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ABSTRACT

Solution-Processing of Organic Solar Cells:
From In Situ Investigation to Scalable Manufacturing

Maged Abdelsamie

Photovoltaics provide a feasible route to fulfilling the substantial increase in demand for
energy worldwide. Solution processable organic photovoltaics (OPVs) have attracted
attention in the last decade because of the promise of low-cost manufacturing of
sufficiently efficient devices at high throughput on large-area rigid or flexible substrates
with potentially low energy and carbon footprints. In OPVs, the photoactive layer is
made of a bulk heterojunction (BHJ) layer and is typically composed of a blend of an
electron-donating (D) and an electron-accepting (A) materials which phase separate at
the nanoscale and form a heterojunction at the D-A interface that plays a crucial role in
the generation of charges. Despite the tremendous progress that has been made in
increasing the efficiency of organic photovoltaics over the last few years, with power
conversion efficiency increasing from 8% to 13% over the duration of this PhD
dissertation, there have been numerous debates on the mechanisms of formation of the
crucial BHJ layer and few clues about how to successfully transfer these lessons to
scalable processes. This stems in large part from a lack of understanding of how BHJ
layers form from solution. This lack of understanding makes it challenging to design BHJs

and to control their formation in laboratory-based processes, such as spin-coating, let



alone their successful transfer to scalable processes required for the manufacturing of
organic solar cells. Consequently, the OPV community has in recent years sought out to
better understand the key characteristics of state of the art lab-based organic solar cells
and made efforts to shed light on how the BHJ forms in laboratory-based processes as
well as in scalable processes. We take the view that understanding the formation of the
solution-processed bulk heterojunction (BHJ) photoactive layer, where crucial
photovoltaic processes take place, is the one of the most crucial steps to developing
strategies towards the implementation of organic solar cells with high efficiency and
manufacturability. In this dissertation, we investigate the mechanism of the BHJ layer
formation during solution processing from common lab-based processes, such as spin-
coating, with the aim of understanding the roles of materials, formulations and
processing conditions and subsequently using this insight to enable the scalable
manufacturing of high efficiency organic solar cells by such methods as wire-bar coating
and blade-coating. To do so, we have developed state-of-the-art in situ diagnostics
techniques to provide us with insight into the thin film formation process. As a first step,
we have developed a modified spin-coater which allows us to perform in situ UV-visible
absorption measurements during spin coating and provides key insight into the
formation and evolution of polymer aggregates in solution and during the
transformation to the solid state. Using this method, we have investigated the
formation of organic BHJs made of a blend of poly(3-hexylthiophene) (P3HT) and

fullerene, reference materials in the organic solar cell field. We show that process



kinetics directly influence the microstructure and morphology of the bulk
heterojunction, highlighting the value of in situ measurements. We have investigated
the influence of crystallization dynamics of a wide-range of small-molecule donors and
their solidification pathways on the processing routes needed for attaining high-
performance solar cells. The study revealed the reason behind the need of empirically-
adopted processing strategies such as solvent additives or alternatively thermal or
solvent vapor annealing for achieving optimal performance. The study has provided a
new perspective to materials design linking the need for solvent additives or annealing
to the ease of crystallization of small-molecule donors and the presence or absence of
transient phases before crystallization. From there, we have extended our investigation
to small-molecule (p-DTS (FBTTh;),) fullerene blend solar cells, where we have revealed
new insight into the crucial role of solvent additives. Our work has also touched upon
modern polymers, such as PBDTTPD, where we have found the choice of additives
impacts the formation mechanism of the BHJ. Finally, we have performed a comparative
study of the BHJ film formation dynamics during spin coating versus wire-bar coating of
p-DTS(FBTTh,),: fullerene blends that has helped in curbing the performance gap
between lab-based and scalable techniques. This was done by implementing a new
apparatus that combines the benefits of rapid thin film drying common to spin coating
with scalability of wire-bar coating. Using the new apparatus, we successfully attain
similar performance of solar cell devices to the ones fabricated by spin coating with

dramatically reduced material waste.
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PC;;.BM from CB solution and with different DIO content (0.4% and 1%). (b) The calculated
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Figure 6.5 Time-resolved UV-vis absorption color plot (absorption intensity is shown as
logarithmic color scale versus wavelength (A) and time (s)) of coating p-DTS(FBTTh,), : PC;;BM
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Figure 6.7 (a) In situ GIWAXS color image plot (Integrated scattering intensity is shown in
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out-of-plane direction at (0°) to in-plane direction at (90°)); GIWAXS measurements were
performed in situ during casting PBDTTPD: PC,,BM from: (a) pure CB, (b) CB with 5% CN, and (c)
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(a-c). (h-i) Line-cuts of the integrated scattering intensity versus azimuth angle (°) of the as cast
and vacuumed dried films of the additive-processed samples; (h) CB with 5% CN, and (i) CB with
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Chapter 1

Introduction

Our planet continues to experience increasing global energy demand and consumption.
Consequently, there is increasingly a tremendous need for the development of
renewable energy resources which can supply a significant fraction of society’s energy
needs. Solar photovoltaic (PV) technologies are near the top in the renewable energy
mix needed to make a societal impact. Silicon based solar cells currently prevail in the
photovoltaic market. However, they have large energy payback time and their
manufacturing incur environmental hazards due to the chemicals released during
processing. (1.2 Although silicon based solar cells technology suffered from high cost for
decades, its fabrication cost has reduced substantially in the last few years.[” Second
generation thin film inorganic PV technologies that have the second share of the
market, such as CdTe, CdS and CIGS, have challenges of using rare materials and/ or
poisonous heavy metals, and utilize capital intensive vacuum-based deposition
processes. B4 Alternative PV technologies were developed that make use of abundant
materials and which allow to achieve low cost manufacturing on large area, flexible
substrates, using solution processing methods compatible with roll-to-roll methods. [4-
lover the past two decades, various technologies have emerged which can make this
vision a reality, including organic, quantum dot, dye-sensitized and hybrid perovskite

[6-12]

light absorbers, all of which can be solution processed. Amongst these
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technologies, OPVs, being carbon based materials, have several advantages such as
availability, flexibility, lightweight and low-cost. (-S1Besides, OPVs have potentially low
energy payback time and ease of fabrication into large-area, flexible and rigid
substrates, and can be applied as transparent solar panels into windows. However,
organic semiconductors have the main disadvantage of a low dielectric permittivity. [13]
Therefore, upon absorbing light, Coulomb-bound electron-hole pairs instead of free
carriers are generated due to the low screening of the photo-generated charge carriers.
[1418] Short lifetime and a very limited diffusion length of the generated strongly bound
excitons are key characteristics of organic solar cells. Thus, donor and acceptor
materials with properly chosen energy levels are blended — instead of forming a planar
heterojunction — into an intricate network known as the bulk heterojunction (BHJ) with
interfaces acting complimentarily to separate the bound excitons into free carriers,
which then diffuse to the respective electrodes. ] Another disadvantage of OPVs arises
from the complexity of the BHJ photoactive layer compared to classical thin film light
harvesters, which makes it challenging for scalable fabrication. ] In addition, OPVs
suffer from large voltage losses which lead to large energy losses by wasting part of the

energy of the absorbed light.!*>?%

A major challenge in the development of OPV devices is identifying a viable route for
controlling the morphology in order to achieve a reproducible and optimal performance.

The morphology strongly depends on the processing approach. To date, spin coating has
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been the most widely used processing technique in both academia and in industrial
research units. However, its major drawback is its incompatibility to industrial
commercialization.”" Besides the fact that it is extremely inefficient in material usage,
its low throughput makes the process incompatible with roll-to-roll processing. In
contrast to spin coating, other alternative techniques, such as blade-coating and slot-die
coating, are highly efficient in material usage and easily transferable to roll-to-roll
coating environment.”™ However, these techniques had received little attention in the
context of organic solar cells at the start of this Ph.D work. Reproducibility and parity of
device performance remain the biggest challenges. The lack of knowledge of how the
BHJ forms when the film is cast through these techniques constitutes the main obstacle
in attaining satisfactory performance. To overcome this limitation, it is necessary to gain
both quantitative and qualitative understanding of how the final film morphology is
attained and how this morphology depends on the processing route. We take the view
that scale-up from spin-coating first involves deep scientific insight into the thin film
formation mechanisms in state of the art solar cells. Understanding the development of
morphology in BHJs should offer a viable route to enabling the scalable manufacturing
of efficient organic solar cells in the future.

The kinetics of solution drying and phase transformation during the solution process is
of crucial importance for tuning morphology of the BHJ and to optimizing the
performance of organic solar cells. (2223l4owever, one key limitation at the start of this

Ph.D dissertation was the lack of availability of in situ metrology techniques to
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investigate the solution-to-solid phase transformation in the context of solution
processing, especially for spin-coating. Laser reflectometry was used recently to reveal
the mechanism of phase separation during spin coating of BHJ films by monitoring the
light scattering out of specular direction, allowing detecting micron-scale phase

(24251 our group reported the first study of the morphological evolution

separation.
including crystalline behavior and phase separation of P3HT: PCBM BHJ was monitored
during spin coating using grazing incidence wide angle x-ray scattering (GIWAXS) and
grazing incidence small angle x-ray scattering (GISAXS).[ZZ] However, there were no other
reports related to spin-coating, possibly because of the significant engineering challenge
to overcome in performing in situ metrology during spin-coating. Consequently, the
community has directly investigated “easier” processes, but this does not help the spin-
coating process - the most successful solution process in the field of OPVs — be better
understood. In another study, solution to solid-state formation during blade-coating of
P3HT:PCBM films was monitored using spectroscopic ellipsometry and GIWAXS.1? |n
that work, kinetics of film drying, evolution of P3HT aggregation state and crystalline
behavior were monitored simultaneously.[za]

Perhaps the most common implementation among all in situ process monitoring tools
are optical ones, because of their compatibility with liquid and vapor environments and
do not require vacuum, unlike many other surface and thin film characterization

methods. The time-evolution of thickness during solution drying has been measured in

different solution processing techniques, such as spin coating and blading, with laser
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reflectometry, spectroscopic reflectometry and spectroscopic ellipsometry being the
most common methods. Spectroscopic ellipsometry requires full modeling of the optical
properties (extinction coefficient and refractive index) in order to extract film thickness.
The extinction coefficient, a parameter closely related to absorbance, strongly
correlates to the presence J and H photophysical aggregates in conjugated materials,
which are due to wavefunction overlap between adjacent conjugated units, e.g., in a
polymer, and which play a crucial role in mediating carrier transport through the organic

[26’27]Knowledge of the optical properties can therefore provide a link

semiconductor.
between solution and solid states of organic semiconductor materials and their device
performance. The number and “quality” of photophysical aggregates in terms of
backbone planarity and conjugation length can be estimated in conjugated polymers via
modeling, making this a powerful method to monitor polymer conformation and

(27281 Ultraviolet-visible (UV-Vis) absorption

aggregation during solution processing.
provides similar insight into photophysical aggregation with the advantage that unlike
ellipsometry it is a direct measurement that does not require tedious modeling. It also
provides absorption data from the first moment of solution processing through the bulk
solution, whereas ellipsometry only works when the solution thickness approaches its
last micron. As such, UV-Vis absorption can track pre-aggregation of solutes in the
solution. UV-Vis absorption has not been implemented in situ during spin-coating at the

start of this Ph.D dissertation. It was used to monitor the transition from solution to

solid-state of spin coated films after interrupting spin coating and moving the sample to
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the measurement stage.m] However, this does not capture the process kinetics
realistically, since spinning enhances solvent evaporation kinetics. Raman spectroscopy
also provides insight into ordering of conjugated materials. The sensitivity of Raman
modes to the degree of ordering and n—electron delocalization has been reported.[3°’31]
These optical methods are spectroscopic in nature and offer only an indirect link to
crystalline structure, order and to phase separation of the components of the blend. To
access this information more directly, one must also perform X-ray scattering
measurements. X-ray diffraction and related scattering methods become a very useful
complementary technique. In particular, grazing incidence X-ray scattering has been
used successfully to probe the molecular packing structure as well as nanoscale and
mesoscale phase morphology over a wide range of length scales. [22]

In this dissertation, we will use in situ measurement techniques, combined with ex situ
measurement capabilities, to investigate the spin coating process in the context of
OPVs. Then, we extend our investigation to production-compatible processing methods
(such as wire-bar coating). We aim to translate knowledge gained in understanding the
formation from spin coating of the bulk heterojunction layer to more scalable solution
processing methods. This will enable the emergence of pathways that will bridge the
gap between lab-based non scalable processes and commercially viable solution
processing methods.

In the following chapters of this dissertation, we provide an overview of the morphology

development in bulk heterojunction organic photovoltaics in chapter 2. Then, we discuss
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in the third chapter the general methodology of this work. Afterwards, we will discuss
our approach to overcome the above mentioned problems by applying in situ
investigation of bulk heterojuction formation of solution processed organic solar cells
aiming to scalability of device fabrication in chapters 4-8. Finally, we conclude in chapter
9 the general outcomes of the dissertation. The chapters are as follows:
Chapter2. Morphology development in bulk heterojunction organic photovoltaics: A
literature review
Chapter3. Methodology and general description of the work
Chapter4. In situ UV-visible absorption during spin-coating of organic semiconductors:
a new probe for organic electronics and photovoltaics
Chapter5. Roles of the donor crystallization dynamics and pathway on bulk
heterojunction formation in small-molecule organic solar cells
Chapter6. Impact of solvent additives on the mechanism of film formation in small-
molecule bulk heterojunction solar cells
Chapter7. Polymer-fullerene bulk heterojunction solar cells: Role of solvent additives
in fullerene aggregation
Chapter8. Lessons for scalable processing of small-molecule bulk heterojunction solar
cells while achieving microstructural and performance parity

Chapter9. Conclusions and Future Work
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Chapter 2
Morphology development in bulk heterojunction organic photovoltaics: A

literature review

In this chapter, we provide an overview of the field of organic solar cells highlighting the
strategies used to control the active layer morphology and the techniques used to
monitor the active layer formation. At the start of this Ph.D dissertation in 2011, little
research was published in this area. This review focuses on the state of the art around
that time and also includes some more recent results which were published by other
groups during the completion of this PhD dissertation. We start by a brief introduction
to organic semiconductors and organic photovoltaics. We discuss the semiconducting
properties of organics and the main differences that distinguish them from inorganics.
We go through the development of the bulk heterojunction concept of organic
photovoltaics and the main optoelectronic processes of harvesting light into electricity
in bulk heterojunction solar cells. Then, we provide an overview of the main strategies
that have been developed to control the bulk heterojunction microstructure. Finally, we
review the state-of-the-art in situ diagnostic techniques that have been implemented in

the monitoring of bulk heterojunction formation during solution processing.

2.1 Organic semiconductors
Semiconducting properties in organic semiconductors originate from delocalized n-

electrons in m-conjugated systems.[32'33] To get a sense of the conjugated system, let us
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discuss first the double bond between two adjacent carbon atoms (i.e. c=c bond which is
a key unit in conjugated system). In each carbon atom, the 2s and two of the 2p orbitals
form three sp2 hybridized orbitals with a planar trigonal structure, whereas the third pz
orbital remains perpendicular to the hybridized orbitals plane. The double bond
between two adjacent carbon atoms consists of a o-bond and a m-bond. A o-bond is
formed from head-on overlapping of two sp2 orbitals from each carbon atom whereas
the shared electrons remain localized between the two bonded atoms. On the other
hand, m-bond is formed from overlapping of the pz orbitals forming a much weaker
bond wherin the electrons are delocalized and can move in and out of the space
between the two m-bonded atoms. This weakness of m-bonding is attributed to the
reduced overlap between pz orbitals due to their parallel orientation. In conjugated
systems, of which several examples are shown in Figure 2.1, the overlap of p-orbitals is

extended along the system constituting a delocalized electron cloud.

The quantity and quality of aggregation, including short range order and long range
crystalline order and the molecular packing motif in aggregated organic semiconductors
determine the extent of m-bond overlap and delocalization of m—electrons, with
significant implications on their energetics and optoelectronic properties.[34_36] The
conjugation and delocalization also determine whether the semiconductor has the
ability to transport charge carriers, along which directions and at what carrier mobility.

Considering P3HT, historically the most commonly investigated reference material in
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the world of conjugated polymers, an increase in degree of ordering and backbone
planarity of P3HT is accompanied by an increase in the conjugation length which also
causes a red shift in absorption spectrum.[28’37] Moreover, the increase of polymer
aggregation/crystallization has been shown to result in enhanced charge carrier
mobility, especially in high Mw polymers, where long polymer chains act as so-called

tie-molecules that connect the polymer aggregates. [2*

For small-molecules,
crystallization is crucial for ensuring intermolecular interactions required for the
efficient charge transport, unlike polymer donors which have charge transport
pathways through both interchain and intra-chain interactions.”***% |n addition, for
various small-molecules, different polymorphs exhibit extreme differences in their
optoelectronic properties.[“] Several studies reported that a change in crystal packing
structure can give rise to significant differences in charge carrier mobility. “**?loverall,
evaluating and controlling the degree and nature of ordering in organic semiconductors

are critical for attaining the appropriate optoelectronic properties needed for the

relevant optoelectronic applications.
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Figure 2.1 Molecular structures of organic semiconductor materials (small-molecules
and medium-size molecules on the top, polymers on the bottom). Figures are adapted

from references **¥. All are used as donor materials for high performing OPVs.
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2.2 Organic photovoltaics

Currently, the market of photovoltaics devices is dominated by inorganic-based solar
cells; mainly silicon-based solar cells. However, their manufacturing has challenges
related to the materials consumption, fabrication costs and environmental issues. Some
PV technologies require huge materials consumption and manufacturing costs such as
the first generation solar cells based on silicon, whereas others rely on rare earth
elements and/ or toxic materials such as the second generation thin film solar cells
including CIGS, CdTe and CdS.™ The latter, regardless of being thin films with much
less materials consumption, still incurs large energy consumption during their
manufacturing requiring vacuum processes and/or high temperature treatments.®!
Thus, alternative photovoltaics technologies, what’s called third generation solar cells,
were developed aiming to overcome these challenges by using abundant low-cost
materials that can be manufactured by cost effective solution processing techniques
compatible with roll-to-roll manufacturing.[H] Amongst these technologies, organic
photovoltaics, besides being carbon-based materials, have several advantages such as
availability, flexibility, light-weight, low-cost and compatibility with roll-to-roll solution

processing techniques.[a'g]

There are major differences that should be considered for organic photovoltaics as
compared to inorganic materials. First of all, one advantage for organic semiconductors

is that they are chemically synthesized from abundant carbon-based materials. 691 This
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opens the opportunity for creating infinite number of novel semiconducting materials

with highly tunable optoelectronic properties.[6’7'9]

On the other hand, organic
photovoltaics have a major drawback of being excitonic solar cells which don't
effectively screen the interaction between the electrons and holes upon absorption.[“—
¥lna polarizable material, such as a semiconductor, the polarization of neutral atoms
around oppositely charged electrons and holes screens the attraction between them.
The dielectric constant of the material is a key factor that determines the degree of
screening of the columbic attraction between the photo-generated electrons and holes.
43441ynfortunately, organic semiconductors have relatively low dielectric constants as

compared to their inorganic counterparts.ml

For instance, most of organic
semiconductors have dielectric constant on the order of 2 to 4, whereas, for silicon, it
has a dielectric constant around 12.1*! To give sense of the numbers, electron-hole pair
in an organic semiconductor with a dielectric constant of 4 tends to feel attracted 3
times more than it does in Silicon. Basically, photon excitation leads to the formation of
strongly bound electron-hole pairs, namely excitons, in low dielectric constant materials
such as organic semiconductors whereas, it leads to the formation of free charges
immediately in high dielectric constant materials such as silicon. That's why organic
photovoltaics are considered excitonic solar cells. One more aspect that we should
consider is the charges diffusion length, a parameter related to the average length a

carrier diffuses throughout the semiconductor between photo-generation and

recombination.!7847] Typically, in organic semiconductors, the exciton diffusion length
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is limited to a few tens of nanometers, whereas, the carriers diffusion length is
significantly higher in silicon that can be as high as hundreds of
microns.*#*I\oreover, lower diffusion length is indicative of shorter lifetime.!*8>"
Thus, a major challenge is designing the organic photovoltaics device so that the

excitons can be separated into free charges during their short lifetime before

recombination.

The organic photovoltaics active layer is designed from a combination of a donor (D) and
acceptor (A) materials. Nevertheless, more than one donor or acceptor can be used
such as in ternary or quaternary systems.[51'53] At the early stages of organic
photovoltaics, a stacked bilayer of pure D/A materials was used as the active layer, see
Figure 2.2a.”" However, the devices efficiency remained very low because of the short
exciton diffusion length that significantly limit charges extraction at bilayer
configuration. At this configuration, the number of excitons that can reach the interface
of the bilayer is too low leading to significant recombination losses.®™ To effectively
split the excitons before they recombine, the active layer should be limited within
around 10 nm from both sides of D/A interface.™ However, the active layer should be
thick enough to effectively absorb most of the incident light; generally several hundreds

of nm thick active layer is needed.

To overcome this problem, the bulk heterojunction (BHJ) concept was introduced in

which the active layer is formed from an interpenetrating network of donor and



33

acceptor domains with length scales comparable to the typical diffusion length of
excitons, see Figure 2.2b. 561 BHJ active layers can be fabricated by solution processing
in which the D & A materials are blended in solutions of a given solvent or co-solvents
and are allowed to partially phase separate during solvent drying. The BHJ morphology
can be tuned by several pre and post deposition techniques that will be discussed in the
following sections.'® BHJ active layers can also be processed by co-evaporation of D/A
materials (mostly small-molecules). There are also less common techniques of making
BHJ films via annealing initially coated bilayer films allowing diffusion and mixing of D/A

components to form BHJ.

(@) (b)

ron transporting T

Figure 2.2 Schematics represent organic photovoltaics architecture in bilayer and BHJ
configuration in (a) & (b), respectively. Donor and acceptor phases are represented in

dark green and red, respectively.

