, as well as the commonly used active materials
and device architectures. Critical challenges of the OPV technology have been outlined and
involve the lack of commercially viable active materials, as well as the poor scalability of lab
reported devices. MPcs, and particularly SiPcs, have proved to be promising active compounds
that could be obtained through very cheap and straightforward chemistry. Their study remains
limited and the few reports existing principally cover their use as ternary additives or as NFAs
in BHJ devices. Hence, the aim of this thesis is to suppress the need for the BHJ structure to
achieve good performances and assess the role of SiPcs as NFAs into bilayer devices. Focus is
set on device engineering in order to assess different ways of fabricating devices and optimizing

performances.

1) In Chapter 2, a complete review of materials and processing conditions used for the
fabrication of all-solution and hybrid solution-evaporation LbL bilayer OPVs along
with their performances, have been undertaken. The goal is to reappraise the systematic
need for a BHJ structure to achieve top performances, showing that the bilayer
architecture is indeed a promising alternative to attain both performing and upscaled
devices. Focus has also been set on gathering important processing conditions
information for device fabrication, highlighting the lack of crucial experimental details
report from researchers in literature.

2) In Chapter 3, sublimable SiPc derivatives were further investigated as NFAs in hybrid
solution-evaporation bilayer devices with an extended optimization of devices
processing conditions, which include spin rate and several thermal treatments. The SiPc
derivatives were also paired with several soluble polymer donors.

3) In Chapter 4, soluble SiPc derivatives were first introduced into all-solution processed
bilayer OPV devices. Extended device engineering was performed with investigation of
different solvent systems, spin rates, deposition kinetics, thermal treatments, and
variation of the hole transporting layers. Different donor/acceptor systems were also
investigated.

4) In Chapter 5, the extent of SiPcs application in multiple solar technologies was assessed
by using them as electron transporting layers in perovskite solar cells. Different

sublimable SiPc derivatives were investigated.
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5) Finally, in Chapter 6 I will identify and highlight the leads that should be pursued in

the future.
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Chapter 2: Material Selection and Processing Conditions of

LbL Fabricated OPYV Devices

2.1. Context

As outlined in Chapter 1, the development of organic photovoltaic devices is mainly
limited to the fabrication of BHJ devices where the acceptor and donor are blended. However,
I am interested in improving from BHJ devices to a more scalable bilayer device structure where
the donor and acceptor materials are deposited sequentially, by layer-by-layer (LbL) in order to
increase the control over each layer and facilitate the transition from lab scale to commercial
scale. As OPV bilayers are understudied in the field compared to OPV BHJs, I started by
compiling an exhaustive survey of LbL based OPVs and highlight their potential as well as
point at the research leads. During my own searches, I noticed how it could sometimes be
finicky to find the experimental details due to the lack of information communication in
scientific papers on fabrication of devices. Thus, I chose to ease researchers search by giving a
device orientation to the review and by gathering the devices important fabrication information
in tables when reported. I focused the review on all solution-processed bilayers, hybrid solution-

vacuum processed, and blade coated processed devices.

2.2. Contribution of Authors
I performed all the literature research and solely wrote the first draft of the manuscript.

BHL and I consulted over direction, he provided feedback and edited the manuscript.

This chapter was published in Journal of Materials Chemistry C:
M.D.M. Faure, B.H. Lessard., J. Mater. Chem. C, 2021, 9, 14-40.
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2.3. Abstract

Layer-by-layer (LbL) processing, otherwise known as sequential deposition, is
emerging as the most promising strategy for fabrication of active layers in organic photovoltaic
(OPV) devices on both laboratory and industrial scales. In comparison to the bulk
heterojunction (BHJ) configuration, LbL facilitates separate and sequential deposition of each
layer, enabling greater control and optimization of interfaces and final donor/acceptor
morphology. Furthermore, this process encourages formation of an efficient vertical phase
separation, where the acceptor and donor aggregations are largest at their respective electrodes,
increasing exciton dissociation and transport while reducing unwanted charge recombination.
Compared to BHJ OPVs, LbL OPVs are more robust, with less dependence on processing
conditions, resulting in increased photo, thermal, and mechanical stability and greater power
conversion efficiency retention when applied to large area modules. These advantages have
resulted in significant interest in the LbL process and its potential to displace BHJ as the
dominant process for large-scale OPV manufacturing. This review summarizes recent
developments in OPV fabrication through LbL, with particular emphasis on material selection

and thin film processing conditions.
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2.4. Introduction

Organic carbon-based photovoltaics (OPVs) are a viable route towards highly flexible,
semi-transparent, low manufacturing cost solar cells with an energy payback time on the order
of months.!,> While previously disparaged as low performing, over the past 5 years OPV cell
efficiencies have increased dramatically, now exceeding 18% and evolving into the realm of
commercially viable technology.? Development of large-scale manufacturing of OPVs
necessitates consideration and optimization of several parameters. A crucial design component
is choice of materials, as synthetic complexity will dictate if mass production is feasible, with
low yields and significant waste streams being prohibitive. Another key aspect is how the active
films are fabricated and processed. Bulk production of devices with consistent thin film
morphology and performance is critical, requiring large operating windows and the ability to
adjust parameters “on-the-fly” with changing environmental conditions such as humidity or
temperature.

High-performing OPVs have an active layer comprised of at least two different
materials, referred to as electron donors and electron acceptors. The prerequisite for multiple
materials with complimentary energy levels to provide a driving force to facilitate charge
separation of photogenerated excitons is the subject of several excellent reviews.*® Tang and
coworkers seminal work was realized by sequentially evaporating thin films of donor and
acceptor molecules in a planar heterojunction (PHJ) configuration.” Photogenerated excitons
can only become free carriers when they reach the donor/acceptor interface, with a typical
exciton diffusion length of 5 — 15 nm, emphasizing the significance of maximizing the
interfacial area.® The low interfacial area between the donor and acceptor in PHJ bilayer cells
severely curtails performances. PHJ OPVs were quickly surpassed by bulk heterojunction
(BHJ) devices, which involve blending the materials in a common solvent before deposition,
facilitating the forming of a random interpenetrating network with increased donor/acceptor
interfacial area.” The BHJ architecture has since become widely implemented in research
laboratories, affording a facile processing route for the investigation of large families of donor
and acceptor materials.3,5,10-18

Despite the pervasiveness of the BHJ process, fundamental problems remain in both the
fabrication and resulting morphology. The major impediment with BHJ devices is that optimal
nanoscale morphology must be spontaneously achieved through a fast deposition and drying.
Often the thermodynamically favourable morphology does not yield preeminent device
performance, requiring optimization of multiple experimental conditions to promote kinetic

film formation. Choice of solvents and additives, processing conditions (such as concentration),
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shearing speed or drying time, spin speed, ambient conditions such as humidity and
temperature, and post annealing steps can all dramatically alter performance.!® Small changes
in processing conditions or operating environment can provoke a transition to another
equilibrium state, inducing unfavourable phase separation.?,>! The blended nature of BHJ
devices makes it challenging to predict and understand how changing one variable will affect
the overall nanoscale morphology. The optimal intertwined donor/acceptor morphology,
comprised of desirable distribution of components, crystallinity, domain sizes, and molecular
order and orientation, is very elaborate. This complexity is amplified when transitioning from
lab-scale to commercial-scale, illustrating a significant disadvantage with the BHJ process. The
ideal OPV manufacturing process would enable deposition of the donor and acceptor
independently as two separate layers, allowing intelligent control over each layer, mimicking
conventional printing processes while still maximizing interfacial contact.

A pseudo-bilayer configuration via layer-by-layer (LbL) fabrication facilitates the
combination of facile single-layer deposition processes with improved interfacial contact
achieved through BHJ architecture. LbL involves the sequential deposition of the OPV active
layers by solution processing for the first layer (often the donor in a direct device configuration)
followed by either the evaporation or solution deposition of the second layer (the acceptor in
direct device configuration, Scheme 2.1). Sequential deposition offers a promising route
towards commercialization of OPVs through numerous advantages. Each material is deposited
independently, allowing control and optimization over discrete layers. Characterization of the
interface is facile, which expedites understanding the connection between physical processes
and morphology with device performance. The fabrication process results in efficient vertical
phase separation, which can be tuned to improve exciton dissociation and reduce charge carrier
recombination. Finally, LbL devices have better thermal stability and the technique reduces the
dependence on processing conditions, facilitating an easier transition from lab-scale to
commercial-scale, with efficiency retention for increased area.

Ayzner et al. explored this strategy to address the inherent problems in BHIJ
fabrication.?? They deposited poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-Ce;-butyric
acid methyl ester (PCs1BM) separately from orthogonal solvents and achieved OPV devices
nearly as efficient as their blended counterparts. Characterization of interfacial morphology
exposed the formation of a three-layer structure, with an intermixed donor/acceptor layer
sandwiched between two relatively pure donor and acceptor layers.”* Subsequent studies
revealed that sequentially processed devices could be more efficient than BHJ OPVs due to

improved vertical phase separation, which enabled stronger photon absorption, higher hole
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mobility, better charge extraction, and improved thermal stability.?*2 Optimal vertical grading
of the layers can be achieved through controlled swelling of the donor layer, with the magnitude
of intermixing with the acceptor modulated by choosing suitable solvents, cosolvents, or solvent
additives.?” The versatility of LbL fabrication was bolstered by the discovery that stringent
orthogonal solvents are not required. LbL. OPVs have been fabricated using the same solvent
for both layers, achieving higher power conversion efficiencies (PCEs) and increased area
modules through improved control over morphology and reduced dependence on processing
conditions.?®3% Cells produced through LbL outperformed their BHJ equivalents on both small
and very large areas up to 11.52 cm?, resulting in the record efficiency reported for a large-area

OPV module of 12%.3!

Solution Processed
or
Evaporation

E—

Solution

I Processed

Scheme 2.1. Diagram of pseudo-bilayer or planar bilayer configuration via a layer-by-layer
(LbL) sequential deposition of the donor and acceptor materials.

Planar bilayer

Donor (D) or Acceptor (A) LbL D/A active layer Pseudo-bilayer

This review highlights the growth and potential of this fabrication process through
exploring studies that focus on LbL processing of OPVs. Particular focus is devoted to the
choice and combination of donor and acceptor materials in the active layer, processing

conditions, and the translation to large-scale production.

2.5. Material Selection for Layer-by-Layer (LbL) Deposition

Since the first report in 2009, a plethora of different donor and acceptor materials have
been incorporated into LbL. OPVs. While many of these material combinations have also been
explored in BHJ OPV configuration, this review will predominantly focus on their performance
in LbL OPVs, referencing BHJ performance when used as controls. Candidate donor and

acceptor materials for LbL. OPVs can be classified as either small molecules or polymers.
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2.5.1. Fullerene Small Molecule Acceptors

Since its discovery in 1985, buckminsterfullerene Cso (Figure 2.1 al) has prompted
significant interest in the OPV community due to its efficiency at accepting and transferring
electrons, with charge mobilities on the order of 10* to 10 ¢m?V-'s'.32 Haddon et al.
determined that this proficiency may be due to the curvature of the fullerene surface, which
results in a variable intermediate hybridization between sp? and sp®.*® Other interesting
properties include the functionalization capacity of the surface, along with a photoinduced
charge separation acceleration, and a delayed charge recombination in the dark.** However, due
to its low solubility and high tendency of aggregation, Cso incorporation into LbL processed
OPV devices is always performed via thermal evaporation.’® The use of PCsiBM (Figure 2.1

a2), a soluble Ceo derivative,

enabled a significant increase in the availability of dissociation
interfaces with the donor by promoting deeper interdiffusion and better carrier collection
efficiency. Interdiffusion is also encouraged by n-m interactions between the phenyl groups of
PCs1BM with both itself and with aromatic groups of donor polymers.’” Ceo and PCs1BM have
wide bang gaps of around 2 eV (HOMO =-5.9 eV, LUMO =-3.9 V) that cover the UV-region,
with a weak absorption in the visible region of the solar spectrum. Increasing the fullerene
molecular weight from Ceso to C7o (Figure 2.1 a4), or from PCs1BM to PC71BM (Figure 2.1
a5), results in a slight red-shift of the absorption into the 400 — 600 nm range, and a
corresponding increase in the short circuit current (Jsc).*

Other families of soluble fullerene compounds have also been investigated in LbL based
OPVs. Up-shifting the LUMO level of the fullerene results in a larger difference between the
HOMO level of the donor and the LUMO level of the acceptor, which induces a greater open
circuit voltage (Voc).!®,* Indene fullerenes such as IC60BA (Figure 2.1 a8) and IC70BA
(Figure 2.1 a9) possess LUMO levels 0.17 eV and 0.19 eV greater than their fullerene
counterparts, yielding an increase in Voc of +0.3 V when incorporated into LbL OPVs.*
Troshin et al. developed fullerenes bearing chelating pyridyl moieties, such as
pyrrolidinofullerene (PyF) (Figure 2.1 a3), which can form complexes to increase miscibility
with metalloporphyrins and metallophthalocyanines donors, leading to enhanced Jsc compared
to PCs1BM.*!"*3 Cross-linked fullerene derivatives bearing two styryl groups for each unit like
[6,6]-phenyl-Ce1-butyric acid styryl dendron ester (PCBSD) (Figure 2.1 a6) and p-PCBVB
(Figure 2.1 a7) have also been studied, and were shown to produce very robust films through

LbL.44 45
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a8 IC60BA a9 IC70BA

Figure 2.1. Chemical structures of select fullerene-based acceptors incorporated into LbL
devices.

Table 2.1. Energy levels of select fullerene-based acceptors incorporated into LbL devices.

Material HOMO (eV) LUMO (eV) Ref
Ceo (al) 6.2 45 4
PCs1BM (a2) -5.93 -3.91 47
PC71BM (a5) -5.87 -3.91 47
IC60BA (a8) / -3.74 47
IC70BA (a9) -5.61 3.72 47

2.5.2. Non-fullerene Small Molecule Acceptors

Fullerene derivatives have weak absorption in the visible and near-infrared region of the
solar spectrum; the fullerene structure also curtails tuning of the band gap, limiting Voc values.
Additionally, they have a strong tendency to crystallise and form aggregates which reduces
device stability.?,*’,*® Non-fullerene acceptors (NFAs) were developed to overcome the
impediments of fullerene acceptors. Zhan and coworkers synthesized a novel acceptor, (3,9-
bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-
hexylphenyl)dithieno[2,3-d:2',3'-d"]-s-indaceno[ 1,2-b:5,6-b"]dithiophene) (ITIC, Figure 2.2
a10), based on an acceptor-donor-acceptor (A-D-A) push-pull architecture.*” The donor core
consists of an indacenodithiophene (IDT) unit with four 4-hexylphenyl substituents, while 2-
(3-0x0-2,3-dihydroinden-1-ylidene)malononitrile (INCN) was incorporated as the acceptor end
groups. Substituents were included to inhibit planarity in the molecule, which would result in

excessive -1 aggregation and phase separation with donor materials. The A-D-A structure can
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promote intramolecular charge transfer and strong absorption in the visible spectrum from 500
— 780 nm. The optical band gap, HOMO and LUMO energy levels were estimated to be 1.59
eV,-5.48 eV and -3.83 eV, respectively. In LbL devices, this novel low band gap NFA achieved
a power conversion efficiency (PCE) of 7% when combined with a wide band gap polymer
PBDB-T (Figure 2.6 b41), whose HOMO and LUMO energy levels are -5.33 eV and -3.53 eV,
respectively.>”

In subsequent iterations of the ITIC structure, Zhan and coworkers substituted the
phenyl rings of the out-of-plane side-chains on the IDT core with thiophene rings (ITIC-Th,
Figure 2.2 all) to lower the HOMO level to -5.66 ¢V to improve compatibility with wider
band gap high-performing donor polymers.’! Small and weakly electron-donating methyl
substituents on the phenyl end groups (ITIC-M, Figure 2.2 al2) were also investigated and
found to increase the LUMO level (+0.04 eV) and improve the Voc.>? Other strategies focused
on replacing the phenyl ring end groups by more electron-donating thiophene rings
(ITCC/MelC, Figure 2.2 al3-14) or introducing hexyl alkyl chains onto the central fused ring
(ITC6-IC, Figure 2.2 al5), both of which increased the LUMO by +0.11 eV and +0.09 eV,
respectively.>?,>* Incorporation of highly electronegative fluorine atoms on the INCN unit ends
(ITIC-4F/NCBDT, Figure 2.2 al6-17) reduced both the HOMO and LUMO levels and
narrowed the band gap, particularly for NCBDT (E; = 1.47 €V).>>>7 Reducing the number of
fused ring in the core from seven to five (IDIC, Figure 2.2 al8) decreased crystallinity and
improved phase separation.®®,>® Incorporation of these ITIC based NFAs enabled PCEs greater
than 10% when fabricated into LbLL OPV devices, with a maximum PCE of 13% obtained for
PBDB-TFSI1/ITIC-4F devices.?8,%0

Recently, Yuan et al. adapted the A-D-A system by replacing the donor core with a new
dithienothiophen[3.2-b]-pyrrolobenzothiadiazole (TPBT) fused-unit and substituting the INCN
acceptor units with fluorine atoms to synthesize (2,2°-((22,2°Z)-((12,13-bis(2-ethylhexyl)-3,9-
diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-
e]thieno[2,"3"":4°,5”|thieno[2°,3°:4,5]pyrrolo[3,2-g]thieno[2’,3":4,5]thieno[3,2-b]indole-2,10-
diyl)bis(methanylylidene))bis(5,6-difluoro-3-o0xo0-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile) (Y6, Figure 2.2 al9).!” The TPBT core is conjugated, with
solubility preserved by incorporation of alkyl chains that can also facilitate tuning of the
electron affinity, while end groups promote both photon absorption and intermolecular
interactions via non-covalent F-S and F-H bond formation. HOMO and LUMO levels were
estimated to be -5.65 eV and -4.02 eV, respectively, and replacement of fluorine atoms with

chlorine atoms (Y 6-2Cl, Figure 2.2 a20) further reduced both energy levels and the band gap
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(-70 meV).%! Increasing the alkyl chain length on the donor unit (Y6-C2, Figure 2.2 a21) did

not alter optical properties but did improve the molecular packing and enhance crystallinity.?

LbL processed devices based on these small molecules achieved record efficiencies greater than

16%.3!
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Figure 2.2. Chemical structures of select non-fullerene acceptors (NFAs) incorporated into LbL
devices.

Table 2.2. Energy levels of select non-fullerene acceptors (NFAs) incorporated into LbL

devices.
Material HOMO (eV) LUMO (eV) Ref
ITIC (al0) -5.48 -3.83 4
ITIC-Th (all) -5.66 -3.93 5t
ITIC-M (al2) -5.58 -3.98 52
ITCC (al3) -5.47 -3.76 53
ITC6-IC (a15) -5.73 3.92 54
ITIC-4F (a16) -5.73 -4.02 5
NCBDT (al7) -5.36 -3.89 57
Y6 (a19) -5.65 -4.02 61
Y6-2C1 (a20) -5.68 4.12 61

2.5.3. Small Molecule Donors
One of the earliest classes of donor molecules to be utilized in LbL fabrication of OPVs

was pentacene, due to the ease with which it can be functionalized to modify hole mobility,
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solubility, and optical properties.®®*¢ Pentacene molecules were first integrated into LbL
devices through sublimation, with subsequent reports investigating the use of soluble
derivatives such as 6,13-di(2-thienyl)pentacene (BTP, Figure 2.3 bl), containing two
thiophene rings pendent to the central phenyl unit, and bis(triisopropylsilylethynyl)pentacene
(TIPS-pentacene, Figure 2.3 b2) which possesses two alkyl substituted silyl groups. For BTP,
a HOMO level of -5.1 eV and a LUMO level of -3.0 eV were reported, with a PCE of 1.4%
when paired with Ceo.

Squaraine dyes have attracted significant attention as donor molecules due to their high
absorption coefficient (10° cm™) in the visible region and tunable band gaps.®4,% Contrary to
NFAs described above, squaraine dyes are based on a donor-acceptor-donor (D-A-D) push-pull
structure, with a central four-membered acceptor ring linked to electron-rich moieties such as
phenols, N,N-dialkylanilines, or arylamines. The isobutylamine end groups of the initial
squaraine derivative 2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxy-phenyl]squaraine (SQ,
Figure 2.3 b3) were substituted with arylamines (1-NPSQ, DPSQ, DPASQ, ASSQ, Figure 2.3
b4-7) or N-propyl groups (PSQ, Figure 2.3 b8) to suppress steric hindrance and increase n-
stacking between donor molecules; this allows for better hole collection efficiency and stronger
electron-withdrawing behavior to improve Voc.®® Champion LbL OPV PCE of 5.7% was
obtained for the 1-NPSQ paired with a Cso acceptor.

Diketopyrrolopyrrole (DPP) dyes are another common class of small molecule donors
which possess strong intermolecular interactions and high charge carrier mobilities; their
electron-deficient nature also affords them outstanding light harvesting properties.®” However,
the poor solubility of DPP necessitates the incorporation of branched ethyl hexyl alkyl
substituents on the nitrogen atoms (EH-DPP-TFP, EH-DPP-TFPV, Figure 2.3 b9-10) before
utilization as donors in LbL devices with PCESs of up to 3.3%.58

Chen and coworkers investigated a donor small molecule with an A-D-A structure
comprised of an electron-rich benzodithiophene (BDT) core linked to alkyl cyanoacetate (BDT-
3T-CA, Figure 2.3 bll) or to ethylthodanine (DR3TBDTT, Figure 2.3 b12) through
terthiothiophene spacers.%®,”® When paired with PCs;BM, BDT-3T-CA achieved a PCE of
4.16% with a fill factor (FF) as high as 0.75.7!
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Figure 2.3. Chemical structures of select donor small molecules incorporated into LbL devices.

Table 2.3. Energy levels of select donor small molecules incorporated into LbL devices.

Material HOMO (eV) LUMO (eV) Ref
BTP (b1) 5.1 3.0 4
SQ (b3) 5.1 3.5 66
1-NPSQ (b4) 5.3 3.7 66
ASSQ (b7) 5.3 32 66
EH-DPP-TFP (b9) 5.24 -3.50 68
BDT-3T-CA (b11) -5.20 -2.90 7

2.5.4. Ambipolar Small Molecules

There are several classes of molecules that can be integrated into LbL OPVs as either
acceptors or donors, depending on how the molecules are functionalized and the resultant
HOMO and LUMO energy levels. Cyanine (Cy) dyes were among the first small molecules
investigated as donors with fullerenes in LbL. OPV devices, particularly with Cso. These dyes
possess high extinction coefficients, tunable absorption spectra, excellent solubility, and
suitable HOMO and LUMO energy levels, which motivated their incorporation into OPV cells.
Cy dyes also form H and J aggregates with highly delocalized excitons that account both for
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broaden spectral absorption and larger Voc. In 2003, Niiesh and coworkers fabricated devices
through spin casting a perchlorate counterion, 1,1-diethyl-3,3,3’,3’-tetramethylcarbocyanine
perchlorate (Cy3-ClOys, Figure 2.4 ¢1).”> Subsequent investigations compared this compound
to a cyanine derivative with a linked counterion (Cyl0, Figure 2.4 ¢2), and determined that
mobile ions were responsible for an important Ceo contribution at the donor/acceptor
heterojunction.”® They also demonstrated that both doping of Cy3-ClO4 in the presence of
ambient air increased hole mobility and switching to a hexafluorophosphate counterion (Cy3-
PFs, Figure 2.4 ¢3) yielded devices with PCE greater than 3%.74,”> Application of Cy as both
a donor and an acceptor was achieved through substitution of the phenyl groups for naphthalene
rings (CyA, CyBs, CyBl, Figure 2.4 c4-6), resulting in modified redox levels, with superior
performance achieved when used as donors with an hexafluorophosphate counterion (Cy7-P,
Figure 2.4 ¢7).7%" Bolink and coworkers further investigated Cys as donors with different
alkyl chains (CyA, Cy0363, Cy2046, Cy0619, Figure 2.4 c4/¢8-10) and attained PCESs of 3%."®
A Cy derivative (Cy5-Cl, Figure 2.4 c11) was also incorporated as a counterion in a
polyelectrolyte polymer in an attempt to fabricate an all-solution processed bilayer device with
PCs1BM.”’