The main processes for light harvesting into electricity in organic BHJ photovoltaics can

be summarized in the following successive steps and as shown in Figure 2.3:
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1. Light absorption and exciton formation; an incident light with appropriate energy
promotes the excitation of electron from HOMO to an excited state leading to
exciton formation.™ The minimum energy required for the excitation is equivalent
to the HOMO-LUMO gap minus the exciton binding energy, namely the optical
gap.[l‘” Excited electrons with high energy states undergo vibrational relaxation to
lower energy states. Several parameters affect the light absorption including the
band gap, absorption coefficient and thickness. Luckily, organic semiconductors have
high absorption coefficient so that a few hundreds of nanometers are enough to
absorb most of the light.”” Since organic semiconductors have tunable band gap, the
light harvesting can be significantly improved through the integration of multiple
materials with complementary absorptions, such as in ternary systems. [52] Although
the most common acceptors based on fullerene derivatives have wide band gap and
doesn’t contribute much to the absorption, the development of new acceptors with
complementary absorption to the donor has improved the overall absorption in
organic photovoltaic systems.[ss_sll Dyes as a ternary component with donor:
fullerene systems were also used to improve the absorption.[51] Furthermore,
through device engineering, the absorption can be increased by means of mirrors
and textured electrodes. ¢

2. Exciton diffusion: for effective charge generation, the excitons have to diffuse to the

D/A interface before their decay by radiative or non-radiative recombination

processes.[63] D/A domains purity and size are key factors that should be tuned
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carefully to reduce the recombination losses.®*®*! Notably, this diffusion process is
affected by the intrinsic properties of donors and acceptors, such as exciton diffusion
length and lifetime.

. Exciton dissociation: this process occurs at the D/A interface where the energy
cascade at the interface provides the driving force for the excitons separation.[66]
Once the excitons reach D/A interface, they form charge transfer complexes (at
interfacial CT states). (67,681 Afterwards, they can either decay to the ground state by
recombination processes or produce free carries at charge separated (CS) states.
Once carriers become in the CS states, they can move freely in the active layer after
overcoming the binding energy. More detailed picture of the exciton dissociation
processes is illustrated in Figure 2.4.The nanostructure morphology near the
interface plays a critical role in facilitating or hindering the dissociation process. For
example, the high local mobility and the appropriate energy offsets near the
interface can significantly favor the dissociation process. [66]

. Carrier transport to the electrodes for extraction: once free carriers are generated
after excitons dissociation, they migrate towards their respective electrodes guided
by the work-functions of the electrodes. Electrons diffuse towards the low work
function cathode whereas the holes diffuse towards the high work function anode for
collection. This process is affected by multiple factors such as carrier mobility within

donor and acceptor domains as well as D & A domains purity and connectivity. Bi-

continuous domains of D/A phases with sufficient phase purity and high carrier
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mobility are crucial for effective charge transport and minimum recombination losses
of the carriers while they are migrating to their respective electrodes. [64,65,69] Impure
D/A phases and discontinuous pathways are detrimental to the efficiency of charge
transport and extraction. An optimum active layer thickness is also important for
efficient charge collection. Although increasing the thickness is beneficial for light
absorption as mentioned in step (1), it can introduce recombination losses because

the charges have to migrate larger distance to reach the electrodes.
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Figure 2.3 (a) & (b) Simplified schematics represent the main processes for light

harvesting into electricity in organic BHJ photovoltaics.
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Figure 2.4 Schematic represents the possible pathways for free charge carriers

generation from excited states (left) to separated states (right). (671 (a) Photo-excitation

by a photon with energy higher than energy gap (Ep*) of a donor semiconductor,

generates the donor excited state D* at a rate Gp*. (b) Pathway for generation of free

carriers at charge-separated states (CS) at a rate (k*cs), also called hot exciton

dissociation. ©78 This pathway (b) occurs for high-energy (hot) delocalized excited
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states, where excess energy after photo-excitation assist to bypass vibrationally relaxed
and lowest energy CT states (CT;). Another pathway for free carrier generation via (c-d);
(c) Thermal relaxation to CT; states at a rate (krelax), (d) Dissociation form CT,; to CS at
rate (kcs). (e) Radiative decay from CT1 to the GS. Other processes such as relaxation
form CS to CT; at ratek, or optical excitation into CT; at Gc¢r; are possible. This

illustration is adapted from reference ),

Overall, the performance of the photovoltaic device is evaluated by the power
conversion efficiency (PCE) which is calculated from the current density voltage (J-V)
curve under standard conditions; see Figure 2.5. The solar cell device delivers power
under illumination in the region between short circuit condition (at V = 0, J=Jsc) and the
open circuit condition (at V = Voc , J=0). It is important to define two main
characteristics of the J-V curve; the maximum power point and fill factor (FF). The
maximum power point is the point at which the solar cell delivers the maximum
extractable power density, determined by point of the maximum product of J and V. The
fill factor, a parameter related to the efficiency of charge collection in the solar cell, is
determined by the ratio of the maximum power density to the product of the Jsc and
Voc. PCE of a solar cell is the ratio of the maximum extractable power density to the
power density of the incident light (P;,) which involves the product of Jsc, Voc and FF
divided by P;,, see Figure 2.5. An improvement in PCE requires enhancement in the

three parameters (Jsc, Voc & FF) simultaneously.
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Figure 2.5 Schematic representing the J-V characteristic of solar cell devices and the

associated figures of merit, including Jsc, Voc, FF and PCE.

2.3 Strategies for controlling the active layer morphology in BHIJ solar cells

The active layer morphology in BHJ organic solar cells depends on the interplay between
multiple variables including intrinsic properties related to the pure D & A domains as
well as the interaction parameters between both components. Domain size and purity
play a crucial role in defining the efficiency of charge generation and extraction, as
discussed above.[®®'The D/A domains have to be small enough to increase the
interfacial area and to ensure that the charges can reach the interface. The latter is
limited by the diffusion length of charge carriers. Furthermore, the domains have to be
large enough to ensure the connectivity of D/A domains creating percolation pathway
for the charges through the entire film. Phase purity of donor and acceptor domains is
another factor that has to be considered carefully. Impure phases can lead to severe
recombination losses, thus formation of D/A domains with sufficient phase purity is a

must for achieving high performance BHJ solar cells. Nevertheless, the presence of a
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mixed phase at the D/A interface is found to be beneficial for charge separation.[66] It

has been shown that having an energy offset at the interface derived by the presence a
mixed phase at the D/A interface leads to supreme charge dissociation probability as
compared to having sharp energy levels at the interface. At the presence of an energy
offset at the interface, it becomes more energetically favorable for both electrons and

holes to move from the highly disordered interface to the pure phases.[66]

Several thin film processing strategies have been used to tune the BHJ morphology
including the choice of the solvent or co-solvents, the processing conditions and the
post-treatments such as solvent or thermal annealing.[sl In the following sections, we
discuss in details the most common thin film processing strategies for controlling BHJ
morphology. There are other strategies that involve chemical modifications such as
cross-linking and modification of main chains and side chains of oligomers and polymers

but are not discussed here.®

2.3.1 Choice of solvent approach

One of the main key parameters for tuning the BHJ morphology in solution processed
BHJ solar cells is the choice of the solvent. The main aspects that should be considered
when selecting a solvent involve thermodynamics aspects such as solubility of D & A
materials in the solvent as well as the mutual interactions between solvent: D: A and
kinetics aspects such as the boiling point and the vapor pressure of the solvent besides

[70,71]

the coating conditions which define the drying kinetics. Generally, chlorinated
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solvents such as chlorobenzene (CB), 1,2-dichlorobenzene (DCB), 1,2,4-trichlorobenzene
(TCB), and chloroform (CF) and aromatic solvents such as xylene and toluene are found

to be good solvents for wide-range of organic semiconductors.

The role of D & A solubility in the casting solvent on the BHJ morphology was reported
in a variety of BHJ systems.”®’4 For MDMO-PPV:PCBM, samples coated from CB were
finely mixed whereas samples coated from toluene exhibited large features that were

%71 The study revealed the formation of these

identified as large domains of PCBM.!
large PCBM domains to the poor solubility of PCBM in toluene. On the other hand, the
high solubility of PCBM in CB prevented the formation of the over-sized PCBM domains.
These findings were generalized in another study that investigated the morphology of
MDMO-PPV:PCBM blend films coated from several solvents; namely CB, CF, toluene,
carbon disulfide, pyridine, trichloroethylene, and 1-methyl pyrrole.[73] Over-sized
PCBM grains (on the order of hundreds of nanometers) were observed for samples
coated from solvents that are poor solvents for PCBM such as pyridine and toluene.
Similar findings were reported for P3HT:PCBM bends. A study reported the formation of
large PCBM domains when the blends were cast from poor solvents for PCBM such as
toluene and xerne.[76] These large domains were absent from samples coated from
good solvents such as CB and DCB. Another example that highlights the importance of

solvent selection was reported for PCDTBT: PC7:BM blends; a system that can achieve

PCE as high as 7.5%.1777] Again, casting the blends form poor solvents for PC;,BM such
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as CF resulted in large PC;;BM domains.”™ DCB was found to prevent the over
segregation of PC;;BM and enhance the formation of PCDTBT fibrils leading to optimal

devices performance.

Several studies have considered the role of the drying kinetics which determines how
fast the solution to solid-state transformation occurs. ¥%® volatile solvents with low
boiling points tend to evaporate faster than high boiling point solvents. It was found
in P3HT:PCBM blend that crystallization of P3HT is highly dependent on the solvent.®%
A study reported the dependence of P3HT crystal size in P3HT:PCBM BHJ blends coated
from CF, toluene, CB and xylene, showing that P3HT crystallites sizes were larger for

higher boiling point solvents.”® Similar observation was reported for other polymers

such as PCPDTBT and PTB7. 18182

Although, several studies have considered the effect of the processing solvent on BHJ
morphology at early stage of the development of BHJ concept when BHJ films were
typically cast from one solvent, the usage of co-solvents was adopted later that was
found to be more effective in attaining the desired morphology. The latter will be

discussed below in section 0.

2.3.2 Thermal annealing approach
Thermal annealing is one of the most common techniques used for tuning the BH)J
morphology and enhancing the device performance of variety of BHJ systems. It is

typically used when the as cast film morphology is far from optimum requiring post-
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processing treatments. For P3HT:PCBM system, thermal annealing can increase the
photo-physical aggregation and crystallinity of P3HT. Simultaneously, thermal annealing
was found to drive the phase separation of the P3HT and PCBM.B3®) Thermal annealing
of P3HT:PCBM can be done either before or after the deposition of the cathode, namely
pre-annealing and post-annealing, respectively.[83] A detailed comparative study of the
as cast versus pre-annealed versus post-annealed P3HT:PCBM thin films has revealed

831 For the as

detailed morphological changes driven by the two annealing methods.
cast films, the samples suffered from poor P3HT ordering and poor phase separation as
revealed by high resolution transmission electron microscopy (TEM), small angle
neutron scattering (SANS) and grazing incidence X-ray scattering (GIXS). Upon annealing
for both methods, phase separation of P3HT and PCBM was detectable leading to
nanoscopic, bicontinuous morphology with a characteristic length scale of ~10 nm
domains. At the same time, an increase in P3HT crystallinity was observed with
enhancement in lamellar stacking ordering as well as development of m-stacking
ordering. Although both crystals with edge-on and face-on orientations were observed
in both annealing conditions, post-annealing was found to promote more crystallites
formation with face-on orientation, compared with pre-annealing. In addition, the
concentration of components at the cathode interface was different in the two cases
revealed by dynamic secondary ion mass spectroscopy (DSIMS). An enhancement in the

P3HT concentration at the cathode interface was observed for the pre-annealed sample,

on the other hand, the opposite was observed for the post-annealed sample. In another
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study, the post-annealing treatment of P3HT:PCBM blends was found to increase both
the Jsc and FF leading to improvement in devices performance.[83] Another work
reported an increase in carrier mobility upon post-annealing treatment which was

84 Further studies confirmed the

correlated to the enhancement of the efficiency.
correlation between the thermal annealing treatments and the increase in P3HT
crystallinity and consequently P3HT:PCBM phase separation; the net result is an
enhancement in overall devices performance. 85-88] Qverall, these studies revealed

strong correlation between the devices performance and bulk and interfacial

morphologies derived by the annealing treatments.

Further studies have reported the effectiveness of thermal annealing in improving the
device performance of wide-range of systems. For instance, thermal annealing was
utilized to improve the device performance of PSBTBT:PCBM system leading to an
increase in PCE.[89%% Morphological studies have shown that the crystallization of
PSBTBT and phase separation were initially developed during spin coating, whereas
thermal annealing further increased the polymer crystallinity and the phase segregation
as revealed by GIXD and SANS. 2 Pre-annealing and post-annealing treatments of
PSBTBT:PCBM system have resulted in differences in vertical phase segregation. [52]
For as cast samples, PSBTBT was found to be segregated at the free surface. Pre-

annealing was found to further increase PSBTBT concentration at the top surface before

coating the cathode layer. On the other hand, post-annealing treatment has resulted in
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enrichment of PCBM concentration at the cathode interface. Improvement in device
performance was observed for post-annealing treatment only. However, pre-annealing
has decreased the device performance. These results strongly correlate with what is
expected for the morphology. Notably, it is beneficial for the charge collection to have
the donor segregated at the anode and the acceptor segregated at the cathode

interfaces.

Thermal annealing was used to attain one of the highest performance solar cells devices
based on the small-molecule system (DRCN7T: PCBM). Thermal annealing has given rise
to an increase of PCE from~ 3.5% to 9.3%.1**% Morphological studies have revealed an
increase in crystallinity and enhancement in fibrillar networks after annealing, revealed
by GIXS and TEM, respectively.[%] The hole mobility increased by an order of magnitude
upon annealing. The significant increase in PCE was mainly due to an increase in both FF

and Jsc.

2.3.3 Solvent annealing approach

Solvent vapor annealing (SVA) is another effective method that can be used to
manipulate the BHJ morphology in which the as cast film is subjected to a solvent vapor
that can diffuse into the film inducing morphological development. The solvent vapor,
upon its diffusion into the film, increases the mobility of BHJ components that can in

turn lead to crystallization and phase segregation of the D & A phases.
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This method has been used extensively to optimize the morphology of P3HT: PCBM
blends. Generally solvent annealing enabled the P3HT crystallization and consequently
PCBM segregation.[94_97] A study reported an increase in P3HT ordering, revealed by an
enhancement in photo-physical aggregation after vapor treatment of 1,2-
dichlorobenzene (DCB) which resulted in enhanced hole mobility.[97] In another study,
the solubility of BHJ components in the solvent vapor was considered in P3HT: PCBM
blends. The effects of using good solvents for P3HT such as (chlorobenzene (CB),
chloroform (CF) and DCB) and poor solvents such as (acetone and methylene chloride)
on the BHJ morphology and devices performance were investigated.'*® All solvents have
resulted in improved performance as compared to the as cast film but the poor-solvent-
annealed devices exhibited higher performances than good-solvent-annealed ones. The
gain in the hole mobility achieved by the solvent treatment was almost identical for all
solvents. Although the samples prepared by the good solvents treatment exhibited an
increase in P3HT ordering, they have suffered from excessive phase separation resulted
in an increase in recombination losses; the excitons recombine before reaching the D/A
interface due to the over domains coarsening. Poor solvents treatment was more
effective in gaining balanced mobility without increasing the recombination losses

thanks to the enhanced P3HT ordering and the balanced phase separation.

In another work, three-Dimensional nanoscale morphology of P3HT: PCBM BHJ was

resolved using transmission electron microscopy tomography.[94’95] The impact of SVA
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on the microstructure was investigated. SVA resulted in the formation of 3D nanoscale
networks of interpenetrating P3HT crystalline fibrils. Also, SVA has led favorable vertical
phase separation with appropriate concentration gradients of both P3HT and PCBM
through the thickness of the photoactive layer, where P3HT fibrils were accumulated at
the anode layer and PCBM domains were segregated at the cathode layer. The
formation of favorable vertical phase separation upon SVA treatment was supported by
another study using time-of-flight secondary ion mass spectrometry (ToF-SIMS) which
confirmed the accumulation of PCBM at the top surface (near the cathode interface)

whereas P3HT is concentrated at the bottom surface (near the anode interface). %

In another study, PCE over 9.0% was achieved for small-molecules (BTR:PC7;BM) BH)J
system using SVA by tetrahydrofuran (THF).[QS] The PCE was doubled for SVA devices as
compared to the as cast non-treated ones, mainly due to an increase in FF and Jsc. Both
electron and hole motilities were enhanced significantly by one order of magnitude
after SVA, matching with the devices performance enhancement. TEM images revealed
larger and more well-defined domains for SVA samples. TEM tomograms revealed the
formation of larger and inter-connected domains constituting 3D networks throughout
the whole active layer after SVA. THF SVA treatment was found to improve the
crystallinity of BTR as revealed by GIWAXS measurements. Moreover, texture of m-
stacking was evolved from the random orientation into well-defined edge-on and face-

on arrangements after SVA, which was argued to be more beneficial for 3D charge
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transport. Overall, these enhancements to the BHJ morphology driven by the SVA
treatment were responsible for achieving one of the highest performing solar cell
devices in the literature. Notably, this system can afford achieving remarkable
performance (high fill factor of ~70% and high PCE of ~8% ) with very thick active layer (

up to 400 nm thick ), which is an empirical requirement for roll-to-roll manufacturing.

2.3.4 Solvent additives

Solvent additive processing has been adopted for a decade to tune the BHJ morphology
that has been proven to be successful in attaining the desired microstructure for
efficient solar cells in wide-range of systems.[gg] It involves incorporation of higher
boiling solvent than the host solvent into the coating solution prior coating. One key
benefit for solvent additive processing is reducing the steps of the fabrication of the
active layer into one step process, unlike thermal annealing and SVA that require added
step after coating. Thus, it is compatible with roll-to-roll manufacturing more than the
other two techniques. However, mostly it involves usage of toxic halogenated solvents
as the solvent additive that remains an obstacle for environment-friendly processing.
Using either green solvents or designing D/A materials that can be processed in
additive-free and annealing-free environment are key solutions towards environment-

friendly roll-to-roll fabrication of organic photovoltaics. (200}

The mutual interactions between the host solvent, solvent additives and D/A materials

define how solvent additive processing impacts the BHJ morphology. Empirically, two
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general guidelines were adopted for host solvent and additives selection.'® First, the
solvent additives usually have selective solubility to one of the BHJ components,
whereas the host solvents usually have high solubility to both D/A materials. Second,
solvent additives typically have higher boiling points than host solvents. Therefore,
predicating and/or quantifying the solubility of BHJ components in a given solvent can
facilitate the choice of the suitable co-solvents for additive processing. One way to
predict the solubility can be achieved by calculating Hansen solubility parameters which
are derived from the cohesive energy density parameters, including energy from
dispersion forces, dipolar intermolecular forces, and hydrogen bonding.”%7>%U The
solubility can be quantified experimentally by loading the solutes into the solvent and
guantifying the dissolved and non-dissolved parts or by exposing the coated films of a

given component to the vapor of the solvent and tracking their interaction. [102,103]

Generally, the influence of the solvent additives on the crystallinity in most BHJs is
mainly improving the overall crystallinity, though it varies from system to another in the
crystallization behavior; i.e., the number of crystallites, size and texture of the crystals
and the interlayer-spacing. The solvent additives effect on the phase separation is more
complicated. The additives can improve the phase separation in some systems, whereas

they can suppress the oversized phase separation in others.

For P3HT based solar cells, the additives were usually used to improve P3HT crystallinity

and the D/A phase separation. The impacts of the additive octanedithiol (ODT) on the


https://en.wikipedia.org/wiki/Intermolecular_force
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crystal structure in P3HT:PCBM blend system were investigated by GIXS. [10%1%) The
additive ODT has led to enhanced crystallinity and the formation of larger crystallites.
Also, ODT resulted in contraction of the lamellar spacing of P3HT crystallites which is
also observed in separate studies. The crystallites remained with preferential edge-on
orientation for both with and without ODT cases.™® In another similar BHJ blend of
P3HT: indene-Cyo-bisadduct (IC;oBA), the additives of 3-hexylthiophene (HT) and 3-
methylthiophene (MT) were used to improve the PCE from 5.80% for additive-free
devices to 6.35% and 6.69% for devices processed with HT and MT additives,
respectively.’®® Both additives resulted in enhanced absorption, crystallinity, and
improved film morphology forming bi-continuous interconnected domains of P3HT and

I1C;0BA.

In another study, DIO promoted the phase separation in the blend system of
PCPDTBT:PC;:BM. Morphological investigations have shown null phase separation of
PCPDTBT:PC;:BM films processed without additives, the microstructure appeared
homogeneous with null contrast by TEM and AFM , revealing high degree of inter-mixing
of PCPDTBT and PC;;BM. On the other hand, the microstructure appeared with
reasonable phase separation when DIO was used. TEM images revealed the formation
of fibril-like domains of PCPDTBT and larger-sized inter-connected domains of both
PCPDTBT and PC;:BM. Similar behavior where additives improved the phase separation

was also reported in other BHJ systems.['*’~*11
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On the other hand, in some polymer-fullerene systems, large-scale phase segregation on
the order of hundreds of nanometers is attained when they are cast in additive-free
conditions.>™%! Solvent additive processing was utilized to suppress the oversized
phase separation for variety of systems. For example, PTB7:PC;,;BM BHJ blends cast
from pure CB solvents exhibited very coarse domains with sizes over hundred nm.[112114]
Incorporation of DIO resulted in reduced phase separation with more homogeneous
nanomorphology. Quantitative analysis of the composition of phase-separated domains
revealed that PC;;BM was segregated into phase-separated domains with droplet
shape.™® These pristine PC;:BM droplets were embedded in polymer-rich matrixes
with (PTB7:PC7:BM ~ 70:30 wt%).™®! Using DIO resulted in reduction of the dominant

domain size from 177 nm to 34 nm. No significance change in crystalline behavior of

PTB7 was observed for both additive-free and DIO-processed films.

In the context of small-molecule solar cells, the additives were mainly used to induce
crystallization and increase the phase separation with a few exceptions.[m_lz”For
instance, DIO was used to promote the donor crystallization and phase separation in the
small molecular-fullerene blends, such as p-DTS(PTTh,),, p-DTS(FBTTh,), and p-
SIDT(FBTTh,), blends with PC;,BM. (119-121] on the other hand, DIO has resulted in

reduced phase separation in porphyrin based molecule (DPPEZnP-O) blended with

pcam.1*#2 Nevertheless, DIO improved the crystalinity of the DPPEZnP-O in the film.