Porphyrins (Por) are conjugated macrocyclic dyes that have high molar absorptivity (in
both the blue and red regions of the visible solar spectrum), excellent air and thermal stability,
and efficient photon absorption and electron transfer.3°,3! Por are often integrated as complexes
with Ceo, but have also been investigated as donors or acceptors in BHJ cells with soluble
fullerene derivatives or low band gap polymers. In LbL devices both benzene-functionalized
Por and more complex liquid crystalline Por molecules were introduced as donors (BP, PtTPBP,
C12/C14Por, Figure 2.4 ¢12-15),32-3* while a Por with quaternized pyridyl side groups (Figure

2.4 ¢16) was studied as an acceptor.®
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Figure 2.4. Chemical structures of select ambipolar small molecules incorporated into LbL

devices.

Table 2.4. Energy levels of select ambipolar small molecules incorporated into LbL devices.

Material HOMO (eV) LUMO (eV) Ref
Cy3-ClOx (cl) -5.8 -3.7 &
Cy3-PF¢ (c3) -5.7 -3.9 86
CyA (c4) -5.4 -3.9 76
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CyBl/CyBs (¢5/c6) 52 42 76
Cy7-P (¢7) -5.28 :3.79 7
C12-Por/C14-Por (c14/c15) -5.4 3.3 8
CuPc (c17) -5.06 335 82
(246F)>-SiPc (¢20) 5.4 35 87
(345F),-SiPc (c21) 5.9 4.0 87
Cl-BSubPc (c22) 5.6 3.6 58
SubNc (¢29) 5.4 3.6 8
BO-ADPM (¢30) -5.48 402 %

Metal phthalocyanines (MPcs), a type of Por, are conjugated macrocycles comprised of
four isoindoline groups which chelate a central metal atom. MPcs encompass a wide family of
molecules, with a variety of core metals reported; they can also be functionalized both in
peripheral and axial positions to tune both electronics and solubility. The most common divalent
MPcs, zinc phthalocyanines (ZnPc) and copper phthalocyanines (CuPc) (Figure 2.4 ¢17-18),
were introduced into LbL devices as donors but efficiencies were low.*3,°! Jones and coworkers
synthetized a water-soluble CuPc derivative through the addition of a tetrasulfonic acid
tetrasodium salt substituent on the periphery (TsCuPc, Figure 2.4 ¢19), which resulted in a Voc
of 0.6 V.%2 A tetravalent silicon phthalocyanine (SiPc) functionalized in the axial position with
fluorophenoxy groups ((246F)»/(345F),-SiPc, Figure 2.4 ¢20-21) was reported in bilayer cells
as an acceptor by Faure et al.” Bender and coworkers investigated boron subphthalocyanine
(SubPc¢),® which consist of a bowl shaped macrocycle chelating a central boron atom, resulting
in increased solubility and reduced propensity to aggregate.”® Josey et al. investigated axially-
substituted chloro SubPc without and with peripheral chlorination (Cl-BSubPc, CI-ClsBSubPc,
Figure 2.4 ¢22-23) as evaporated acceptors with a standard donor polymer.®® Soluble SubPc
donor derivates have been synthesized by Fréchet and coworkers, incorporating phenoxy or
alkynyl bonded thiophene axial substituents (SubPc-A, 2/4Ta/Tp-SubPc, Figure 2.4 ¢24-28) to
tune flexibility and molecular packing in the solid state.*,”> This group also reported a SubPc
analogue with similar properties, subnaphthalocyanine (SubNc), obtained by replacing
isoindoline by benzoisoindole units (Figure 2.4 ¢29).* Overall the use of SubPcs and MPcs
led to modest PCEs between 1 — 2% through LbL. Similar boron-based dyes like
azadipyrromethene (BO-ADPM, Figure 2.4 ¢30) with downshifted HOMO and LUMO levels
were reported to give slightly improved PCESs through LbL processing.”®
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2.5.5. Donor Conjugated Polymers

In the first iterations of LbL. OPV devices, donor polymers were selected to compliment
Ceso acceptors. In 1993, Heeger and coworkers prepared LbL devices by spin coating the
conjugated polymer poly(2-methoxy,5-(2'-ethyl-hexyloxy)-p-phenylenevinylene) (MEH-PPV,
Figure 2.5 b13)°5%8 followed by evaporation of the Ceo acceptor layer. MEH-PPV is a soluble
derivative of poly(p-phenylenevinylene) (PPV),%?,!% with a much lower glass transition
temperature than PPV; however, it proved to be a weak donor with a relatively wide band gap
of 2.2 eV. Drees et al. explored the film properties of MEH-PPV films and reported using LbL
as a first approach towards fabricating BHJ devices, using a concentration gradient of MEH-
PPV and Cs0 to increase the donor/acceptor interface via thermally controlled
interdiffusion.!!,192 Another PPV derivative (MDMO-PPV, Figure 2.5 b14) was also
investigated using the same interdiffusion of layers with PC¢1BM as an acceptor and thermal
annealing.!%,!% However, overall performances again remained limited.

A first approach to increase performances of donor polymers was to replace the phenyl
rings with thiophene rings. Schlebusch et al. paired Ceso with poly(3-octylthiophene) (P30T,
Figure 2.5 b15), a soluble thiophene-based polymer with a long alkyl side chain, and
discovered that interdiffusion between P30T and Cso was occurring even at room
temperature.'® Heflin and coworkers utilized the improved solubility of Cein P30T to pursue
the formation of a thermally-induced concentration gradient, and achieved improved active
layer morphology with a monochromatic PCE = 1.5%.1%,'97 However, the breakthrough in LbL
OPV performance occurred with P3HT (Figure 2.5 b16), which has since become the most
researched donor polymer for fullerene acceptors in LbL. OPVs. P3HT has a shorter alkyl chain
and a lower band gap of 2 eV (HOMO = -5 eV, LUMO = -3 ¢V) compared to P30T.22,'% P3HT
also has strong self-organisation capacity, high hole mobility, and strong absorption in the
visible region. Moreover, thermal annealing of P3HT near its melting point improves the
crystallization of the active layer, resulting in significantly enhanced PCE of 3.5%. A plethora
of P3HT derivatives have since been synthesized and integrated into LbL. OPVs, including:
P3HT-grafted graphene (G-P3HT),'” poly(3-butylthiophene-2,5-diyl) (P3BT, Figure 2.5
b17),11% poly(3-hexyl-2,5-thienylene vinylene) (P3HTV, Figure 2.5 b18),!'! poly(3-
butylthiophene-co-3-octylthiophene)s (RBOs, Figure 2.5 b19),!'? poly(3-butylthiophene-co-
(3-(2-ferrocen-1-yl-vinyl)thiophene)) (P1, Figure 2.5 b20) and poly(3-butylthiophene-co-(3-
(1-cyano-2-ferrocen-1-yl-vinyl)thiophene)) (P2, Figure 2.5 b21).!'!° These modifications in the
P3HT donor polymer structure resulted in OPVs with PCEs < 5%. An alternating fluorene and
bithiophene copolymer poly(9,9’-dioctyl-fluorene-co-bithiophene) (F8T2, Figure 2.5 b22)
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with a band gap of 2.4 eV was studied as well due to its excellent hole transport properties and

inherent molecular stacking, resulting in a PCE of 3.4% with C7.!!3
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Figure 2.5. Chemical structures of common polymer donors (b13-b22) and low band gap
polymer donors (b23-b39) incorporated into LbL devices.
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Table 2.5. Energy levels of select common polymer donors and low band gap polymers
incorporated into LbL devices.

Material HOMO (eV) LUMO (eV) Ref
MEH-PPV (b13) 5.1 2.9 76
P3HT (b16) -5.0 3.0 8
Si-PCPDTBT (b24) 4.8 331 114
PCDTBT (b26) 5.5 3.6 8
PTB7-Th (b33) -5.20 -3.59 s

Analogous to the BHJ OPV field, significant PCE improvements were achieved in LbL
OPVs with the incorporation of low band gap donor polymers, resulting in increased coverage
of the solar spectrum compared to P3HT. The so-called “push-pull” polymers consist of an
electron rich unit and an electron deficient unit within the polymer backbone.’ Monomers are
typically fused heterocycles with extended n-conjugation and good planarity to enable tuning
of both the band gap and charge carrier mobilities. Some of the most thoroughly investigated
electron-rich units include BDT, carbazole (CZ) and cyclopentadithiophene (CPDT), usually
coupled with DPP, thienothiophene (TT), benzothiadiazole (BTH) or thiazolo(5,4-d)thiazole
(TzTz) electron-poor units. Representative copolymers based on these structures and employed
in LbL OPV devices are depicted in Figure 2.5 b23-39.

Efficiencies of fullerene-based diffused bilayers increased significantly with these push-
pull polymers. For example, copolymers based on BDT and TT units (Figure 2.5 b32-36)
including poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[ 1,2-b;4,5-b']dithiophene-2,6-diyl-
alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)| ~ (PTB7-Th,
Figure 2.5 b33) have reported PCEs of up to 9% in LbL OPVs.2> The HOMO and LUMO
levels of PTB7-Th are -5.20 eV and -3.59 eV, respectively, with a band gap of 1.61 eV. Another
common polymer incorporating CZ and BTH, poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-
(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT, Figure 2.5 b26), as well as
copolymers of CPDT with BTH (Figure 2.5 b23-25), have resulted in PCEs > 7%.!16

Moving away from fullerene acceptors, these push-pull polymers do not perform well
when paired with NFAs due to energy level mismatch. Therefore, to increase the Jsc and Voc
of LbL OPV devices wider band gap (WBG) polymers (> 2 eV) with deeper HOMO levels
were designed to be paired with higher-performing emerging NFAs.!!> Representative WBG
copolymers employed in LbL OPVs are illustrated in Figure 2.6 b40-51, and can be divided
into two families of copolymers. The first type are donor-donor WBG copolymers, comprised

only of alternating electron-rich units in the backbone, such as poly[5,5'-bis(2-butyloctyl)-(2,2'-
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bithiophene)-4,4'-dicarboxylate-alt-5,5'-2,2"-bithiophene] (PDCBT, Figure 2.6 b40).!'” The
second class are donor-acceptor copolymers synthesized with alternating electron-rich and
electron-poor units in their backbones, including polymers based on a bithienyl-BDT (BBDT)
electron-rich unit coupled with a benzodithiophene-4,8-dione (BDD) electron-poor unit
(Figure 2.6 b41-43).''"" Sun et al. reported poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl)-benzo[ 1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1°,3°-di-2-thienyl-5°,7’-
bis(2-ethylhexyl)benzo[1°,2’-c:4’,5’-¢c’]dithiophene-4,8-dione)] (PM6, Figure 2.6 b42) which
achieved a PCE above 16% when paired with Y6 in a LbL OPV device.?! Other high performing
D-A copolymers include poly[(thiophene)-alt-(6,7-difluoro-2-(2-hexyldecyloxy)quinoxaline)]
(PTQI10, Figure 2.6 b44), comprised of a simple thiophene ring donor unit and a difluorine-
substitued quinoxaline acceptor unit; fluoro and alkoxy substituents are incorporated to lower
the HOMO level and ensure sufficient solubility, respectively.!!® J61/171(Figure 2.6 b45-46)
are both based on a BBDT electron-rich unit paired with fluorobenzotriazole (FTAZ) as the
electron-deficient unit, with alkylthio or Si-C side chains that further downshift the HOMO
level.!?0,121 The FTAZ units promote co-planarity in the backbone, resulting in improved n-
stacking and overall charge transport properties compared to previously synthetized
copolymers (Figure 2.6 b47/b49/b51).122,!2> LbL OPV devices based on these copolymers
reached PCEs > 12%.%

Table 2.6. Energy levels of representative wider band gap (WBG) polymer donors incorporated
into LbL devices.

Material HOMO (eV) LUMO (eV) Ref
PDCBT (b140) -5.26 -3.36 117
PBDB-T (b41) -5.33 -3.53 52
PM6 (b42) -5.56 -3.50 17
PTQI10 (b44) -5.54 -2.98 119
761 (b45) -5.32 -3.08 120
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Figure 2.6. Chemical structures of representative wider band gap (WBG) polymer donors
incorporated into LbL devices.

2.5.6. Acceptor Conjugated Polymers

Naphthalenediimide (NDI) based conjugated polymers were among the first acceptor
conjugated polymers to be investigated, due to a low lying LUMO analogous to fullerenes.!?*
They have high thermal and oxidative stability, good solubility, favourable electron mobility,
and a morphology that can be easily manipulated through side chain engineering with
substituents on the bay region or on the nitrogen atom. Jenekhe et al. reported the use of
poly(benzimidazobenzophenanthroline ladder) (BBL, Figure 2.7 a22) paired with PPV as the
first LbL dual polymer system.'?> Poly[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene) (P(NDI2OD-T2) or N2200, Figure
2.7 a23), is a well established planar push-pull copolymer acceptor containing NDI acceptor
and thiophene donor units that is an air-stable n-type semiconductor utilized in organic field-

effect transistors (OTFTs), with electron mobility of 0.45 — 0.85 cm?V-!s'l.!26 Strong
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interactions between polymer chain backbones, combined with relatively high molecular
weights, drastically reduced the solubility of N2200, which facilitated integration into all-
polymer LbL OPVs to yield PCE of almost 10% with PBDB-T (Figure 2.6 b41).'%’

Burn and coworkers recently developed a polymeric acceptor with an acceptor-
acceptor’-acceptor (A-A’-A) structure (PNNT, Figure 2.7 a24), where NDI was used as the A’
unit and thiazole groups as the A units, linked together in an alternating polymer with thiophene

units, resulting in decreased LUMO level to -4.3 eV.!?8

0”>N"No 223 P(NDI20OD-T2)
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a25 PPDIDTT 226 FPDI-BT1 a27 F8BT

a28 PIDSe-DFBT

Figure 2.7. Chemical structures of representative polymer acceptors incorporated into LbL
devices.

Table 2.7. Energy levels of representative polymer acceptors incorporated into LbL devices.

Material HOMO (eV) LUMO (eV) Ref
BBL (a22) -5.9 -4.0 125
N2200 (a23) -54 3.9 126
PNNT (a24) / 43 128
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PPDIDTT (a25) -5.9 3.9 129
PIDSe-DFBT (a28) 5.3 3.5 130

Another monomeric building block that has been explored for use in polymeric
acceptors is perylene diimide (PDI). While PDI is structurally similar to NDI, it has a tendency
to form large aggregate domains, promoting separation with the polymer donor and reduced
exciton dissociation.!3! PDIs have been evaporated as small molecules, as well as integrated
into soluble copolymers for solution processing.'!® Marder and coworkers synthetized a
polymer with electron-rich dithienothiophene (DTT) and electron-poor PDI (PPDIDTT, Figure
2.7 a25) that exhibited good thermal stability, a LUMO level of -3.9 eV, and a high electron
mobility of 1.3x102 cm?V-!s1.12° However, when introduced into LbL. OPV devices it only
resulted in a PCE of 1%.!3? Ade and coworkers developed a rigid, planar copolymer containing
two PDI units fused with thiophene moieties to a fluorinated BTH unit (FPDI-BT1, Figure 2.7
a26).'33 The rigid nature of the backbone, combined with the specific twist angle of the fused
PDI dimer, reduced both the formation of large aggregates and the reorganization energy during
film formation, producing devices with PCE of > 7%.!3* Fluorene and IDT building blocks
have also been coupled with BTH units (F§BT, PIDSe-DFBT, Figure 2.7 a27-28) leading to
favourable electron affinity and good electron mobility but poor performance when integrated

into LbL OPV devices.!3?,133

2.6. LbL OPYV Device Fabrication by Sequential Spin Coating Processes

The properties of the LbL active layer can be decoupled through separate optimization
of the first and the second layers. The first layer is solution processed, and can be annealed prior
to deposition of the second layer to yield the desired morphology, crystallinity, and roughness.
Deposition of the second layer can be achieved by one of three route: use of an orthogonal
solvent to the first layer (resulting in a bilayer interface), utilizing a compatible solvent (to
create a pseudo-bilayer, Scheme 2.1), or evaporation (Scheme 2.2 ¢, d). Additional processing
and annealing steps can be exploited to enhance interdiffusion of the bilayer or expansion of
the pseudo-bilayer.32,'¢ Table 2.8 is a summary of the performance (PCE) and processing
conditions for solution-processed LbL OPV devices prepared via spin coating, with emphasis
on material composition, solution concentration, spin rate, and annealing conditions. High-
performing devices can only be achieved with optimal intermixing to yield favorable vertical
phase separation. Compared to BHJ devices, which produce a random blend of the acceptor and

donor materials, the LbL method facilitates superior separation over the entire length of the
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active layer, promoting improved charge transportation and collection.

University of Ottawa

23-25 30 71 127 137 138 Thj
b 9 b b b Thls

vertical active layer separation is often described as a three phase morphology, where a

substantial concentration of the donor can be found at the anode, acceptor at the cathode and a

blend in the center, enabling LbL solution-processed devices to outperform BHJ devices.

Table 2.8. Photovoltaic device properties and processing conditions of LbL OPV devices
prepared via spin-coated processes.

Donor/ Acceptor/ Structure Solvent (D)"/spin Solvent (A)/spin  Thermal PCE Ref

concentration concentration Direct (Di) or rate (rpm) rate (rpm) treatment® (%)

(mg/ml) (mg/ml) Indirect (In) (°C/min)

BP (¢12)/10 PCs1BM (a2)/6 Di CF:CB/ - Tol/3000 D: 160/20 2.25 82
A :65/10

P30T (b15)/8 PCs1BM (a2)/20 Di CF/2750 Pyridine/2450 D: 120/10 | 136
A:150/20

P3HT (b16)/20 PCs1BM (a2)/10 Di DCB/1000 DCM/4000 150/20 3.5 2

P3HT (b16)/40 (4 PCaiBM (a2)/50 (5 Di CB/ - DCM/ - 150/30 2.6 139

wt%) wt% )

P3HT (b16)/15 PCa1BM (a2)/5 Di DCB/1000 DCM/2000 100/10 3.6 140

P3HT (b16)/40 (4 PCaiBM (a2)/50 (5 Di CB/ - DCM/ - 150/30 2.18 14l

wt%) wit%)

P3HT (b16)/20 PCa1BM (a2)/5 In CB/2500 DCM/4500 D: 150/10 2.6 142
A: 150/5

P3HT (b16)/15 PCa1BM (a2)/5 Di DCB/1000 DCM/4000 D: 60/20 3.8 143
A:150/20

P3HT (b16)/15 PCa1BM (a2)/5 Di DCB/1000 DCM/4000 150/5 4 144

P3HT (b16)/20 PCa1BM (a2)/5 Di CB/1500 DCM/4000 150/10 3.45 145

P3HT:F4-TCNQ /20 PC¢BM (a2)/5 Di CB/1500 DCM/4000 150/10 4.02 145

(0.5 wt%)

P3HT (b16)/30 PCs1BM (a2)/10 Di CB/2000 DCM/2000 140/10 3.25 146

P3HT (b16)/30 PCs1BM (a2)/10 Di CB/2500 DCM/4000 - 3.09 147

P3HT:RRa- PCs1BM (a2)/10 Di CB/2500 DCM/4000 - 3.83 147

P3HT/30 (15 wt%)

P3HT (b16)/ - PCa1BM (a2)/ - Di DCB/ - DCM/ - 140-180/30 3.93 148

P3HT (b16)/ - PCa1BM (a2)/ - Di CB/ - DCM/ - 150/10 3.45 149
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Solvent acronyms: chlorobenzene (CB), 1,2-dichlorobenzene (DCB), chloroform (CF), p-
xylene (p-XY), toluene (Tol), 1,2,4-trichlorobenzene (TCB), (R)-(+)-limonene (LM), 2-
methyltetrahydrofuran (2-MeTHF), diodooctane (DIO), 1,8-octanedithiol (ODT).
Non-existent step or value not reported designated with “-.
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a) Direct structure b) Indirect structure
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Scheme 2.2. Diagram of (a) a direct structure configuration and (b) an indirect structure
configuration of OPV devices, and fabrication process via (¢) sequential spin coating, (d) hybrid
spin coating/thermal evaporation route, (e) blade coating.

Ayzner et al. initially reported the spin casting of P3HT (Figure 2.5 b16)/PCs1BM
(Figure 2.1 a2) LbL OPV devices by depositing the donor (P3HT) from o-dichlorobenzene
(DCB), followed by the acceptor (PCs1BM) in dichloromethane (DCM), a solvent which does
not dissolve the P3HT layer. The authors reported a well-defined planar interface resulting in a
PCE of 3.5%, which is comparable to performances obtained with BHJ devices.?? The
P3HT/PCs1BM system has since been investigated by numerous groups, using a similar
methodology to achieve efficiencies comparable or greater than their BHJ counterparts.?4,40,13%-
175 The best reported efficiency of this donor/acceptor system in LbL devices is 5.1%, realized
by formation of a bicontinuous donor/acceptor network which resulted in significantly reduced
bimolecular recombination.?* However, these literature reports consistently determined that
even without optimization of these processing conditions, interdiffusion between P3HT and
PCs1BM was occurring. Despite the use of orthogonal solvents, intermixing between the two
materials is transpiring due to swelling of the P3HT layer from the solvent used for the fullerene
deposition, 39,143 144 149 192

Thermal annealing of the bilayer increases the degree of intermixing by inducing
miscibility and penetration of PC¢1BM molecules into the amorphous region of P3HT, without
193

disruption of the ordered polymeric domains.

Lee et al. increased the PCE from 1.31 to 3.8%.!43

By annealing devices at 150 °C for 20 min,
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Cheng et al. demonstrated efficient vertical phase separation of PBDTTT-C-T (Figure
2.5 b34)/PCs1BM (Figure 2.1 a2) devices that exhibited an average PCE of 6.86%, exceeding
performances measured from analogous BHJ blends (4.31%).!37 Further iterations consisted of
substituting PCs1BM with PC71BM (Figure 2.1 a5) or ICBA (Figure 2.1 a8-9) fullerene small
molecules, paired with lower band gap conjugated polymers, permitting increased efficiencies
up to almost 9%.23,25,26 30 114 137 138 176-17

Recently, NFAs have been integrated into spin casted bilayer devices, enabling PCESs in
excess of 10%,28,29 44 50 60 125 127 128 130 132 133 188-191 OQpe example of a NFA system is PBTB-
TFS1 (Figure 2.6 b43)/ITIC-4F (Figure 2.2 al6), which was reported to produce a PCE of
13%, surpassing blend-based devices (11.8%).%° Cui et al. demonstrated that solubility and
solvent choice are key for high performing LbL OPV devices.®® Numerous studies have since

shown the pseudo-bilayer morphology is susceptible to variations in the solvent or

cosolvent, !4 133 148-150 160 170 171 173 176 178 188 190 fyyt i also influenced by other parameters such

as thermal annealing,2¢, 135137 141 156 157 159 163 164 182 185 192 194 195 use of

additives, 26,169 171 174 179 181183 or  addition of binary components to the donor
145 147 152 161 164

polymer. ' 147 152 104

Cho et al. explored how solvent choice influenced morphology and phase separation in
P3HT layers. Chlorobenzene (CB), DCB, chloroform (CF) and p-xylene (p-XY) were all
investigated for processing the P3HT layer, with p-XY also utilized for the PCs1BM acceptor
layer.!>® A PCE around 3% was obtained for p-XY, while devices prepared from CB had a PCE
of only 0.5%, indicating that the formation and extent of the phase separation is highly
influenced by solvents. Similarly, Yi et al. investigated CF, toluene (Tol), CB, DCB and 1,2,4-
trichlorobenzene (TCB) as solvents for P3HT, while using DCM to process PCs1BM.!7* P3HT
solutions prepared from low boiling point solvents formed films with reduced crystallinity and
numerous amorphous regions, promoting better fullerene diffusion and faster interdiffusion.
Kim et al. also reported that modification of the processing solvent for PCsi1BM induces a
change in the molecular orientation of polymer crystallite from edge-on to more isotropic in
PII2T-C10C8 (Figure 2.5 b37) films, improving vertical charge transportation.!'”8

Non-halogenated solvents have also been investigated. Ye et al. used (R)-(+)-limonene
(LM) for FTAZ-based donors (Figure 2.6 b49-51), and 2-methyltetrahydrofuran (2-MeTHF)
for the ITIC-M (Figure 2.2 al2) acceptor.!”® LM promoted molecular order in amorphous
FTAZ polymer films, facilitating the formation of larger domain spacing and enabling an
efficiency of 12.2%, again outperforming BHJ control blends (11.7%). To reach 13% PCE, Cui

et al. controlled both the bulk interface and nanoscale phase separation by employing specific
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ratios of cosolvents (DCB:tetrahydrofuran (THF)) for the ITIC-4F film deposition.®
Comparable improved nanoscale phase separation was also demonstrated by Ahn et al., with
controlled penetration of the acceptor through adjustment of the DCM:DCB cosolvent ratio for
PCsiBM.!!* Cosolvents also facilitate interdiffusion by optimizing the degree of polymer
swelling (without dissolving the layer), as reported by Aguirre et al. who used a blend of Tol
and 2-chlorophenol (2-CP).!"°

Solvent additives can also be exploited to tune the vertical phase separation. Vohra et al
used a high-boiling point solvent (0-TCB) as an additive for CB solutions of P3HT, which
resulted in increased P3HT crystallinity leading to reduced PCBM interdiffusion and thinner
intermixed region.!”! On the contrary, low vapor pressure solvents such as diodooctane (DIO)
or 1,8-octanedithiol (ODT) act as polymer swelling agents when incorporated as additives,
enabling improved mixing between fullerenes and the polymer, enhancing performances.'’
However, the need for orthogonal solvent, cosolvents or solvent additives in LbL devices is not
critical for all combinations of donors and acceptors. For example, Sun et al explored five
different donor/acceptor pairs, J71 (Figure 2.6 b46)/ITC6-IC (Figure 2.2 al5), PTQ10 (Figure
2.6 b44)/IDIC (Figure 2.2 a18), J71/MelC (Figure 2.2 al4), J71/ITCC (Figure 2.2 b13) and
J7I/ITIC (Figure 2.2 al0), using only CF as a solvent for the sequential spin casting.?®
Fabricated LbL devices systematically exhibited similar or greater efficiencies (10.44 —
12.32%) than their BHJ blend counterparts (10.46 — 11.75%), with improved vertical phase
separation, stronger absorption spectra, increased charge transport and collection, and reduced
energy loss. Dong et al. investigated the use of halogen-free xylene (XY) as a solvent for the
deposition of PM6 (Figure 2.6 b42)/ITIC-4F bilayers.*® The graded separation of layers was
preserved, while simultaneously reducing dependence on processing conditions and improving
performances compared to BHJ control devices.

Another strategy to tune film morphology is the addition of a binary component to the
donor layer. Doping of P3HT with p-type solution-processable small molecules such as
tetrafluoro-tetracyanoquinodimethane ~ (F4~-TCNQ) and  5,11-bis(triethylsilylethynyl)
anthradithiophene (TES-ADT) impacts aggregate formation, crystallinity and mobility.!4>,164
Film nanostructures can also be controlled through the addition of polyethylene glycol (PEG)
or polysterene (PS) in P3HT solutions.!>2,!6! After extraction of the PS or PEG, the resulting
P3HT films contain porous circular depressions whose diameter and depth can be controlled by
modification of the polymer ratios during film deposition. Optimization of the PEG content up
to 6 wt% increased the PCE from 2.80 to 3.71% for P3HT/PCs1BM devices. Regioregular
P3HT blended with less crystalline regiorandom P3HT (RRa-P3HT) promotes intermixing and
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control of the vertical concentration gradient with PCsiBM.!®! An optimal content of 15 wt%

RRa-P3HT improved the PCE from 3.09 to 3.83%.

2.7. Other Processing Methods

2.7.1. Hybrid Spin Casting/Evaporation Process

The use of all-solution processing for LbL devices necessitates that both donor and
acceptor materials are sufficiently soluble to be processed. However, many small molecule
acceptors, such as Ceo and C7o (Figure 2.1 al/a4), are highly insoluble. In such cases a
combination of solution processing and thermal evaporation is employed. The insoluble
acceptor is deposited via thermal evaporation, with the donor polymer or small molecule layer
formed through spin casting to facilitate formation of the bilayer (Scheme 2.2 d). This hybrid
route of LbL OPV fabrication enabled the incorporation of Ceo and C7¢ acceptors with donor

polymers or soluble small molecule such as ADPM, cyanines, squaraines and

46 63 66 68 72 73 75 77 78 83 84 86 89-92 94-102 105-109 111 113 169 195-207
2 b

porphyrins' 2 3 b b 9 b 2 3 b b 9 b b 9 2 b Some examples Of

evaporated phthalocyanine-based NFAs have also been reported.?”,119,208 A summary of device
performances and processing conditions from hybrid LbL OPVs prepared from thermally
evaporated acceptors can be found in Table 2.9.

Thermal annealing of hybrid LbL films can induce interpenetration of the donor and the

acceptor by promoting diffusion of fullerenes, improving the degree of crystallization and

68 101 102 107 108 111 113 197 206
b 2 b 2 2

b 2 b

creating a controlled gradient concentration within the active layer.
Early studies involving P3HT (Figure 2.5 b16)/Ceo (Figure 2.1 al) devices demonstrated that
annealing the bilayer near the melting point of P3HT (220 °C) produced an intercalated BHJ-
like morphology along the interface and enhanced P3HT crystallinity, resulting in PCE values
that were an order of magnitude larger compared to the untreated bilayer.!%® However, Stevens
et al. demonstrated that reducing this annealing temperature results in higher PCE. Heating
P3HT/Ceo devices above 190 °C could induce P3HT to migrate to the top surface, while Ceo
penetrated into the P3HT amorphous regions, reducing the concentration gradient and
negatively impacting PCE values.!!! Annealing at a lower temperature of 170 °C resulted in
devices with a PCE of 1.19%.

Huang et al. investigated the impact of both pre-annealing and post-annealing on
PCPDTTBT (Figure 2.5 b28)/C7 (Figure 2.1 ad) devices.?’® Pre-annealing the bottom
PCPDTTBT layer at 200 °C resulted in a fibrillar morphology with increased donor/acceptor

interfacial area and an improved PCE of 1.65%. Further post-annealing of the entire bilayer at
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200 °C induced nanostructural transformations that reorganized the PCPDTTBT and Cro
interface, expanding the contact area and improving the PCE to 2.85%. Kekuda et al.
demonstrated that post-annealing of F8T2 (Figure 2.5 b22)/C7 hybrid devices at 200 °C
increased the PCE from 0.40 to 3.40% due to the creation of an interdigitated structure with

well-aligned polymer crystal nanodomain features.!!3

The extent of nanocrystalline
morphology in 1-NPSQ (Figure 2.3 b4)/Cso hybrid devices was also improved through
annealing, resulting in an enhanced PCE of 5.7%.%

Solvent choice for processing the first layer can also drastically influence interface
morphology and significantly improve PCE. Kekuda et al. used CF, XY, DCB and 1,2,4-
trichlorobenzene (TCB) for P3HT deposition, producing donor films with surface roughness
values of 1.14, 4.83, 8.62 and 9.2 nm, respectively.?’” Solvent-induced crystallinity of the
polymer, along with increased surface roughness, improved the PCE of P3HT/C7o hybrid
devices from 1.04% (for CB) to 3.56% (for TCB), without a thermal treatment step.

Finally, improved active layer morphology can also be achieved with dopants in the
solution-processed layer. The nanostructure of P3HT was modified through blending with
graphene (G-P3HT, Table 2.9) followed by ultrasonic vibration post-treatment of the G-P3HT
film, leading to a PCE of 5.17% when paired with Ce0.2%° Doping is also utilized to increase the
donor layer conductivity, such as NOBF4 doped Cy3-ClOy4 (Figure 2.4 ¢1).7>,2%

Table 2.9. Photovoltaic properties and processing conditions of selected hybrid processed LbL

OPV devices.
Donor/concentration Donor  solvent/spin Acceptor Thermal PCE (%) Ref
(mg/ml) rate (rpm) evaporated/thickness treatment®

(nm) (°C/min)

MEH-PPV (b13)/2 XY/ - Ceo (a1)/40 170/- 0.92 197
P3HTV (b18)/15 DCB/ - Ceo (al)/40 170/20 1.19 H
P3HT (b16)/5 CB/2000 Ceo (a1)/40 150/30 2.6 198
G-P3HT/ - DMF:CB/ - Ceo (al)/6 140/15 5.17 205
SubNc (¢29)/ - CB/2000 Ceo (al1)/35.5 120/40 1.47 8
SubPc-A (c24)/6 CB/2000 Ceo (al)/32 - 1.71 o4
2Tp-SubPc (¢25)/3 CB/2000 Ceo (al)/32 - 1.39 9
Cy3-ClO4:NOBF4 CB/ - Ceo (a1)/40 - 2.0 200
(c1)/10
Cy0619 (¢10)/7 CB/1000 Ceo (a1)/30 - 2.5 8
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204

Cy3-PFs Y (c3)/ - TFP/ - Coo (al)/ - - 3.7

BO-ADPM (c30)/2 THF/2000 Coo (al)/45 - 2.53 %

SQ (b3)/1 CF/3000 Coo (al)/40 90/ - 46 66

DPSQ (b5)/1 CF/3000 Coo (al)/40 80/ - 52 66

1-NPSQ (b4)/1 CF/3000 Coo (al)/40 70/ - 5.7 66

PCDTBT (b26)/8 DCB/2000 Coo (al)/ - 1.48 87

F8T2 (b22)/20 TCB/2000 Cro (a4)/40 200/60 3.40 13

P3HT (b16)/ - TCB/2000 Cro (a4)/40 D: 100/60 3.56 207
A:150/30

PCPDTTBT (b28)/10  TCB/2500 Cro (a4)/40 D: 200/60 2.85 206
A: 200/60

P3HT (b16)/15 DCB/1000 CI-Cl¢BsubPc (¢23)20 - 0.52 208

P3HT (b16)/15 DCB/1000 Cl-BsubPc (¢22)/20 - 0.98 208

PCDTBT (b26)/8 DCB/2000 (345F)2-SiPc (¢21)/93 150/30 1.52 87

a) Non-existent step or value not reported designated with “-*,
b) Indirect structure.

2.7.2. Blade Coating

One of the core objectives of OPV research is to develop large-scale, roll-to-roll
manufacturing of devices. It is therefore essential to transition away from lab-scale spin coating
and focus on scalable solution-processing techniques. The majority of high-performing OPV
devices have been fabricated from spin coating methods, with the adaptation to industrial
printing techniques non-trivial, as minimization of the geometric fill factor (GFF) losses
inherent to any type of PV technology is complex.??” Compared to BHJ OPVs, performances
of LbL-processed OPVs have proven to be less dependent on processing conditions, which is
often the first barrier encountered.*

Some preliminary examples of BHJ OPV devices fabricated using roll-to-roll
compatible deposition techniques have been reported, such as slot coating?!®2!* or blade
coating.?!>220 However, analogous investigations employing LbL processes using similar
scalable techniques remain limited. Initial reports focused on hybrid processing, where the first
layer was deposited through blade coating.??!,'% Investigations involving deposition of both
layers via blade coating (Scheme 2.2 e) were only reported in 2019.28,3031222 A summary of
device performance and processing conditions for LbL OPVs fabricated from blade coating can
be found in Table 2.10.

Impressive PCEs of > 16% have been achieved through blade coating using a

combination of NFAs and a single solvent system.3! Additionally, authors have consistently
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reported improved performances for LbL-based devices compared to analogous BHJ-based
devices. Sun et al. attained a PCE of 11.47% for 0.04 ¢cm? J71 (Figure 2.6 b46)/ITC6-IC
(Figure 2.2 a15) LbL OPYV blade coated cells using CF as a solvent for both layers, which was
superior to BHJ OPVs prepared from blade coating (10.41%).>2? Detailed characterization of
film morphology revealed that LbL blade coating achieved a more thermodynamically
favourable nanomorphology, with suitable donor/acceptor interfaces and larger separation
between donor/acceptor domains, which was facilitated through independent optimization of
each layer. Furthermore, the 3D geometry of the bilayer enabled higher charge generation,
increasing the light absorption coefficient. Creation of a well-defined bicontinuous network
with a p-i-n like structure also facilitated highways for charge transport and collection at the
appropriate electrodes, reducing the rate of charge recombination. Improved photo, thermal,
and bending stability compared to the BHJ OPVs was also observed due to the vertical phase
separation achieved in LbL devices.

Dong et al. fabricated larger area (1 ¢m?) LbL OPVs based on PM6 (Figure 2.6
b42)/ITIC-4F (Figure 2.2 al6) using xylene as a non-halogenated processing solvent, and
observed similar device performance improvements compared to the BHJ OPV analogues.
Advantages with the LbL system included better graded separation of donor and acceptor
materials, resulting in an improved PCE of 11% and enhanced photo-stability.*

The ubiquity of blade coating processing for LbL OPVs was demonstrated by Sun et al.,
who performed a comprehensive investigation involving multiple bilayer donor/acceptor
systems and compared them to their BHJ OPV equivalents.?®,>! LbL OPVs were prepared from
J71 (Figure 2.6 b46)/ITC6-1C (Figure 2.2 al5), PTQ10 (Figure 2.6 b44)/IDIC (Figure 2.2
al8), PTQ10/Y6 (Figure 2.2 al19), PM6/Y6, PM6/Y6-2Cl (Figure 2.5 a20) and PM6/Y6-C2
(Figure 2.5 a21), with areas ranging from 0.04 to 11.86 cm?. For 0.04 cm? cells with Y6
derivatives, PCE values above 15% were systematically achieved, with a maximum PCE of
16.4% for PM6/Y6 LbL OPVs, which exceeded the BHJ OPV module (15.4%). When the
active area was increased to 11.52 ¢cm?, the GFF for the same LbL system was over 90% and
delivered a PCE of 11.86% compared to 10.15% for BHJ; this represents the superlative
reported PCE so far for large-area OPV devices. These promising results demonstrate that LbL
blade-coating is an easy and efficient strategy for the up-scaling of OPVs towards future

industrial applications.
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Table 2.10. Photovoltaic properties and processing conditions of blade coated LbL OPV

devices.
Donor/ Solvent Acceptor/ Solvent Thermal Cell PCE Ref
concentration (D)/blade spin concentration (A)/blade spin annealing® area (%)
(mg/ml) (mm.s)/blade (mg/ml) (mm.s')/blade  (°C/min) (cm?)
height (Lm) height (um)
PBDTTT-C-T®  Tol:0-XY/200/- Cz (ad4)/ N/A N/A - 0.05 6.23 21
(b34)/9 (Evap)
PTB7 (b32)/9  Tol:0-XY/ - Cno (a4)) N/A N/A - 0.05 7.15 21
(Evap)
PDPP5T CF/ N/A (spin PC7;BM (a5)/20  TMB/20/254 - 0.09 5.3 180
(b38)/6 coating)
J71 (b46)/12 CF/18/- ITC6-1C (a15)/12  CF/18/- 150/5 0.04 1147 2
PffBT4T-20D  XY/6/400 PC71BM (a5)/ - XY/6/400 - 0.04 8.2 30
(b30)/ -
PffBT4T-20D  XY/6/400 PC71BM (aS)/ - XY/6/400 - 1 7.8 30
(b30)/ -
PM6 (b42)/ - XY/6/400 ITIC-4F (al6)/-  XY/6/400 - 0.04 11.9 30
PM6 (b42)/ - XY/6/400 ITIC-4F (al6)/ -  XY/6/400 - 1 11.0 30
J71 (b46)/12 CF/ - /400 ITC6-IC (a15)/12  CF/ - /400 - 0.04 1142 28
J71 (b46)/12 CF/ - /400 ITC6-IC (a15)/12  CF/ - /400 - 1 1035 =8
PTQ10 CF/ - /400 IDIC (a18)/12 CF/ - /400 - 0.04 11.28 =
(b44)/12
PTQ10 CF/ - /400 IDIC (a18)/12 CF/ - /400 - 1 1042 28
(b44)/12
PTQ10 (b44)/8  CF/12/- Y6 (al19)/8 CF/12/ - - 0.04 1510 !
PM6 (b42)/8 CF/12/ - Y6-2CI (a20)/8 CF/12/ - - 0.04 1589 3!
PM6 (b42)/8 CF/12/ - Y6-C2 (a21)/8 CF/12/ - - 0.04 1593 3!
PM6 (b42)/8 CF/12/ - Y6 (al19)/8 CF/12/ - - 0.04 1635 3!
PM6 (b42)/8 CF/12/ - Y6 (al19)/8 CF/12/ - - 3.3 13.88 2!
PM6 (b42)/8 CF/12/ - Y6 (al19)/8 CF/12/ - - 11.52 11.86 2!

a) Non-existent step or value not reported designated with “-*,

b) Indirect structure.
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2.8. Conclusion

Layer-by-layer (LbL) processing has become increasingly popular as a promising
alternative to the widely adopted blended bulk heterojunction (BHJ) process for fabricating the
donor/acceptor active layer in high-performing OPVs. In this review, we systematically
explored the current literature associated with LbL OPVs, with particular focus on the various
donor and acceptor materials utilized and processing conditions. We highlight advances in
materials structure and thin film morphology which have resulted in significant improvements
in PCE, and how state-of-the-art LbL. OPVs consistently outperform their BHJ counterparts.

LbL processing is superior to BHJ blending in numerous ways. Firstly, each layer can
be deposited separately and sequentially, enabling independent control and optimization of
parameters, such as viscosity, temperature and deposition speed. Each layer can be
characterized in-situ prior to the disposition of the subsequent layer, facilitating optimization
and device fabrication troubleshooting, both of which are significant challenges in BHJ blends.
Secondly, LbL enables the formation of a graded vertical phase separation between the donor
and the acceptor, which is believed to be the preeminent morphology for OPV devices. This
vertical separation results in improved OPV performance through an interpenetrated
bicontinuous network, where accumulation of each component is greatest at its respective
desired electrode, providing sufficient interfacial area for charge separation, optimal
percolation pathways for charge transport, and reduced charge recombination. Compared to the
BHIJ blend process, LbL processing is easier to optimize through modification of processing
conditions such as choice of solvents, incorporation of additives and dopants, deposition rate,
and annealing steps, resulting in significantly improved fabrication reproducibility. Finally, the
LbL approach produces cells with better thermal, mechanical and optical stability over cells
fabricated from the BHJ blend technique, which makes LbL more attractive for scaling of
modules and eventual industrial fabrication of OPVs. To date, LbL processing has produced
the most significant power conversion efficiency retention when transitioning from lab-scale to
large-scale devices. Despite these significant advantages, application of LbL remains limited
compared to blended BHJ processing. Many researchers gravitate towards the BHJ approach,
resulting in the majority of record efficiencies obtained from this technique, perpetuating its
dominance in the literature.

As new higher-performing OPV materials and systems are developed, the popularity of
the LbL approach is expected to grow. Recent reports of significant improvements in PCE
(currently > 16%) and the advancement of LbLL OPV fabrication with scalable techniques such

as blade coating further underscore the importance of this technology. Larger systematic studies
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that compare various processing conditions and incorporate different materials using LbL blade
coating are still necessary. Furthermore, implementation into roll-to-roll compatible techniques
such as gravure and flexography need to be explored to fully assess this technology and
facilitate a truly comparison to the standard BHJ blended processing. Overall, LbL is emerging
as a promising alternative to BHJ blending for OPV fabrication, but more work is required to

establish if it is truly the favoured approach.
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Chapter 3: SiPc Integration into LbL Hybrid Solution-

Vacuum Processed OPV Devices

3.1. Context

As outlined in Chapter 1, when I started my thesis the use of SiPcs as NFAs in bilayer
devices was limited to a very few studies that involved all-evaporation fabrication processes,
and with only moderate but promising results. Therefore, I focused my preliminary work trying
to further investigate and improve performances of bilayer devices based on some thermally
evaporated SiPcs NFAs, bis(3,4,5-trifluorophenoxy) silicon phthalocyanine ((345F).-SiPc))
and bis(2,4,6-trifluorophenoxy) silicon phthalocyanine ((246F);-SiPc)). I switched from an all-
evaporation fabrication process to a hybrid fabrication solution-evaporation process, where the
donor was spin coated followed by evaporation of acceptor layer. This hybrid approach
facilitated the pairing of these SiPcs NFAs with common high performing conjugated polymers
such as P3HT or PCDTBT. I investigated the effect of frontier orbital energy levels of the
materials, and the effect of fabrication parameters variation such as film thickness and thermal
treatments at different stages. PCDTBT/(345F),-SiPc devices outperformed their fullerene-

based counterparts and the previously reported all-evaporated devices.

3.2. Contribution of Authors

I performed the fabrication, optimization, and characterization of all OPV devices. I
solely wrote the first draft of the manuscript and received editing contribution from all other
authors. TMG performed the chemical synthesis and purification of the phthalocyanine

compounds, which were previously reported.