52

Similar behavior was observed for CNDPP:PCBM blend system, in which DIO has

resulted in suppression of the domains over-coarsening. 1***!

2.4 In situ monitoring and process diagnostics

Understanding the mechanisms and the kinetics of film formation and morphology
evolution during processing and post-treatments is of crucial importance for tuning the
morphology of BHJ organic solar cells and improving their performance. Substantial ex
situ and in situ studies have been done that have revealed general concepts about the
relationship between processing parameters, output film morphology and devices
performance. In situ studies, in particular, have shown to be more reliable in
monitoring the film formation dynamics on real time and more effective in detecting the
presence of intermediate phases on the route. In this section, we provide an overview
of the in situ characterization techniques that have been used in the context of solution

processed BHJ solar cells.

2.4.1 Spectroscopic reflectometry
Spectroscopic reflectometry is a common technique for thickness measurement in many

(24251241271 The technique involves usage of

industrial applications as well as academia.
light source, white light or laser, in which the scattered light from the sample caries

information about the thickness and the macrostructure. Thickness measurements can

be calculated by analyzing the specular constructive and destructive interferences of the
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[124]

reflected light. Off specular scattering can provide information about microscale

phase separation.[24’25]

Generally, spectroscopic reflectometry has been widely used in solution processing to
monitor the drying kinetics in situ during thin film processing. A study reported
systematic dependency of P3HT: PCBM film morphology on the kinetics of film
formation by knife coating, as shown in Figure 2.6. Laser reflectometry was used to
monitor the thickness evolution at different drying kinetics that was controlled by
varying the temperature and flow gas rate. Thickness calculation was performed by
means of transfer matrix formulation of specular interferences. At low air flow, higher
phase separation was attained due to the slower drying kinetics. Similar behavior was
observed when lower temperature (ca 15 °C) was used as compared to higher
temperature (ca 25 °C). The improved aggregation and phase separation at low
temperature was attributed to both slower kinetics and temperature-induced

aggregation. [124]
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Figure 2.6 (a) & (b) Schematics represent integrated knife coater with drying setup and
laser reflectometry setup, respectively. Photovoltage vs time measured in situ during
blade-coating of at 15 °C and air speed of 0.1 and 0.5 m/s in (c) and (d) respectively. (e)

Calculated time-dependent film thickness from (c) and (d). [124]

Off-specular scattering was utilized to investigate the mechanism of phase separation by
monitoring the drying kinetics together with microscale phase separation during spin
coating of blended films.[242°] Light from laser was used whereas the scattered light

from the sample was captured on CCD camera. The characteristic length of emerging
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phases can be estimated from reciprocal space g-vector during film formation. In situ
reflectance measurements were used to reveal the mechanism of co-solvents in
preventing the formation of large fullerene-rich domains in BHJ solar cells.**! The
formation of these oversized fullerene domains is attributed to liquid—liquid phase
separation that occurs in various fullerene-based BHJ systems, such as PDPP5T, PTB7,
PBDTTPD, PDPPTPT, PDTG-TPD, and PBnDT-FTAZ blends with fullerene, typically when
they are cast from pure solvents. 2471829115128 g\ ant additive-processing was found
to be effective in prohibiting the oversized fullerene domains and attaining the desired
morphology for these systems. The study used laser reflectometry to investigate the
mechanism of liquid-liquid phase separation in PDPP5T: PC;,BM blends cast from pure
CF and with co-solvent of CF and oDCB. Notably, oDCB is poor solvent for the polymer
but good solvent for PC;BM. The intensity of specular reflected laser light (Figure 2.7a)
was used to calculate the thickness and hence the solvent content evolution
(Figure 2.7c) during spin coating. At the moment liquid—liquid phase separation occurs,
scattering intensity arises in the out of specular direction driven by the refractive index
contrast between the emerging phases; the PC;oBM-rich droplets and the PDPP5T-rich
solution, see Figure 2.7b, the onset of light scattering for pure CF case is marked by dark
blue dashed line indicating the onset of liquid—liquid phase separation. For pure CF case,
complete CF evaporation occurred within 0.8 s whereas the liquid—liquid phase
separation occurred after 0.6 s from starting spin coating at a solute concentration of 20

vol%. On the other hand, for CF with 5% oDCB case, the film drying was prolonged to 6
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s whereas no strong scattering signal was observed. However a small step, marked by
dark red dashed line in Figure 2.7b, was detected that was attributed to scattering from
small inhomogeneities caused by polymer aggregation. The thickness evolution
happened in two steps; one dominated by CF evaporation that happened within 0.7 s
and the other dominated by oDCB evaporation during the remaining evaporation time.
This explains why a small amount of the solvent additive can induce significant changes
in the morphology. Regardless of the small content of the additive in the initial
formulation, the solvent mixture gets concentrated during solvent evaporation with the
high boiling point solvent that is usually a poor solvent for the polymer and is believed
to induce polymer aggregation. In fact, oDCB was found to force the polymer
aggregation that was detected in a separate experiment using combined interference
and absorption measurements. Polymer aggregation occurred at lower solute
concentrations with more oDCB in the initial formulation, see Figure 2.7c. At a certain
oDCB content (3% oDCB and above), polymer aggregation occurred early preventing
liguid—liquid phase separation. However, it was found that polymer pre-aggregation
alone didn’t prevent the liquid—liquid phase separation. This was found by soaking a CF
solution for days to induce polymer pre-aggregation but still liquid-liquid phase
separation occurred when casting the pre-aggregated solution. The prevention of
liguid—liquid phase separation by the co-solvent processing was attributed to the
induced aggregation under supersaturated conditions at low solute content in a solvent

mixture enriched by the poor solvent. The polymer aggregation, under these
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supersaturated conditions, was hypothesized to form fibrillar networks that gelate the

solution, thus increasing the viscosity and preventing liquid—liquid phase separation.
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coating of PDPP5T: PC7oBM from pure CF (blue) and CF with 5 vol% oDCB (red) in (a) &
(b), respectively. (c) Schematic represents the role of co-solvent preventing large-scale
liquid—liquid phase separation by inducing early polymer aggregation at high solvent
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2.4.2 Spectroscopic Ellipsometry (SE)

Spectroscopic Ellipsometry (SE) is widely used technique for characterizing optical
properties of thin films. Through modelling, calculation of both optical constants and
film thickness can be achieved.™?23% Thijs offers the calculation of extinction
coefficient that provides information about photo-physical aggregation in conjugated

[127]

materials. In addition, it can provide quantification of anisotropy of the optical

constants in lateral and vertical directions."* In blended systems, quantification of the
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phases is achievable via modeling such as effective medium approximation (EMA) model

providing insight into vertical phase separation.[m]

For instance, spectroscopic ellipsometry was used to study the kinetics of film formation
during blading of P3HT: PCBM by monitoring thickness and extinction coefficient (k)
evolution (Figure 2.8).?”) The roles of coating temperature and the casting solvent on
the BHJ morphology were investigated. Thinning behavior was found to occur in three
different stages, namely rapid, moderate and slow evaporation rates; as shown in
Figure 2.8b for coating the blends from CB. P3HT remained solvated at the first stage as
revealed by the absence of the aggregation peak at 605 nm (0-0 transition). At the
second stage, rapid aggregation of P3HT was observed once the volume fraction of
solutes approached 50%; indicated by sharp increase in k at 605 nm. The third stage was
characterized by slow and steady aggregation after removal of most of the solvent.
Coating the films at lower temperatures has resulted in the formation of coarser
features, as observed in atomic force microscopy images, in correlation with the
improved P3HT aggregation driven by the slower drying kinetics. Similar behavior was
observed when the films were cast from 1,2,4-Trichlorobenzene (TCB) at different
temperatures. More aggregation and coarser features were attained for coating
conditions at lower temperatures. Moreover, at the same temperature, the samples
casted from the higher boiling point TCB exhibited coarser features than the samples

coated from CB, again due to the slower drying kinetics.
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Figure 2.8 (a) The thickness evolution of a P3HT:PCBM blend film as a function of time
for blade coating blend films from CB onto a substrate held at a temperature of 30, 40
and 50 °C. ( b) Re-plot the data shown in (a) for 30 °C substrates with showing the three
stages of film formation. (c) The evolution of extinction coefficient (k) at specific

wavelengths during drying for 30 °C sample. *?”]

2.4.3 UV-vis absorption

UV-vis absorption has been routinely used for measuring optical properties of
semiconductors in both films and in solution state. It offers direct measurement of the
optical properties, typically the absorbance, without requiring modeling. In situ UV-vis
absorption can be used to monitor photo-physical aggregation during solution
processing. The development of H-and J-aggregates leads to the appearance of UV-vis
absorption features such as vibronic peaks and band edge shifts,[27,28:39,131] Through
guantum mechanical calculations, qualitative and quantitative analysis of the degree of
aggregation can be achieved. [27,28]

The effect of the casting solvents on the degree of P3HT aggregation was investigated

by time resolved UV-vis absorption during blade-coating of P3HT:PCBM blends from
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various solvents.!”*? All the solvents used in the study were chosen to be good solvents
for both P3HT and PCBM to highlight mainly the effect of vapor pressure of the solvent
on the BHJ morphology. In situ UV-vis absorption revealed significant differences in the
drying kinetics; longer aggregation time was observed for lower vapor pressure solvents,
see Figure 2.9. The vibronic progressions appeared much weaker for films coated from
CF and CB whereas they were significantly more pronounced for films coated DCB, TCB,
and the mixed solvents DCB:CF correlating with the duration of film formation.
Quantitative analysis of absorption spectra revealed reduced exciton bandwidth (W) for
films coated from low vapor pressure solvents (DCB, TCB, and DCB:CF) indicating
enhancement in backbone planarity and increased conjugation length. Simultaneously,
the hole mobility was found to increase in consistent with the improved P3HT ordering
for films coated from low vapor pressure solvents. The device performance was found
to increase with lower vapor pressure solvents up to a threshold value then decreased

dramatically for TCB.

4000

Time (s)

Figure 2.9 Time evolution of Anhax during blade coating of P3HT:PCBM from various

132
solvents. (3%
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The role of solvent additives on the film formation of PCPDTBT: PC5;BM blends was
investigated using time resolved UV-vis absorption.[133] UV-vis absorption was recorded
on static samples directly after interrupting spin coating of PCPDTBT: PC;;BM films
casted from 1,2,4-trichlorobenzene (TCB) with 2% v/v 1,8-diiodooctane. Both TCB and
DIO absorb near 250 nm but only TCB has vibronic structure, see absorption spectra in
Figure 2.10. The vibronic structure near 250 nm disappeared after 18 min indicating
depletion of TCB and is represented by changing color from black to blue.
Simultaneously, red shift of absorption spectra and progression of PCPDTBT vibronic
peaks around 800 nm were observed in consistent with TCB depletion. Vibronic
progressions were found to continue to increase afterwards during the additive (DIO)
evaporation. When DIO was used, the aggregation of the polymer happened in two
steps; one was driven by the depletion of the host solvent TCB and the other by the
slow evaporation of the higher boiling point solvent additive DIO. DIO has extended the
polymer aggregation time leading to higher degree of aggregation and chain
planarization for the additive-processed sample as compared to the sample coated from

pure TCB.


http://www.springermaterials.com/docs/substance/FNOWPOHAMMVXUZIA.html
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Figure 2.10 Absorption spectra in the (a) 250-300 nm range and (b) 600-900 nm range as
a function of time after spin-coating for 10 s at 2000 rpm from TCB with 2% DIO in 90 s

intervals (black and blue) and then 10 min intervals (red). **!

2.4.4 Raman spectroscopy

Raman spectroscopy has been used in characterization of molecular ordering of
conjugated semiconductors due to sensitivity of Raman modes to m—electron
delocalization. Raman modes are affected by the degree of ordering and planarity of
the backbone in semiconducting polymers. In P3HT, the in-plane ring skeleton modes at
1445 cm™ (symmetric C=C stretch mode) and at 1381 cm™ (C-C intra-ring stretch mode)
are very sensitive to quality and quantity of aggregation. 031 shift of symmetric C=C
stretch mode peak to lower value besides reduction in its full width at half maximum
(FWHM) are signatures of increase in ordering and planarity of P3HT backbone.!**¥

Broadening of that mode can be explained as contribution from ordered and disordered

phase which makes quantifying degree of aggregation possible.
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Time resolved Raman spectroscopy has been used to investigate the effect of solvent
vapor annealing in P3HT: PCBM BHJ.B% The as cast P3HT: PCBM film exhibited lower
degree of P3HT ordering as compared to the neat P3HT sample indicated by the higher
FWHM of C=C stretch mode peak, see Figure 2.11 b, due to the presence of PCBM that
hindered P3HT aggregation in the blend sample. SVA increased P3HT ordering in the
blend film as revealed by narrowing of C=C stretch mode peak after SVA treatment, see
Figure 2.11 a. During SVA, FWHM of C=C stretch mode peak was found to decrease for
both neat and blend films indicating an increase in P3HT aggregation and backbone
planarity. P3HT ordering was saturated within 50 s for the neat sample but it took
longer time for the blend sample; the degree of P3HT ordering in the blend sample
almost approached the degree of ordering in the neat sample within 100 s. The results
from Raman spectroscopy were consistent with TEM images taken for as cast and
annealed films that revealed an increase in P3HT ordering and improved phase

separation.



64

—
[+
—
—
(=)
—

1.0
- P3HT:PCBM ”
= i |
=] Before — . P3HT:PCBM

. After - P3HT
2 £ :
&5 2
= os} = 25
£ T
e / \ =
2 ,'IJ'J C=C I'ﬂ, L.
£ W [ \ 20}
; \/ h
0.0

1350 1400 1450 150ﬁ 1550 0 50 100 150 200
Raman Shift (cm) Solvent Annealing Time (s)

Figure 2.11 (a) Normalized Raman spectrum of P3HT: PCBM films before and after
solvent vapor annealing. (b) Time evolution of the FWHM of symmetric C=C stretching
mode of P3HT (at 1440 cm™ ) during solvent vapor annealing of pure P3HT and P3HT:
pCBM. PO

Another study reported monitoring the morphological evolution during heating and
cooling cycles of thermal annealing of P3HT: PCBM BHJ by in situ Raman spectroscopy.
[30] During heating, P3HT became disordered abruptly upon crossing 130 °C, as shown in
Figure 2.12a, due to crossing the glassy temperature of P3HT. During cooling, P3HT
ordering was observed to enhance rapidly at 100 °C into higher degree of ordering than
its initial value. Investigation of the effect of annealing temperature has shown that the
highest degree of P3HT ordering was attained for 130 °C annealing condition, as
revealed by the lowest FWHM (Figure 2.12b). Devices fabricated at this temperature
exhibited the highest solar cell performance as compared to other annealing

temperatures.
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Figure 2.12 FWHM of symmetric C=C stretching mode of P3HT versus temperature
obtained by in situ Raman spectroscopy during heating and cooling cycles of of P3HT:
PCBM films in (a) and static Raman at room temperature of annealed samples as a

function of annealing temperature in (b).1*"

2.4.5 Grazing incidence X-ray scattering

Synchrotron-based grazing incidence X-ray scattering (GIXS) has been a useful tool for
characterization of crystallographic structure and nanoscale morphology in thin
films.'37%%) |n BHJ films, it provides unique insight into crystallization of the D & A
besides the nanoscale phase separation. Although GIXS measurements can be
performed at a synchrotron or at laboratory, the synchrotron source is more optimal for
in situ GIXS experiments due to its high flux and collimation of the X-ray beam.?>'37 For
thin film characterization, it can be done at two main configurations. One configuration
is grazing incidence wide angle X-ray scattering (GIWAXS) which is sensitive to molecular

scale crystal structure enabling determination of crystal structure besides estimation of

the average crystal size and the texture of the crystals.[BS] The other is grazing incidence
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small angle X-ray scattering (GISAXS) which is sensitive to larger length scales ranging
from several nanometers to tens of nanometers enabling determination of nanoscale
phase separation. [135]

Dynamic investigation of BHJ formation was reported during spin coating using
combined GIWAXS and GISAXS.!??! The kinetic evolution of P3HT lamellar crystallization
and phase separation of PCBM and P3HT was monitored during spin coating by GIWAXS
and GISAXS, respectively. BHJ formation occurred in four characteristic steps as
summarized in Figure 2.13a, marked as circled letters (a) to (d). The first step (a) is the
solution ejection that was characterized by strong increase in the scattering intensity
due to the abrupt decrease in thickness of the bulk solution. At that step, no signatures
of crystallinity from P3HT or PCBM were observed. In the second step (b), a weak
texturing of lamellar formation of P3HT was observed oriented parallel to substrate. At
the third step (c), sharp increase in intensity of both GIWAXS and GISAXS indicating
rapid lamellar crystallization of P3HT and phase separation of PCBM. At the final step
(d), the morphology evolution was saturated; both crystallization and phase separation
reached plateau during this step. The effect of PCBM loading on the onset and period of
film formation was investigated. Figure 2.13b shows the dependence of the onset (tonset)
and period (At formation) Of film formation on P3HT: PCBM ratio. Adding PCBM was found
to decrease the time before the onset of film formation; however it resulted in an

increase in the period of film formation that peaked at 1:1 ratio then decreased for

more PCBM loading.
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Figure 2.13 (a) Normalized GIWAXS and GISAXS scattering intensities as a function of the
spinning time during spin-coating of P3HT: PCBM (62.5 wt%:37.5 wt%) on the top and
time-resolved thickness for the same sample on the bottom. (b) The onset of film

formation (tonset) and its duration (At formation) for different P3HT: PCBM blend ratios. 22]

In PCPDTBT:PC;,BM BHJ system, addition of small amount of ODT into casting solution
from CB was found to induce polymer crystallinity and enhance phase separation. [141]
In situ GIWAXS measurements were used to reveal the solvent additive effects on the
BHJ formation. The in situ experiments were done just after spin coating.[”” For the

films coated from pure CB, the films suffered from poor polymer crystallinity revealed

by isotropic amorphous scattering pattern. No microstructure development was
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observed for the completely dry film after spin coating. On the other hand, for the
additive-processed sample, nucleation of PCPDTBT crystallites was observable
immediately after spin coating (possibly induced during spin coating) and crystallization
continued for more than an hour, see the evolution of total scattering intensity in
Figure 2.14a. The early polymer crystallization was attributed to reduction of the
nucleation barrier for polymer crystallization induced by ODT at early stage of film
formation, possibly induced during spin coating. ODT was found to promote the
formation of specific polymorphs of the polymer. The polymer alkyl stacking appeared
with two peaks; one observed near 5 nm™ oriented mainly out-of-plane (labeled (100) )
and the other observed near 5.5 nm™ oriented mainly in-plane (labeled (100)'), see
Figure 2.14b. The crystallites of (100) peak were found to densify during film drying
indicated by shift of the peaks towards higher g-space (i.e lower d-spacing). It is worth
to note that thermal annealing failed to induce the polymer crystallization and attain

the desired morphology that was achievable by the solvent additives.
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PCPDTBT:PC70BM from CB containing 3% oDT.1*4 (b) Time-evolution of the peak
position of the (100) peak (blue) and the (100)' peak (red) of the same sample in (a). 1411

(c) Schematic represents the morphology of PCPDTBT:PC;0BM with and without

additives. 4%

Another in situ study of the same system used in situ GIWAXS to monitor the structural
evolution of drop-cast PCPDTBT:PC;:BM blends from solution state to solid state. [

Again, the blend film cast from pure CB appeared amorphous with only scattering from

PC,:BM. A variety of additives were used in this study, including 1,8-diiodooctane (DIO),
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1,8-octanedithiol (ODT), and 1,8-dichlorooctane (DCO). All additives were found to
improve the crystallinity and phase separation in the casted film and enhanced the
performance of the fabricated devices. Amongst all additives, DIO was found to give the
highest performance and the in situ experiments were focused on the DIO additive
effect. The in situ study revealed insight into the mechanism of the additive DIO that
also can be translated to the other additives. During CB evaporation, DIO gets
concentrated in the solution which is poor solvent for the polymer and good solvent for
PC7:BM. This forces the polymer to crystallize early forming fibrillar network while
PC7:BM remains solubilized. As DIO evaporates, the remaining polymer crystallizes and
PC;1BM aggregates filling the spaces between the initially formed PCPDTBT fibrillar
crystallites. A schematic represents the morphology of the BHJ with and without
additives is presented in Figure 2.14c.

Another study used combined in situ GIWAXS and GISAXS to investigate the effect of the
solvent additives in pDPP:PC;,BM blends.™*! On the contrary to the previous example,
the additive function in this system is reducing the over-coarsening of PC7;BM domains
that occur when the blends are cast from pure solvents such as CF. The co-solvent
CF/oDCB was found to be effective in attaining more finely mixed morphology. BHJ
structural evolution occurred in four distinct stages. At the initial stage of solvent
evaporation, the increase of oDCB concentration in the solution, which is a poor solvent
for pDPP, was found to force pDPP crystallites formation whereas PC;;BM remains

solubilized. In the second stage, after CF complete evaporation, the deterioration of
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solvent quality resulted in more pDPP crystallization forming networks of pDPP fibrils. In
the third stage, the remaining pDPP crystallized and PC;:BM segregated between the
spaces of the fibrillar network. This view was confirmed by the calculated characteristic
length scale of PC;;BM domains that was found to be smaller than the mesh size of the
fibrillar network. Finally, the structural evolution reached a steady state after complete
evaporation of the solvents. The mechanism of the additive in this system wasn't so
different from the previous example (PCPDTBT:PC;,BM), however, leading to opposite

function.
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Chapter 3

Methodology and general description of the work

3.1 Introduction

In this chapter, we present the general experimental methodology used throughout the
dissertation. These include in situ characterization to monitor thin film formation, ex
situ measurements to characterize the microstructure and properties of the thin films.
Solar cell devices fabrication and characterization was done to investigate the
correlation between solution ink formulation, processing conditions, thin film structure

and morphology, and solar cell device performance.

3.2 In situ characterization techniques

3.2.1 Thickness evolution measurements by combined spectroscopic reflectometry
and ellipsometry

Spectroscopic reflectometry is a commonly used technique for thickness measurement.
A collimated white light source specularly reflects from the sample and collected and
analyzed to estimate the thickness of thin films. The thickness is determined by
analyzing interference fringes of the reflected light while the positions of maxima and
minima of constructive and destructive interference, respectively, provide an easy way

to deduce the thickness using the standard interference condition formula (1241,

A= 2d ,/n% — (sin(@)) 2
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Aconstructive= m}\ and Adestructive= (m-1/2) )\ (31)

where 6 is the incidence angle (the angle between the normal and the incident beam), n
is reflective index, dis thicknessand m=1,2,3, .....
Optical reflectometry is thus used to monitor the thinning behavior of solutions during

film formation.

Spectroscopic Ellipsometry (SE) is widely used optical technique for characterizing
optical properties of thin films. It uses the change in light polarization as the light
interacts with the thin film to characterize its optical properties, see Figure 3.1.*** The
change in the state of polarization of light is usually measured and recorded as two
angles (W and A) which are related to the ratio of the field reflection coefficients, R, for
p-polarized vector (electric field in the plane of incidence) or s-polarized vector (electric

field perpendicular to the plane of incidence) (Rp:Rs) as 144,

R i
p= R—IS) = tan (¥ )e® (3.2)

where (p) is the ratio of the reflectivity for p-polarized light (Rp) divided by the
reflectivity for s-polarized light (Rs). Upon light reflection, the reflected light undergoes
amplitude and phase changes which are quantified by the two parameters; tan(¥) and A
correspond to the amplitude ratio upon reflection and the phase shift, respectively. The
measured ellipsometric parameters (W and A) are related to the material optical

constants n and k through the complex dielectric function by the following equation (1441,
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(e) = (1) + i(e2) = ((n) + i(k))? = sin?(8i).|1 + tan?(6i). (%‘)’)2] (3.3)

Where “€1” and “€2”are the complex dielectric function values, n and k are refractive

index and extinction coefficient, respectively. Bi is the incident angle.

p-plane

Linearly polarized

incident light Elliptically polarized

reflected light

Figure 3.1 Schematic represents the interaction of an incident linearly polarized light

with a sample.

An optical multilayer model calculation is required to get optical constants and film
thickness. Models allow introducing non-idealities such as layer non-homogeneities,
interface mixing and surface roughness.[144] One of the benefits of the technique is that
it allows estimation of thickness and dielectric constants simultaneously. Extinction
coefficient provides information about J and H photophysical aggregates in conjugated
materials as discussed in the previous chapter.[m] Besides, anisotropy of optical
constants for uniaxial films (symmetric in-plane with different out of plane component)
and biaxial films (asymmetric in plane besides out of plane component) can be modeled
effectively. (129115 addition to that, quantification of vertical composition profile (donor

and acceptor ratio) of bulk heterojunction can be obtained via effective medium
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approximation model."®® On the other hand, being model dependent technique is the
main limitation. Prior information about the film and substrate is required for adequate
modelling. Samples with thick films, high roughness and multilayered films are difficult
to characterize its optical properties via modeling. For in situ experiments, particularly,
spectroscopic ellipsometry at single acquiring angle is required for fast measurement. In
single angle configuration, the technique suffers from weakness in reliability of
modeling.

In situ spectroscopic ellipsometry (M-2000XI, J. A. Woollam Co., Inc) measurements and
in situ reflection measurements were performed simultaneously to monitor the thinning
of the solution and thin film formation during the spin coating process. For these
reflection-mode measurements, a single crystal silicon wafer (100) with a 300 nm-thick
thermal oxide was used as substrate, in otherwise identical processing conditions. The
reflection spectra were analyzed using the Fast Fourier Transform method, which
provides a first order estimate of solution thickness over the thickness range from ~10°
to ~10° nm for white light sources without requiring an elaborate model fit. The SE
spectra were obtained at an incidence angle of 70° from substrate normal and were
analyzed in the transparent spectral range of P3HT, namely from 750 to 1700 nm. The
optical properties of blend solutions and thin films were modelled assuming a Cauchy
dispersion relation and an isotropic thin film using the EASE™ and WVASE32 software

packages (J. A. Woollam Co., Inc).
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3.2.2 Time resolved UV-vis absorption measurements

We have perform in situ absorption measurements using a F20-UVX spectrometer
(Filmetrics, Inc.) equipped with tungsten halogen and deuterium light sources
(Filmetrics, Inc.) and were restricted to a wavelength range of interest. Measurements
were performed with an integration time of 0.1-0.5 s per absorption spectrum.

A collimated beam of white light in the UV-vis range (350 -1100 nm) is shined onto the
sample and the fraction of absorbed light is estimated using transmittance
measurements. Transmittance measurements are performed through films coated on a
transparent substrate and absorbance can be calculated directly from the measured
transmittance using Beer—Lambert law ( A; = —log; T; where Ay is the absorbance at a
certain wavelength (A) and T is the transmittance at corresponding wavelength (A)). No
modeling is required to extract absorbance in transmission mode.

3.2.2.1 Quantitative analysis of P3HT thin films

Quantitative analysis of the degree of photo-physical aggregation in organic
semiconductors can be done by modeling the absorption spectra. Two types of photo-
physical aggregates should be considered in conjugated oligomers and polymers;
namely J-aggregates and H-aggregates.?”? For oligomers, J-aggregates correspond to
chromophores oriented in a head-to-tail stack, whereas H-aggregates correspond to
chromophores oriented in a side-by-side stack. For polymers, a single polymer chain can
be considered as head-to-tail arrangements of monomer repeat units constituting J-

aggregate, however, in bulk, polymers exhibit hybrid photo-physical behaviour, whereas
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there is a competition between interchain interactions, which favor H-like behaviour,
and intrachain interactions, which favor J-like behaviour.

We have analysed the absorption spectra using a model introduced by Spano and
modified by Silva and Neher.!?”28131 The absorption spectrum was fitted using the

equation below (39,131,

1 m ,—S z
gm WeS sn E-Eyg_og—mE,—W S™e
A(E) [0 Zm:O (g) X (1 —% Znim.f)z X exp (( 979 21;22 ) )(34)

where A is the absorbance as a function of the photon energy (E). Eooand E, are the 0-0
transition energy and the intermolecular vibrational energy, respectively. W is the free
exciton bandwidth. o is the Gaussian linewidth. S is the Huang-Rhys factor. m and n are

differing vibrational levels.

3.2.3 In situ Grazing incidence wide angle X-ray scattering (GIWAXS) measurements

In situ and ex situ two-dimensional (2D) GIWAXS experiments were performed at beam-
line D1 at the Cornell High Energy Synchrotron Source, Wilson Lab, NY, USA. A fast 2D
detector (PILATUS 100 k from Dectris) was used with a framing rate of 10 Hz and an
exposure time of 0.1-0.5 seconds, to record the scattering pattern during the spin
coating process. The used CCD camera allows rapid acquisition of large range of
scattering angles simultaneously and thus it is the typical used configuration for in situ
experiments. On the other hand, it lacks resolution and accuracy compared to point and

line detector configurations. In situ GIWAXS measurements during spin coating were


http://www.chess.cornell.edu/
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performed in ambient air. A schematic representation of the GIWAXS experiments is
shown in Figure 3.2. The wavelength of incident X-ray beam was 1.1555 A and the width
of the beam was about 1 mm. Silver behenate is used to calibrate the lengths in the
reciprocal space. In situ GIWAXS experiments were done at a shallow angle of 0.17° with
respect to the sample plane. Ex situ GIWAXS experiments were performed at variable

angles ranging from angles below the critical angle to above the critical angle of the

organic film.
(a) (b)
I (F
. - 4-1rsm(2)
- > > £/ . A
q=k0_kl §0 4rrsi Qﬁ
&/ - n'sm(z)
41 sin(0) & e y!

q- =+ @+ q.’

Incident beam

Figure 3.2 (a) Simplified schematic represents the scattering experiment; diffraction
peak appear when the reciprocal-space of a crystal (black dot) intersects the Ewald
sphere. (b) Schematic represents GIWAXS experiments; scattering is collected by 2D
detector. g, and gy, correspond to the scattering in the out-of-plane and in-plane
directions, respectively. a;, 8s and of correspond to incident angle, out-of-plane

scattering angle and in-plane scattering angle, respectively.
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Three regimes should be considered for GIWAXS™®!: (1) For incidence angles lower than
the critical angle (the angle below which total external reflection occurs), the beam
forms an evanescent wave and the penetration of the beam is limited to several
nanometers near the surface and this configuration allows probing crystalline structures
near the surface. (2) For incidence angles larger than the critical angle of both the film
and the substrate, scattering from both the film and the substrate is attained. However,
this configuration suffers from a strong background from the substrate. (3) In the most
common configuration for organic thin films, the incidence angle is tuned between the
critical angle of the film and the substrate in order to probe the entire film and exclude
substantial background scattering from the substrate. Here, the materials in the study
have critical angles (~ 0.12 -0.13°), whereas the substrates (typically Si or SiO,/Si)) have
critical angle (~ 0.23-0.25°). Two of these configurations were used in the studies
reported in this dissertation. The first and third configurations were used to probe the
top surface of the film and the entire thin film, respectively, with minimal contribution
from the substrate.

We have used GIWAXS measurements to probe the microstructure, texture and
polymorphism of organic thin films, and to estimate the relative crystallinity and
average crystallite size. [135,136,138] Thg shape and azimuthal distribution of the diffraction
peaks can be related to the texture of the crystals orientation see Figure 3.3. For
crystallites with lattice planes oriented perfectly parallel to the substrate, well

pronounced Bragg peaks appear in the out-of-plane direction (Figure 3.3a). In case of
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crystallites oriented in parallel and perpendicular orientations, well pronounced Bragg
peaks appear in both the out-of-plane and in -plane directions (Figure 3.3b). When the
crystallites have more textured orientations with angular distribution around the
horizontal alignment, Bragg diffraction broadens and appears as partial arc in the out-
of-plane direction (Figure 3.3c). For randomly oriented crystals, Bragg peaks exhibit
powder-like diffraction patterns and appear as full scattering rings (Figure 3.3d).

The average crystal size (D) of the crystallites can be defined by Scherrer equation[”s]:

K.2

DC - B .cos(6p)

(3.5)

Here, K is dimensionless shape factor and is used as K= 1. Bz is the Bragg angle. B is the
line broadening at FWHM and can be calculated by B= A(28rwhm) =2(Adrwhm - A/4T).
Alternatively, crystalline Correlation length (CCL) can be calculated by (CCL =
21/FWHM).

The relative degree of crystallinity (RDC) can be compared between different films by
integrating the GIWAXS intensity across all orientations using the following

. 115,14
equation!*40.

RDC fon/z sin() I(x) dx (3.6)

where x is the orientation angle. sin( x ) is geometrical correction factor. I is the GIWAXS

intensity.
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Figure 3.3 Schematics represent 2D GIWAXS scattering of crystallites at different

orientations. The crystallites are represented as red

lines corresponding to

crystallographic planes with spacing (d) between the planes. (a-d) Crystallites with

crystallographic planes: (a) oriented parallel to the substrate, (b) oriented in both

directions, parallel and vertical to the substrates, (c) oriented with an angular

distribution around the horizontal alignment, and (d) randomly oriented crystallites.

Schematics are adapted from reference!**.
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3.3 Ex situ characterization techniques

3.3.1 Transmission Electron microscopy (TEM)

TEM microscopy images were acquired using transmission electron microscope (Titan
Cryo Twin, FEI Company, Hillsboro, OR) with a 4k x 4k charged couple device (CCD)
camera model US4000 and an energy filter model GIF Tridiem from Gatan, Inc. (Gatan
Inc., Pleasanton, CA). The GIF was utilized in energy-filtered TEM (EF-TEM) mode to
image the Carbon and Sulfur distribution in the sample. The Carbon edge located at 284
eV and Sulfur edge at 165 eV were selected to generate the EF-TEM maps using a 3-
window method. The samples were prepared by floating the active layer on water and

transferring onto a copper (400 mesh) grid.

3.3.2 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) images were taken by a high precision Agilent 5400
SPM/AFM housed in an isolation chamber. Atomic force microscopy measurements
were performed to investigate the surface topography of the thin films and to calculate
their surface roughness. Phase imaging by AFM reveal information about the size and

shape of existing phases on the top surface.

3.3.3 Transmission polarized optical microscopy (POM)
Transmission polarized optical microscopy was performed on a Zeiss Axio Imager Z1m
microscope. The temperature dependent transmission polarized optical microscopy was

collected with an Olympus BX51 (with LMPlanFL N 50x objective) in combination with a
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temperature-controlled microscope stage (Linkam LTS 420). In both cases, micrographs

were taken with a Canon 5D Mark II.

3.3.4 Flash Differential Scanning Calorimetry (F-DSC)

Differential scanning calorimetry (DSC) has been widely used to study crystallization of
materials during heating and cooling cycles. [146-1491 Most of reported DSC studies of
solution-processed organic and inorganic materials rely on conventional DSC with
typical low heating/cooling rate (ca. 10 ‘C/min). However, solution processing may
involve metastable transitions that appear at fast film formation conditions and thus are
difficult to detect by conventional DSC. The ultra-fast flash DSC (F-DSC), which is not yet
widely adopted by organic/inorganic electronic community to the best of our
knowledge, enables to mimic practical conditions and to study crystallization dynamics
and (meta)stability at conditions far from equilibrium with the notion of possible

differences between crystallization from melt and from solution. [150-156]

Flash Differential Scanning Calorimetry (F-DSC) was performed with a Mettler-Toledo
Flash DSC 1 under N, atmosphere. The UFS1 differential scanning calorimeter chips (i.e.
a thin film chip sensor composed of a thin free standing SiN, film on a silicon frame with
a measuring area of 60 um by 60 um) were calibrated by the manufacturer and
conditioned prior to use. Powder samples were then placed directly in contact with the

sensor. Before data were recorded, the samples were heated to 400 °C and back to -80



84

°C at a rate of 5000 K/s, which erased the thermal history and ensured sufficient contact

between the sample and sensor.
3.4 Solar cell devices fabrication and characterization

3.4.1 Solar cell devices fabrication

Devices were fabricated on cleaned, UV/Ozone treated corning glass patterned with
140 nm of Indium Tin Oxide. We follow a standard cleaning procedure through
sequential sonication in sodium dodecyl sulfate solution (SDS), deionized water,
acetone and isopropanol for 15 min each. Substrate cleaning was completed through
exposure to UV-ozone treatment for 15 min. A hole transporting layer is deposited on
ITO —glass substrates; either solution-processed PEDOT:PSS or thermally-evaporated
MoOx are used as the hole transporting layer. The PEDOT:PSS (Baytron-P 4083, used as
received) solution was spin-coated onto substrates with spinning speed of 4000 rpm for
30 sec. MoOx (7-9 nm) was thermally evaporated at a rate of 0.1 A/s under a constant
pressure of less than 10°® torr . The organic films were deposited by solution processing.
Several solution processing methods were used in the studies, including spin coating,
blade-coating and wire-bar coating. Finally, the cathode was deposited by sequential
evaporation of calcium (10 nm) and aluminum (100 nm) through a shadow mask at a

constant pressure of less than 10°® torr.
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3.4.2 Current density-voltage characteristics

The current density—voltage characteristics of the solar cells were measured using a
Keithley 2400 under a simulated AM 1.5G solar irradiation at 100 mW cm™. Solar
simulator irradiance was calibrated using a standard silicon photovoltaic with a KG1

filter calibrated by the National Renewable Energy Laboratory.

3.4.3 External quantum efficiency (EQE)

To measure external quantum efficiency (EQE) spectra, the fabricated devices were
illuminated by monochromatic light and the generated current was recorded as a
function of the wavelength of the light. The EQE spectra were generated by calibrating
the device current with a current generated by photodiode with a known EQE. The EQE
measurements were performed by an Oriel Quantum Efficiency Measurement Kit

(Newport).

3.4.4 Sub-gap EQE

The EQE spectra of the fabricated devices were taken at short circuit condition under
focused monochromatic illumination from xenon arc. A lock-in amplifier (Stanford
Instruments SR 830) was used to measure the device output current as a function of
photon energy. An optical chopper (275 Hz) was used to modulate the light beam.
Calibration of lamp intensity was performed with Ge and Si photodiodes. The EQE
[67,157]:

spectra were fitted on sub-gap region to the equation

—(ECT+7\—E)2)

f
EQE (E) = EV4TAKT exp( 4AKT (3.7)
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Where E and Ecr are the photon energy (eV) and the energy of the charge transfer state,
respectively. f is a term proportional to the number of CT states and the square of the

electronic coupling element. A is the reorganization energy.

3.4.5 Mobility measurements by metal-insulator-semiconductor charge extraction by
linearly increasing voltage (MIS-CELIV)

Metal-insulator-semiconductor diode devices were prepared on 2.5 cm x 2.5 cm ITO
substrates cleaned with the same procedure as described for the solar cells.lllustration
of the measurement setup is shown in Figure 3.4.58% The architecture of hole
transport and electron transport devices were ITO/MgF,/Active layer/MoQOs/Ag and
ITO/MgF,/Active layer/Ca/Al, respectively. Each substrate had 6 pixels (0.1 cm? each). A
70 nm layer of magnesium fluoride (MgF,) was then evaporated under a 10™° mbar
vacuum. The active layer was spin coated on the top of MgF, layer. For electron-only
devices a Ca(5nm)/Al (100) electrode and for hole-only devices a MoOs (5 nm)/Ag (50
nm) electrode were evaporated on the semiconductor layer by thermal evaporation
under similar vacuum conditions. For MIS-CELIV measurements, a commercial available
platform, PAIOS Fluxim, was used. With PAIOS setup and its operation software, the
pulse shape had adjustable voltage slope and offset. The offset was such that the Ca/Al
electrode was negatively biased to inject electrons and MoOs/Ag electrode was
positively biased to inject holes. The transient signal was also recorded by the software.

Finally, the measurement was performed in a dark box. For each case 12 cells on two
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separate substrates were tested.
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Figure 3.4 (a) Schematics of the devices structure for electron-only and hole-only
devices. (b) lllustration of MIS-CELIV extraction currents transients. Two behaviors are
illustrated; (top curve) when Aj <j,, the carrier transit time (t;) is calculated

by ty = tmax, (bottom curve) when Aj > j,, the carrier transit time is calculated by

ty = %tl. (c) The equations for the mobility calculation. [158,159]
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Chapter 4
In situ UV-visible absorption during spin-coating of organic

semiconductors: a new probe for organic electronics and photovoltaics

4.1 Introduction

As summarized in chapter 2, understanding the mechanism of film formation and in
particular the role of kinetics of the solution process on film formation is crucial for
tuning the BHJ morphology and improving the performance of organic photovoltaics.
However, one key challenge is the availability of Ilaboratory-based in situ
characterization techniques to monitor transformation from the solution to solid-state
during the solution process used to deposit the photoactive layer, namely spin coating.

Synchrotron-based techniques, such as GIWAXS and GISAXS, have been shown
previously by our group but they require the use of a synchrotron X-ray source, making
it difficult to perform routinely in lab-based experiments.m] In this chapter we
demonstrate a spin-coating experiment monitored in situ by time resolved UV-visible
absorption, the most commonly used, simplest, most direct and robust optical
diagnostic tool used in organic electronics. We demonstrate a new spin-coater design,
which integrates the hardware to perform UV-vis absorption measurements during spin-
coating and thus monitor the absorption spectrum from the solution state all the way

up to the solid film state. This technique yields absorption spectra without data analysis,
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and can thus be used for robust process monitoring and to establish a feedback loop.

Part of this work has appeared in Journal of Materials Chemistry C. [160]

In the first part of this chapter, we monitor the solution-to-solid phase transformation
and thin film formation of poly(3-hexylthiophene) (P3HT), the de facto reference
conjugated polymer in organic electronics and photovoltaics at the time this work was
being performed in 2014. We do so in two scenarios which differ by the degree of
polymer aggregation in solution, prior to spin-coating. We find that a higher degree of
aggregation in the starting solution results in small but measurable differences in the
solid state, which translate into significant improvements in the charge carrier mobility
of organic field-effect transistors (OFET). In the second part of the chapter, we monitor
the formation of a bulk heterojunction photoactive layer based on a P3HT-fullerene
blend. We find that the spin-coating conditions that lead to slower kinetics of thin film
formation favor a higher degree of polymer aggregation in the solid state and increased
conjugation length along the polymer backbone. Using this insight, we devise an
experiment in which the spin-coating process is interrupted prematurely, i.e., after
liqguid ejection is completed and before the film has started to form, so as to
dramatically slow the thin film formation kinetics, while maintaining the same thickness
and uniformity. These changes yield substantial improvements to the power conversion
efficiency of solar cells without requiring additional thermal annealing, or the use of

solvent additives. Through these simple examples, we demonstrate that gaining insight
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into the thin film formation process can inspire the development of new processing
strategies. The insight into the inner workings of spin-coating may be increasingly
important to improving the performance or efficiency of roll-to-roll manufactured

devices.

4.2 Design of the new spin coater setup for in situ UV-vis absorption measurements

We have developed a new spin coater setup that enables for the first time acquiring UV-
Vis absorption spectra during spin coating. In Figure 4.1, we illustrate the new spin-
coater design allowing the in situ UV-vis absorption measurements to be performed
during the process. The instrument is made of two main parts. The first part (left side)
consists of a rotatable hollow tube mounted with a transparent (quartz) sample holder
combined with a light source and a spectrometer, which allow light transmission
through the sample mounted on the hollow tube to be collected by an optical fiber. The
second part (right) is a motor controlled by a software program to adjust the
acceleration, the top speed and the duration of spin-coating and which uses a rubber
belt to transfer the motion of the motor shaft to the hollow sample holder. The inset
in Figure 4.1shows a photograph of the setup. The UV-vis absorption spectra are

calculated from the transmission spectra, as explained in methodology chapter 3.
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1.Fiber Optic
(from light source)

2. Fiber Optic
(to spectrometer)

3. Motor
4. Speed sensor
5. Sample holder

6. Rotating disks
& belt

7. Ball bearing

Figure 4.1 Schematic represents the newly developed spin coater combined with in situ

UV-vis absorption. An actual photo of the setup is shown in the inset of the figure.