This chapter was published in Coatings:
M.D.M. Faure, T.M. Grant, B.H. Lessard., Coatings, 2019, 9, 203.
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3.3. Abstract

Silicon phthalocyanines (SiPc) are showing promise as both ternary additives and non-
fullerene acceptors in organic photovoltaics (OPVs) as a result of their ease of synthesis,
chemical stability and strong absorption. In this study, bis(3,4,5-trifluorophenoxy) silicon
phthalocyanine ((345F):-SiPc)) and bis(2,4,6-trifluorophenoxy) silicon phthalocyanine
((246F),-SiPc)) are employed as acceptors in mixed solution/evaporation planar heterojunction
(PHJ) devices. The donor layer, either poly(3-hexylthiophene) (P3HT) or poly[N-9’-
heptadecanyl-2,7-carbazole-alt-5,5-(4°,7°-di-2-thienyl-2°,1°,3’-benzothiadiazole)] (PCDTBT),
was spin coated followed by the evaporation of the SiPc acceptor thin film. Several different
donor/acceptor combinations were investigated in addition to investigations to determine the
effect of film thickness on device performance. Finally, the effects of annealing, prior to SiPc
deposition, after SiPc deposition, and during SiPc deposition were also investigated. The
devices which performed the best were obtained using PCDTBT as the donor, with a 90 nm
film of (345F),-SiPc as the acceptor, followed by thermal annealing at 150 °C for 30 min of the
entire mixed solution/evaporation device. An open-circuit voltage (Voc) of 0.88 V and a fill
factor (FF) of 0.52 were achieved leading to devices that outperformed corresponding

fullerene-based PHJ devices.
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3.4. Introduction

Organic photovoltaics (OPVs) have been of major interest over the past years as a
potentially lightweight, flexible, and semi-transparent renewable energy source. Indeed, solar
energy holds great potential',?, and inexpensive processing of OPVs can lead to a shorter energy
payback compared to inorganic silicon cells.’> The most common OPV device configuration
is a bulk heterojunction (BHJ), which is based on a random network of electron donating
semiconductive polymers and electron accepting small molecules.> The most studied
donor/acceptor pair is P3HT (poly[3-hexylthiophene]) and PC¢1BM (phenyl-C61-butyric acid
methyl ester) resulting in baseline power conversion efficiencies (PCEs) ranging from 2% to
5%.% Recently, BHJ OPV devices have reached high PCEs (sometimes above 15%) when
employing small band gap polymers and non-fullerene acceptors (NFAs).”"!* In a BHJ, the
active layer is a kinetically trapped blend of acceptor and donor materials that, with time and
heat, will undergo a detrimental phase separation.'!,'> Secondly, the active layer blend
morphology is a function of the processing conditions and will therefore depend on factors such
as shearing speed and drying time, thus presenting significant challenges in transitioning from
lab-scale device fabrication to scale-up and commercialization. The use of a planar
heterojunction (PHJ), where the donor/acceptor bilayer is formed through successive physical
vapor depositions, can lead to more interesting morphologies by engineering greater charge
percolation to the respective electrodes followed by a simpler development through
independent thickness optimization (as compared to blend engineering for BHJ). PHJ devices
can also be fabricated through sequential depositions of solutions, in a structure known as a
diffuse planar heterojunction (DPHJ) OPV, as a result of the second solution swelling or
diffusing into the first layer, producing a mixed or blended interface.!3,'* In the literature, DPHJ
devices have achieved similar PCEs compared to BHJ devices, with values exceeding 3.5%
using fullerene derivatives.!2,'> Poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4°,7’-di-2-
thienyl-2°,1°,3’-benzothiadiazole)] (PCDTBT), is a well-studied donor polymer which
outperforms P3HT-based BHJ when paired with PCs1BM and PC71BM resulting in PCEs of
>7%,'618, with long-term stability.!” However, to the best of our knowledge, only one
application of DPHJ devices with PC71BM has been reported using PCDTBT.?° Only a few
studies have explored the combination of a solution processed layer followed by the evaporation
of Ceo resulting in a hybrid processed bilayer device.?!,?? Despite their good accepting abilities
and their high electron mobility, fullerene derivatives only have a small absorption overlap with
the solar spectrum, and their relatively small band gap limits the resulting device open-circuit

voltage (Voc), which is directly related to the energy difference between the donor highest
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occupied molecular orbital (HOMO) and the acceptor lowest unoccupied molecular orbital
(LUMO).?*% Secondly, the synthesis of fullerene derivatives is very energy demanding
because of the numerous low yielding steps and non-effective purification procedures.?6,?’

Metal containing phthalocyanines (MPcs) are planar aromatic macrocycles consisting
of four linked isoindoline units bound to a central metal atom. They have been used widely as
dyes and pigments in industry due to their general chemical stability and low production cost.
28-30 MPcs are also employed in organic electronic applications as the semiconductor. Their
high molar extinction coefficient (in the order of 10° M.cm)3! 32 and their relatively high
charge transport properties (mobilities in the order of 107 up to 2.5 cm?.V-1.s!), due to favorable
molecular stacking, have facilitated their application in organic thin film transistors (OTFTs)
37 organic light emitting diode (OLEDs)*%#!, and OPVs**#¢, Even if divalent MPcs such as zinc
MPc (ZnPc) or copper MPc (CuPc) are well studied, the use of tetravalent MPcs such as tin
MPcs (SnPc) or silicon MPcs (SiPc) remain limited.,%’

Recently, SiPcs have attracted significant interest from our group and others for their

integration into OPVs, both as an additive in BHJ devices*->!

or as an acceptor or donor in
either BHJ or PHJ devices.’>>* We reported the use of bis(6-azidohexanoate) silicon
phthalocyanine ((HxN3);-SiPc) as the first dual function ternary additive for OPV, which
improved the device stability through cross linking while simultaneously increasing the PCE
by absorbing in the near IR region.*” Through axial substitution such as phenoxylation, it is also
possible to engineer the solid state stacking of the resulting SiPc derivatives in the thin films.
Lessard et al. fabricated a series of thermally evaporated PHJ OPV devices using SiPc as both
the donor materials when paired with fullerene (Cso), and as acceptor materials when paired
with pentacene or a-sexithiophene (a-6T). In all device configurations, as a result of favorable
solid state arrangement, bis(pentafluorophenoxy) SiPc (F10-SiPc) resulted in devices with a 3-
fold increase of both Voc and short circuit current (Jsc) compared to dichloro SiPc (Cl2-SiPc)-
based devices.> Following this study, the researchers explored synthetizing different SiPcs with
distinct frequencies and positions of the fluoro atoms, as this would change the material
properties and arrangement and the resulting device performance. Bis(3,4,5-trifluorophenoxy)
SiPc ((345F)-SiPc) and bis(2,4,6-trifluorophenoxy) SiPc ((246F),-SiPc) were determined to
further outperform Fo-SiPc, with a Voc as high as 0.87 V and a PCE as much as 1.8%.>* These
performances are quite promising for unoptimized devices that are already outperforming other
PHIJ devices based on well-studied phthalocyanines such as chloro aluminum MPc (CI-AlPc)
43465557 or CuPc¢®,%8-%0 further justifying the exploration of SiPcs as thermally evaporated

NFA:s.
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In this study, we aim to combine the benefits of using conjugated polymers as the donor
layer while incorporating SiPcs as the acceptor layer through thermal evaporation in a mixed
solution/evaporation PHJ device structure. Both P3HT and PCDTBT were used as the polymer
donor layer, while (246F),-SiPc and (345F),-SiPc were used as the evaporated acceptor layer.
We also report the effect of the frontier orbital energy levels of the materials, the film thickness,

and the results of the thermal treatment.

3.5. Results and Discussion

3.5.1. Determination of the Acceptor/Donor Couple

Mixed solution/evaporation planar heterojunction (PHJ) OPV devices were fabricated
by spin coating either P3HT or PCDTBT onto a PEDOT:PSS layer followed by the thermal
evaporation of (345F)>-SiPc or (246F),-SiPc with the structure glass/ITO/PEDOT:PSS/P3HT
or PCDTBT/(246F),-SiPc or (345F),-SiPc/BCP/Ag represented in Figure 3.1. More than 80
P3HT:PCs1BM bulk heterojunction (BHJ) OPV baseline devices were also fabricated in parallel
to exclude sporadic fabrication errors. All devices were characterized and the corresponding
short circuit current (Jsc), open circuit voltage (Voc), and fill factor (FF) are presented in Table
3.1. P3HT:PCs1BM BHJ OPV baseline devices performed according to literature® with a Jsc =
8.19+£0.43 mA.cm?, Voc =0.56 = 0.02 V and FF = 0.61 & 0.04 resulting in an average power
conversion efficiency (PCE) of 2.87% £ 0.21%. Our P3HT/Cso PHJ OPV baseline devices also
performed according to literature ! with a Jsc = 2.58 + 0.05 mA.cm™, Voc=0.22+0.01 V, FF
=0.48 £ 0.02, and PCE = 0.28 £ 0.02%. It should be noted that our devices have an area of

0.325 ¢cm?, which is larger than other commonly reported devices in literature.

CeHi7-_CgH1z

Acceptor (Evaporation)
K Donor (Solution)
PEDOT:PSS

Ceo (345F),-SiPc (246F),-SiPc

Figure 3.1. Chemical structure of poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4°,7’-di-2-
thienyl-2°,1°,3’-benzothiadiazole)] (PCDTBT), poly(3-hexylthiophene) (P3HT), fullerene
(Ce0), bis(3,4,5-trifluorophenoxy) silicon phthalocyanine ((345F),-SiPc) and bis(2,4,6-
trifluorophenoxy) silicon phthalocyanine ((246F):-SiPc), and the mixed solution/evaporation
planar heterojunction (PHJ) organic photovoltaic (OPV) device structure.
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Table 3.1. Characterization of fullerene-based devices, both the bulk (BHJ) and planar
heterojunction(PHJ), and the silicon phthalocyanine-based mixed solution/evaporation PHJ
OPV device.

# of Jsc
Sample ? > Voc (V) FF PCE (%)
devices (mA.cm )
P3HT/PC61BM * 84 8.2+0.4 0.56+0.02  0.61£0.036 2.87+0.21
P3HT / Ceo (40nm) 8 258+0.05 022+0.01  0.48+0.019 0.28+0.02
PCDTBT / Coo (40nm) 9 47+0.1 0.56+0.01  0.57+0.019 1.48 +0.06
P3HT / (345F),-SiPc (60nm) 9 1.09+£0.06 0.34+0.03  0.48+0.07 0.19+0.04
P3HT / (246F),-SiPc (40nm) 6 0.62+0.06 049+0.02  0.47+0.04 0.14+0.09

PCDTBT / (246F),-SiPc (20nm) 5 047+0.03 0.07+0.02 0.25+0.01  0.01 £0.004
PCDTBT / (345F),-SiPc (93nm) 9 33+0.1 0.87+0.03 0.33+0.008 0.97 £ 0.06
PCDTBT / (345F),-SiPc (93nm) ° 7 34+0.2 0.87+£0.02 0.51+0.019 1.52+0.06

* P3HT/PCs1BM (1.0:0.8) were bulk heterojunction baseline devices fabricated at the same time as the
others to confirm the deposition of electrodes and other layers was performed properly. ® This sample
was annealed at 150 °C for 30 min after deposition of (345F),-SiPc but before deposition of BCP/Ag.
No treatments were applied to all other sets of bilayer devices.

Initially we paired (345F).-SiPc with P3HT in our PHJ OPV devices. The P3HT
thickness was kept constant while the (345F),-SiPc thickness was varied between 10 and 60
nm. Figure 3.2 a demonstrates the J-V curves for the resulting bilayer devices while Figure
3.2 b plots the average Jsc and Voc evolution as a function of (345F),-SiPc thickness. As the
thickness increases from 10 to 60 nm, both the Jsc and Voc values increase, reaching a
maximum value of 1.09 + 0.06 mA.cm™ and 0.34 + 0.03 V, respectively (Table 3.1). The
increase in Jsc with increasing thickness of SiPc is likely caused by the increase in light
absorption and exciton generation. The increase in Voc with the increase in SiPc thickness
might be due to the enhancement of polaron-pair bounding energy (EB), which indicates that a
higher polaron-pair dissociation energy barrier has to be overcome, and that a higher applied
voltage is required to fully dissociate the accumulated excitons near the polymer/SiPc

interface.%!-63

As aresult, higher Voc is essential. Compared to the P3HT/Cgo baseline devices,
when using (345F);-SiPc, a greater Voc was obtained, however the Jsc appears to be
substantially reduced which led to the limited performances of the devices. These results
illustrate that tuning the thickness of (345F),-SiPc is a straight-forward way to optimize the

PHJ OPV device performance.
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Figure 3.2. (a, c, e) Characteristic current vs. voltage (J-V) and (b, d, f) averaged open-circuit
voltage (Voc), and short circuit current (Jsc) as a function of (b, d) acceptor thickness or (f) spin
speed of PCDTBT layer. (a, b) (345F)>-SiPc on P3HT; (c, d) (246F),-SiPc on P3HT; (e, f) 60
nm (345F),-SiPc on different films of PCDTBT. Values for the figure inset band diagrams were

taken from literature.'8,48 33

In attempts to increase the Voc, (345F)2-SiPc was substituted with (246F);-SiPc which

1.53

has been characterized to have a shallower (~0.5 eV) LUMO energy level.>” This increase in

LUMO level will lead to a bigger energy difference with the PSHT HOMO, which is known to
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raise the resulting Voc.?® Figure 3.2 ¢ demonstrates the performance for P3HT/(246F)>-SiPc¢ in
terms of averaged Jsc and Voc evolution according to the SiPc thickness. An improvement of
0.2 V for Voc is observed for 40 nm (246F),-SiPc compared to devices with the same (345F)>-
SiPc thickness with a maximum Voc of 0.49 + 0.02 V (Table 3.1, Figure 3.2 a). When
comparing the corresponding bilayer devices, P3HT/(246F),-SiPc has a greater Voc than
P3HT/Cso baseline devices. In addition, when comparing the BHJ equivalent, P3HT:bis(tri-n-
butylsilyl oxide) silicon phthalocyanine ((3BS).-SiPc¢) has a greater Voc than P3HT:PCs 1 BM.%
Therefore, the fact that the baseline P3HT:PCs1BM BHJ OPV has a greater Voc than bilayer
P3HT/(246F),-SiPc shows that it must be a function of device structure and not a function of
the HOMO/LUMO levels of the SiPc materials. However, it is clear that the use of (246F)-
SiPc also results in a significant drop in Jsc compared to the use of (345)-SiPc, which was 0.6
+ 0.06 mA.cm, as shown in Figure 3.2 c,d. As the thickness of (246F),-SiPc is increased to
60 nm we observe a drop in Jsc which is likely due to the greater series resistance related to the
relatively low electron mobility of SiPcs.?’

In an attempt to increase the energy difference between the donor HOMO and the SiPc
acceptor LUMO, P3HT was replaced with PCDTBT, leading to a decrease in the donor HOMO
from -5.0 eV for P3HT to -5.5 eV for PCDTBT.!8 For this first set of experiments, the (345F),-
SiPc thickness was kept constant at 60 nm, while the PCDTBT thickness was varied by
changing the spin coating rate. Figure 3.2 e,(f demonstrates the performance for
PCDTBT/(345F),-SiPc PHJ OPV devices in terms of averaged Jsc and Voc as a function of the
PCDTBT spin coating rate, and their corresponding J-V curves. These experiments show very
little variations in results between 1000 and 3000 rpm. However, compared to P3HT/(345F)»-
SiPc, these devices demonstrated an improvement of 132% and 186% in both the Voc and Jsc,
respectively. The optimum devices were characterized by a Jsc = 3.15 + 0.04 mA.cm™ and a
Voc of 0.79 £ 0.06 V, outperforming the PCDTBT/Ce baseline in Table 3.1. PHJ OPV devices
were fabricated using (246F),-SiPc on the PCDTBT and as expected a very poor device
performance was obtained (Table 3.1). This drop in performance is a result of the mismatch of

HOMO/LUMO levels of PCDTBT and (246F),-SiPc.

3.5.2. (345F),-SiPc Thickness Improvement
The effect of the (345F),-SiPc thickness on the PCDTBT-based PHJ OPV device
performances was assessed. The (345F),-SiPc thickness was varied between 20 and 120 nm

and its effect on the corresponding device performance was plotted for the Voc (Figure 3.3 a),

Jsc (Figure 3.3 b), FF (Figure 3.3 ¢), and PCE (Figure 3.3 d). We found that consistent and
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optimal PHJ OPV device performances were obtained with (345F)>-SiPc films of thickness 60-
105 nm. For thicknesses <60 nm and >105 nm, performances dropped significantly (Figure
3.3). The best results were obtained for a (345F),-SiPc thickness of roughly 90 nm characterized
by a Voc of 0.87 +0.03 V, a Jsc of 3.32 + 0.04 mA.cm?, a FF of 0.37 + 0.01, and a PCE of
1.05% =+ 0.04%. Compared to PCDTBT/Cgo baselines, the use of SiPc resulted in superior Voc
but lower Jsc and FF values, which led to a reduced PCE. Therefore, a series of thermal

treatments were explored to attempt to enhance the device performance.
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Figure 3.3. Averaged (a) open-circuit voltage (Voc), (b) short circuit current (Jsc), (¢) fill factor
(FF), (d) power conversion efficiency (PCE) as a function of (345F),-SiPc thickness on a film
of PCDTBT.

3.5.3. Thermal Treatment

Annealing before the evaporation of of (345F),-SiPc

Reports have shown that the ordering of the PCDTBT layer by thermal annealing or
through the addition of an ordering agent can help prevent degradation during the deposition of
the subsequent layer.?’ Therefore, after PCDTBT was spin coated, it was placed in an oven at
150 °C for 10, 30, and 60 min. The polymer film was removed from the oven and the (345F)-

SiPc layer was evaporated on all the films. Figure S3.1 shows the evolution of the device J-V
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curves with increasing anneal time. The greatest Voc = 0.74 + 0.08 V and Jsc = 3.34 + 0.08
mA.cm? were obtained for devices that underwent no annealing. The longer the annealing, the
worse the devices became. Secondly, we explored the use of an ordering agent, such as 1,8-
diiodooctane (DIO) as reported in Reference?’, in the PCDTBT layer. Figure S3.2 a shows the
impact on the J-V curves with the addition of different DIO concentrations in the PCDTBT
layer followed by the subsequent evaporation of a 113 nm thick (345F),-SiPc. The baseline
containing no DIO displays a poor J-V curve with a low FF, Voc, and Jsc equal to 0.29, 0.43
V, and 2.6 mA.cm, respectively. The addition of 1 vol % of DIO in the 0-DCB led to a great
improvement in the Voc to around 0.7 V while the Jsc remained similar, and the addition of 3
vol % DIO helped increase the Voc a bit more to above 0.8 V whilst also improving the FF to
0.37. Figure S3.2 b shows the impact on the J-V curves of an addition of 3 vol % DIO in the
PCDTBT layer, also followed by a thermal annealing at 100 °C for 15 min, followed by the
deposition of 104 nm of (345F),-SiPc. The addition of DIO alone led to a drastic decrease in
both Voc and Jsc of roughly 0.2 V and 0.5 mA.cm™, respectively. The annealing step after the
PCDTBT spin coating appeared to counteract the DIO effect, but the values still show an
underperformance as compared to the baseline devices. Figure S3.2 ¢ shows the previous result
for a (345F)2-SiPc thickness of 65 nm. Again, the addition of DIO still has a negative impact,
decreasing the resulting Voc. Performing the annealing step again raises the Voc value and
improves the FF, but by no more than would be the case after omitting the DIO altogether.
Overall, these results indicate that thermal treatment and the use of DIO did not offer any

advantage.

Annealing after the (345F),-SiPc Evaporation

We explored the annealing of the PCDTBT/(345F),-SiPc bilayer (in a vacuum oven at
150 °C for 30 min) prior to the deposition of the BCP/Ag layers. Results for these devices are
shown in Table 3.1 and Figure 3.4. The application of the annealing step (post (345F)2-SiPc
deposition) led to a significant gain in performances for PCDTBT/(345F).-SiPc (93nm) devices
due to the improvement in Jsc to 3.44 + 0.18 mA.cm and the significant increase of the FF to
0.51 = 0.02. The final PCE of the PCDTBT/(345F),-SiPc resulted in a superior PCE increase
from 0.97% £ 0.06% to 1.52% =+ 0.06%, slightly surpassing the PCDTBT/Cs PHJ OPV devices
that showed a PCE of 1.48% + 0.06%. These results suggest that straightforward annealing can
improve SiPc-based PHJ OPV devices.
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Figure 3.4. Characteristic current vs. voltage (J-V) for PHJ OPV devices where the active layer
is P3HT/Cs0, PCDTBT/Cs0, PCDTBT/(345F)-SiPc (93nm), and PCDTBT/(345F);-SiPc
(93nm) annealed at 150 °C for 30min devices.

Annealing during the (345F),-SiPc Evaporation

It is well known that an increased surface area between the acceptor and the donor will
result in improved exciton dissociation which can lead to a raised PCE.%* Therefore, a fuzzy or
blended interface could result in better device performance. For this set of devices during the
fabrication of the PCDTBT/(345F);-SiPc interface, we heated the substrates to 150 °C under
vacuum during the SiPc evaporation. The hypothesis was that a higher surface energy (or
softening of the PCDTBT) during the deposition would facilitate the penetration of the SiPc
molecule deeper into the PCDTBT layer resulting in a fuzzy interface. As the PHJ annealing
after the SiPc deposition seemed beneficial, it was also performed on devices before the
deposition of the last BCP/Ag layers in a vacuum oven at 150 °C for 0, 5, 15, and 30 min.

Figure 3.5 shows the evolution of the average Voc (Figure 3.5 a), Jsc (Figure 3.5 b),
FF (Figure 3.5 ¢), and PCE (Figure 3.5 d) as a function of the variation of post annealing time
after the heated SiPc deposition. For devices that were only heated during the evaporation (time
= 0 min), the performances were well below what was achieved previously with Voc < 0.1 V,
the Jsc ~1.5 mA.cm2, the FF ~0.26, and the PCE ~0.03%. The addition of the PHJ annealing
step after the evaporation helped increase these parameters, the best device being achieved after
15 min annealing with a Voc, Jsc, FF, and PCE of 0.47 + 0.09 V, 2.6 + 0.23 mA.cm?, 0.34%
+ 0.02%, and 0.43% =+ 0.12%, respectively. These results suggest that heating during the

deposition of the (345F),-SiPc is not an effective route towards improved device performance.
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Figure 3.5. (a) Open-circuit voltage (Voc), (b) short circuit current (Jsc), (c) fill factor (FF),
(d) power conversion efficiency (PCE) vs. annealing time at 150 °C. All devices underwent
substrate heating at 150 °C during the evaporation of (345F),-SiPc on PCDTBT/(345F)-SiPc
(85 nm).

3.6. Experimental
Materials

o-Dichlorobenzene (0-DCB, >99%) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS,
CleviosTM HTL Solar) was purchased from Heraeus (Hanau, Germany). PCDTBT
(Lot#SX7283CH, Mw 40k) was acquired from 1-Material (Dorval, QC, Canada) and P3HT
(Lot# PTL24-94, RR 93%, Mw 83K) was purchased from Rieke Metals (Lincoln, Nebraska).
The fullerene PCs1BM was purchased from Nano-C (Westwood, MA, USA). Bathocuprione
(BCP, >99%) and silver (Ag) were purchased from Lumtec (New Taipei City, Taiwan) and
Angstrom Engineering (Kitchener, ON, Canada), respectively. All materials were used as
received unless otherwise specified. Bis(3,4,5-trifluorophenoxy) silicon phthalocyanine
((345F),-SiPc) and bis(2,4,6-trifluorophenoxy) silicon phthalocyanine ((246F);-SiPc) were
synthetized and purified according to the literature.>

Device Fabrication
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Bilayer devices were made by first dissolving P3HT (15 mg/mL) or PCDTBT (8
mg/mL) in 0-DCB and were stirred overnight at 50 °C. Substrates of glass coated with indium
tin oxide (ITO) were cleaned by subsequent sonication of 5 min in detergent, deionized water,
acetone, and methanol, followed by an air-plasma treatment for 10 min. PEDOT:PSS was spin-
coated onto the ITO at 3000 rpm for 30 s, and dried in a vacuum oven for 15 min at 140 °C.
The donor polymer layer was then spin-coated on top of the PEDOT:PSS layer at 2000 rpm for
60 s under a nitrogen atmosphere and allowed to dry for at least 2 h at room temperature. The
silicon phthalocyanine (SiPc) acceptor layer, BCP (9 nm) and Ag (70 nm) were thermally
evaporated onto the polymer layer in a custom Angstrom Engineering vacuum chamber system
built into a glove box (base pressure = 1 x 1077 Torr). A shadow mask was used for the
evaporation of BCP/Ag for defining the device electrodes, providing five 0.325 cm? devices
per glass substrate. The resulting devices had the following structure:
glass/ITO/PEDOT:PSS/donor layer/acceptor layer/BCP/Ag. For some sets of devices,
annealing was performed in a vacuum oven. The PCDTBT layer was annealed before the
evaporation of the SiPc layer at 150 °C for 10, 30, and 60 min. Other devices were also annealed
during the evaporation of the SiPc layer at 150 °C using an in situ substrate heater, and after the
SiPc evaporation but before the deposition of the BCP and Ag at 150 °C for 30 min.