4.3 Stages of thin film formation during spin coating

Monitoring the evolution of the photo-physical aggregation provides an overview of the
stages of the thin film formation during spin coating. In Figure 4.2 , we show an
overview of the time evolution of the UV-vis absorption spectra collected during the
spin-coating of P3HT:PC¢;:BM in 0-DCB solution. The spectra show the P3HT phase
transition from the dissolved state to the solid state, starting with a continuous
decrease in the intensity of the amorphous peak at ca. 460 nm, followed by an increase
in the intensity of the two well-defined peaks at ca. 550 nm and 605 nm, which are
designated to be intrachain (0—1) and interchain (0—-0) vibronic transitions, respectively,

indicating an increased aggregation of the polymer. The evolution of the absorption
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spectra follows three distinct stages, as marked in Figure 4.2b. In the first stage, we
observe a steady and dramatic reduction in the absorption intensity of the solution
peak, as a result of loss of the initial volume of the solution via ejection. The second
stage is characterized by a steady absorption of the solution peak, indicating the solvent
evaporation process is underway without inducing any change in the solution state of
the P3HT. The third stage corresponds to the solid state thin film formation process,
whereby the P3HT absorption peaks associated to aggregation increase dramatically and
subsequently reach a plateau. We look more closely at these three stages in the next

two sections, both in the context of thin film transistors and solar cells.
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Figure 4.2 (a) Time resolved in situ UV-vis absorbance spectra obtained during spin-
coating of P3HT:PCBM (1: 1) blend solution in o-DCB at 900 rpm for 120 s. (b) Time
evolution of absorption intensity at the solution peak (460 nm) and at the aggregation

peaks ( (0-1) at 550 nm and (0-0) at 605 nm.
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4.4 Neat P3HT in toluene for organic thin film transistors

4.4.1 Effects of the P3HT solution state on the kinetics of film formation

The aggregation state of the neat P3HT in toluene can be controlled by adjusting the
solution temperature.®>**!A solution stirred at 65 °C (well-dissolved solution) appears
transparent with a yellowish color, whereas a solution stirred at 25 °C (pre-aggregated
solution) appears to be dark brown in color, as a result of significant polymer
aggregation in solution. The difference between the state of the P3HT solute in these
two solutions is demonstrated by the UV-vis absorption spectra at the moment of
starting the spin-coating, which show clear intermolecular and intramolecular
absorption peaks for the pre-aggregated solution and only the amorphous peak for the
well-dissolved solution (Figure 4.3a-b). As the spin-coating progresses in identical
conditions, we observe differences in the kinetics of the drying and polymer aggregation
from the two solutions, by monitoring the intermolecular absorption peak at 605 nm
(Figure 4.3c). In the well dissolved case, the aggregation peak is absent throughout the
process until film formation is initiated. In the pre-aggregated solution, the aggregation
peaks are always present; we observe a rapid decrease of the absorption at 605 nm
during the initial seconds of the spin-coating due to loss of aggregates via ejection of the
bulk solution. The absorption at 605 nm does not reach zero, indicating the remaining
solution is significantly aggregated just prior to film formation. It takes ~10 s for the

pre-aggregated solution to form a dry film and only 8 seconds for the well-dissolved
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solution. In addition, the thin film formation kinetics — characterized by the step-like
increase in the absorption at the final stages of solution drying — are drastically different
in both cases, lasting ~1.3 s in the case of the pre-aggregated solution and no more
than 0.4 s for the well-dissolved solution. In Figure 4.3c, we observe an identical
thinning behaviour in the ejection regime, followed by a deviation in the thinning
behaviour of the two solutions as the solution thinning becomes dominated by solvent
evaporation. Clearly, the pre-aggregated room temperature solution dries more slowly
than the well-dissolved warm solution (65 °C). This can be understood to be due to the
difference in the evaporation rate. Considering that both spin-coating experiments are
completed with only a difference of 2 s (~25% difference in duration), it is quite
remarkable that the film formation should be approximately 3 times slower in the pre-
aggregated case. However, this significant difference in the kinetics of thin film
formation illustrates that small to moderate differences in the duration of the drying

process can have disproportionate implications on the film formation kinetics.
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Figure 4.3 Time resolved in situ UV-vis absorbance spectra obtained during spin-coating
of (a) a well-dissolved solution of P3HT in warm toluene (stirred overnight at 65 °C) and
spin coated at 900 rpm for 30 seconds, (b) a pre-aggregated solution of P3HT in toluene
(stirred overnight at room temperature) and spin coated at 900 rpm for 30 s. (c) Time
evolution of the aggregation peak (A = 605 nm, namely 0-0 transition) during spin-
coating for the well-dissolved and pre-aggregated solutions. (d) Time evolution of

solution and film thickness.
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4.4.2 Quantitative analysis of the degree of aggregation in neat P3HT films
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Figure 4.4 Absorption spectra of P3HT subjected to Spano model analysis for dry films

coated from (a) well-dissolved P3HT in toluene and (b) pre-aggregated P3HT in toluene.

In Figure 4.4, we plot absorption spectra of P3HT subjected to Spano model analysis for
dry films coated from well-dissolved P3HT and pre-aggregated P3HT in toluene. We
have analyzed the absorption spectra using a variant of a method first proposed by
Spano to investigate excitonic (intermolecular) coupling, exciton—phonon (EP) coupling
and site-energy disorder.""*? Silva modified this method to account for the effect of
aggregation on the relative vibronic intensities."®® Subsequently Neher added a weak
excitonic coupling assumption and included a correction to the transition energy, by

adding half of the vibronic bandwidth."®* The absorption spectrum was fitted using the


http://pubs.rsc.org/en/content/articlehtml/2014/tc/c3tc32077d#imgfig2
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equation (3.4 mentioned in chapter 3), which has been successfully implemented and

described in detail elsewhere.62726!

Based on this analysis, we have calculated the aggregation fraction of the P3HT
crystallites in the thin films and the exciton bandwidth, W, a parameter that has been
linked to the conjugation length and backbone planarity in P3HT.[®*%%* As shown
in Table 4.1, the values for Ware ca. 128 meV and 119 meV, and the aggregation
fractions are ca. 52% and 54%, respectively, for the thin films prepared from the well-
dissolved and pre-aggregated solutions. Quantum-chemical calculations of excitonic
coupling in aggregates of conjugated oligomers and polymers have previously
revealed W to be inversely proportional to the number of interacting thiophene repeat
units, N, in the limit of strong interchain interactions.!*5#1%677% This means that the
excitonic bandwidth, W, decreases as the number of interacting thiophene repeat
units, N, along the backbone increases, indicating the increased conjugation length
along the backbone. We have previously observed experimentally that W decreases
with an increasing lamellar thickness of P3HT fibrils obtained by ultrasonicating the high
Mw P3HT solution in toluene.'® The results of the current study indicate a larger
fraction of photophysical aggregates and a longer conjugation length within the P3HT
aggregates, when thin films are processed from the pre-aggregated solution, as opposed
to the well-dissolved solution. This is probably due to a combination of factors, such as

the fact that some of the polymer aggregates were already present in the solution
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before the thin film formation, but also the fact that film formation kinetics are slower,

which may have promoted more intermolecular interactions in the thin film.

Table 4.1 Spano model parameters of P3HT films coated from well-dissolved and pre-

aggregated solutions

Aggregation W
[%] [meV]
P3HT (Well-dissolved in solution) 52 +/-0.7 128 +/-2
P3HT (Aggregated in solution) 54 +/-1.3 119+/-1

4.4.3 The impact of the aggregation state in P3HT films on the hole mobility and film
morphology

We fabricated top-contact, bottom-gate field effect transistors on a SiO, as gate
dielectric, to further investigate the influence of the aggregation state of the films on
the carrier transport properties. The transfer curves for the two representative devices
are shown in Figure 4.5 and the associated device properties are summarized in Table
4.2. We found that the saturation hole mobilities are 0.011 cm®V™'s*and 0.0012
cm’ Vs for the devices fabricated from the pre-aggregated and well-dissolved

solutions, respectively.

Table 4.2 Field effect transistor performance of P3HT transistor devices

[em?V's™] Y
P3HT (Well-dissolved in solution) 0.0012 54.27 34

P3HT (Aggregated in solution) 0.011 56.14 72
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Figure 4.5 Transfer characteristics of top-contact, bottom gate OFET devices [(ID)l/Z—VG].

The increase in the carrier mobility is quite remarkable in the case of the pre-aggregated
solution, given the marginal differences detected in the fraction of the photo-physical
aggregates. To shed more light on the performance boost, we have evaluated the
morphology and microstructure of the P3HT thin films using atomic force microscopy
(AFM), transmission electron microscopy (TEM), and selected area electron diffraction
(SAED), as shown in Figure 4.6. The AFM and TEM analyses reveal the formation of P3HT
fibrils only in the case of films cast from pre-aggregated solution, indicating that the
fibrils are seeded in the pre-aggregated solution. In both films, the SAED reveals the
(020) diffraction ring associated to m-stacking, however the (020) intensity plotted from
normalized line-scan profiles indicates a greater crystallinity in the m-stacking direction
in the pre-aggregated films. We therefore believe the increased conjugation length
indicated by a reduced W is due to the formation of crystalline fibrils, wherein the P3HT

chains are stacked along the long axis and run along the lamellar thickness direction.
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The improved carrier mobility in the P3HT thin film transistors can therefore be
understood to be due to the formation of thin films, with a network of interconnected
fibrils. Considering the Mw (68 kDa) of the P3HT used, tie-molecules play an important
role in linking the fibrils to their surroundings, including neighboring fibrils. In a previous
work, our group has shown the bottleneck to carrier transport in this regime of high Mw
to be the degree of crystallinity and backbone planarity within the P3HT domains,
whereas the presence of tie-molecules was found to be the key bottleneck to carrier
transport in low-Mw P3HT, far more important than the degree of crystallinity.ms] The
pre-aggregation of high-Mw P3HT solutions in marginal solvents therefore promotes

carrier transport in thin films transistors, by forming an interconnected network of

crystalline fibrils.
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Figure 4.6 Atomic force microscopy (AFM) and transmission electron microscopy (TEM)

micrographs for P3HT thin films prepared from a pre-aggregated P3HT solution (a and b)
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and a well dissolved P3HT solution (c and d), respectively. The insets of (b) and (c) show
selected area electron diffraction (SAED) patterns for the same samples. The normalized

intensity line scans obtained from the SAED images are plotted in (e).

4.5 P3HT:PCs:BM blend in oDCB for organic solar cells

4.5.1 Effects of the spin coating speed and duration on the kinetics of film formation

We prepared spin-cast warm P3HT:PCg¢;BM blend solutions based on 0-DCB in different
processing conditions, namely varying the spin speed and duration. In doing so, we
sought to compare the experiments and thin films, where the dry film formation may
occur during, or after the substrate stops spinning. In Figure 4.7a, we plot the thickness
evolution of the solutions in the different conditions explored herein. As expected, the
rate of thinning is faster when the spin-coating is performed at 1200 rpm, as compared
to 900 rpm. An inspection of the time-evolution of the absorption peak at 460 nm in
Figure 4.7b reveals this difference is partly due to more solution being ejected at 1200
rpm in the first few seconds of the spin-coating process. This is confirmed by comparing
the final film thickness, which suggests more solute remains on the surface at 900 rpm
(thicker film) than at 1200 rpm. An inspection of the time-evolution of the absorption at
605 nm, in Figure 4.7c, reveals the film is completely formed well before the substrate
stops spinning at 120 s. The spinning speed appears to influence the duration of the film
formation, which lasts ~7 s at 1200 rpm and ~12 s at 900 rpm, an increase of 70% of

the duration of phase transformation.


http://pubs.rsc.org/en/content/articlehtml/2014/tc/c3tc32077d#imgfig4
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Figure 4.7 (a) Time evolution of solution and film thickness during spin coating of P3HT:
PCe:BM (1 : 1) blends in different processing conditions. Spin coating of the solution of
P3HT:PCs:BM (1:1) in 0-DCB was performed at 900 rpm for 45 s (black), 900 rpm for 120
s (red) and 1200 rpm for 120 s (blue). (b) & (c) Time evolution of absorption at the
solution peak (460 nm) and at the intermolecular aggregation peak (605 nm),

respectively.
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We utilized the insight provided by the in situ UV-vis absorption measurements about
the onset and end of the film formation to halt the spin-coating process prematurely,
with the aim of drastically slowing down the drying rate, without changing the total film
thickness, which is determined in the first few seconds of the spin-coating process. In
doing so, we reduced the evaporation rate of the solvent quite drastically, more than
doubling the total process duration from ~105 s to ~225 s, even as both films have the
same final thickness. The duration of the film formation process was more than tripled
to ~38 s. These kinetic differences appear to matter, as we observed a remarkable 25%

increase in the intermolecular absorption peak of P3HT, at the end of the process.

4.5.2 Quantitative analysis of the degree of P3HT aggregation in P3HT: PC¢;BM films

The improvements in absorption are clearly visible in Figure 4.8a, where the UV-vis
absorption spectra (normalized to the PCsBM absorption peak) of the BHJ films dried
overnight in the nitrogen glove box are compared to each other and to a neat PC4,BM
film. As expected, small gains can be made when the P3HT is prepared at a slower spin
speed, but the improvements of the intermolecular and intramolecular transition peaks
are most dramatic in the case where the spinning is suspended before the film drying is

complete.

To quantify and compare the photo-physical aggregation in these samples, we
subtracted the absorption spectrum of PCs:BM from that of the BHJ films and then

fitted the curves by using the Spano model; the fitted curves and parameters are shown
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in Figure 4.8 b-d and Table 4.3, respectively. The fraction of the aggregates is lower than
in the neat P3HT films and increases slightly from 38% to 40%, when reducing the spin
speed from 1200 rpm to 900 rpm. We see no clear difference in the value of W, which at
~173-175 meV is quite a bit higher than in the neat P3HT films prepared from toluene,
pointing to a more twisted polymer backbone in the blended films as compared to the
neat films. Suspending the spin-coating process at 45 s, instead of 120 s, results in a
substantial increase of the fraction of aggregation to 44.9% and a substantial decrease
of Wto 112 meV, which is comparable to the outcome of neat P3HT spin-coating from a
toluene solution. These results indicate that the prolonged drying induced by the
premature interruption of spin-coating can yield P3HT domains within the BHJ film, with
a level of photo-physical aggregation and backbone planarity comparable to neat P3HT

thin films prepared from a toluene solution.

Table 4.3 Spano model parameters for P3HT : PCs:BM films

Spin coating conditions Spano Model parameters

Speed time Aggregation w

[rpms] [s] [%] [meV]
1200 120 37.6+/-0.3 175 +/-5
900 120 39.9+/-0.5 173 +/-4

900 45 449 +/-0.4 112 +/-3
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Figure 4.8 (a) Absorption spectra of the dried films normalized to the PC¢.BM absorption
peak (at 330 nm). The inset in (a) shows the actual absorption spectra of the dried films.
Absorption spectra of P3HT subjected to Spano model analysis for P3HT: PC¢;BM dry
films coated from oDCB at 1200 rpms for 120 s in (b), at 900 rpms for 120 s in (c) and
900 rpms for 45 s in (d). Absorption spectra of P3HT were obtained by subtraction of

PCs1BM absorption from P3HT:PCBM (1:1) absorption.
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4.5.3 The impact of the aggregation state in P3HT:PC¢;BM films on the solar cell device
performance and BHJ morphology

Organic solar cells based on these photoactive layers were fabricated using the
following standard architecture: Glass/ITO/PEDOT:PSS/P3HT:PCs;BM/Ca/Al. We did not
use any thermal annealing following deposition of the BHJ films, so as to evaluate only
the performance differences due to variations in the spin-coating conditions. The J—
V characteristics, shown in Figure 4.9a, indicate an increase in the power conversion
efficiency (PCE), from 2.3% to 2.6%, when reducing the spin-speed from 1200 rpm to
900 rpm, and up to 3.0% when further reducing the duration of the spin-coating from
120 s to 45 s (Table 4.4). The most substantial differences in the PCE stem from an
increased short circuit current, from 6.25 to 6.7 and 9.1 mA cm . This may be due to a
substantially increased phase separation and P3HT m-stacking crystallinity in the latter
case, as indicated by the TEM and SAED data, in Figure 4.10, and the optical analysis of
the samples in Table 4.3. It is also noteworthy that the fill factor suffers only when
spinning is stopped prematurely, decreasing from ~62—-64% for the 120 s experiments,
down to 55% for the 45 s experiment. The cause of this negative difference can be
partially attributed to the much higher surface roughness (~13 nm) of the films spin cast
at 900 rpm for 45 s, compared to the much smoother (~0.5 nm) films spin cast for 120 s,

as indicated by the AFM images in Figure 4.10.
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Figure 4.9 (a) J-V characteristics of P3HT:PCBM BHJ solar cells fabricated from coated
films at 900 rpm for 45 s (black), 900 rpm for 120 s (red) and 1200 rpm for 120 s (blue).

(b) External quantum efficiency (EQE) spectra for these devices.

Table 4.4 Solar cell device parameters for P3HT:PCg:BM solar cells

Spin coating conditions Solar cell devices performance parameters

Speed time Jsc Voc FF Efficiency

[rpms] [s] [mA.cm?] (V] [%] [%]
1200 120 6.25 +/- 0.02 0.595 62 +/-0.2 2.3+/-0.1
900 120 6.7 +/-0.2 0.604 64 +/- 0.8 2.6+/-0.1
900 45 9.1+/-0.1 0.589 55.5+/-0.5 3.0+/-0.1

We have established that decreasing the spin-speed from 1200 rpm to 900 rpm
decreases the amount of solution ejected initially during acceleration, thus increasing
the BHJ thickness from 208 nm to 232 nm, as verified by ellipsometry. The inset

of Figure 4.8a compares the raw absorption spectra of the two films and shows a
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significantly greater absorption across the spectrum for the films prepared at 900 rpm,
as opposed to the film prepared at 1200 rpm, both below 400 nm (PCs;BM contribution)
and between 500 and 600 nm (P3HT contribution). The increased absorption due to the
greater thickness results in only a small increase of Jsc by 0.5 mA cm 2 in the case of the
120 s duration and in a much larger 2.9 mA cmincrease in the case of the 45 s
duration. The absorption spectra, normalized to the PCs,BM absorption peak, are shown
Figure 4.8a; these spectra better reflect the observed changes in the device
performance and allow us to conclude that the PCE improvements are more closely
related to the inherent structural improvement of the P3HT domains, as opposed to the
overall amount of the P3HT or PC4BM absorption. To confirm this, we measured the
external quantum efficiency (EQE) for all three cases, as shown in Figure 4.9b. The EQE
is strongly modulated in the spectral region, where the P3HT vibronic transitions lie,
strongly affecting the EQE in the spectral range from 550 nm to 650 nm. It is noteworthy
that the EQE increases only in the area of the intermolecular vibronic transition when
the film thickness increases from 208 nm to 232 nm in the case of the 120 s duration. By
contrast, reducing the spin-coating duration to 45 s at 900 rpm further improves the
EQE significantly, this time both in the areas of the intermolecular and intramolecular
vibronic transitions. This confirms that most of the performance increases achieved are
due to the greater fraction of the P3HT photo-physical aggregates and to the
improvement of the intermolecular and intramolecular interactions within the P3HT

domains of the bulk heterojunction film, which indicate a greater phase separation and
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point to an increased crystallinity. This is confirmed by the TEM and AFM
measurements, indicating a substantially coarser phase separation. The SAED data also
confirm a greater crystallinity in the m-stacking direction, when spin coating is

interrupted prior to solution drying.
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Figure 4.10 Atomic force micrographs and transmission electron micrographs,
respectively, of P3HT:PC¢;BM blend thin films spin-cast at (a, b) 900 rpm for 45 s, (c, d)
900 rpm for 120 s and (e, f) 1200 rpm for 120 s, respectively. Selected area electron
diffraction (SAED) showing the (020) diffraction ring of P3HT are shown as insets in the
respective electron micrographs. The corresponding normalized intensity line scan

profiles are shown in (g).
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4.6 Conclusions

We have demonstrated a new experimental capability, combining everyday spin-coating
with everyday UV-vis absorption to obtain, for the first time, time-resolved UV-vis
absorption spectra during the spin-coating of organic semiconductor thin films, both for
electronic and photovoltaic applications. We have used a reference conjugated polymer,
P3HT, to demonstrate the ability of this technique to detect the solution-state of the
solute in terms of the degree of aggregation, as well as to detect the transition from the
liquid ejection regime of the spin-coating to the evaporation-dominated regime, as well
as the onset, evolution and end of the solution-to-solid phase transformation process,

also known as the thin film formation process.

In the context of electronics, we have demonstrated that the presence of large
differences in the aggregation state of P3HT in the solution can induce small changes in
the solid state UV-vis absorption spectrum, but which can still have important
implications on the carrier transport in the context of OTFTs, mainly due to
morphological and microstructural differences — namely fibril formation — detected by
AFM and TEM.

In the context of photovoltaics, we have demonstrated the spinning conditions can
select the amount of solute remaining on the substrate, as well as the film thickness and
kinetics of crystallization. Using this insight, we proceeded to show that interrupting the

spin-coating process in the evaporation-dominated thickness regime can lock in the
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desired thickness, while extending the duration of the film formation quite dramatically.
This is shown to have an important positive influence on the intermolecular and
intramolecular interactions in the film, and the EQE as well as the power conversion

efficiency of organic solar cells.
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Chapter 5
Roles of the donor crystallization dynamics and pathway on bulk

heterojunction formation in small-molecule organic solar cells

5.1 Introduction

The main aspects that govern BHJ formation include thermodynamics aspects such as
the ease of crystallization of the BHJ components, their mutual interaction (ca. their
miscibility in each other) and their interaction with the solvents during processing, and
kinetics aspects related to the processing conditions. In the previous chapter, we have
demonstrated a new capability for monitoring the kinetics of film formation by UV-vis
absorption measurements. In this chapter, we use this capability combined with in situ
grazing incidence wide angle x-ray scattering (GIWAXS) and flash differential scanning
calorimetry (F-DSC) to perform a fundamental study of the crystallization dynamics of a
variety of small-molecule donors to reveal its effect on the processing routes to
attaining high-performance photovoltaics. Part of this work has appeared in Advanced

Materials.[*’"

We propose a generalized concept linking the crystallization dynamics of molecular
organic semiconductors and the processing routes needed for fabricating bulk
heterojunction (BHJ) solar cell devices. The study reveals the reason behind the need of
empirically-adopted processing strategies such as solvent additives or alternatively

thermal or solvent vapor annealing for achieving optimal performance — all of which are
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incompatible with high throughput environmentally friendly manufacturing. We
demonstrate that the resistance to crystallization and phase separation is the main
obstacle that additives help overcome and which prevents obtaining an optimal
performance from a single processing step without the need for high boiling point

halogenated additives.

We investigate the ability of crystallization of several donor materials that cover a broad
range of crystallization behaviors, namely p-DTS(FBTTh;),, p-SIDT(FBTTh,), and
X2.1120121172] Tha molecular structures of the materials used in the study are shown in
Figure 5.1. We find that crystallization of some donor materials goes through a
transient disordered or liquid crystalline phase that acts as a barrier for their
crystallization at fast film formation conditions such as solution processing. In such
conditions, the donor-fullerene phase separation is inhibited. With this enhanced
understanding of phase transformation of donor small-molecules: fullerene blends, we
demonstrate state-of-the-art 7.6% small-molecule BHJ solar cells prepared additive-free
and in a single step. The enhanced understanding of the crystallization dynamics is

expected to curb the challenges in achieving high performance solar cells via more

facile, reproducible and environmentally friendly manufacturing.
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Figure 5.1 Molecular structure of the materials in the study.

5.2 Roles of the donor crystallization in small-molecule organic solar cells

Generally, crystallization of donor molecules is necessary for facilitating phase
separation from acceptor molecules and ensuring high carrier mobility. As discussed
previously, the optimum bulk heterojunction morphology of organic solar cells requires
domains of donor and acceptor that are large enough to form a bicontinuous network
and small enough —or finely intermixed- for efficient charge generation.[6’23’64’65’69] For
small-molecule-based devices, the crystallization of the donor strongly correlates with
the BHJ phase separation. In a recent study, it was shown that donor crystallization is
often the driving force for phase separation in the small-molecule BHJ system consisting
of DPP(TBFu), as the donor and PCy:BM as the acceptor.[m] Donor crystallization

requirements can be relaxed for polymer solar cells since it has been shown that the

presence of interconnected aggregates, even for amorphous polymers, acts as the main
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requirement for high carrier mobility, where long polymer chains act as tie-molecules

[

that connect donor domains.*3°! On the other hand, small-molecule donors, unlike

polymers, lack this benefit and require crystallization to ensure intermolecular

interactions required for the efficient charge transport. 74"

5.3 The need of flash differential scanning calorimetry (F-DSC) for detecting the
metastable phases

When considering the crystallization of small-molecules via solution processing,
metastable transitions en route toward crystallization need to be taken into account at
fast film formation conditions. These are impacted and mediated by the use of solvent

(1741 For instance, the solution processable small-molecule BHJ system which

additives.
contains a blend of p—DTS(FBTThz)z[m] and PC;BM, which has been responsible for
extraordinary gains in power conversion efficiency (PCE) from ca. 1.8 to ca. 9% by the
use of processing additives, exhibits unexpected features and transient phases that
remain poorly understood.!*2%7°] Unfortunately, these metastable transitions are

difficult to detect by conventional differential scanning calorimetry (DSC)[146_149]

, owing
to typically low heating/cooling rates (ca. 10 °C/min), and thus their role in the phase
transformation outcome of donor-acceptor blends in the absence or presence of
additives remains unknown. The ultra-fast flash DSC (F-DSC) technique — an approach

not yet widely adopted by the organic electronics community — can mimic the kinetics

of practical processing conditions such as spin coating and study crystallization
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dynamics and (meta)stability in conditions far removed from equilibrium,***™**®! and

can potentially reveal new insights on the phase transformation behavior of small-
molecule donors and the role of additives, especially in combination with in situ

diagnostics of the solution-to-solid phase transformation studies. [174]

In order to emphasize that the cooling rates from F-DSC align with the film formation
rates from spin coating, it is useful to define a parameter, what we call the effective
cooling rate (the cooling rate that mimics the film formation rate obtained from solution
processing), by the cooling rate that would correspond to cooling of the sample from
melt to room temperature in a similar time interval of the film formation by solution
processing. This time interval can be estimated from the point at which the solute
reaches supersaturation and starts to aggregate until the end of the solid-state film
formation.”*! To do so, we have performed in situ UV-Vis absorption during spin coating
to monitor the photo-physical aggregation during film formation (Figure 5.2). The
following conditions have been used for spin coating three donor molecules in the
study; p-DTS(FBTTh,), (@ concentration 21 mg/ml in CB and coating speed 1750 rpms
for 60 s), p-SIDT(FBTTh,), (@ concentration 20 mg/ml in CB and coating speed 1750
rpms for 60 s) and X2 (@ concentration 10 mg/ml in CF and coating speed 2000 rpms for
60 s). As explained in the previous chapter, spin coating can be expressed as three
distinct stages ; (1) initial loss of solution due to ejection, characterized by a drop in

absorption intensity, (2) solvent evaporation stage in which the solvent evaporates
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without observable change in the aggregation state of solution, characterized by steady
absorption (this stage is negligible here) and (3) solid-state film formation in which the
solute starts to aggregate at the end stage of solvent evaporation till the final solid-state
film formation (see Figure 5.2d-f). Importantly, the time interval of the actual film
formation can be estimated precisely from the third stage (from the red arrow till the
blue arrow in Figure 5.2d-f and is found to be 1.9 s, 1.4 s and 0.5 s for p-DTS(FBTTh,),, p-
SIDT(FBTTh;), and X2, respectively. We estimate the effective cooling rate by the
difference between melting temperature and room temperature divided by the time
interval of film formation by solution processing. The onset of melting of the three
molecules is estimated from the heating thermograms in Figure 5.3 to be~ 190 °C for p-
DTS(FBTTh,),, ~ 138 °C for p-SIDT(FBTTh,), and ~ 249 °C for X2, respectively. The
approximate effective cooling rates calculated using these values are estimated to be 87
K/s, 81 K/s and 448 K/s for p-DTS(FBTTh,),, p-SIDT(FBTTh,), and X2, respectively. This
value should be considered as a first approximation of the effective cooling rate as it can
vary with different coating conditions, though it highlights a clear alignment between
film formation rates by solution processing and the cooling rates that can be obtained

by F-DSC.
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Figure 5.2. (a-c) UV-Vis absorption spectra of solution (dark curve) and dry film (red

curve) of neat p-DTS(FBTTh,), [T1] in (a), p-SIDT(FBTTh,), [H1] in (b) and X2 in (c). (d-f)

Time evolution of absorption at the vibronic peak marked by the black arrows in (a-c),

which corresponds to an absorption characteristic of the photo-physical aggregates. The

start and end of aggregation during film formation are marked by red and blue arrows,

respectively.
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Figure 5.3. Heating thermograms at rate (100 K s of p-DTS(FBTTh,), (black), p-
SIDT(FBTTh;), (red) and X2 (blue). The onset of melting for the three molecules is

marked as asterisk.
5.4 Liquid crystalline mesophase of p-DTS(FBTTh;),

5.4.1 Evidence of Liquid crystalline nature of p-DTS(FBTTh,), by flash differential
scanning calorimetry (F-DSC)

We recall that the as-cast p-DTS(FBTTh,),:PC7:BM film prepared without any additive
remains in a largely vitrified metastable state that remains unchanged for an extended
period of time.’* we sought evidence of a LC phase by F-DSC. F-DSC allows to vitrify

kinetically-inhibited phase transitions and thereby the detection of the isotropic-LC
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phase transitions that are not observable by conventional DSC.17® This is made possible
by collecting thermograms at ultrafast heating and cooling rates that are up to five
orders of magnitude faster than conventional DSC. In Figure 5.4a, we summarize F-DSC
measurements performed on neat p-DTS(FBTTh;), at different heating rates, all from an
initially vitrified state. At 100 K/s, we first observe a weak endothermic transition
centered at 80.0°C (TSmh) followed by an exothermic transition related to cold
crystallization (Tcc, i.e. crystallization in the solid state) of p-DTS(FBTTh,), at 92.2°C and
finally followed by its peak melting temperature (T,,) at 196.1°C. Subsequent cooling at
100 K/s produces a nearly featureless curve with two weakly exothermic transitions
centered at 149.6°C and at 72.0°C indicating significant vitrification of p-DTS(FBTTh,),
(Figure 5.4b). Increasing the rate from 100 to 500 to 1000 and to 2000 K/s leads to
notable increases in Tsm" from 80.0°C to 82.9°C to 85.5°C to 89.4°C and a significant shift
in the Tec from 92.2°C to 118.7°C to 136.5°C to 166.8°C, respectively, until a heating rate
of 2000 K/s, where the cold crystallization begins to overlap with the melting point
(Figure 5.4a). The onset of melting is estimated to be 189.4 °C, 190 °C and 190.3 °C for

heating rates of 100 K/s, 500 K/s and 1000 K/s, respectively.

The notable, but relatively small, increase in Tsm With heating rate indicates a phase
transition with a small activation energy barrier, which is consistent with what can be
expected from a transition from a more ordered to a less ordered state such as a LC

phase transition. Following similar reasoning, the pronounced T shift suggests a phase
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transition with a significant activation energy barrier, which is consistent with what is
expected from a nucleation and growth process that can be described by classical
nucleation theory.[45] This view is supported by F-DSC cooling data. At all cooling rates,
we observe two exothermic transitions, which we from now on describe as Ty,“ and Tsp",
respectively, the first (Ty ) centered at 149.6°C, 149.0°C, 147.1°C, and 143.6°C and the
second (Tsm) centered at 71.9°C, 68.3°C, 64.8°C, 60.0°C for 100, 500, 1000, and 2000
K/s, respectively. Both exotherms are weak and show only a small rate dependence,
supporting the notion of them being phase transitions with a small change in heat

capacity and a minute activation energy barrier, both of which are characteristic of a LC

phase transition.*¢ 4]
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Figure 5.4 Differential scanning calorimetry thermograms of p-DTS(FBTTh,), at different

heating (a) and cooling (b) rates revealing the liquid crystalline nature of the molecule.
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5.4.2 Observation of long range liquid crystalline order in p-DTS(FBTTh,), films by
cross-polarized optical microscopy (X-POM)

Further evidence was collected by optical microscopy. In Figure 5.5, we show typical
room temperature X-POM images of neat p-DTS(FBTTh,), film coated from pure CB and
p-DTS(FBTTh;),:PC;1BM films coated from pure CB and CB with 1.5% v/v DIO. All films
display similar features at the microscale and reveal a birefringent threaded texture
indicating a structure with local order and planar alignment relative to the substrate
that form discrete domains due to defects; such microstructures are reminiscent of the
typical structure of LC phases with Schlieren textures (i.e. birefringent domains
surrounded by a network of black lines). We find that this microstructure is
independent of the inclusion of the DIO or PC;BM, as seen in X-POM images in
Figure 5.5. By combining this observation with the results from F-DSC thermograms, we
conclude that the crystallization of p-DTS(FBTTh,), during the fabrication of BHIJ thin
films proceeds through an isotropic-LC phase transition before crystallizing along the LC
phase director vectors. Furthermore, based on the X-POM data, we can tentatively
attribute the first weak exothermic transition observed during cooling in F-DSC to an
isotropic-nematic mesophase transition and, through deduction, the second to a
nematic-smectic mesophase transition. In accordance with this assignment, we observe
in thermograms collected at heating rates of 5000 K/s where we prevent cold
crystallization by the ultra-high heating rate two exothermic transitions; beside the one

at 99°C observed also at slower rates, we also record a weak exotherm at 165°C, which
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coincide well with the transitions observed in the cooling cycles. Hence, we attribute
them to the thermotropic smectic-nematic and nematic-isotropic mesophase
transitions, respectively. Notable, although p-DTS(FBTTh,),:PC;1BM films coated from
CB with DIO exist in a crystal phase, X-POM (Figure 5.5c) shows LC disclinations
indicating that those crystals grow at the expense of the LC phase while maintaining the

original LC disclinations.

(a) Neatp-DTS(FBTTh,),inCB  (b) Blend in CB (c)  Blend in CB & 1.5% DIO

% ) - o % 5 e
(4 8 e :

Figure 5.5 Cross-polarized transmission optical microscopy (X-POM) of neat p-
DTS(FBTTh,), film cast from CB in (a), p-DTS(FBTTh,),) :PC;1BM film cast form CB in (b)

and CB with 1.5% DIO in (c).
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Figure 5.6 Cross-polarized transmission optical microscopy (XPOM) of neat p-
DTS(FBTTh,), film during heating on top and cooling in bottom. Differential scanning

calorimetry thermograms during heating and cooling in the middle.

Further evidence supporting these conclusions can be found in temperature-dependent
X-POM measurements. In Figure 5.6, we show X-POM micrographs of neat p-
DTS(FBTTh,), film coated from CB at different heating temperatures on top and during
cooling from melt on bottom. F-DSC thermograms in the middle were taken at 100 K/s.
Upon heating to 225 °C (above the melting temperature), we observe the
transformation into an isotropic phase due to melting, see XPOM image at 225 °C.

When cooling from melt, XPOM images show a transition from an isotropic to nematic
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phase at ~160°C as evidenced by the appearance of weakly ordered domains
(birefringent domains) within the isotropic liquid phase, followed by crystallization of p-
DTS(FBTTh,), from this phase (see appearance of crystalline domains at 150°C). Thus,
thin spin coated films made of p-DTS(FBTTh,), first undergo an isotropic to LC
mesophase transition after which the nucleation and growth of crystallites may

proceed, while maintaining the mesoscale disclinations of the original LC phase.

5.4.3 Grazing incidence x-ray diffraction confirms p-DTS(FBTTh;), LC nature

We recall that a previous work by our group has shown, by in situ GIWAXS during the
formation of p-DTS(FBTTh,),:PC7:BM film, the transformation of a transient and weakly
ordered state of p-DTS(FBTTh;), into thermodynamically stable state at the presence of
additives in the casting solution. We therefore conclude, based on the above F-DSC and
X-POM analyses, that this transient and weakly ordered state of p-DTS(FBTTh,), is due

(78] This picture is further strengthened by in situ GIWAXS measurements

to an LC phase.
performed over a period of several days at room temperature on a neat p-DTS(FBTTh,),
film cast without any additive processing ( Figure 5.7a). The data reveal a slow but

steady evolution from the quenched LC state to the crystalline state and confirm that

the film is kinetically trapped in the LC phase of p-DTS(FBTTh,),.
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Figure 5.7 Time evolution of p-DTS(FBTTh;), crystallization from LC phase. (a) 2D plot of
GIWAXS of neat p-DTS(FBTTh,), as cast from pure CB (LC phase) on left, after 7 days
(crystal phase) on right and time resolved integrated intensity of GIWAXS
measurements over days on the middle. (b) 2D image plots of GIWAXS of p-
DTS(FBTTh,), film cast from CB soaked for two days after casting at incident angle 0.04°
(below critical angle of X-ray beam) on left , 0.15° (above critical angle of X-ray beam)
on right and integrated scattering intensity of GIWAXS performed at different incident

angles on the middle.
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We look more closely at the vertical distribution of LC and crystalline phases in partially
converted sample after 2 days of ageing by angle-dependent GIWAXS measurements
(Figure 5.7b). Tuning the incident angle with respect to the critical angle of the film can
be used as waveguide for the penetration depth of the X-ray beam which can be a few
nanometers below the top surface at very shallow angle.[135] At very shallow angle (ca
0.04°), we observe that crystalline phase dominates at the top surface (Figure 5.7b). As
we increase the penetration depth of the incident beam at higher incidence angles,
diffraction of the LC phase starts to appear. At an angle above the critical angle of the
film (ca. 0.15%), we observe the diffraction from both LC and crystalline phases. Knowing
that the film was initially vitrified at LC phase indicates that crystallization is initiated at
the top surface. This can be understood by the fact that molecules at the top surface are

less kinetically hindered.

On the other hand, the presence of DIO during casting accelerates this transition,
reducing its duration from days to minutes if not seconds, as can be seen by in situ
GIWAXS measurements during spin-coating for neat p-DTS(FBTTh,), (Figure 5.8a) and its
blends with PC;,BM (Figure 5.8b). In the coming chapter, we investigate in detail the
roles of solvent additives in the LC to crystalline transformation and BHJ morphology

evolution in p-DTS(FBTTh,),:PC7:BM system.
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Figure 5.8 In situ 2D GIWAXS image plots (Integrated scattering intensity is shown in
logarithmic color scale versus g (nm 1) and time(s)) of spin-casting neat p-DTS(FBTTh;),

and p-DTS(FBTTh;),:PC7:BM blends form CB with 0.4 % DIO, in (a) and (b), respectively.

5.4.4 Crystal growth of p-DTS(FBTTh,), is templated by its liquid crystalline order

We have observed in the previous sections that the p-DTS(FBTTh;),: PC;:BM films cast
from additives appear with LC disclinations under XPOM although p-DTS(FBTTh;), has
already become crystalline. This observation indicates that crystal growth of p-
DTS(FBTTh,), is templated by the initial liquid crystalline order before crystallization.
This view is supported by energy filtered transmission electron microscopy (EF-TEM)
images of crystalized p-DTS(FBTTh;),: PC71BM samples that reveal the remnant LC

nature of p-DTS(FBTTh,), within the crystallized and phase-separated domains
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(Figure 5.9). In Figure 5.9a, we show an EF-TEM image of p-DTS(FBTTh,),: PC7:BM film
coated from CB with 1.5% v/v DIO. A composite image of sulfur (green) and carbon (red)
mapping the mesoscale composition is shown in Figure 5.9b. The sulfur-rich regions
correspond to p-DTS(FBTTh,), rich domains while carbon-rich regions correspond to
PC;1BM rich domains. The images show wire-like p-DTS(FBTTh,), structures that
maintain the LC fingerprint and seem to crystallize and phase separate from molecules

that were initially ordered in a preferred orientation within the LC domains.

Figure 5.9 (a) Energy-filtered transmission electron micrographs (EFTEM) with
elemental mappings of carbon (284 eV) and sulfur (165 eV) performed on the plan-view
of p-DTS(FBTTh;),:PC71BM film, coated from CB with 1.5% DIO. (b) Composite color
image of EF-TEM image in (a). Red and green colors represent carbon rich phase

[PC71BM], sulfur rich phase [p-DTS(FBTTh,),], respectively.
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5.5 Generalization of the relationship between the ease of crystallization of donor
molecules and the need for additives

We deduce from all the previous observations that because p-DTS(FBTTh;), undergoes
kinetically hindered mesophase before crystallizing, it requires additives or thermal
annealing to get over the hindered state and allow the crystallization and phase

(771 A key objective is, however, to produce high-efficiency BHJ devices in a

separation.
single-step procedure. Indeed, despite the performance value added of additive
processing, thermal and solvent annealing, there are doubts regarding their
compatibility with large-scale continuous manufacturing. Both thermal and solvent
annealing require extra processing steps. Furthermore, it is not particularly easy to use
high boiling point halogenated additives in continuous manufacturing in ambient air for
practical reasons such as very slow drying and toxicity to operators. We therefore
sought to further explore the generality of our findings of limiting specific phase
transitions to control BHJ formation with the aim of identifying relevant features to
incorporate into the design of new materials that could circumvent the need for additive
processing or subsequent annealing steps. We selected two donor materials, namely p-

SIDT(FBTTh;), and X2, which a priori are kinetically either more or less hindered

compared to p-DTS(FBTTh,),.
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5.5.1 Ease of crystallization of p-SIDT(FBTTh,),

Structurally, p-SIDT(FBTTh,), is similar to p-DTS(FBTTh,), but for a larger central donor
moiety. The crystallization of this material is kinetically more prohibited than that of p-
DTS(FBTTh,), as confirmed by F-DSC thermograms. In Figure 5.10, we summarize F-DSC
thermograms of p-SIDT(FBTTh;), at different heating and cooling rates. From heating
thermogram of p-SIDT(FBTTh,), at 100 K/s (Figure 5.10a), we observe cold
crystallization transition (Tcc) of p-SIDT(FBTTh;), centered at 93.2°C followed by its peak
melting temperature (T,,) centered at 150.3°C. Significant shift in the T¢c from 93.2°C to
105.6°C was observed when increasing heating rate from 100 to 200 K/s. At heating rate
400 K/s, we observe overlapping of T¢c with the melting point and the appearance of
endothermic transition (TSmh) centered at 96.8°C indicating vitrification of the sample.
The onset of melting is estimated to be 138 °C and 138.4 °C for heating rates of 100 K/s
and 200 K/s, respectively, before melting overlaps with T at a heating rate of 400 K/s.
The complete vitrification of the sample appears clearly at thermograms taken at
heating rates of 500 and 1000 K/s in which we observe a notable shift of TSmh t0 99.1°C
and 103°C and the appearance of an endothermic transition (TN|h) at 127.2°C and
128.1°C, respectively. The two transitions show weak rate dependence indicating a
phase transition with small activation energy barrier, characteristic of LC transitions,
and therefore are assigned to smectic to nematic (Ts») and nematic to isotropic (Ty)
transitions, respectively. This is supported by cooling themograms of p-SIDT(FBTTh;),

(Figure 5.10b) in which two weak exothermic and weakly rate dependent transitions are
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observed; Ty centered at 122.3°C, 121.6°C, 119.4°C, 118.8°C and 112.6°C and Tsp*
centered at 80.3°C, 79.9°C, 79.5°C, 78.2°C and 76.4 for 100, 200, 400, 500 and 1000 K/s,
respectively. These observations reveal the ease of vitrification of p-SIDT(FBTTh;),; it
can be vitrified easily under fast film formation conditions such as spin coating.
Moreover, the vitrification of p-SIDT(FBTTh;), occurs at 5 times lower rate than what

was observed for p-DTS(FBTTh,),, indicating more kinetically hindered crystallization for

p-SIDT(FBTTh,),.
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Figure 5.10 Differential scanning calorimetry thermograms at different heating (a) and

cooling (b) rates of p-SIDT(FBTTh,), .