Device Characterization

Current density vs. voltage curves were measured under nitrogen atmosphere using
simulated solar light supplied by a Xenon arc lamp (Abet Technologies, Milford, CT, USA)
with an Air Mass 1.5 Global filter, with a Keithley 2401 Low Voltage source meter. The solar
simulator was calibrated with a silicon reference cell (Abet 15150) to 1000 W/m?. Devices were
mounted on an opaque holder, which eliminated diffuse light. Thicknesses were assessed using
a Brucker Dektak XT Profilometer (Billerica, MA, USA). Small samples areas were scratched
using a tweezer tip and then wiped with acetone to fully remove the layers. An average of 20

measurements were taken for each sample at different locations on the substrate.
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3.7. Conclusion

A series of PHJ OPV mixed solution/evaporation devices were fabricated using (246F),-
SiPc or (345F)>-SiPc as the acceptor material, which were evaporated on either P3HT or
PCDTBT as the solution processed donor layer. The devices were optimized through the
substitution of materials and through controlling the acceptor thickness. We found that the spin
rate of the PCDTBT had little effect on the device performance while the thickness of SiPc
played a critical role. The optimal SiPc thickness was found to be roughly 90 nm. In attempts
to improve these devices, a series of thermal treatments were applied to the most promising
PCDTBT/(345F)>-SiPc devices. Annealing of the PCDTBT layer alone, prior to (345F)2-SiPc
deposition with and without the addition of a small volume percentage of DIO, resulted in no
significant improvement. However, annealing of the PHJ after (345F).-SiPc deposition, but
before the BCP and Ag evaporation, led to increased FF = 0.51 + 0.02 outperforming the
PCDTBT/Ceo baseline PHJ devices with a PCE of 1.52 + 0.06%. These devices also surpassed
previously reported all-evaporated PHJ devices based on (246F),-SiPc and (345F),-SiPc as
NFAs when using a-sexithiophene as the donor layer.>® Therefore, this study further justifies

the continued investigation into using SiPcs as acceptor candidates in fullerene free devices.
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Chapter 4: Layer-By-Layer Organic Photovoltaic Solar
Cells using a Solution-Processed Silicon Phthalocyanine

Non-Fullerene Acceptor

4.1. Context

In Chapter 3, a hybrid solution-vacuum fabrication route was employed for the
deposition of the active layer. Promising but limited performances were obtained, potentially
due to limited interfacial area between the donor polymers and the SiPc acceptors. Therefore, I
switched to a layer-by-layer all-solution process where both layers are sequentially solution
deposited, as in Chapter 2 it showed to improve the swelling between the active materials and
to produce enough interfaces for charges dissociation. The evolution to an all-solution process
also improves the transition potential to roll-to-roll more affordable large-scale deposition
techniques. As previously used SiPc derivatives ((246F)>-SiPc) and (345F),-SiPc)) were not
soluble, I had to select another soluble SiPc derivative as the NFA, (3BS),-SiPc. It was paired
with two commonly used donor polymers, P3HT and PBDB-T. I investigated different solvent
systems, spin rates, deposition kinetics and thermal treatments for the deposition of the active
bilayer. I also investigated a replacement for the PEDOT:PSS HTL that could provide
inconsistent results and involve storage issues. The SiPc-based LbL all-solution processed OPV
devices showed to perform similarly to BHJ devices, proving that the BHJ configuration is not

essential to reach good PCEs.

4.2. Contribution of Authors

I performed most of the fabrication, optimization, and characterization of OPV devices.
I received help from CD for the fabrication of LbL. VOx/P3HT/(3BS),-SiPc¢ devices and UV-
Vis characterization. I received help from NAR for the AFM characterization. I solely wrote

the first draft of the manuscript and received editing contribution from all other authors.

This chapter is currently in press:
M.D.M. Faure, C. Dindault, N.A. Rice, B.H. Lessard, ACS Applied Energy Materials, Under
Review, 2021.
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4.3. Abstract

Silicon phthalocyanines (SiPcs) are promising inexpensive and easy to synthesize non-
fullerene acceptor (NFA) candidates for all-solution sequentially processed layer-by-layer
(LbL) organic photovoltaic (OPV) devices. Here, we report the use of bis(tri-n-butylsilyl oxide)
SiPc ((3BS)2-SiPc) paired with poly(3-hexylthiophene) (P3HT) and poly[(2,6-(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7'-
bis(2-ethylhexyl)benzo[1',2'-c:4’,5'-c’]dithiophene-4,8-dione)] (PBDB-T) donors in a LbL
OPV structure. Using a direct architecture, P3HT/(3BS),-SiPc LbL devices show power
conversion efficiencies (PCEs) up to 3.0%, which is comparable or better than the
corresponding BHJ devices with either (3BS);-SiPc or PCs1BM. PBDB-T/(3BS)-SiPc LbL
devices resulted in PCESs up to 3.3%, with an impressive open circuit voltage (Voc) as high as
1.06 V, which is among the highest Voc obtained employing the LbL approach. We also
compared devices incorporating vanadium oxide (VOXx) or poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) as a hole transporting layer, and found that VOx modified
the donor layer morphology and led to improved Voc. Probing the composition as a function of
the film layer depths revealed a similar distribution of active material for both BHJ and LbL
structure when using (3BS):-SiPc as an NFA. These findings suggest (3BS):-SiPc is a
promising NFA that can be processed using the LbL technique, an inherently easier fabrication

methodology for large area production of OPVs.
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4.4. Introduction

Organic photovoltaics (OPVs) are capable of rivaling the performance of other solar
technologies, with state of the art OPV devices exhibiting power conversion efficiencies (PCESs)
as high as 18%.!-3 This improved efficiency, combined with the potential of semi-transparency,
flexibility, and low-cost mass production through techniques such as roll-to-roll printing, has
been the main reason for continuing research interest.*,> However, for OPVs to become
competitive the selection of active materials, their synthetic complexity, as well as the processes
to fabricate and assemble the different layers is critical. Bulk heterojunction (BHJ) morphology
has often been preferred over planar heterojunction (PHJ) morphology, due to significant
improvements in device performance.® Compared to the PHJ, which has a defined interface
between the independently deposited donor and acceptor materials and therefore limited active
area available for charge dissociation, the bulk blend of the acceptor and donor materials in
BHI results in increased interfacial area.!?,!' However, the random mixing of materials in BHJs
makes it challenging to consistently reproduce device performances, particularly high
performance with larger area devices, and complicates isolation of the photocharge behavior as
a result of morphology changes, all of which significantly hinder a straightforward transition
from lab-scale fabrication to mass-production.'?,!3

A pseudo-bilayer configuration provides a convenient alternative, where the sequential
layer-by-layer (LbL) deposition does not hinder favourable intermixing of the active layers
while simultaneously providing a fabrication technique that is easier to optimize and translate
to commercial printing processes.!* In LbL, the first active layer is often deposited via solution
deposition, followed by either thermal evaporation!®,!'¢ or, more commonly, solution deposition
of the second layer.!”-23 All solution LbL deposition can promote a more efficient morphology,
with a vertical phase separation resulting in increased donor and acceptor concentrations at the
respective electrodes and an intermixed region between the electrodes (fuzzy interface).?4,%
This composition provides enough interfacial contact for excitons to be dissociated, with the

free charges readily extracted into neat layers to reduce unwanted charge recombination.

Additionally, donor swelling and regional depth can be easily tuned and controlled through

26-28 29 30

parameters such as solvents, additives,?,® or thermal treatments.?* *!,32 Compared to BHJ

devices, LbL devices have demonstrated better mechanical and thermal stability, and are more
robust to variances in experimental parameters including increased surface area,?,? >3 while
achieving equivalent or superior performances for many donor/acceptor systems. Efficiencies

as high as 13% have been reported for spin coated devices,** over 16% for small-area blade
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coated devices, and an OPV record of 12% for a large-area blade coated LbL devices of 11.82
cm?.

Preeminent BHJ and LbL devices are normally achieved with novel small molecule non-
fullerene acceptors (NFAs) based on acceptor-donor-acceptor push-pull architectures, 234,33 36
such as (3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis-(4-
hexylphenyl)dithieno[2,3-d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]dithiophene) (ITIC).?2,** While
these elaborate architectures enable favorable molecule properties in OPVs, they require
multiple complex synthetic steps with very low (<1%) overall synthetic yields, prohibiting
commercialization of this technology?” and emphasizing the need for simple, inexpensive, and

high-performing OPV materials that can be synthetized and purified through scalable processes.

Silicon phthalocyanines ((R)2-SiPc) are established molecules in the dye and pigment
industries due to their chemical stability and low production costs.® (R),-SiPcs are tetravalent
molecules that can undergo simple axial functionalization through straightforward and scalable
chemistry,*,* providing a synthetic handle for improving solubility and tuning aggregation in
the solid state,*' while modification of the (R):-SiPc macrocycle can be used to adjust the
frontier energy levels.*? (R)»-SiPc derivatives have been investigated in BHJ devices, as either
ternary additives or NFAs. An addition of 3 wt% (R)>-SiPc derivative as a ternary additive in a
poly(3-hexylthiophene):phenyl-Cei-butyric acid methyl ester (P3HT:PCs1BM) blend improved
photocurrent generation and increased the PCE by 25% through enhanced light absorption
around 700 nm.** When bis(tri-n-butylsilyl oxide) SiPc ((3BS),-SiPc, Figure 1) was used as an
NFA with P3HT or poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7"-bis(2-ethylhexyl)benzo[ 1',2"-c:4",5'-
c’]dithiophene-4,8-dione)] (PBDB-T), BHJ OPVs with an averaged PCE of 3.6% and 3.4%
were obtained, respectively, with Voc surpassing 1 V for the devices with PBDB-T.* Moreover,
under reduced illumination, (3BS):-SiPc devices retained higher PCE compared to fullerene-
based devices, affording exciting opportunities for indoor applications.** Insoluble
phenoxylated SiPcs derivatives have been incorporated into bilayer devices through
evaporation,*,* 4 and Bender and coworkers recently reported the use of a boron
subphthalocyanine as an NFA in all solution-processed LbL OPV devices with PCE up to
3.6%.%7 To the best of our knowledge, all solution-processed LbL. OPV devices using soluble
(R)2-SiPc derivatives have never been reported.

The majority of reported LbL fabricated OPV devices utilize a direct structure
incorporating poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as the
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hole transporting layer (HTL).'"* PEDOT:PSS is a highly conductive (between 2x10~ and
1 S.cm™) transparent (> 75% in the visible range) polymer, normally processed in aqueous
solvents to facilitate orthogonal processing.*8,* However, PEDOT:PSS is acidic (pH =1- 4),*
degrading both its interface to the ITO electrode and the organic active material, causing indium
diffusion into the PEDOT:PSS layer and shortening device lifetime, respectively.>’,’! Since the
early 2000s, transition metal oxides (TMO) with high work functions, such as MoO3, WOs3,
NiO, ZnO, and V20s, have attracted interest as charge transporting layers in organic electronic
devices.”> TMOs in OPVs can avoid several of the aforementioned pitfalls with PEDOT:PSS,
increasing both efficiency and stability of the devices.>,>* While most TMOs are thermally
evaporated, vanadium oxide (VOXx) can be easily obtained from a soluble vanadium precursor
(like vanadyl acetylacetonate or vanadium oxytriisopropoxide) dissolved in isopropanol, and
deposited in ambient conditions without any post-treatment to yield amorphous, smooth layers
with electrical properties comparable to those of evaporated V»0s,%4,%° making it a promising
candidate for the replacement of PEDOT:PSS in fully solution-processed OPVs.

In this study, we employed (3BS):-SiPc as an NFA in all solution-processed LbL
devices, and compared device performance to both analogous and P3HT:PCs1BM BHIJ devices.
We paired it with P3HT, which remains one of the most commercially viable polymers for
OPVs despite declining interest from academia,>®,’” and with PBDB-T, a high performing p-
type conjugated polymer. We also explored the use of VOx as an alternative to PEDOT:PSS as
the HTL. We demonstrate that devices fabricated by the LbL approach perform as well as, and
sometimes outperform, analogous BHJ devices, with (R)2-SiPc based LbL devices

characterized to have PCEs of =<3% and Voc > 1 V, which are among the highest Voc reported
for OPVs fabricated through the LbL approach.

4.5. Results and Discussion

(3BS)2-SiPc (Figure 4.1 a) is a promising candidate as an acceptor molecule for OPVs
due to its high solubility, proven performance as an acceptor in BHJ OPVs,* %38 and its
elevated n-type mobility as reported in organic thin film transistors.’”,°* However, it’s
performance as a NFA in LbL OPV devices has yet to be evaluated. In the previous study, BHJ
cells were fabricated with an inverted structure (glass/ITO/ZnO/active layer/MoOx/Ag).*
Inverted LbL structures are rare in the literature compared to direct LbL devices, due to the
convenience of first depositing the donor polymer followed by deposition of a small molecule
acceptor.!* For a more accurate comparison between our BHJ and LbL devices, both were

fabricated with a direct (glass/ITO/HTL/active layer/BCP/Ag, Figure 4.1 b) architecture, using
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either PEDOT:PSS or VOx as the hole transporting layer. Additionally, baseline
P3HT:PCs1BM devices were also prepared.’
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Figure 4.1. (a) Molecular structures of materials used in the active layer, (b) layer-by-layer
direct device structure, and (c) electronic energy levels for all materials incorporated into OPVs.

While LbL device structures offer many advantageous over BHJ, significant initial
optimization of processing conditions is required for new systems. For example: solvent
combinations (orthogonal or non-orthogonal), dispensing volumes, dispensing kinetics, spin
rates, and thermal treatments can all play significant roles in the resulting film morphology and
device performance. Details of the full optimization of the LbL devices prepared in this study
can be found in the Supporting Information (Tables S4.1 and S4.2). We found the solvent
combination which yielded optimal device performance was chloroform (CF) for the donor
polymer (P3HT) and chlorobenzene (CB) for the acceptor molecule ((3BS)>-SiPc). The low
boiling point of CF facilitates rapid formation of a homogeneous and relatively thick P3HT
film, while CB enabled the (3BS)2-SiPc to swell into the P3HT layer. It was essential to deposit
both layers dynamically to prevent the complete dissolution of the P3HT layer during
deposition of the (3BS),-SiPc.
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Current density-voltage (J-V) curves under 1 sun illumination for all devices using
P3HT as the donor polymer and either PEDOT:PSS or VOx as the HTL are shown in Figures
4.2 a-c, with corresponding electrical parameters summarized in Table 4.1. P3HT:PCs;BM
BHJ devices displayed very similar Voc, short-circuit current density (Jsc), fill factor (FF) and
PCE regardless of choice of HTL, which is consistent with previous reports comparing VOX to
different HTLs, including PEDOT:PSS.*4,%1-64 For devices based on PEDOTS:PSS and VOx an
average PCE of 2.7 £ 0.3% and 2.6 + 0.1%, with an averaged Voc of 0.58 £ 0.01 V and 0.56 +
0.01 V, an averaged Jsc of 7.7 + 0.8 mA/cm? and 7.6 + 0.3 mA/cm?, and an averaged FF of
0.62 £ 0.02 and 0.63 £ 0.01 were obtained, respectively (for n=14 devices). It is worth noting
that the use of VOx seems to improve reproducibility in the baseline devices as demonstrated
by a drop in standard deviation (Table 4.1) and tightening in the spread of J-V curves (Figure
4.2 a).
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Figure 4.2. (a, b, ¢) Current vs. voltage (J-V) curves, (d, e, f) external quantum efficiency (EQE)
spectra, and (g, h, 1) UV-Vis absorption spectra for PSHT:PCBM BHJ, P3HT:(3BS),-SiPc BHJ,
and P3HT/(3BS),-SiPc LbL on PEDOT:PSS (red) or VOx (blue) HTL. For convenience,
(3BS)»-SiPc is referred to as 3BS and PEDOT:PSS as PPSS.

Incorporation of (3BS),-SiPc as the acceptor in BHJ devices with either HTL led to

similar PCE performances compared to the baseline devices with PCs1BM acceptor, which
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represents a significant improvement over initial reports using (3BS)2-SiPc as an NFA in direct
BHIJ device configurations.*! While our PCsiBM-based devices consistently achieved more
favorable FF, the use of (3BS)>-SiPc resulted in higher Voc (Table 4.1). Unlike PCs1BM-based
BHJ devices, the choice of HTL did impact Voc in (3BS).-SiPc-based devices, with an
additional improvement from 0.70 V for PEDOT:PSS-based devices to 0.77 V for VOx-based
devices, along with a slight improvement of the FF from 0.48 to 0.50, and improved consistency
in performance. The increased Voc, 0.58 V to 0.70 V going from one acceptor to the other, is
due to the increased energy gap between the (3BS)2-SiPc LUMO and the P3HT HOMO (Figure
4.1), while the drop in FF, 0.62 to 0.48, is likely attributed to the reduced electron mobility of
(3BS)2-SiPc compared to PCs1BM and unfavorable morphology.

Table 4.1. J-V characteristics for P3HT and (3BS):-SiPc integrated into bulk and bilayer
heterojunction organic photovoltaic devices (0.325 c¢cm?) with PEDOT:PSS (abbreviated as
PPSS) or VOx HTL.

average = SD
I-V parameters

HTL Active layer [max]
Voc (V) Jgc (mA/ecm?) FF PCE (%)
0.58 + 0.01 77+0.8 0.62 % 0.02 2.7+023
PPSS
PIHT-PCBM [0.60] [8.8] [0.64] [3.1]
BHJ 0.56 = 0.01 764023 0.63 +0.01 2.6+0.1
VOx
[0.56] [8.1] [0.65] [2.8]
0.70 + 0.05 80+0.5 0.48 + 0.02 27402
PPSS
PIHT-3BS [0.77] [8.6] [0.52] [3.0]
vo BHJ 0.77 +0.01 744023 0.50 + 0.02 2.8+0.1
X
[0.78] [7.9] [0.52] [3.0]
0.57 + 0.03 74403 0.41 +0.02 1.8402
PPSS
PIHT / 3BS [0.61] [7.9] [0.45] [2.1]
vo LbL 0.76 = 0.01 77+03 0.46 + 0.02 27402
X
[0.77] [7.4] [0.49] [3.0]

*At least 14 devices were taken into consideration for the averages’ calculation.
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Similar trends in improved Voc and HTL dependency were also observed in
P3HT/(3BS)2-SiPc LbL devices (Figure 4.2 ¢). In general, (3BS)>-SiPc LbL devices performed
on par to their BHJ counterparts. When deposited on VOx, P3HT/(3BS)>-SiPc LbL devices had
an enhanced PCE of 2.7 + 0.2%, compared to 1.8 £ 0.2% for PEDOT:PSS, due to an increase
in Voc from 0.57 V to 0.76 and FF from 0.41 to 0.46 (Table 4.1). The increase in Voc when
using VOx instead of PEDOT:PSS could arise from a reduction of the injection barrier between
the P3HT donor and the HTL. In literature, the work function of VOx is reported between -5.1
eV to -5.6 €V, %2 compared to that of PEDOT:PSS with a work function of -5.2 eV.>*
Moreover, PEDOT:PSS being a polymer, it provides a softer and smoother surface compared
to a metal oxide such as VOx that is more rough. This difference in interface could impact how
P3HT forms and crystallizes, and how charges are collected and recombine. Analogous to BHJ
results, the use of VOx resulted in more consistent (3BS)-SiPc-based LbL devices (Figure 4.2
¢ and Table 4.1), suggesting that for P3HT devices a VOx HTL layer can result in superior
OPV performances compared to PEDOT:PSS-based devices. Furthermore, our optimized
results demonstrate that (3BS),-SiPc is a viable alternative to PCs1BM in P3HT-based OPVs,
capable of producing devices with comparable performances in either BHJ or LbL

architectures.

To gain further insight on the relative contributions of the materials to photocurrent
generation, external quantum efficiency (EQE) and UV-Vis absorption measurements were
conducted. UV-Vis absorption measurements of individual materials are available in the
Supporting Information (Figure S4.1). Figure 4.2 d shows the EQE spectra of P3HT:PCs1BM
BHIJ devices deposited on either PEDOT:PSS (red curve) or VOx (blue curve), which appear
to be relatively similar in accordance with the J-V results. The EQE maximums around 525 nm
for samples made on PEDOT:PSS or VOx are slightly above or below 60%, respectively, with
a more prominent absorption peak for PEDOT:PSS around 340 nm and a dramatic decrease in
absorption above 650 nm for both HTLs. The corresponding UV-Vis absorption spectra
(Figure 4.2 g) are almost indistinguishable for the two HTLs, in accordance with the EQE
trends.

Figure 4.2 e shows the EQE spectra of P3HT:(3BS),-SiPc BHJ devices deposited on
either PEDOT:PSS or VOx. A more intense absorption peak is observed around 365 nm for
samples made using PEDOT:PSS, while for films deposited on VOx there is a more intense
absorption peak around 680 nm and an absorption shoulder between 400 and 450 nm. In

comparison to P3HT:PCs1BM EQEs, the spectra have lower maxima around 50% but the global
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absorptions are extended to after 700 nm thanks to the (3BS)>-SiPc contribution between 600
and 700 nm. This is confirmed with the corresponding UV-Vis absorption spectra (Figure 4.2
h), where the global absorption intensity before 650 nm dropped in comparison to
P3HT:PCs1BM, but a new highly intense absorption peak around 680 nm is observed for
(3BS).-SiPc.

EQE spectra for LbL devices of P3HT/(3BS)2-SiPc deposited on either PEDOT:PSS or
VOx (Figure 4.2 f) exhibit very similar trends compared to the BHJ devices. The same
extension of the absorption range by approximately 70 nm compared to PCs1BM-based devices
is observed. The EQE maxima are still around 50%, with only a slight increase for devices
made on VOx around 680 nm. Corresponding UV-Vis spectra shown in Figure 4.2 i for both
HTLs are very similar to the blended active layers. These results further confirm that LbL
fabrication imparts equivalent active layer optical properties compared to the BHJ approach,
and that (3BS)-SiPc can enable an extension of the absorption range. Moreover, choice of the

HTL seems to only have little impacts on the active layer absorption.