5.5.2 Ease of crystallization of X2

In contrast, X2, a medium-size molecule that has similar structure to p-DTS(FBTTh,), but

for the elongated chromophore, is found to crystallize remarkably easily compared to p-
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DTS(FBTTh,), and p-SIDT(FBTTh,),. In Figure 5.11, we summarize X2 heating and cooling
thermograms. It wasn’t possible to vitrify X2 at all cooling and heating rates up to 5000
K/s (Figure 5.11a). Furthermore, no cold crystallization transition or glass transition
were detected at all heating rates indicating lack of initially amorphous or LC vitrified
state (Figure 5.11a). From heating thermograms, we observe the onset of melting at
248.9 °C, 248.9 °C, 249.3 °C, 249.4 °C and 253 °C, that peaks at 256 °C, 259 °C, 262 °C,
266 °C and 284 °C, for heating rates 100 K/s, 500 K/s, 1000 K/s, 2000 K/s and 5000 K/s,
respectively. Crystallization from melt occurs at all cooling rates revealing the ease of
crystallization of X2 (Figure 5.11b). All these observations highlight its strong ability to
crystallize. As a consequence, we found that this material does not require additives to
achieve a sufficiently high degree of crystallinity when processing it from solution. This
likely explains the fact that BHJ solar cells can be produced even without additive

processing.mg]
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Figure 5.11 Differential scanning calorimetry thermograms at different heating (a) and

cooling (b) rates of X2.

5.5.3 Comparison of the ability of crystallization of p-SIDT(FBTTh,);, X2, and p-
DTS(FBTTh,),

In order to obtain an overall picture we summarize and compare the heating and
cooling thermograms at a rate 100 K/s for the three materials in Figure 5.12. Heating
thermograms of X2 do not show cold crystallization, unlike p-DTS(FBTTh,), and p-
SIDT(FBTTh;),, indicating high crystallinity in the sample and confirming the absence of
an initially amorphous or LC vitrified state. X2 crystallizes from the melt even at high
cooling rates with the appearance of a strong exothermic transition relating to hot
crystallization (crystallization from melt), as concluded from cooling thermograms of X2.

Moreover, hot crystallization occurs at relatively low supercooling (i.e. the difference
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between the melting temperature and the hot crystallization temperature) suggesting
low activation energy for crystallization, as seen in Figure 5.12. This is in contrast to the

cases of p-DTS(FBTTh;), and p-SIDT(FBTTh,), in which solidification seems to first lead to

liquid crystalline phases.
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Figure 5.12 Heating and cooling thermograms at rate (100 K s™) of p-SIDT(FBTTh,),, X2,

and p-DTS(FBTTh,),.
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5.5.4 Effect of the ease of vitrification/crystallization on crystallization behavior during
solution processing

A key test of the relevance and impact of the observations made by F-DSC of the relative
ease of crystallization of the three neat materials in question is whether they directly
impact crystallization behavior during solution casting of BHJ blends. We have therefore
monitored the crystallization behavior during solution-processing of blends with these
donors and PC7;BM both with and without additive processing. In Figure 5.13 , we have
plotted line cuts of the integrated intensity of the alkyl stacking peak derived from in
situ GIWAXS measurements performed during spin-coating. 2D GIWAXS images of p-
SIDT(FBTTh,),:PC7:BM, p-DTS (FBTTh;),:PC71BM and X2:PC;;BM samples are shown in

Figure 5.14, Figure 5.15 and Figure 5.16, respectively.

Starting with the p-SIDT(FBTTh,),:PC;:BM binary (Figure 5.13a and Figure 5.14), the
measurements reveal no trace of long range order in the absence of additive. However,
substantial crystallization is observed during spin-coating in the presence of additive.
For p-DTS(FBTTh,),:PC7:BM, absence of additive leads to quenching into the LC phase
(Figure 5.13b and Figure 5.15). With the inclusion of additive, the film crystallizes after
briefly transitioning from solution to the LC phase. These observations match our
expectation confirming the ease of vitrification of p-SIDT(FBTTh;), and p-DTS(FBTThs,),.
Thus, both molecules require additives to overcome the hindered state and facilitate

their crystallization.
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On the other hand, in situ GIWAXS measurements performed on X2:PC;;BM reveal that
it crystallizes immediately during solution processing without any need for additives,
whereas the crystallinity of X2 increases at the presence of additives (Figure 5.13c and
Figure 5.16). This observation confirms the strong ability of crystallization of X2, unlike

of p-SIDT(FBTTh,), and p-DTS(FBTTh,),.
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Figure 5.13 Integrated intensity of alkyl stacking peak derived from in situ GIWAXS
during spin coating of the three molecules blends with PC;;BM; p-SIDT(FBTTh,),:PC;:BM
from CB and CB with 0.4% DIO in (a), p-DTS(FBTTh;),:PC7;BM from CB and CB with 0.4%
DIO in (b) and X2: PC;:BM from CF and CF with 0.4% DIO in (c). The thickness of the

coated film in (a), (b) and (c) is ~ 100 nm,~ 103 nm and~ 108 nm, respectively.
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Figure 5.14 2D GIWAXS image plots of as cast p-SIDT(FBTTh,),:PC7:BM film from CB in
(a) and CB with 0.4% DIO in (c). Time evolution of integrated scattering intensity of in
situ GIWAXS performed during spin coating of p-SIDT(FBTTh;),:PC7:BM from CB in (b)

and CB with 0.4% DIO in (d).
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Figure 5.15 2D GIWAXS image plots of as cast p-DTS(FBTTh,), :PC7;BM film from CB in
(a) and CB with 0.4% DIO in (c). Time evolution of integrated scattering intensity of in
situ GIWAXS performed during spin coating of p-DTS(FBTTh;),:PC7:BM from CB in (b)

and CB with 0.4% DIO in (d).
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Figure 5.16 2D GIWAXS image plots of as cast X2:PC;,:BM film from CF in (a) and CF with
0.4% DIO in (c). Time evolution of integrated scattering intensity of in situ GIWAXS

performed during spin coating of X2:PC;:BM from CF in (b) and CF with 0.4% DIO in (d).
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5.5.5 Effect of the ease of vitrification/crystallization on BHJ morphology and solar cell
device performance

For the two donors, p-DTS(FBTTh,), and p-SIDT(FBTTh;), , that suffer from ease of
vitrification, it has been shown that a vitrified and low phase separated films are
attained when coating their blends with fullerene from pure CB. While addition of DIO
into casting solution helps in promoting donor crystallization and BHJ phase separation.
We refer to the TEM images in the references [121,177] for phase separation. Extra
content of DIO leads to excessive domain coarsening and deterioration of device
performance. (1211 On the other hand, TEM images of X2 in reference [179] have shown
remarkable ability to phase separate from fullerene at wide range of donor-acceptor
ratio. The phase separation was observed even at low donor content. Indeed, this can
be understood by its ease of crystallization as discussed above. For X2:PC;,BM system,
the device performance and morphology with using additives are not yet reported. We
compare the device performance and morphology of X2:PC7.BM coated from pure CF
and CF with 0.4%DIO (Figure 5.17). Addition of DIO results in slight decrease in open
circuit voltage (Voc) from 693 mV to 655 mV which is compensated by slight increase in
short circuit current density (Jsc) from 15.7 to 16.1 and fill factor (FF) from 67.6 to 69.6
leading to negligible change in overall power conversion efficiency (PCE) (Device
parameters and J-V curves are shown in Table 5.1 and Figure 5.17a, respectively).
Notably, the attained high PCE with an average (maximum) of 7.4% (7.6%) both in

additive-free and additive-based processes is the highest PCE reported thus far for
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small-molecule BHJ solar cells prepared without use of additives or post-process
annealing. In Figure 5.17b-c, we show composite color image of energy-filtered E-FTEM
images of the two cases, with green and red colors representing sulfur rich phase [X2]
and carbon rich phase [PC;1BM], respectively. EF-TEM images reveal satisfactory phase
separation and well-connected domains of X2 for samples coated from pure CF. Domain
coarsening is observed for samples coated from CF with 0.4% DIO. It is surprising that
use of additives does not harm the device performance despite significant differences in
crystallization and phase separation, because solution-processed small-molecule BHJ
solar cells are known to be extremely sensitive to additive processing.2>*?Y Again, this
result points to the intriguing process-insensitivity of X2.!*8! Whether this insensitivity is
due to the ease of crystallization and to an absence of intermediate disordered or LC
states of the donor material — which could otherwise make the phase transformation
outcome arguably more dependent upon formulation and processing conditions — can
only be speculated upon at this time. Importantly, X2, without the need of additives, is
able to attain sufficient crystallization and phase separation from fullerene and form
well connected domains, as expected from its strong ability to crystallize as revealed by

F-DSC.
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Table 5.1 Average device parameters of solar cell devices fabricated from X2:PC;,BM

Jsc Voc FF PCE
(mA/cm?) (mV) (%) (%)
No DIO 15.7+0.3 693+3 67.6 £1.0 7.4 £0.1
0.4% DIO 16.1+0.6 655+3 69.6 £0.8 7.4 £0.2
(a) -
7 —-— No DIO
5 —e— 0.4% DIO

1

&
=)
|

1

Current density (mA/cm?)
(4.}
|

-
o
|

=934

1

N
S

T I T l T T ' T l T l T l T l
04 0.2 0.0 0.2 04 0.6 0.8 1.0
Applied Bias (V)

(b) No DIO (¢) 0.4% DIO

Figure 5.17 (a) Current density-voltage (J-V) characteristics of two champion solar cells,
both exhibiting PCE = 7.6%, fabricated using X2:PC;;BM blend spin-cast from pure

chloroform (open circles) and from chloroform with 0.4 % DIO (solid circles). (b) & (c)
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Composite color image of energy-filtered transmission electron micrographs (EFTEM)
with elemental mappings of carbon (284 eV) and sulfur (165 eV) performed on the plan-
view of X2:PC;;BM film coated from CF (b) and CF with 0.4 % DIO (c). The film
thicknesses in (a) and (b) are~ 108 nm and~ 109 nm respectively. Green and red colors

represent sulfur rich phase [X2] and carbon rich phase [PC;:BM], respectively.

5.6 Conclusion

Overall, a generalized concept is proposed revealing the correlation between the ease
of crystallization of donor molecules and the required processing routes for achieving
high performance solar cells. The extent of kinetic hindrance and formation or not of
metastable intermediate phases in a wide range of donor small-molecules can be used
to directly inform the solution processing recipes and formulations needed to generate
highly efficient BHJ solar cells. F-DSC is thereby a powerful tool to determine relevant
phases and transitions. With the observations that some materials can be processed
into highly efficient solar cells without being vitrified in the absence of additives during
common solution-manufacturing, it is now possible to focus further synthetic efforts on
the development of high performing small-molecule donor materials which lend
themselves well to continuous, high throughput roll-to-roll manufacturing in

environmentally friendly conditions in ambient air.

We have demonstrated that the ease with which donor small-molecules crystallize and

their solidification pathways heavily influences whether additive processing, or
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alternatively added annealing steps, are required to achieve high performance BHJ solar
cells. In Table 5.2, we summarize the ability of crystallization and crystallization
behavior of p-SIDT(FBTTh,),, p-DTS(FBTTh,), and X2 and the relative processing routes
needed for attaining high efficiency solar cell performance . Using F-DSC, we have
shown that donor materials which can be easily quenched and vitrified, such as p-
DTS(FBTTh,), and p-SIDT(FBTTh,),, form a metastable intermediate state, either
amorphous or liquid crystalline, from which the crystalline state forms, as confirmed by
in situ GIWAXS measurements. In these circumstances, the solvent additives and/or
annealing are required to kinetically favor crystallization and phase separation. On the
other hand, donor materials with a strong ability to crystallize, such as X2, can phase
separate from the fullerene without requiring additives/annealing, perhaps showing the
way forward with the design of next generation donor small-molecules with the ability
to yield highly efficient organic solar cells via continuous, high throughput and

environmentally friendly manufacturing routes.
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Table 5.2 Comparison of the ability of crystallization, crystallization behavior and
processing routes between p-SIDT(FBTTh,),, p-DTS(FBTTh,), and X2.
PCE (%) PCE (%)

w/fo w/
additive additive

Quenching Vitrification As-cast donor phase As-cast donor phase Need for
by cooling by heating wjo additives w additives additive?

Quenched Vitrified
p-SIDT(FBTTh,), @ 100K/s @ 400K/s

Results (a & b) are from references [120,121,175] . Results (c) are from this work.
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Chapter 6
Impact of solvent additives on the mechanism of film formation in small-

molecule bulk heterojunction solar cells

6.1 Introduction

In the previous chapter, we have investigated the roles of crystallization dynamics and
pathway in small-molecule BHJ layers revealing the correlation between the ease of
crystallization of donor molecules and the required processing strategies used for
attaining high performance solar cells. We have demonstrated that the presence of
intermediate mesophase on the route of donor crystallization is the main obstacle that
the solvent additives help overcome, allowing donor crystallization and donor-acceptor
phase separation. In this chapter, we provide in-depth investigation of the mechanism
of microstructure formation based on the interaction of the solvent additives with the
components of the BHJ system including the phases in which they present. Part of this

work was submitted to Chemistry of Materials (under review).

We first invsetigate the effects of the additive [1,8-diiodooctane (DIO)] on the solar cell
device performance and active layer morphology in p-DTS(FBTTh;),:PC7:BM system cast
from pure chlorobenzene (CB) and CB with different amount of the additives. Then, we
use state-of-the-art in situ characterization techniques to investigate the solution to
solid film transformation during spin coating of the active layer aiming to reveal the

mechanism of the solvent additive effect in this BHJ system. Whereas selective solubility



148

of one of the BHJ components in the solvent additives is known to impact the
microstructure formation of the BHJ, the phases in which each component may present
is less considered in the literature. We show in this study that the interaction of the
additive with the BHJ components depends on their phase; whether they present in a
molecularly mixed phase, or transient phase such as liquid crystal, or crystaline phase,
all of which has different interaction with the additive. Now, based on the interaction of
the additive DIO with the components/phases of the system, in-depth understanding of
the mechanism of microstructure formation can be acheived. DIO is shown to selectively
dissolve PC7:BM more than p-DTS(FBTTh,),, enabling demixing and phase separation.
Interestingly, DIO is found to interact preferentially with the LC phase promoting
formation of p-DTS(FBTTh,), crystals out of the LC phase while maintaining the liquid
crystalline disclinations. The crystal phase is much less interactive with DIO promoting
saturation of the microstructure development after transformation. Our results
provide the evidence that nucleation density and growth of the crystalline phase of p-
DTS(FBTTh,), can be controlled by the amount of DIO which manipulates the diffusivity
of the small-molecule donor and acceptor species in the wet film and consequently
determines the extent of phase separation. We show that moderate kinetics of film
formation is favored for achieving optimum phase separation leading to optimum

device performance.



6.2 Effects of solvent additives on solar cell devices performance and BHJ morphology

We begin by investigating the influence of the solvent additives on the solar cell device
performance of p-DTS(FBTTh,),:PC;1BM system. We have fabricated the solar cells
devices using identical solution preparation and spin coating conditions to those used in
previous reports [120]; 3.5% wt/v solutions of p-DTS(FBTTh;), and PC7;BM (60:40 weight
ratio) from CB, 0.4 v/v% DIO-CB and 1% v/v% DIO-CB were cast at 1750 rpms for 60 s.
The current density versus voltage (J-V) characteristic curves are shown in Figure 6.1. A
modest efficiency of 2.3 % was observed for the samples casted from CB, while addition
of 0.4 v/v% DIO into casting solution improved the efficiency significantly to 7.6 %. In

case of 1% v/v DIO-CB, devices show extreme deterioration of device performance with

efficiency around 1%.
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Figure 6.1 Current density- Voltage (J-V) curves of solar cell devices fabricated from p-

DTS(FBTTh,),:PC;1:BM blends cast from pure CB (black), CB with 0.4% DIO (red), and CB

with 1.0% DIO (blue).
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These dramatic changes in device performance are mainly due to morphological
differences influenced by the inclusion of additives. Thus, we investigated the impact of
the additive content on the BHJ morphology. We performed cross polarized optical
microscopy and energy filtered transmission electron microscopy (EF-TEM) with
elemental mapping of sulfur (green; donor) and carbon (red; acceptor) to reveal the
macroscale ordering and the nanoscale phase separation, respectively. As shown in the
previous chapter, films cast with and without additive (Figure 6.2a-c) exhibit the liquid
crystalline disclinations as remnants of the LC mesophase initially adopted by p-
DTS(FBTTh,),. BHJ films cast from neat CB exhibit very little phase separation, as shown
in Figure 6.2d. The slight phase separation is not surprising as the initially quenched
films tend to crystallize over a period of days in ambient conditions as we have shown in
the previous chapter. As expected, the devices fabricated with this condition exhibit
poor performance due to the null phase separation and the weakly ordered donor
phase. On the other hand, BHJ film cast with 0.4% (Figure 6.2e) is more phase
separated, with wire-like extended domains of p-DTS(FBTTh,), crystals. The 0.4% DIO
sample appears with well-connected domains of both p-DTS(FBTTh,), and PC;;BM. The
sharp increase in power conversion efficiency of the fabricated devices under this
condition correlates with the improved phase separation and increased ordering of the
donor phase after crystallization. For 1% DIO case, the sample exhibits over-coarsening

of PC7:BM domains and p-DTS(FBTTh,), crystals that are found to extend to the length
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of microns. Clearly, this over-coarsening is counterproductive to charge generation

leading to reduction in the devices performance.

200 nm

Figure 6.2 Cross-polarized optical microscopic (X-POM) images of p-
DTS(FBTTh,),:PC;1BM films cast from CB in (a), CB & 0.4% DIO in (b) and CB & 1.0% DIO
in (c). Composite color images of EF-TEM with elemental mappings of carbon (284 eV)
(red) and sulfur (165 eV) (green) performed on the plan-view of p-DTS(FBTTh;), :

PC;1BM film coated from CB in (d), CB & 0.4% DIO in (e) and CB & 1% DIO in (f).
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We have evaluated the nature and relative area of the D-A interface in the BHJ films by
performing sensitive external quantum efficiency (EQE) measurements in the sub-gap
region of the D and A semiconductors (Figure 6.3).[157'180’181] The charge transfer (CT)
states in the sub-gap region can be directly excited by incoming photons and
contributes to photocurrent generation.[182'184] Fitting the CT band in the EQE spectra
determines the energy of the CT states and its strength is proportional to the number of
such states. Despite the changing appearance of the BHJ, we find the energy of the sub-
gap CT states (1.6 eV) is not affected by the presence or amount of additives, while their
intensity exhibits important changes (Figure 6.3a). This feature suggests that the nature
of the D-A interactions at the interfaces resulting in free carrier generation is essentially
unchanged. The electronic coupling term (f), which is directly proportional to the
number of interfacial CT complexes that are able to generate free charges quantifies the
intensity of the sub-gap EQE. We find that f decreases in devices containing DIO when
compared to devices prepared without additive, consistent with increasing domain
coarsening and phase separation (Figure 6.3b). Previous studies have suggested that
devices fabricated using neat CB and known to form the liquid crystalline mesophase of
the donor suffer from poor charge transport, voltage dependent geminate
recombination and strong bimolecular recombination.”®” On the other hand, 1% DIO
devices, which are known to crystallize the donor, exhibit a reduction in the number of
interfacial CT complexes by more than one order of magnitude, correlating with the

extensive coarsening of domains observed by EFTEM images. We attribute the dramatic
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drop in performance of the 1% DIO devices to the extensive reduction in functional
interfacial area. Devices prepared with 0.4% DIO appear to exhibit a suitable balance
between phase separation of donor and acceptor domains, crystallization of the donor
phase needed for charge extraction and formation of sufficient D-A interfacial area

needed for charge generation.

1 0.01 -
0.1 — CB 1a
—— CB&04% DIO| __
w 0.01 —— cB&1.0% Dio| % 1E-3 3 m
(s} L 3
“igs -3
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Figure 6.3 (a) External quantum efficiency of solar cell devices fabricated from p-
DTS(FBTTh,),:PC7:BM blends cast from pure CB (black), CB with 0.4% DIO (red), and CB
with 1.0% DIO (blue). Fitting of the charge transfer (CT) states intensity is shown in
dashed lines for the three cases. (b) The electronic coupling term (f) versus DIO content

calculated from fitting CT states in (a).
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Nguyen and coworkers used time-delayed collection field (TDCF) and photocharge
extraction by linearly increasing voltage (photo-CELIV) measurements to investigate the
charge carrier transport properties in p-DTS(FBTThz)Z:PCleM.[185] The study revealed
the low FFand Jscin the as cast devices to both strong geminate and bimolecular
recombination, whereas using 0.4% DIO helped to overcome geminate recombination
and reduce bimolecular recombination resulting in improved FF and Jsc, thereby
enhancing PCE. (1851 The study also revealed an increase in hole mobility by an order of
magnitude for 0.4% DIO as compared to the as cast condition, which was also observed
in other studies.™>*¥® Friend and coworkers investigated charge carrier dynamics in p-
DTS(FBTTh,),:PC71BM system using transient absorption (TA) spectroscopy.™®”! For the
optimum condition (0.4% DIO), charge generation occurred at two-time scales;
subpicosecond time-scale which was attributed to the dissociation of photogenerated
excitons at the heterojunction and subsequent evolution in the picosecond to
nanosecond time-scales which was attributed to the dissociation of photogenerated
excitons at the bulk that diffuse to the heterojunction before dissociation.*®”! Global
analysis of TA measurements revealed two charge generation pathways; an ultrafast
pathway with a rate constant of ~ 82 femtoseconds and a diffusion-limited pathway
with a rate constant of~ 22 picoseconds.[187] Interestingly the ultrafast pathway had the
major contribution (~70% weight) of charge generation.[187] Furthermore, using electro-
absorption measurements, electrostatic energy per charge pair and hence electron-hole

separation was calculated as a function of time revealing an instant charge separation
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within 40 femtoseconds of excitation to~ 4-5 nm electron-hole separation.!**”! In the
absence of PC;;BM aggregation (achieved by processing samples with low PC;;BM
content~ 10% w/w), strong bound excitons with electron-hole separation of~ 1.5 nm
were generated upon photoexcitation, highlighting the importance of PC;;BM
aggregation in charges separation.[m] Similar observation was reported by Nguyen and

coworkers where instant excitons dissociation was observed.!*®®

In addition,
investigation of the charges generation and recombination dynamics with TA
measurements revealed efficient charge generation after excitation where a large
fraction of free charge -carriers (as high as ~ 85%) was generated upon

photoexcitation. !