We surmised that the nature of the HTL layer provides different templating effects on
the formation of P3HT layer during deposition, which could influence the P3HT and (3BS)2-
SiPc interface, ultimately leading to changes in device performances. Contact angle
measurements did not reveal wettability differences between the two HTLs, with similar
hydrophilic behaviors and angle values around 10° to water, and angle values around 4° to
chloroform (solvent used for the P3HT layer) (Table S4.3). Atomic force microscopy (AFM)
was used to characterize P3HT films (no acceptor molecules) deposited under identical
conditions, either on PEDOT:PSS or VOx, with representative images shown in Figure 4.3.
The P3HT film deposited on PEDOT:PSS (Figure 4.3 a) was relatively smooth, with fairly
consistent morphology and features, resulting in a low root-mean-square (RMS) roughness of
0.85 nm. In contrast, P3HT deposited on VOx (Figure 4.3 b) is characterized by more
pronounced peak-to-valley height differences in the line height section, with a dramatically
larger RMS roughness of 1.40 nm, confirming that the choice of HTL does influence the
morphology of the donor layer. From these findings we assume that the VOx layer facilitates a
more favorable templating surface for (3BS),-SiPc onto P3HT, encouraging deeper
interpenetration of the donor and acceptor at the interface, and potentially leading to increased
donor/acceptor interfacial area and reduced charge recombination. This is consistent with the

increased FF and Voc of LbL VOx/P3HT/(3BS),-SiPc devices discussed previously.
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Figure 4.3. AFM height images of P3HT layers deposited onto (a) PEDOT:PSS and (b) VOx.
The dashed lines indicate the location of the line segment height analysis, shown below the two
images.

We conducted time-of-flight secondary ion mass spectroscopy (TOF-SIMS)
measurements to elucidate the vertical concentration gradient profiles of P3HT and (3BS)-SiPc
through the entire thickness of both a BHJ (Figure 4.4 a) and LbL (Figure 4.4 b) active layer
deposited on a VOx HTL. Sulfur ion (S°) was used to track P3HT, silicon ion (Si") used for the
(3BS)2-SiPc acceptor, vanadium oxide ion (VO2") for the VOx HTL layer, and indium oxide
ion (InOy") was used to track the ITO electrode. No significant differences were noticed between
the two architectures; the intensity profile of S- and Si™ signals are similar and homogeneous
throughout the whole layer, suggesting that P3HT and (3BS):-SiPc are evenly distributed
throughout the films. For the BHJ structure the sputter time is longer, indicating it takes more
time to go through the active layer compared to the LbL structure, which is consistent with the
relative active layer thickness of the BHJ versus LbL devices obtained by profilometry. TOF-
SIMS results for the LbL devices suggest a complete dissolution and intermixing of the (3BS),-
SiPc layer into the P3HT layer despite their sequential processing. The hypothesis is that the
deposition of (3BS)>-SiPc induces a resolubilization of the P3HT layer despite the solvents’
immiscibility. Indeed, when looking at thicknesses values, a decrease from roughly 160 nm for
the P3HT neat layer to 110 nm for the P3HT/(3BS),-SiPc bilayer can be noted. Moreover,
during the dynamic spin coating of (3BS)2-SiPc, discolouration of the P3HT layer was noticed.
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These observations imply that swelling of (3BS),-SiPc causes the partial washing of P3HT,
helping (3BS):-SiPc to reach the bottom. Similar absence of a vertical separation for LbL
devices has been reported for other systems, even when using orthogonal solvents.?%,% % The
equivalent vertical phase separation obtained by BHJ and LbL processing of the active layer
confirms that LbL processing results in analogous film morphologies and ultimately similar
device performances compared to the conventional BHJ processing while requiring less active

materials and being more suitable for eventual module commercialization.
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Figure 4.4. TOF-SIMS depth profiles of (a) blend VOx/P3HT:(3BS),-SiPc and (b) LbL
VOx/P3HT/(3BS),-SiPc photoactive layers.

To assess the universality of our findings incorporating (3BS)-SiPc into OPVs through
the LbL approach, we combined our acceptor with another donor polymer. PBDB-T was chosen
as PBDB-T/(3BS),-SiPc has been demonstrated in an indirect BHJ device configuration to
provide OPVs with PCE > 3.0% with Voc > 1.0 V.** PBDB-T:(3BS).-Si BHJ devices and
PBDB-T/(3BS)>-Si LbL devices were prepared using VOx as the HTL layer. The LbL process
necessitated re-optimization of experimental conditions, resulting in slight changes in device
fabrication conditions from P3HT to PBDB-T (described in detail in Experimental Section and

Supporting Information, Table S4.4). J-V curves, EQE spectra and UV-Vis absorption spectra
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for both LbL. and BHJ device architectures are shown in Figure 4.5 a, 4.5 b and 4.5 c,
respectively, with electrical parameters summarized in Table 4.2. As with our P3HT system,
the BHJ devices and LbL devices using PBDB-T as the donor polymer had very similar devices
performances. PBDB-T:(3BS),-SiPc BHJ devices achieved a PCE of 3.19 £+ 0.13%, with a Voc
of 1.07 V, while the LbL devices had an average PCE of 3.02 £ 0.02%, with a Voc of 1.06 V.
These results are comparable to the performances obtained in the literature with a similar system
using an indirect architecture.** Even though BHJ devices attained a slightly improved average
PCE compared to LbL devices, both devices displayed an impressive Voc above 1 V due to the
favorable frontier orbital offsets. These values are amongst the highest Voc obtained for all-
solution-processed LbL devices.!* As expected, the EQE spectra for both films (Figure 4.5 b)
are comparable, with a maximum slightly above 40%, and an extended spectra up to 700 nm
from the (3BS),-SiPc contribution. Compared to the P3HT/(3BS),-SiPc LbL system, the
(3BS)>-SiPc contribution is decreased due to the similarities in band gaps between the two
materials (Figure 4.1 ¢). UV-Vis absorption spectra for the two donor-acceptor films (Figure
4.5 ¢) have matching trends, with an intense absorption peak just before 700 nm. These results
demonstrate that (3BS)>-SiPc is an extremely versatile NFA for LbL processing, capable of

replicating BHJ performances in different polymer systems.
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Figure 4.5. (a) Current vs voltage (J-V) curves with lines indicating the averaged curve and
shades indicating the standard deviations, (b) external quantum efficiency (EQE) spectra and
(c) UV-Vis absorption spectra for PBDB-T:(3BS),-SiPc BHJ (dark red) and PBDB-T/(3BS).-
SiPc LbL (orange) on VOx HTL. Both active layers were annealed at 100 °C for 10 min. For
convenience (3BS)-SiPc is referred to as 3BS.
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Table 4.2. J-V characteristics for PBDB-T and (3BS):-SiPc integrated into bulk and bilayer
heterojunction organic photovoltaic devices (0.325 cm?) with VOx HTL.

average = SD

Active layer I-V parameters
[max]

Annealed at
100°C for 10 min VOC V) JSC (mA/cm?) FF PCE (%)
PBDB-T:3BS 1.1 £0.01 6.9+£0.3 0.43+0.01 32+0.1
BHJ [1.1] [7.4] [0.44] [3.4]

1.1+0.0 6.2+0.5 0.46 £0.01 3.0+0.2

[1.1] [6.8] [0.47] [3.3]

*At least 10 devices were taken into consideration for the averages’ calculation.

4.6. Experimental

Materials

PEDOT:PSS (Clevios™ HTL Solar, Batch#SCA388-47) was purchased from Heraeus, and
vanadium(V) oxytriisopropoxide (VOx precursor, LotFMKBK2918V) and 2-propanol (IPA,
99.9%) were purchased from Sigma Aldrich. P3HT (Lot#BLS26-24, RR >95%, My, = 45 kDa)
was purchased from Rieke Metals and PBDB-T (Batch#BM8-071, My, = 107 kDa, M, = 53
kDa) was acquired from Brilliant Matters. PCs1BM (99.5%) was acquired from Nano-C and
(3BS)2-SiPc was synthetized in house according to literature** and purified using train
sublimation. Bathocuproine (BCP, sublimed >99.5%) powder was purchased from Lumtec and
Ag (99.99%) pellets from Angstrom Engineering. All compounds were used as received unless
otherwise specified.

Devices were prepared on 25 mm x 25 mm (£ 0.2 mm) 0.7 mm thick glass substrates coated
(via sputtering) with 1450 + 100 A of ITO (15 + 3 ohms/sq, transmission: 89% Avg. @ 550nm)

that were purchased from Thin Film Devices Inc.

General Device Fabrication

Direct structure, bilayer devices with an active area of 0.325 cm? were fabricated with the
following structure: glass/ITO/HTL/donor layer/acceptor layer/BCP/Ag. ITO-coated glass
substrates were cleaned by successive 5-min sonication baths of soapy water (water +
detergent), water, acetone, and finally methanol prior to an air plasma treatment for 15 min.

The vanadium-based HTL solution was prepared under N> atmosphere by dissolution of VOx
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precursor in IPA with a volume ratio of 1:70 in the absence of heat or agitation. The solution
was then spin coated at 10,000 rpm for 30 s in air (Spincoat G3P from Specialy Coating
Systems) before letting the samples rest in air for at least 1 h, to yield an approximately 10 nm
thick layer. The PEDOT:PSS solution was spin coated at 3000 rpm for 30 s on substrates before
being annealed under air at 140 °C for 15 min, resulting in a layer that was approximately 30
nm thick. Substrates were then transferred to a nitrogen glovebox.

After deposition of the active layers (see below), BCP (9 nm) and Ag (70 nm) were thermally
evaporated in a vacuum chamber (base pressure < 2 x 10 Torr) using an Angstrom EvoVac
through a custom shadow mask to yield 5 devices per substrate, with an active area of 0.325
cm? per device.

LbL Active Layer

The following formulations are for optimal conditions; however, all parameters were optimized
for each device structure and can be found in the Supporting Information. P3HT (15 mg/mL)
or PBDB-T (12 mg/mL) were dissolved in chloroform (=99%) and stirred for 4 h. P3HT (150
uL) was deposited by dynamic spin-coating at 1000 rpm for 80 s (Spincoat G3P from Specialty
Coating Systems), while PBDB-T (300 uL) was deposited via static spin-coating using the same
speed and time. (3BS):-SiPc was dissolved in chlorobenzene (99.8%) at a concentration of
either 15 mg/mL (for P3HT devices) or 12 mg/mL (for PBDB-T devices) and stirred overnight
at 50 °C. (3BS)2-SiPc was deposited by dynamic spin-coating (40 puL) at 3500 rpm for 60 s onto
P3HT or by static spin-coating (300 pL) onto PBDB-T; PBDB-T/(3BS).-SiPc layers were then
annealed in a nitrogen atmosphere at 100 °C for 10 min. The combined LbL active layer
thicknesses were approximately 110 and 90 nm for P3HT/(3BS),-SiPc and PBDB-T/(3BS).-
SiPc layers, respectively.

BHJ Active Layer

P3HT (20 mg/mL) and PCs1BM were dissolved in 1,2-dichlorobenzene (99%) with a 1:1 mass
ratio and stirred overnight at 50 °C before deposition by static spin-coating at 800 rpm for 90
s. P3HT (15 mg/mL) and (3BS).-SiPc were dissolved in 1,2-dichlorobenzene (99%) with a 1:1
mass ratio, stirred overnight at 50 °C, and deposited by static spin-coating at 2000 rpm for 80
s. PBDB-T (10 mg/mL) and (3BS),-SiPc were dissolved in 1,2-dichlorobenzene (99%) with a
1:1 mass ratio, stirred at 35°C overnight, and deposited by static spin-coating at 1000 rpm for
120 s before annealing at 100 °C for 10 min under a nitrogen atmosphere. Thicknesses of
approximately 150 and 120 nm were obtained for P3HT:(3BS).-SiPc and PBDB-T:(3BS),-SiPc
BHIJ layers, respectively.
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Device Characterization

Current density vs. voltage (J-V) characteristics were measured using an Abet Technologies
Sunlite 11,002 solar simulator under a nitrogen atmosphere (Xenon arc lamp) with an Air Mass
1.5 Global filter calibrated to 1 sun (1000 W/m?) using a silicon reference cell (Abet 15150).
External quantum efficiency (EQE) was measured over a 325 — 900 nm wavelength range using
a Newport Oriel CS130-QUANTX. Layer thickness was assessed using a Brucker Dektak XT
Profilometer, and AFM height images were obtained with a Bruker Dimension Icon in
ScanAsyst mode, using ScanAsyst-Air probes and a scan rate of 0.8 Hz. Calculation of root-
mean-square (RMS) roughness and image processing were performed using NanoScope
Analysis v1.8. Depth profiles were obtained by time-of-flight secondary ion mass spectrometry
(TOF-SIMS) using an ION-TOF (GmbH) TOF-SIMS IV equipped with a Bi cluster liquid
metal ion source (25 keV Biz", pulsed at 10 kHz). A depth profile was obtained by repeating
the cycle of alternatively sputtering the surface in an area of 250 pm x 250 um with a 3 keV
Cs" beam for 3 s, waiting 1 s, and collecting an ion mass spectrum using the Bi3" primary ion
beam at 128 x 128 pixels over an area of 128 um x 128 pm within the sputtered area (1 shot
per pixel). Contact angle measurements were performed from three-point curve fitting using a
VCA Optima goniometer (AST Products Inc) where droplets of DI water or chloroform were
deposited by syringe onto glass/ITO/HTL substrates. UV-visible spectra of thin films were
measured using an Agilent Cary 5000 UV-vis-NIR spectrophotometer in the 300 — 900 nm

range.
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4.7. Conclusion

In this study we investigated the use of the synthetically facile phthalocyanine derivative
(3BS)2-SiPc as a NFA in sequentially all solution-processed LbL OPV devices. Two HTLs,
PEDOT:PSS and VOx, were investigated as HTLs with VOx found to facilitate favorable
changes in the P3HT film morphology, which resulted in improved FF and Voc for (3BS):-
SiPc-based devices processed by LbL. After optimization, direct LbL devices fabricated with
VOx achieved PCEs up to 3.0% when integrating P3HT as the donor polymer, and PCESs up to
3.3% for devices with PBDB-T as the donor polymer, with an impressive Voc up to 1.06 V.
These represent the greatest reported PCE for SiPc-based LbL OPV devices, with the Voc value
above 1 V amongst the highest achieved for both LbL and PBDB-T-based devices. When
compared to their BHJ counterparts, LbL devices demonstrated equivalent efficiencies, with
analogous EQE responses and absorption spectra, and commensurate vertical film composition.
These results substantiate the promise of inexpensive and synthetical-facile SiPc-based
derivatives as NFAs that can be incorporated into LbL devices fabricated through a more
scalable and roll-to-roll transferable method, demonstrating significant potential for

commercially viable OPV modules.
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Chapter 5: SiPcs as ETL in Perovskite Solar Cells

5.1. Context

In addition to demonstrating great potential as NFAs for OPV devices, SiPc’s have
found application in organic thin film transistors (OTFT) devices as the semiconductor while
displaying very good electron mobilities. This promising electron mobility should be
favourable for use in electron transport layer or hole blocking layer in perovskite-based solar
cells. A collaboration between the Lessard Research Group and the Laboratoire de Physique
des Interfaces et des Couches Minces (LPICM) in France was started in 2019. The LPICM has
a research program that fabricates and studies perovskite-based solar cells. The goal of the
collaboration was to explore the use of SiPc derivatives as electron transport layers as
replacements for conventional fullerenes. The LPICM hosted me for a duration of 2 months to
perform the experimental work in their laboratories. The following chapter provides our initial

results and showcases the potential for SiPcs in a broader context.
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5.2. Introduction to Perovskite Solar Cells

Perovskite solar cells (PSCs) have attracted a huge interest among photovoltaic (PV)
researchers due to incredible performances evolution since the emergence of the technology
(Figure 5.1).! In a single decade, the PCE increased from 3% to over 25%, while in comparison,
other PV technologies required nearly 30 years to reach similar results. Perovskites were first
introduced into PV in 2009 through their use as liquid sensitizer in dye-sensitized solar cells by
Kojima and coworkers with 3.8% efficiency.? In 2012, Kim et al. evolved perovskites into
solid-state PSC with PCEs approaching 10%.? In 2015 devices with 20% PCE were already
reported.* Today the PCE record for a single-junction cell is now held by Jeong et al. and is
reaching 25.6%.’
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Figure 5.1. Rise of perovskite research as viewed through the published papers and their
citation impact over the 2009—-2018 period (Source: Web of Science, Clarivate Analytics March
3,2019).!

The 3D crystal structure of perovskite materials follows the same arrangement as the
calcium titanate (CaTiO3) mineral consisting of TiOs octahedron inside a Cag cube. It can be
reduced to a general formula ABX3 for a unit cell, where A represents the corner atoms in the
cubic lattice, B the center atom, and X the face centered atoms. Ideally, the perovskite structure
is as symmetrical as possible, with B-cations that coordinate with 6 X-anions creating
octahedral geometries (Figure 5.2 a) and A-cations that coordinate with 12 X-anions creating
cuboctahedral geometries (Figure 5.2 b). The corners of the structure are occupied by the BXs
octahedral geometries, while interstices are filled by A-cations (Figure 5.2 c¢). Perovskite
subfamilies exist depending on the nature of the X atoms, such as oxide perovskites (X = 0)%

and halide perovskite (X = CI', Br, I', F"). Halide perovskites comprise of divalent B-cation
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such as Pb**,* Sn?*,? Bi?*,!0 or Ge?" !! that can be pure or mixed'2,!3. Depending on the A-cation,
the halide family can be divided in two types. The first type is alkali halide perovskite and
involves a monovalent alkali A-cation such as Cs+, Rb*, Na* or Li*.!%, !4, The second type is
hybrid organic-inorganic perovskite that comprises of an organic A-cation such as CH3NH3",
CH3CH,NH3" or NHCHNH, .43 % 11-13 The two types of A-cation can be mixed as well.!> The
most common used perovskite materials is methylammonium lead trihalide (CH3NH3PbX3 or
MAPbLX;3, where X = Cl, Br, I or mix) with a bandgap ranging from around 1.5 eV for MAPbI3
to 2.3 eV for MAPbBr3.!¢ In particular, MAPbI; (MAPI) has been extensively studied with
31720

great PCEs reaching above 20%,°, and the current PCE record was achieved using

formamidinium lead triiodide (CH(NH).Pbls or FAPbI3 or FAPI).>
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Figure 5.2. Unit cell of ABX3 perovskite 3D structure showing (a) BX¢ octahedral geometries
and (b) AXi2 cuboctahedral geometries. (c) 2D representation of the perovskite structure.
Perovskites are characterized by a bandgap that can range from 1.5 to 2.5 eV, and have
a high absorption coefficient exceeding 10° cm™'.2! They also have a high electron mobility up
to 800 cm?.V-1.s7!,22 high carrier lifetime and diffusion length that can exceed 300 ns and 1 pm
respectively,?®,>* a less than 10 meV exciton binding energy,? and a great tolerance to structural
defect. Perovskites also enable thin films application and deposition on flexible substrates.
However, PSC devices suffer from poor stability, reproducibility and short lifetime.?®%’
Moreover, best perovskite materials incorporate a lead core, a toxic element which poses an

environmental hazard.?® Therefore, commercialization of PSC modules is lagging.
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5.3. PSCs Architectures, Fabrication, and Transport Materials

5.3.1. Devices Structures and Fabrication Methods

PSCs working principle is very similar to OPV, with only minor differences. In contrast
to its organic counterpart, the source of free carriers generation in perovskite-based PV devices
is still discussed. It was first believed that dissociation of the photogenerated excitons within
the perovskite layer was driven by the built-in electrical field induced by the energy level offset
of the adjacent charge transporting layers; however, more recent studies have showed that due
to very low exciton-binding energy most of incident photons resulted in almost instantaneous
generation of free charges.”” Many device architectures exist for perovskites, however, there
are four primary types of structures.* The first type is the “regular” direct structure and is based
on a meso-porous scaffold of TiO2» ETL completely infiltrated with the perovskite films,
sandwiched between a thin compact layer of TiO» to avoid shunting losses, and a HTL (Figure
5.3 a). The PSC efficiency record was obtained using this architecture. The second type is a
direct planar heterojunction structure where the perovskite layer (i) is sandwiched with non-
porous n-type ETL and p-type HTL, forming a similar structure as n-i-p inorganic cells (Figure
5.3 b). The third type, known as mesoporous superstructured solar cells (MSSC), involves an
insulating mesoporous scaffold layer of inert Al,O3 helping the suppression of pinholes and the
pace of charge collection (Figure 5.3 ¢). The fourth structure is the inverted planar
heterojunction forming a p-i-n configuration (Figure 5.3 d), equivalent to an OPV direct

structure such as ITO/PEDOT:PSS/active layer/BCP/Ag.
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Figure 5.3. The primary structural configuration of PSCs: (a) regular direct structure, (b) direct
planar heterojunction structure, (c) direct meso-porous superstructured structure, and (d)
inverted planar heterojunction structure.

Various methods have been developed for the deposition of the perovskite film. The
first PSC devices consisted of an absorber formed by a one-step spin coating.? A mixture of
CH3NH;3X and PbXs (X= Cl, I, Br) precursors is dissolved in a polar aprotic solvent like N,N-
dimethylformamide (DMF), dimethyl sulfoxide (DMSO) or y-butyrolactone (GBL) and spin
coated onto a substrate to form a precursor film.The film is then converted into a perovskite
film by a thermal annealing step removing residual solvent. However, perovskite films formed
are not uniform and very sensitive to experimental conditions making it difficult to achieve
highly efficient cells.?!"33 Improvement of the technique was achieved by solvent engineering.*
Precursors are dissolved in a mixed GBL/DMSO solvent system, and spin coating of the
solution onto the substrate is rapidly followed by a toluene drop while spinning (Figure 5.4
a).>> The toluene anti-solvent treatment helps the rapid and homogeneous formation of an
intermediate perovskite film by removal of DMSO solvent excess. The final perovskite film is
then produced via thermal annealing. Due to rapid, ease of processing and low cost, this one-
step spin coating method is a widely used technique to fabricate devices on a lab-scale.
Nonetheless, the anti-solvent treatment remains a very finicky step and requirement for a

thermal annealing increases the cost of production, impeding commercialization of PSCs.
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Therefore, many other deposition techniques have been developed including two-step
sequential spin coating/dipping (Figure 5.4 b)3®, vapor-assisted solution process (Figure 5.4
¢)’’, sequential evaporation®, coevaporation (Figure 5.4 d)*°, hybrid chemical vapor
deposition (Figure 5.4 €)*, or vacuum flash evaporation*'. Perovskite modules were also
fabricated using scalable techniques such as doctor blading*?, inkjet printing®, or slot die
coating®,

R St

Precursors Spinning Anti-solvent dripping Intermediate phase Thermal annealing —
(CH3NH3X + PbX,) during spinning film dense and uniform
spreading perovskite film

b) h r_‘

d

PbX, spreading Spinning CH;3NH3X solution Dense and uniform
dipping perovskite film
<)
@)
— —) —)
PbX, CH;NHX
source  source
PbX, spreading Spinning CH3NH3X vapour Dense and uniform
deposition perovskite film

High temperature Low temperature

PbX, vapour deposition CH3NH X hybrid chemical vapour deposition

Figure 5.4. Schematic illustration of fabrication method of perovskite layer via (a) one-step
spin coating/anti-solvent, (b) two-step sequential spin coating/dipping, (c) vapor-assisted
solution process, (d) coevaporation, (e) hybrid chemical vapor deposition.

5.3.2. Hole Transport Layers (HTLs) and Electron Transport Layers (ETLs)
Materials
The most common HTL used with oxide ETLs in direct structures is 2,2°,7,7’-

tetrakis[N,N-di(4-methoxyphenyl) amino]-9,9’-spirobifluorene (spiro-OMeTAD)>,*4° while
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the most common HTL used with organic ETLs in inverted structures is PEDOT:PSS>%-5°
(Figure 5.5). However, the acidic and hygroscopic nature of PEDOT:PSS and the low intrinsic
conductivity, low hole mobility, along with energy levels mismatching and lengthy low-
yielding synthetic steps of spiro-OMeTAD have led researchers to look for alternatives to these
HTLs.*,% Other organic, but also inorganic, materials have been investigated as alternatives
and examples include PTAA®’, P3HT®®, PFDT-2F-COOH, CuPc®, Co(II)/Co(III)
porphyrin®', CuSCN®?, Cu,0%, NiOx*, with efficiencies ranging from around 15% to above
20%.

ETLs for PSCs can be organic or inorganic and in a direct architecture, the most popular
choice is TiO2 due to its favorable energy levels, long electron lifetimes and being able to
provide devices with high PCEs.> 8,38 60 61 63 6567 However, deposition usually through spin
coating or spray pyrolysis is followed by a high sintering temperature step around 500 °C, which
increases the production cost of modules and limits the applications. Moreover it has a relatively
low thin film electron mobility (22.10° cm?.V-!.s), and inefficient extraction of the electrons
could led to significant hysteresis behaviors in devices.*$,%” Therefore, the development of low
temperature deposition methods, dopants and surface treatments were employed to improve
transport properties and reduce the hysteresis effects.®® However, other materials are being
explored such as ZnO due to its similar band gap, greater electron mobility of up to 6.102
cm?V-1s!l and low temperature deposition methods such as sol-gel or atomic layer

deposition.5%-7!

Unfortunately, performances and thermal/chemical stability of ZnO-based
devices are inferiors to their TiO»-based counterparts.’®,’2”3 SnO, has emerged as another
promising candidate with greater energy levels alignment, thin films electron mobility around
2.10° cm?.V-lsl, better overall device stability compared to TiO> and ZnO, and high
efficiencies above 23% obtained with low temperature processing methods (sol-gel, colloidal
dispersion, atomic layer deposition).*,#7¢ Nevertheless, some of SnO> drawbacks involve low
wettability, increased surface defects, and poor long-term stability.’®,”” Other investigated

oxides include CdS”%, ZnoSn0O4"°, In,03%° or WO38!.
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Figure 5.5. Energy level diagrams of several hole and electron transport layers for (a) direct n-
i-p structure and (b) inverted p-i-n structure.??

Another possibility is the use of organic ETLs, as inverted planar heterojunction PSCs.
Ideal candidates revealed to be fullerene derivatives such as Cgo and PCs1BM due to their
suitable energy levels, decent electron mobility (1.6 cm?®V-'ls! and 6.102 cm?V's!
respectively), and easy deposition through thermal evaporation or low-temperature solution
processing.>,®* Devices based on fullerene ETLs exhibited efficiencies up to 22%.%7,34-88
Nonetheless, restricted tuning of energy levels limiting materials combinations, relatively poor
morphological stability and high synthesis and purification costs of fullerene derivatives has
stimulated the search for non-fullerene organic ETLs.®,%° Rylene diimide small molecules, in

particular perylene diimide (PDI) and naphthalene diimide (NDI) soluble derivatives, have been
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considered due to good chemical/thermal stability, inexpensive starting materials and facile
high molecular engineering potential.*°,”! However, PDIs have a strong n-n stacking tendency
leading to poor solubility and film morphology, requiring introduction of functional groups or
novel molecular designs. Compared to PDIs, NDIs are very similar but have a larger optical
band gap and a more easily adjustable n-m packing. Devices integrating imide-based ETLs
displayed promising but still lower performances compared to fullerene-based devices, with
PCEs usually bellow 20%.°%°% Other materials investigated include azaacene-based®,!® and

indacenodithiophene-based!?!,192

small molecules, and have also shown promise. While
porphyrin and phthalocyanines analogues were mainly incorporated into devices as HTLs,!%?
only one example of their use as thermally evaporated ETLs existed before the collaboration
between our group and the host laboratory LPICM. Air stability of devices was improved upon
use of hexadecafluorophthalocyaninatocopper (Fis-CuPc) with a PCE of 12.6%.!% In the
meantime, Xie et al. published a study where they used a pyrene-substitued SiPc (SiPc-Py-2)
derivative as an interfacial layer between the perylenetetracarboxylic dianhydride (PTCDA)
ETL and the perovskite absorber.!® The SiPc layer has shown to passivate the trap states on
the perovskite’s surface, and devices based on PTCDA/SiPc-Py-2 ETL achieved 19.2%
efficiency, further justifying the investigation of SiPc derivatives as ETL materials for PSCs.

The following section is a report on our primary study of using a SiPc derivative as an

ETL layers in perovskite based PVs.

5.4. Experimental

ITO coated glass substrates (Xin Yan Tech.) were etched using hydrochloric acid (HCI)
and zinc powder to remove the ITO over one third of the sample surface and pattern the two
poles of the device. Substrates were then cleaned by subsequent ultrasonic baths of 15 min in
detergent, deionized water (three times), acetone, and 2-isopropanol. Samples were then
transferred into a custom Riber vacuum chamber (base pressure = 5.10°° mbar) where Cr (8 nm)
and Au (80 nm) contacts were deposited by physical vapor deposition (PVD). The patterned
and contacted ITO samples were cleaned once more in ultrasonic baths of acetone and
isopropanol followed by a UV-ozone treatment for 15 minutes. A PEDOT:PSS (AI 4083,
Ossila) hole transport layer (approximately 50 nm thick) was then spin-coated at 4500 rpm for
40 s and annealed at 120 °C for 20 min. Before annealing of PEDOT:PSS, Cr/Au contacts were
cleaned using a cotton tip dipped in deionized water. Pbl, (>99.99%, Alfa Aesar) and CH3NH3l

(Solaronix) were dissolved with a 1:1 molar ratio and a concentration of 1.23 mol/L in a co-
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solvent system 8:2 v/v of GBL (< 99%, Sigma Aldrich) and DMSO (99.9%, Sigma Aldrich).
The solution was stirred for 1 h at 70 °C under nitrogen atmosphere before deposition. The
perovskite solution was filtered using a 0.45 um PVDF filter and spincoated on PEDOT:PSS
at 2500 rpm for 30 s. An anti-solvent treatment was performed by dropping 0.5 mL of toluene
(99.8%, Sigma Aldrich) 5 seconds before the end of the spinning. Samples were then annealed
for 1 min at 70 °C and 5 min at 100 °C in N> conditions. Cr/Au contacts were cleaned again
using a cotton tip dipped in DMF (99.8%, Sigma Aldrich) right after annealing while the
substrate was still hot to prevent any DMF diffusion and film destruction. Different electron
transport layers were used. For device baselines, PCs1BM (99%, Ossila) was dissolved in CB
(99.8%, Sigma Aldrich) with a concentration of 40 mg/mL and stirred under nitrogen
atmosphere for 1 h. PCs1BM was filtered using a 0.45 um PVDF filter and spincoated on top
of the perovskite layer at 2000 rpm for 30 s. The samples were annealed 3 min at 90 °C. Cr/Au
contacts were cleaned using a cotton tip dipped in CB. Fio-SiPc was previously synthetized in
our lab according to literature.!?® It was thermally evaporated (40 nm) in a custom 8-sources
Meca2000 (Vinci Technologies) vacuum chamber (base pressure = 5.1077 mbar). The solar
stack was completed by the deposition via PVD of a silver top electrode through a shadow mask
defining a 0.28 cm? cell. Each sample was comprising of one cell only. Figure 5.6 illustrates

the structure of a cell along with a picture of an actual final cell fabricated in the LPICM lab.

Ag

ETL
MAPI
PEDOT:PSS Au

Figure 5.6. Schematic structure of the inverted planar configuration PSC device fabricated at
the host laboratory (side view) and picture of a real cell.

The J-V characteristics of perovskite-based devices were measured under nitrogen
atmosphere using a source meter Keithley 2635 under illumination conditions. An AM1.5 Solar

Constant 575 PV simulator (Steuernagel Lichttecknik, equipped with a metal halogen lamp)
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with 1000 W/cm? was used as the light source. External quantum efficiency (EQE) was
measured using a QUESA-1200 (TFSC Instrument). Thicknesses were assessed using a
Brucker Dektak XT Profilometer (Billerica, MA, USA).

5.5. Results and Discussion

F10-SiPc has been characterized to have very good electron transport properties with
electron field-effect mobilities up to 0.54 cm?.V-1.s'!, which was the motivation for its use as
an ETL.'” A PCs1BM ETL was used as a reference as it has been widely studied in literature,
and was the reference ETL used by LPICM researchers. Preliminary devices were fabricated
using F1o-SiPc as an ETL compared to the references using PCs1BM as an ETL. Current density-
voltage (J-V) curves for these devices under 1 sun illumination are shown in Figure 5.7 and
corresponding parameters are summarized in Table 5.1 with a corresponding color system.
Measurements were carried both in the forward (from negative to positive voltage bias [-0.2;
+1.2 V]) and the reverse (from positive to negative voltage bias [+1.2; -0.2 V]) direction to

assess the hysteresis behavior of the devices.
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Figure 5.7. Current vs. voltage (J-V) curves of PCs1BM ETL-based devices and Fio-SiPc ETL-
based devices. Full lines represent measurements in the forward scan direction (F) while doted
lines represent measurements in the reverse scan direction (R).
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Table 5.1. J-V characteristics for PSC integrating either PCs1BM or Fio-SiPc as the ETL.

Run Number Scan Jsc Max
ETL u of cells e » Voc (V) FF PCE (%) PCE
number . direction (mA/cm®) o
working (%)
Forward 159+3.7 095+£0.02 0.50+0.03 75114 8.5
PCsaiBM 1 2
Reverse 169+1.6 095+0.02 0.51+0.06 8.1+0.01 8.1
Forward 152+13 0.85+£0.03 0.65+0.06 84+1.3 9.9
F10-SiPC 1 4
Reverse = 14.5+22  0.83+0.04 0.46+0.06 5.7+1.7 7.3

When examining the device performances it is obvious there is significant performance
variation between forward and backwards as well as from device to device. Standard deviations
for PCE values are above 1% for both ETLs. This lack of device consistency is likely a result
of the toluene anti-solvent dropping step during the fabrication process of cells. This antistep
step is crucial and highly user-dependent: the height and speed at which the user dispenses the
toluene will largely impact the perovskite crystallization and morphology. This challenge is
well known among researchers developing perovskite based solar technologies.

For both PC1BM and F0-SiPc ETL, performances obtained with forward scans differ
from the performances obtained with reverse scans. For PCsiBM-based devices, the PCEs in
the forward and reverse direction are 7.5% and 8.1% respectively, with a Jsc of 15.9 mA.cm™
and 16.9 mA.cm?, a Voc of 0.95 V and 0.95 V, and a FF of 0.50 and 0.51. For F1o-SiPc-based
devices, the PCEs in the forward and reverse direction are 8.4% and 5.7% respectively, with a
Jsc of 15.2 mA.cm™? and 14.5 mA.cm™?, a Voc of 0.85 V and 0.83 V, and a FF of 0.65 and 0.46.
Interestingly, best performances for PC¢siBM-based devices are achieved in the reverse
direction, while inversely for Fio-SiPc-based devices best performances are systematically
achieved in the forward direction. Hysteresis behavior in PSCs is widely known to be a recuring
issue, and several hypotheses on its source have been reported.!%® Different studies reveal that
it can arises from ion migration phenomenon, trapping/detrapping of charge carriers,
unbalanced charge carrier transportation, or a ferroelectric effect.

PCs1BM-based devices have curves exhibiting a so-called “S-shape” both in forward
and reverse directions (Figure 5.7). S-shaped J-V curves have been frequently reported for
PSCs, and again, several reasons for its origins have been proposed depending on the system
studied.!® For inverted MAPI/PCs1BM systems, S-shapes have sometime been observed due
to the offset in energy between the PCs1BM ETL and the Ag electrode causing non-favorable

electron transport and was solved by insertion of an interlayer or doping of the PCs1BM
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layer.!19 111 112 The observation of S-shapes has also been linked to the morphology and surface
of the MAPI film itself in some cases. It was shown that non-favorable MAPI crystallinity
induced poor surface properties and could lead to a poor coverage of the PCs1BM film forming
electrical barriers at the MAPI/PCq1BM interface.!!3 More importantly, a report highlighted the
drastic dependance of the MAPI film surface morphology, wettability and crystallinity on the
dropping time of the antisolvent.!'* Thus, a 2-second delay in toluene dropping during spin
coating resulted in a significant impact on devices performances. For example, for dropping
times of 9, 7, or 5 s before the end of the spin coating, very poor PCEs of 1.3%, 5.5% and 6.6%
respectively with S-shaped J-V curves were observed. For a dropping time of 3 s, the PCE
impressively increased to 12.3%, before decreasing back to 6.8% for a dropping time of 1 s
before the end of the spin. Therefore we assume the resulting S-shapes obtained here are most
likely due to poor MAPI morphology and poor interfaces due to the poor control over the
antisolvent deposition time. In comparison, when looking at the Fio-SiPc related J-V curves
shown in Figure 5.7, even though Jsc and Voc values are lower, no S-shapes are observed
independently of the scan direction. The J-V curve in the forward direction (full lines) exhibit
a good square shape in coherence with the great FF’ value and, thus, the comparable or better
performances up to 9.9% obtained for Fio-SiPc devices compared to PCs1BM devices. The
hypothesis for the absence of S-shapes in this case is that the deposition through thermal
evaporation of the SiPc ETL enables a better coverage of the MAPI film, improving the
MAPI/ETL interface and therefore the FF.

Finally, according to these initial results, it appears that F1o-SiPc could be a promising
alternative to fullerenes as an ETL in PSCs devices. Comparing results from our study to others
in the literature is challenging due to missing information and inconsistencies in reporting.
Furthermore, knowing how finicky and time sensitive the process can be, it is hard to replicate

other researchers work, making the process operator dependent.
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5.6. Conclusion

We performed a primary study looking at a SiPc derivative, Fio-SiPc, as a thermally
evaporated ETL for PSCs devices. A fullerene derivative, PCs1BM, was used as the reference
ETL as comparison. We found that the fabrication of perovskite devices was a highly finicky
process that was highly user-dependent, which needed an extended user experience in order to
get good performing and reproducible devices. Compared to PCs1BM, SiPc derivatives seem to
perform similarly but to promote better interfaces with the MAPI film and therefore to provide
J-V curves without S-shapes. These preliminary results suggest that Fio-SiPc and likely other

SiPcs are promising candidates for low cost ETL in perovskite based solar cells.

128



PhD Thesis — Marie Faure University of Ottawa

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

5.7. References

De Angelis, F. Celebrating 10 years of perovskite photovoltaics. ACS Energy Lett. 4,
853-854 (2019).

Kojima, A., Teshima, K., Shirai, Y. & Miyasaka, T. Organometal halide perovskites as
visible-light sensitizers for photovoltaic cells. J. Am. Chem. Soc. 131, 6050—6051 (2009).
Kim, H. S. ef al. Lead iodide perovskite sensitized all-solid-state submicron thin film
mesoscopic solar cell with efficiency exceeding 9%. Sci. Rep. 2, (2012).

Yang, W. S. ef al. High-performance photovoltaic perovskite layers fabricated through
intramolecular exchange. Science (80-. ). 348, 1234—1237 (2015).

Jeong, J. et al. Pseudo-halide anion engineering for a-FAPbI3 perovskite solar cells.
Nature 592, 381-385 (2021).

Nestola, F. ef al. CaSiO3 perovskite in diamond indicates the recycling of oceanic crust
into the lower mantle. Nature 555, 237-241 (2018).

Huang, H., Liu, Q., Ly, B., Wang, X. & Hu, J. LaMnO3-diamond composites as efficient
oxygen reduction reaction catalyst for Zn-air battery. Diam. Relat. Mater. 91, 199-206
(2019).

Wang, Q. & Ma, L. NO oxidative activity of mesoporous LaMnO3 and LaCoO3
perovskite nanoparticles by facile molten-salt synthesis. New J. Chem. 43, 2974-2980
(2019).

Hao, F., Stoumpos, C. C., Cao, D. H., Chang, R. P. H. & Kanatzidis, M. G. Lead-free
solid-state organic-inorganic halide perovskite solar cells. Nat. Photonics 8, 489—494
(2014).

Park, B. W. et al. Bismuth Based Hybrid Perovskites A3Bi2I9 (A: Methylammonium or
Cesium) for Solar Cell Application. Adv. Mater. 27, 6806—6813 (2015).

Stoumpos, C. C. et al. Hybrid germanium iodide perovskite semiconductors: Active lone
pairs, structural distortions, direct and indirect energy gaps, and strong nonlinear optical
properties. J. Am. Chem. Soc. 137, 6804—-6819 (2015).

Lee, S., Ha, T. J. & Kang, D. W. Mixed-halide Pb-Sn binary perovskite films with
various Sn-content for Pb-reduced solar cells. Mater. Lett. 227, 311-314 (2018).

Ito, N. et al. Mixed Sn-Ge Perovskite for Enhanced Perovskite Solar Cell Performance
in Air. J. Phys. Chem. Lett. 9, 16821688 (2018).

Nyayban, A., Panda, S., Chowdhury, A. & Sharma, B. 1. First principle studies of
rubidium lead halides towards photovoltaic application. Mater. Today Commun. 24,
101190 (2020).

Li, C. et al. Emerging alkali metal ion (Li+, Na+, K+ and Rb+) doped perovskite films
for efficient solar cells: Recent advances and prospects. J. Mater. Chem. A 7, 24150—
24163 (2019).

Noh, J. H., Im, S. H., Heo, J. H., Mandal, T. N. & Seok, S. Il. Chemical management for
colorful, efficient, and stable inorganic-organic hybrid nanostructured solar cells. Nano
Lett. 13, 1764—-1769 (2013).

Yin, W. J.,, Yang, J.-H., Kang, J., Yan, Y. & Wei, S.-H. Halide perovskite materials for
solar cells: A theoretical review. J. Mater. Chem. A 3, 8926-8942 (2015).

Dong, H. et al. Pseudohalide-Induced Recrystallization Engineering for CH3NH3PbI3
Film and Its Application in Highly Efficient Inverted Planar Heterojunction Perovskite
Solar Cells. Adv. Funct. Mater. 28, 1704836 (2018).

Zhou, Z. et al. Methylamine-Gas-Induced Defect-Healing Behavior of CH3NH3PbI3
Thin Films for Perovskite Solar Cells. Angew. Chemie 127, 9841-9845 (2015).

Najafi, L. et al. MoS2 Quantum Dot/Graphene Hybrids for Advanced Interface
Engineering of a CH3NH3PbI3 Perovskite Solar Cell with an Efficiency of over 20%.
ACS Nano 12, 10736-10754 (2018).

129



PhD Thesis — Marie Faure University of Ottawa

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Qaid, S. M. H. et al. Band-gap tuning of lead halide perovskite using a single step spin-
coating deposition process. Mater. Lett. 164, 498—501 (2016).

Valverde-Chavez, D. A. et al. Intrinsic femtosecond charge generation dynamics in
single crystal CH3NH3PbI3. Energy Environ. Sci. 8, 3700-3707 (2015).

Chen, T. et al. Origin of long lifetime of band-edge charge carriers in organic—inorganic
lead iodide perovskites. Proc. Natl. Acad. Sci. U. S. A. 114, 7519-7524 (2017).

Stranks, S. D. et al. Electron-Hole Diffusion Lengths Exceeding 1 Micrometer in an
Organometal Trihalide Perovskite Absorber. Science (80-. ). 342, 341-344 (2013).
Miyata, A. et al. Direct measurement of the exciton binding energy and effective masses
for charge carriers in organic-inorganic tri-halide perovskites. Nat. Phys. 11, 582-587
(2015).

Meng, L., You, J. & Yang, Y. Addressing the stability issue of perovskite solar cells for
commercial applications. Nat. Commun. 9, (2018).

Asghar, M. 1., Zhang, J., Wang, H. & Lund, P. D. Device stability of perovskite solar
cells — A review. Renew. Sustain. Energy Rev. 77, 131-146 (2017).

Babayigit, A., Ethirajan, A., Muller, M. & Conings, B. Toxicity of organometal halide
perovskite solar cells. Nat. Mater. 15, 247-251 (2016).

Collavini, S., Volker, S. F. & Delgado, J. L. Understanding the outstanding power
conversion efficiency of perovskite-based solar cells. Ange 54, 9757-9759 (2015).

Roy, P., Kumar Sinha, N., Tiwari, S. & Khare, A. A review on perovskite solar cells:
Evolution of architecture, fabrication techniques, commercialization issues and status.
Sol. Energy 198, 665-688 (2020).

Eperon, G. E., Burlakov, V. M., Docampo, P., Goriely, A. & Snaith, H. J. Morphological
control for high performance, solution-processed planar heterojunction perovskite solar
cells. Adv. Funct. Mater. 24, 151-157 (2014).

Wang, Q. et al. Large fill-factor bilayer iodine perovskite solar cells fabricated by a low-
temperature solution-process. Energy Environ. Sci. 7, 2359-2365 (2014).

McLeod, J. A.,, Wu, Z., Sun, B. & Liu, L. The influence of the I/Cl ratio on the
performance of CH3NH3PbI3-xClx-based solar cells: Why is CH3NH31: PbCI2 = 3:1
the ‘magic’ ratio? Nanoscale 8, 6361-6368 (2016).

Cao, X. et al. A Review of the Role of Solvents in Formation of High-Quality Solution-
Processed Perovskite Films. ACS Appl. Mater. Interfaces 11, 7639-7654 (2019).

Jeon, N. J. et al. Solvent engineering for high-performance inorganic-organic hybrid
perovskite solar cells. Nat. Mater. 13, 897-903 (2014).

Burschka, J. et al. Sequential deposition as a route to high-performance perovskite-
sensitized solar cells. Nature 499, 316-319 (2013).

Chen, Q. et al. Planar heterojunction perovskite solar cells via vapor-assisted solution
process. J. Am. Chem. Soc. 136, 622—625 (2014).

Chen, C.-W. et al. Efficient and Uniform Planar-Type Perovskite Solar Cells by Simple
Sequential Vacuum Deposition. Adv. Mater. 26, 6647—-6652 (2014).

Liu, M., Johnston, M. B. & Snaith, H. J. Efficient planar heterojunction perovskite solar
cells by vapour deposition. Nature 501, 395-398 (2013).

Leyden, M. R. et al. High performance perovskite solar cells by hybrid chemical vapor
deposition. J. Mater. Chem. A 2, 18742—18745 (2014).

Longo, G., Gil-Escrig, L., Degen, M. J., Sessolo, M. & Bolink, H. J. Perovskite solar
cells prepared by flash evaporation. Chem. Commun. 51, 73767378 (2015).
Mallajosyula, A. T. et al. Large-area hysteresis-free perovskite solar cells via
temperature controlled doctor blading under ambient environment. Appl. Mater. Today
3,96-102 (2016).

Mathies, F. et al. Multipass inkjet printed planar methylammonium lead iodide

130



PhD Thesis — Marie Faure University of Ottawa

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

perovskite solar cells. J. Mater. Chem. A 4, 19207-19213 (2016).

Whitaker, J. B. et al. Scalable slot-die coating of high performance perovskite solar cells.
Sustain. Energy Fuels 2, 2442-2449 (2018).

Jiang, Q. et al. Surface passivation of perovskite film for efficient solar cells. Nat.
Photonics 13, 460466 (2019).

Wu, Z. et al. Highly Efficient Perovskite Solar Cells Enabled by Multiple Ligand
Passivation. Adv. Energy Mater. 10, 1903696 (2020).

Liu, Y. et al. Inhibited aggregation of lithium salt in spiro-OMeTAD toward highly
efficient perovskite solar cells. Nano Energy 70, 104483 (2020).

Kim, G. et al. Impact of strain relaxation on performance of a-formamidinium lead
iodide perovskite solar cells. Science (80-. ). 370, 108—112 (2020).

Ren, G. et al. Strategies of modifying spiro-OMeTAD materials for perovskite solar
cells: a review. J. Mater. Chem. A 9, 4589-4625 (2021).

Jiang, K. ef al. Inverted planar perovskite solar cells based on CsI-doped PEDOT:PSS
with efficiency beyond 20% and small energy loss. J. Mater. Chem. A 7, 21662-21667
(2019).

Wang, Q., Chueh, C. C., Eslamian, M. & Jen, A. K. Y. Modulation of PEDOT:PSS pH
for efficient inverted perovskite solar cells with reduced potential loss and enhanced
stability. ACS Appl. Mater. Interfaces 8, 32068-32076 (2016).

Liu, D. et al. Improved performance of inverted planar perovskite solar cells with F4-
TCNQ doped PEDOT:PSS hole transport layers. J. Mater. Chem. A 5, 5701-5708
(2017).

Zhang, X. F., Zhou, X., Zhang, L. & Xu, B. Facile phthalocyanine doping into PEDOT
leads to highly efficient and stable inverted metal halide perovskite solar cells. J. Mater.
Chem. A 6, 12515-12522 (2018).

Xue, Q. et al. Efficient and Stable Perovskite Solar Cells via Dual Functionalization of
Dopamine Semiquinone Radical with Improved Trap Passivation Capabilities. Adv.
Funct. Mater. 28, 1707444 (2018).

Han, W. et al. Recent Progress of Inverted Perovskite Solar Cells with a Modified
PEDOT:PSS Hole Transport Layer. ACS Appl. Mater. Interfaces 12, 49297-49322
(2020).

Djurisi¢, A. B. et al. Perovskite solar cells - An overview of critical issues. Prog.
Quantum Electron. 53, 1-37 (2017).

Zheng, X. et al. Managing grains and interfaces via ligand anchoring enables 22.3%-
efficiency inverted perovskite solar cells. Nat. Energy S, 131-140 (2020).

Jung, E. H. et al. Efficient, stable and scalable perovskite solar cells using poly(3-
hexylthiophene). Nature 567, 511-515 (2019).

Wan, L. et al. Achieving over 21% efficiency in inverted perovskite solar cells by
fluorinating a dopant-free hole transporting material. J. Mater. Chem. A 8, 6517-6523
(2020).

Kim, Y. C. ef al. Engineering interface structures between lead halide perovskite and
copper phthalocyanine for efficient and stable perovskite solar cells. Energy Environ.
Sci. 10, 2109-2116 (2017).

Cao, J. et al. Plant Sunscreen and Co(II)/(IIl) Porphyrins for UV-Resistant and
Thermally Stable Perovskite Solar Cells: From Natural to Artificial. Adv. Mater. 30,
1800568 (2018).

Liu, C. et al. Highly Stable and Efficient Perovskite Solar Cells with 22.0% Efficiency
Based on Inorganic—Organic Dopant-Free Double Hole Transporting Layers. Adv.
Funct. Mater. 30, 1908462 (2020).

Liu, C. et al. Hydrophobic Cu20 Quantum Dots Enabled by Surfactant Modification as

131



PhD Thesis — Marie Faure University of Ottawa

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Top Hole-Transport Materials for Efficient Perovskite Solar Cells. Adv. Sci. 6, 1801169
(2019).

Wang, K. et al. Isothermally crystallized perovskites at room-temperature. Energy
Environ. Sci. 13, 3412-3422 (2020).

Min, H. et al Efficient, stable solar cells by using inherent bandgap of a-phase
formamidinium lead iodide. Science (80-. ). 366, 749-753 (2019).

Kim, M. et al. Methylammonium Chloride Induces Intermediate Phase Stabilization for
Efficient Perovskite Solar Cells. Joule 3,2179-2192 (2019).

Lin, L. et al. Inorganic Electron Transport Materials in Perovskite Solar Cells. Adv.
Funct. Mater. 31, 2008300 (2021).

Valadi, K. et al. Metal oxide electron transport materials for perovskite solar cells: a
review. Environ. Chem. Lett. 19, 2185-2207 (2021).

Zhang, J., Juarez-Pérez, E. J., Mora-Ser6, 1., Viana, B. & Pauporté, T. Fast and low
temperature growth of electron transport layers for efficient perovskite solar cells. J.
Mater. Chem. A 3,4909-4915 (2015).

Zheng, D. et al. Combustion Synthesized Zinc Oxide Electron-Transport Layers for
Efficient and Stable Perovskite Solar Cells. Adv. Funct. Mater. 29, 1900265 (2019).
Liu, D. & Kelly, T. L. Perovskite solar cells with a planar heterojunction structure
prepared using room-temperature solution processing techniques. Nat. Photonics 8, 133—
138 (2014).

Yang, J., Siempelkamp, B. D., Mosconi, E., De Angelis, F. & Kelly, T. L. Origin of the
Thermal Instability in CH3NH3PbI3 Thin Films Deposited on ZnO. Chem. Mater. 27,
42294236 (2015).

Schutt, K. et al. Overcoming Zinc Oxide Interface Instability with a Methylammonium-
Free Perovskite for High-Performance Solar Cells. Adv. Funct. Mater. 29, 1900466
(2019).

Jiang, Q. et al. Enhanced electron extraction using SnO2 for high-efficiency planar-
structure HC(NH2)2 PbI3-based perovskite solar cells. Nat. Energy 2, 16177 (2016).
Anaraki, E. H. et al. Highly efficient and stable planar perovskite solar cells by solution-
processed tin oxide. Energy Environ. Sci. 9, 3128-3134 (2016).

Chen, Y. et al. SnO2-based electron transporting layer materials for perovskite solar
cells: A review of recent progress. J. Energy Chem. 35, 144—167 (2019).

Cheng, M. et al. Charge-transport layer engineering in perovskite solar cells. Sci. Bull.
65, 1237-1241 (2020).

Dunlap-Shohl, W. A., Younts, R., Gautam, B., Gundogdu, K. & Mitzi, D. B. Effects of
Cd diffusion and doping in high-performance perovskite solar cells using CdS as electron
transport layer. J. Phys. Chem. C 120, 16437-16445 (2016).

Dou, J., Shen, D., Li, Y., Abate, A. & Wei, M. Highly Efficient Perovskite Solar Cells
Based on a Zn2SnO4 Compact Layer. ACS Appl. Mater. Interfaces 11, 36553-36559
(2019).

Qin, M. et al. Perovskite Solar Cells Based on Low-Temperature Processed Indium
Oxide Electron Selective Layers. ACS Appl. Mater. Interfaces 8, 8460—8466 (2016).
Mahmood, K., Swain, B. S., Kirmani, A. R. & Amassian, A. Highly efficient perovskite
solar cells based on a nanostructured WO3-TiO2 core-shell electron transporting
material. J. Mater. Chem. A 3, 9051-9057 (2015).

Rajagopal, A., Yao, K. & Jen, A. K. Y. Toward Perovskite Solar Cell
Commercialization: A Perspective and Research Roadmap Based on Interfacial
Engineering. Adv. Mater. 30, 1800455 (2018).

Liang, P. W., Chueh, C. C., Williams, S. T. & Jen, A. K. Y. Roles of fullerene-based
interlayers in enhancing the performance of organometal perovskite thin-film solar cells.

132



PhD Thesis — Marie Faure University of Ottawa

&4.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Adv. Energy Mater. 5, 1402321 (2015).

Zhou, L. et al. Enhanced planar perovskite solar cell efficiency and stability using a
perovskite/PCBM heterojunction formed in one step. Nanoscale 10, 3053-3059 (2018).
Shao, Y., Yuan, Y. & Huang, J. Correlation of energy disorder and open-circuit voltage
in hybrid perovskite solar cells. Nat. Energy 1, 15001 (2016).

Wang, Z. et al. Efficient and Air-Stable Mixed-Cation Lead Mixed-Halide Perovskite
Solar Cells with n-Doped Organic Electron Extraction Layers. Adv. Mater. 29, 1604186
(2017).

Yoon, H., Kang, S. M., Lee, J. K. & Choi, M. Hysteresis-free low-temperature-processed
planar perovskite solar cells with 19.1% efficiency. Energy Environ. Sci. 9, 2262-2266
(2016).

Said, A. A., Xie, J. & Zhang, Q. Recent Progress in Organic Electron Transport Materials
in Inverted Perovskite Solar Cells. Small 15, 1900854 (2019).

Wang, D., Ye, T. & Zhang, Y. Recent advances of non-fullerene organic electron
transport materials in perovskite solar cells. J. Mater. Chem. A 8, 20819-20848 (2020).
Yan, C. et al. Non-fullerene acceptors for organic solar cells. Nat. Rev. Mater. 3, 1-19
(2018).

Nowak-Krol, A., Shoyama, K., Stolte, M. & Wiirthner, F. Naphthalene and perylene
diimides - better alternatives to fullerenes for organic electronics? Chem. Commun. 54,
13763—-13772 (2018).

Karuppuswamy, P. et al. Solution-processable electron transport layer for efficient
hybrid perovskite solar cells beyond fullerenes. Sol. Energy Mater. Sol. Cells 169, 78—
85 (2017).

Wu, J. L. et al. Simple mono-halogenated perylene diimides as non-fullerene electron
transporting materials in inverted perovskite solar cells with ZnO nanoparticle cathode
buffer layers. J. Mater. Chem. A 5, 12811-12821 (2017).

Yang, L. ef al. Restrained light-soaking and reduced hysteresis in perovskite solar cells
employing a helical perylene diimide interfacial layer. J. Mater. Chem. A 6, 10379—
10387 (2018).

Wang, H. et al. Achieving efficient inverted perovskite solar cells with excellent electron
transport and stability by employing a ladder-conjugated perylene diimide dimer. J.
Mater. Chem. A7, 24191-24198 (2019).

Jung, S. K. et al. Homochiral Asymmetric-Shaped Electron-Transporting Materials for
Efficient Non-Fullerene Perovskite Solar Cells. ChemSusChem 12, 224-230 (2019).
Shao, J. et al. Acenaphthylene-imide based small molecules/TiO 2 bilayer as electron-
transporting layer for solution-processing efficient perovskite solar cells. Sci. China
Mater. 62,497-507 (2019).

Liu, W. et al. Molecular Aggregation of Naphthalene Diimide(NDI) Derivatives in
Electron Transport Layers of Inverted Perovskite Solar Cells and Their Influence on the
Device Performance. Chem. - An Asian J. 15, 112—121 (2020).

Zhao, D., Zhu, Z., Kuo, M. Y., Chueh, C. C. & Jen, A. K. Y. Hexaazatrinaphthylene
Derivatives: Efficient Electron-Transporting Materials with Tunable Energy Levels for
Inverted Perovskite Solar Cells. Angew. Chemie - Int. Ed. 55, 8999-9003 (2016).
Wang, N. et al. Improving Interfacial Charge Recombination in Planar Heterojunction
Perovskite Photovoltaics with Small Molecule as Electron Transport Layer. Adv. Energy
Mater. 7, 1700522 (2017).

Liu, X. et al. Energy level-modulated non-fullerene small molecule acceptors for
improved V OC and efficiency of inverted perovskite solar cells. J. Mater. Chem. A 7,
3336-3343 (2019).

Wu, F. et al. Efficient small-molecule non-fullerene electron transporting materials for

133



PhD Thesis — Marie Faure University of Ottawa

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

high-performance inverted perovskite solar cells. J. Mater. Chem. A 6, 4443—-4448
(2018).

Urbani, M., De La Torre, G., Nazeeruddin, M. K. & Torres, T. Phthalocyanines and
porphyrinoid analogues as hole-and electron-transporting materials for perovskite solar
cells. Chem. Soc. Rev. 48, 2738-2766 (2019).

Jin, F. et al. Hexadecafluorophthalocyaninatocopper as an electron conductor for high-
efficiency fullerene-free planar perovskite solar cells. Sol. Energy Mater. Sol. Cells 157,
510-516 (2016).

Xie, C. et al. Silicon phthalocyanine passivation for fullerene-free perovskite solar cells
with efficient electron extraction. Appl. Phys. Express 12, 064006 (2019).

Lessard, B. H. et al. The position and frequency of fluorine atoms changes the electron
donor/acceptor properties of fluorophenoxy silicon phthalocyanines within organic
photovoltaic devices. J. Mater. Chem. A 3, 24512-24524 (2015).

Melville, O. A. et al. Ambipolarity and Air Stability of Silicon Phthalocyanine Organic
Thin-Film Transistors. Adv. Electron. Mater. 5, 1900087 (2019).

Singh, R. & Parashar, M. Origin of Hysteresis in Perovskite Solar Cells. in Soft-Matter
Thin Film Solar Cells: Physical Processes and Device Simulation (AIP Publishing LLC,
2020).

Saive, R. S-Shaped Current-Voltage Characteristics in Solar Cells: A Review. IEEE J.
Photovoltaics 9, 1477-1484 (2019).

Lin, Z. et al. Interface studies of the planar heterojunction perovskite solar cells. Sol.
Energy Mater. Sol. Cells 157, 783-790 (2016).

Ge, R., Qin, F., Hu, L., Xiong, S. & Zhou, Y. High fill factor over 82% enabled by a
biguanide doping electron transporting layer in planar perovskite solar cells. Front.
Optoelectron. 11, 360-366 (2018).

Hu, L. ef al. An Amidine-Type n-Dopant for Solution-Processed Field-Effect Transistors
and Perovskite Solar Cells. Adv. Funct. Mater. 27, 1703254 (2017).

Chiang, S. E. ef al. Origins of the s-shape characteristic in J-V curve of inverted-type
perovskite solar cells. Nanotechnology 31, 115403 (2020).

Chang, S. H. et al. Effects of the washing-enhanced nucleation process on the material
properties and performance of perovskite solar cells. J. Alloys Compd. 808, 151723
(2019).

134



PhD Thesis — Marie Faure University of Ottawa

Chapter 6: Conclusions and Recommendations for Future

Work

6.1. Overall Conclusions

As the interest in OPV technologies increases, the development of novel low-cost,
simple, and efficient active materials along with more scalable fabrication processes remain
critical challenges. Silicon phthalocyanine derivatives are promising, inexpensive acceptor
candidates which are easy to synthesize following a 2-step route while providing tunable
chemical handles for the optimization of molecular properties and corresponding thin films.
This thesis assessed the role of SiPcs as NFAs in LbL OPV devices, providing improved path
towards scalable materials and processes for the development of high performance OPVs.

The evolution from the common blended BHJ structure to a LbL bilayer configuration
starts with a review in Chapter 2. This review focuses on the organic semiconducting materials
and the principal fabrication routes (all-solution, hybrid solution-vacuum and blade coating)
used for the fabrication of bilayer LbL. OPV devices where the donor and acceptor materials
are sequentially deposited. Emphasis was placed on the advances in material structure and thin
film morphology that led to significant PCE improvements, as well as on device engineering
and thin film processing through systematic report of recurring processing conditions.
Advantages of the LbL technique over the BHJ were summarized: increased control over active
layer structure through the ability to independently optimize and characterize each sequential
layer ; the ability to reach optimal morphology by inducing a favourable vertical gradient
concentration enabling balance between dissociation and transportation of free charges
generated; improved device reproducibility; increased thermal, mechanical and optical stability
of resulting devices; comparable or greater PCEs depending on choice of donor/acceptor
system; and increased PCE retention when transitioning from lab-scale to large-scale devices.
Therefore, this review lays out the foundation for the justification of the continued exploration
of the LbL technique over the BHJ technique.

In Chapter 3, a series of direct LbL OPV devices were fabricated using a hybrid
solution-vacuum process. Two thermally deposited SiPc derivatives, (246F),-SiPc and (345F)>-
SiPc, were investigated as acceptor materials, on top of different spin coated donor polymers,
P3HT and PCDTBT. Device engineering was undertaken and impact of the processing
conditions on devices performances was assessed. While the spin rate of the donor had only a

little effect, thickness of the acceptor revealed to be critical. Different thermal treatments were
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applied to the PCDTBT/(345F),-SiPc system and annealing of the bilayer at 150°C for 30min
appeared to induce a 50% increase in FF, with a PCE of 1.52 + 0.06%.

In Chapter 4, a series of direct LbL. OPV devices were fabricated through spin coating
using an all-solution process. (3BS);-SiPc was selected as the solution processable NFA and
paired with two donor polymers, P3HT and PBDB-T. Device engineering included
investigation of different hole transporting layers, solvent systems, spin rates, deposition
kinetics and thermal treatments. The use of VOx instead of PEDOT:PSS as the HTL induced a
favorable P3HT film morphology and resulted in increased FF and Voc values. For
P3HT/(3BS)2-SiPc devices PCEs up to 3.0% were achieved, and for PBDB-T/(3BS)-SiPc
devices PCEs up to 3.3% were achieved with an impressive Voc up to 1.06 V, which is amongst
the highest obtained for both PBDB-T-based and LbL OPV devices. In comparison to their BHJ
counterparts, LbL devices performed similarly, with comparable EQE responses, absorption
spectra, and vertical film composition.

In Chapter 5 a thermally evaporated SiPc derivative, Fio-SiPc, was used as ETL in
perovskite solar cells to extend the potential of SiPcs to other solar technologies. Primary
studies showed that comparatively to the PCs1BM fullerene reference, SiPc-based PSCs seemed
to achieve equivalent efficiencies with no S-shapes and improved interfaces.

Overall, this thesis contains the first reports demonstrating SiPc-based LbL OPV
devices fabricated through either a hybrid solution-vacuum processing route or an all-solution
processing route, and presents their first use as ETL in perovskite devices. These studies further
established the potential of SiPcs as active materials for different solar technologies, and laid

the groundwork for better scalable and commercially viable OPV devices.

6.2. Recommendation for Future Work

The main advantages of the LbL technique over BHJ technique arises from the
formation of a vertical concentration gradient where the acceptor and donor materials are
aggregated at their respective electrode while leaving an intermixed region in the middle of the
film. As previously explained, this thin film morphology structure enables the efficient
dissociation of the charges while leaving clear paths to the electrodes to avoid recombination.
This configuration has often been reported to form with the all-solution LbL sequential
deposition of the donor and acceptor materials. Unfortunately, we were not able to obtain this
film structure in our studies, thus, future recommendations will involve the further investigation
of device engineering in order to find experimental conditions that could lead to this particular

type of morphology.
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1) Improved vertical separation through device engineering: we could switch from a spin
coating method to a blade coating method or other solution processing techniques. The
differences in deposition kinetics and drying paths compared to spin coating could help the
formation of such a morphology. Investigation of different solvent systems including green
solvents, different drying times, deposition rate, thermal treatments should be done.
Additionally, the choice of axial groups could be investigated as they dictate the interaction
with the polymer film and therefore the penetration depth could be tuned through simple
changes such as length of axial groups (Figure 6.1).

A
T;

X,-SiPc P & ol

Figure 6.1. Examples of SiPc derivatives with varied axial groups lengths that have been
synthetized in the lab' and that could be integrated into LbL. OPV devices to tune the vertical
separation gradient.

2) Improved current extraction through use of corresponding ETL: another way to
improve device structure would be to thermally evaporate the same SiPc derivative used in the
active layer on top of the LbL deposited active layer with limited vertical separation. For
example, the use of an SiPc which can be both solution-processed and evaporated could lead to
the same SiPc being blended into the polymer layer (LbL active layer) followed by the
evaporation of this exact SiPc on top of the active layer as an ETL layer. This would lead to the
SiPc NFA material intermixed with a polymer followed by a solid ETL layer of the same SiPc

material with likely no resistance between the two layers (Figure 6.2). For example, bis(tri
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propyl silyl) SiPc ((3PS)2-SiPc) has been shown to be soluble enough for solution processing

but can also be sublimed and could be a promising candidates for this engineered structure.?

;

e

=
e

=
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Figure 6.2. Schematic representation of the fabrication route and morphology of an LbL OPV
device where the SiPc material is used both as the NFA in the active layer and as an intermediate
ETL layer.

3) Improved matching with donor polymers through SiPc derivatives engineering:
independently of the active layer morphology, global OPV devices performances could be
increased by improved tuning of the SiPcs” HOMO/LUMO levels and band gap using their
chemical versatility. The shallow energy levels of the soluble SiPc alkyl derivatives such as
(3BS)2-SiPc are not optimal for matching with a large range of top performing donor polymers,
impeding the reach of high PCEs as well. For example, with donor polymers such as PTQ10 or
PM6 whose HOMO are at -5.5 ¢V and -5.6 €V respectively (Figure 6.3),> (3BS):-SiPc’s
HOMO at -5.3 eV is too high and will not enable the efficient dissociation and extraction of
holes. Incorporation of fluoro atoms have shown to help increase the HOMO level, as for
(345F),-SiPc that reaches an HOMO level of -5.9 eV.* However, the band gap of (345F),-SiPc
is increased at 1.9 eV, which is again not the best for an optimal solar spectrum coverage when
wide band gap top performing donors are used. In order to complement the absorption range of
these types of donors, SiPcs absorption needs to be further pushed in the NIR region of the solar
spectrum by reduction of the band gap around 1.6 to 1.7 eV. Recently our lab synthetized new
fluorinated SiPc derivatives, Fio-SiPc and F»-Fi6-SiPc, that achieved deeper HOMO/LUMO
levels of -5.8 eV/-4.1 eV and -6.5 eV/-4.8 eV respectively (Figure 6.3), that would allow
dissociation and extraction of charges.> Moreover band gaps of 1.7 eV enabled a thin-film UV-

Vis absorption peak pushed to around 750 nm. These derivatives represents promising NFAs
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for OPV devices, however they can only be thermally evaporated. To fabricate all-solution LbL

devices, soluble versions should be synthetized.
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4 §--- I e 1 40 44 .
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Figure 6.3. Summary of HOMO/LUMO energy levels and band gaps values for materials of
interest.
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Appendix A: Supplementary Information for Chapter 3

U(v)
0 0.2 0.4 0.6 0.8

Figure S3.1. Characteristic current vs. voltage (J-V) for PHJ OPV devices where the active
layer is PCDTBT/(345F),-SiPc (50 nm) and where the PCDTBT layer have been annealed at
150 °C at 0 min, 10 min, 30 min and 60 min.
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Figure S3.2. Characteristic current vs. voltage (J-V) for PHJ] PCDTBT/(345F),-SiPc devices
with a SiPc thickness of (a) 113nm with incorporated DIO in the PCDTBT layer at 0, 1 and 3
vol%, (b) 104nm and (¢) 65nm where DIO have been incorporated in the PCDTBT layer at 0,
3 and 3 vol% followed by annealing at 100 °C for 15min.
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Figure S4.1: UV-Vis absorption spectra for P3HT, PCBM, PBDB-T, and (3BS),-SiPc films
deposited on VOx. For convenience, (3BS)»-SiPc is referred to as 3BS.

Table S4.3: Contact angle values (in °) of water or chloroform on ITO/PEDOT:PSS and
ITO/VOx stacks.

Contact angle (°)
(averaged over 3 measurements)
Water Chloroform
VOx 8 4
PEDOT:PSS 11 4
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