Modeling TA spectra with two-pool model (geminate and
bimolecular recombination contributions) revealed similar geminate recombination rate
but much higher effective bimolecular recombination (BMR) coefficient for p-
DTS(FBTTh,),:PC71BM as compared to the typical polymer—fullerene blends (one or two
order of magnitude higher than P3HT:PC¢BM or PCDTBT:PCeoBM, respectively).“gg]
Regardless of the higher BMR for p-DTS(FBTTh;),:PC71BM, efficient charges extraction
can be obtained in this system, which was attributed to the high hole mobility in p-
DTS(FBTTh,),:PC;1BM that can facilitate fast carrier extraction, thereby helping to

overcome bimolecular recombination.*®®
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6.3 Monitoring microstructure evolution during solution processing

6.3.1 Thickness evolution during film formation

We investigated the thinning of the p-DTS(FBTTh,),:PC;:BM formulation based on neat
CB and with the addition of 0.4 v.% and 1 v.% DIO by performing in situ spectroscopic
reflectometry and ellipsometry during spin coating (Figure 6.4) under conditions
identical to those used for solar cell fabrication. For the pure CB case, we observe rapid
thinning and drying of the solution within 6 s, followed by a steady-state thickness
indicating the film is dry (Figure 6.4a). In the presence of DIO, we observe identical
thinning behavior initially, but this gives way to the formation of a heavily swollen, slow-
drying wet film. The thickness of the wet film decreases over a period of an hour,
highlighting the slow drying of DIO. After an hour, we still observe that the films
processed with DIO remain swollen with the solvent additive. To fully dry the wet films,
they were heated at 70 °C for 10 min. The volume fraction of the trapped solvent
calculated with respect to the dry film thickness after heating is shown in Figure 6.4b.
This indicates that 18% and 30% by volume of DIO are trapped in the wet films (t =6 s)
formed, respectively, from 0.4% and 1% DIO formulations. The final thickness of the dry
films is identical for all cases (ca. 100 +/- 5 nm) revealing that DIO processing has null

effect on the thickness of the BHJ.
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Figure 6.4 (a) The thickness evolution during and thereafter spin-coating p-
DTS(FBTTh,),: PC;:BM from CB solution and with different DIO content (0.4% and 1%).
(b) The calculated retained solvent in the “wet” film during and thereafter spin-coating

for the three cases in (a).

6.3.2 Evolution of the photo-physical aggregation and crystallization of p-DTS(FBTTh;),
Time-resolved measurements of film thickness were complemented with UV-visible
transmission measurements also performed during spin-coating. These measurements
provide a means to monitor the absorption spectra of the solute at different states of
thinning and BH)J formation.™®% In Figure 6.5, we plot a two-dimensional intensity map
of the absorption spectra collected during spin-coating of p-DTS(FBTTh,),: PC71:BM from
CB solution and with different DIO content. The color scale represents the strength of
absorption, whereas time is represented on a logarithmic scale. A broad absorption

peak (dark red) centered around 590 nm observed at the initial stage of spin coating in
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all three formulations corresponds to the solution absorption peak of p-DTS(FBTTh,),.
As the solution is spun, the fluid thins out very rapidly, leading to the disappearance of
the intense solution absorption peak within 2-3 s of starting the sample rotation. As the
processing solvent (CB) thins and dries out by ~6 s, the film solidifies as indicated by the
redshift of the absorption edge toward A ~ 750 nm. Absorption spectra of the dry films
are shown in Figure 6.6a. For films processed with DIO, the solution peak of p-
DTS(FBTTh,), gives way to the formation of vibronic progressions at A; = 625 nm and at
A, = 682 nm (Figure 6.5b-c, Figure 6.6a). The strength of the vibronic progressions is
highly sensitive to the formation of local intermolecular and intramolecular
aggregates.Bg’lgg] The observation of the two vibronic features at A; and A, is indeed
different from what is seen in as-cast films without DIO (Figure 6.5a, Figure 6.6a),
where the vibronic features do not appear. By contrast, use of 1% DIO results in
qualitatively similar vibronic features at A; and A,, but we find the intensity of these
features, and in particular their ratio, to differ (Figure 6.5c, Figure 6.6a). Since an
increase in the strength of vibronic progressions is indicative of further ordering and
increasing conjugation length — also known to cause a red shift in the absorption

[39,160,190,191]

spectra — we interpret the 1% DIO spectra as being indicative of more

pronounced aggregation and perhaps long-range crystalline order.
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Figure 6.5 Time-resolved UV-vis absorption color plot (absorption intensity is shown as
logarithmic color scale versus wavelength (A) and time (s)) of coating p-DTS(FBTTh,); :

PC7:BM from CB in (a) , CB with 0.4 % DIO in (b) and CB with 1.0 % DIO in (c).

In Figure 6.6b, we plot the time-evolution of the ratio of vibronic absorptions
A(A2)/A(A1), which we refer to as the vibronic ratio. As expected, A(L,)/A(\4) is identical
for all formulations and remains unchanged while the cast solution is still in the liquid
state (t < 6 s). The DIO-free formulation is rapidly quenched into a solid state
mesophase as indicated by the saturation and stabilization of the vibronic progressions
for t > 6 s. This mesophase is known to be liquid crystalline and is responsible for the
appearance of macroscopic disclinations in the thin films (as shown earlier in
Figure 6.2a). When DIO is present in the formulation, A(A,)/A(A1) reaches the same level
as for neat and quenched formulation, and subsequently undergoes a second increase
for t > 6 s as the quenched mesophase of p-DTS(FBTTh,), transitions to the crystalline

phase. This is supported by the appearance of the crystalline phase of p-DTS(FBTTh,),
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by in situ time-resolved GIWAXS measurements (Figure 6.7b-c). The data reveals a
strong positive correlation between the formation of vibronic progressions with a large
vibronic ratio and the crystallization of the donor phase (Figure 6.6b, Figure 6.7b-c). The
LC transition to crystal happens relatively slowly in the presence of only 0.4% DIO
(Figure 6.6b, Figure 6.7b) and much more rapidly for 1% DIO (Figure 6.6b, Figure 6.7c),
effectively occurring an order of magnitude faster. In all cases the final films show
evidence of the LC disclinations (Figure 6.2a-c), proving that the as-cast film transitions
through the LC mesophase prior to crystallizing (Figure 6.7b-c). It is worth noting that
the exact timescales of phase transformation can vary by up to several seconds from
run to run, but the important take away message is that kinetics of conversion may
differ substantially when the amount of DIO is varied. The film is still wet and loaded in
DIO when the vibronic progressions plateau (as shown previously in Figure 6.4). The
observations that donor crystallization occurs in the wet BHJ film indicate that the
additive is phase segregated within the wet BHJ. Presumably, the DIO in the wet film is

segregated in the acceptor domains, where DIO is known to dissolve PC7;BM.
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Figure 6.6 (a) UV-vis absorption spectra of as cast dry films of p-DTS(FBTTh,),:PC;;BM
coated from CB (black), CB with 0.4 % DIO (red) and CB with 1.0 % DIO (blue). (b) The
vibronic ratio with respect to time for the donor represented as the ratio of absorption
at A, = 682 nm and A; = 625 nm for the three formulations. The point at which CB is
removed is indicated by a black asterisk and the saturation of photo-physical

aggregation in the presence of DIO is marked with red asterisks.
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Figure 6.7 (a) In situ GIWAXS color image plot (Integrated scattering intensity is shown
in logarithmic color scale versus g (nm ™) and time(s)) of casting p-DTS(FBTTh,), :

PC;:BM form CB in (a), CB with 0.4 % DIO in (b) and CB with 1.0 % DIO in (c).

6.3.3 Evolution of PC;;BM aggregation

Aggregation of PC7:BM should therefore only occur upon removal of DIO. It is normally
challenging to probe the state of the fullerene phase through in situ GIWAXS, or even by
in situ UV-Vis absorption, measurements performed on BHJ blends. The spectra of p-
DTS(FBTTh,), and PC;;BM overlap too strongly to monitor the optical absorption
changes associated with the aggregation of the latter. Instead, we blended PC;;BM with
a transparent polymer binder poly(methyl methacrylate) (PMMA) and processed the
blend in identical conditions to those used to solution-process the BHJ layers, allowing
us to monitor in situ the aggregation behavior of PC;1:BM in the absence and presence

of DIO. Comparison between the solution and solid state absorption spectra of PC;;:BM
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normalized to the absorption peak at 465 nm are shown in Figure 6.8a. These spectra
are obtained by subtracting the absorption of PMMA from the blend. The resulting
absorption spectra exhibit a detectable red shift between the solution and the solid
state. We monitor the time-evolution of the ratio of the absorption peaks at A; = 465
nm and A, = 550 nm and plot in Figure 6.8b the evolution of PC;;BM aggregation for
neat solutions and in the presence of DIO (0.4% and 1%). As expected, the neat solution
dries within 6 s, resulting in the rapid increase and saturation of aggregation. In the
presence of DIO, part or all of the PC;;BM remains solvated for an extended duration
with a gradual increase in aggregation closely tracking the slow evaporation of DIO. The
comparison between 0.4% and 1% DIO cases reveals that the amount of DIO used in
optimal BHJ formulations is insufficient to solubilize all of the PC;;BM, whereas use of
1% DIO appears to solubilize almost all of the PC71BM present in the BHJ. The clear
observation that PC71BM is partially solubilized by the remaining DIO in the wet film in
optimal conditions demonstrates that the additive drives a two-step BHJ formation
whereby the aggregations of the donor and acceptor are decoupled in time thanks to
the additive, starting with LC to crystal transition of the donor, with the DIO demixing
from the donor and migrating into the acceptor domains, where it remains until
complete evaporation of DIO is achieved. The fact that only part of PC;:BM is solubilized
when 0.4% DIO is used indicates that some of the PC;;BM is aggregated early or allowed
to mix with the donor. After all, the selective solubility of PC;;.BM within the BHJ can

lead to excessive undesirable phase separation.
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Figure 6.8 UV-Vis absorption spectra of PC;;:BM: PMMA (40: 60) in solution and solid
state (normalized to PC;;BM absorption peak (A; = 465 nm)). (b) Time-evolution of
PC;.BM aggregation as represented by the ratio of absorption peak intensities at A, =
550 nm and A; during spin-coating of a PC;;BM: PMMA blend. In all experiments
reported here, spin-coated lasted 60 seconds, while in situ measurements were

performed for at least one hour.

6.4 Relative solubility of BH) components/phases in DIO

The dramatic differences in the timelines of aggregation of p-DTS(FBTTh;), and PC;:BM
in the presence of DIO highlight the impact of solubility differences between the donor
and the acceptor on the pathway to BHJ formation. Differences in the solubility of the
donor and acceptor in the solvent additive have been known to be important for BHJ

formation in polymer:fullerene solar cells. [99,143,192] 1\wever, we have not encountered
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a situation where the phase of the donor impacts its solubility and determines the
outcome of solution processing. To confirm this observation more directly, we designed
a new set of experiments, which we illustrate in Figure 6.9a. Pre-coated films of p-
DTS(FBTTh,),:PC71:BM and neat p-DTS(FBTTh,), exhibiting the liquid crystalline donor
phase (no DIO) and crystalline donor phase (0.4% DIO), are soaked in DIO while
monitoring the absorption of the sample in situ. Practically, this experiment is carried
out by casting a drop of DIO while spinning the pre-coated substrate and simultaneously
performing in situ UV-Vis absorption measurements. Soaking the neat LC donor films in
DIO (Figure 6.9b) leads to formation of the crystalline phase with a characteristic
sharpening and increase of the vibronic features. Conversion of the p-DTS(FBTTh,), LC
phase into a crystalline phase after treatment is confirmed by GIWAXS measurements
on the treated film (inset of Figure 6.9b). As expected, the absorption characteristics of
the pre-crystallized neat donor film (Figure 6.9c) are unaffected by DIO soaking,
indicating it is far less soluble in the additive. Dropping DIO on neat PC;:BM sample
results in complete dissolution of the sample leaving only bare substrate, not shown
here, further confirming the greater solubility of PC;;BM in DIO as compared to p-
DTS(FBTTh,),.

Similar experiments were performed on p-DTS(FBTTh;),:PC7:BM blends based on the LC
and crystalline phases of the donor. Here, we see that DIO selectively dissolves PC;;BM
from the blends with crystalline donor, as indicated by the sharp loss of absorption

associated with PC;1BM, while crystalline p-DTS(FBTTh;), remains intact (Figure 6.9e).
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For blends with LC donor, both the donor and acceptor are dissolved by DIO, resulting in
a significant loss of material during spin coating of DIO (Figure 6.9d). The remaining p-
DTS(FBTTh,), crystallizes, but its loss indicates that a significant fraction of p-
DTS(FBTTh,), in the quenched LC blend is intimately mixed with the highly soluble
PC;1BM. The striking difference in the level of loss of the LC p-DTS(FBTTh;), in the neat
and blend films suggests that it is intimately mixed with PC;,BM in the blend prepared
without additive. The comparison between the level of loss of p-DTS(FBTTh,), in the
neat LC (none) and blend LC (nearly half) films suggests that DIO aids to rapidly
crystallizes the LC phase without substantially or fully dissolving p-DTS(FBTTh,), in the

LC phase.
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Figure 6.9 (a) Schematic figure represents drop-spin experiment in which DIO is dropped

on a dry film followed by spinning the sample, while acquiring UV-vis absorption

measurements. Spin coating was done at two steps; initially at low speed (600 rpms) for

20 s in order to achieve uniform distribution of DIO followed by spinning at 1750 rpms

for 5 min. UV-vis absorption of as cast and DIO treated films of neat p-DTS(FBTTh,),

prepared from CB in (b) and CB with 0.4 % DIO in (c). In the inset of figure (b), GIWAXS

of as cast film from CB and after treatment indicates the transformation of the liquid

crystal phase to crystal phase upon treatment with DIO. UV-vis absorption of as cast and

DIO treated films of p-DTS(FBTTh,),:PC7:BM prepared from CB in (d) and CB with 0.4 %

DIO in (e). (f) Schematic summarizing the solubility of different components of the BHJ

in DIO relatively.
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The time-evolution of the absorption intensities during these experiments are shown in
Figure 6.10, where we plot the A(A;)/A(A;) vibronic ratio as an indicator of the evolution
of photophysical aggregation and ordering of p-DTS(FBTTh,), (Figure 6.10 a-b). An
increase of A(A;)/A(M1) indicates a red shift of the absorption spectra and increasing
aggregation and ordering. A decrease points to a blue shift and to a reduction in
ordering due to solvation of p-DTS(FBTTh,), by DIO. The initial values of as-cast films are
shown as markers [black and red triangles for CB and CB with 0.4% DIO, respectively] at
t = 0 and dashed lines are drawn for comparison. In case of the LC donor film, we
observe a reduction of normalized absorption A(A;)/A(A;) from 0.98 to 0.74 immediately
upon dropping DIO, followed by a recovery of this ratio and an irreversible increase to
1.1. The initial reduction of normalized absorption points to partial solvation of the
liguid crystal phase by DIO. Subsequent increase indicates an increase in the degree of
molecular ordering and is consistent with the formation of the crystalline phase of p-
DTS(FBTTh,),, as confirmed by GIWAXS. On the other hand, the crystalline donor film
undergoes much smaller variations when DIO is cast, indicating far weaker interactions

between the DIO and the crystalline phase of the donor.

In Figure 6.9f, we summarize the relative solubility in DIO of different components and
phases, showing the highest solubility for PC;,BM followed by the mixed phase then p-

DTS(FBTTh,), LC phase and finally p-DTS(FBTTh,), crystal phase. That p-DTS(FBTTh,),

[193]

can be soluble in DIO up to (24+3) mg/mL should not be interpreted as a
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contradiction of our findings. Instead, this solubility measurement was performed by
dispersing p-DTS(FBTTh,), in a large amount of DIO. The interaction of DIO with p-
DTS(FBTTh,), as isolated molecules appears to be far from its interaction with a p-
DTS(FBTTh,), thin film where the donor is aggregated in the LC or crystalline phases.
These experiments indicate that direct measurements via in situ diagnostics can reveal
unexpected behavior that appear to go against conventional wisdom but are crucial to

explaining the formation of the BHJ.
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Figure 6.10 Time evolution of the relative absorption intensity at the two vibronic peaks,
V2 (at 682 nm) and V1 (at 625 nm), of the drop-spin experiment on neat p-DTS(FBTTh;),
films in (a) and p-DTS(FBTTh,), : PC7:BM films in (b). Initial values of the as cast films are

shown as black triangle (CB) and red triangle (CB & 0.4% DIO) at t=0 and dashed line for

comparison.
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6.5 Mechanism of the solvent additive effect on microstructure evolution

To sum up the previous discussions, several important qualitative observations can be
made: (i) LC transition to crystal is initiated immediately after removal of CB and when
the film is in the wet state in the presence of DIO. (ii) The transition requires the
presence of DIO in order to occur during the film formation process. (iii) The rate of the
transition depends on DIO content. (iv) The amount of donor aggregation depends on
additive content. (v) The transition is completed within minutes if not seconds (when
more additive is present), long before the DIO leaves the film, which can take an hour or
more in ambient conditions. (vi) The additive is segregated in the wet film, having been
expelled by the crystalline donor into the fullerene domains. (vii) The donor is
effectively insoluble in DIO after it crystallizes. (viii) The segregation process facilitates
the demixing of the donor and acceptor phases. (ix) The fullerene acceptor is
aggregated with removal of the additive through evaporation.

Insights gained from in situ diagnostics and ex situ micrographs can be combined
together to generate a mechanistic rationale for p-DTS(FBTTh,),:PC7:BM BHJ formation,
as schematically summarized in Figure 6.11, with the top row showing the molecular
scale behavior and the two bottom rows showing the nanometer to micrometer scale.
At the macroscopic scale, we have established that all formulations lead to the
formation of LC disclinations of p-DTS(FBTTh,), which persist in the solid state after
crystallization and phase separation, even in the presence of additive. These

disclinations have been represented as a large scale network of domains. At the
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nanoscale, the as-formed LC phase of p-DTS(FBTTh,), incorporates fullerene and DIO
molecules, which are relatively well mixed (see the top left schematic of Figure 6.11).
The LC phase of the donor is represented by yellow molecules, whereas its crystalline
phase is represented as orange. This picture summarizes the state of the BHJ at the
moment of CB removal and transition of the donor through its LC mesophase. In the
absence of DIO, the quenched metastable film transitions very slowly to the crystalline
phase, as shown in the previous chapter. The orientation of the donor crystallites
formed within the LC phase is most likely templated in part by the overall starting
molecular orientation within the LC disclinations and by the fact that the LC phase of
the donor is not fully solubilized in the presence of DIO.

When DIO is present in the formulation, a significant amount of DIO remains in the as-
cast film, initially solubilizing parts of the LC phase of the donor and the PC;;BM. The
presence of DIO promotes the crystallization of the LC phase. The crystalline phase is far
less soluble than the LC phase, which is also far less soluble than the acceptor. Hence,
significant solubility and mobility gradients are present within the wet BHJ film laden
with DIO. The solubility gradient provides a driving force for the DIO and PC;;BM to
demix from the donor, whereas the mobility gradient gives significant kinetic facility for
the DIO and PC;;BM to diffuse and for the donor crystallization front to propagate. This
therefore leads to the de facto segregation of DIO within the BHJ film toward PC,,BM-
rich regions, aided by the crystallization of the donor. It is understandable then that the

amount of DIO present in the wet film will determine the solubility gradient as well as
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the mobility gradient, effectively dictating how quickly the LC phase crystallizes and how
large the crystalline domains can grow. The demixing is expected to self-terminate on
the time-scale of the solution process as soon as the DIO has been segregated into
pockets and all the mobile species in regions rich in DIO have migrated to their
respective phases. Notably, since p-DTS(FBTTh,), as isolated molecules has reasonable
solubility in DIO, it is expected to have portion of p-DTS(FBTTh,), solubilized at the
interface between p-DTS(FBTTh,), crystals and DIO-PC;;BM domains. Nevertheless, the
overall microstructure is defined and templated after demixing. The amount of DIO
present in the wet film determines what fraction of the PC71.BM present in the BHJ can
be solubilized and rendered kinetically mobile and thus capable of demixing from the
donor. Our experiments suggest that the optimal DIO fraction does not allow all of the
PC;1BM to be solubilized in the as-cast wet film, limiting the extent of demixing and
donor crystallization. By contrast, 1% DIO may solubilize all of the PC7:BM, rendering it
mobile and allowing the donor crystallization to proceed unhindered. As the additive
leaves the film, more and more of the PC;:BM molecules become aggregated until the
BHJ solidifies fully. The speed with which the donor crystallizes can vary by more than
an order of magnitude and may be simply too fast in the presence of 1% DIO to assure
sufficient domain purity. Indeed, a previous study has shown that films cast from the
optimal formulation (0.4% DIO) exhibit the highest phase purity, whereas higher DIO
content led to a deterioration of phase purity, with implications on recombination.!®¥ It

therefore appears that the presence of DIO and the dosing of its quantity have very
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significant and intricate effects on the kinetics and extents of crystallization and phase

separation of the BHJ layer.

Low DIO content

~10x faster

High DIO content

{ Solvent additive (DIO)

Figure 6.11 Schematic representation of thin film microstructure just after evaporation
of the process solvent (CB) in two scenarios of DIO content (0.4% and 1%). The top row
shows a molecular-level view of the LC to crystal transformation accompanied by
segregation of PCBM and p-DTD(FBTTh,), phases in the presence of DIO. The middle and

bottom rows show a more microscale picture of crystallization of the as-cast LC phase
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(LC disclinations shown for illustration purposes) of p-DTD(FBTTh,), and its phase
separation from PC;;BM for low (0.4%) and high (1%) DIO content scenarios. The
aggregation and phase separation processes are both faster and more complete in the
presence of large amounts of DIO, and tend to promote formation of microscale fibrils

of p-DTD(FBTTh,),.

6.6 Conclusions

In summury, this study reveals the importance of in situ characterization tools that
provide a valuable approach towards understanding mechanisms of film formation. Our
findings highlight that the interaction of the DIO additive with the BHJ components
depends on the phase in which they present. Through deliberate investigation of these
interactions, we attained in-depth understanding of the mechanism of microstructure
formation in p-DTS(FBTTh,),: PC71:BM BHJ system. In the case of casting from CB, a
highly quenched film with low phase separation is formed. p-DTS(FBTTh,),, regardless of
being well-mixed with PC;;BM, exhibits micron-scaled liquid crystalline ordering.
However, addition of DIO into casting solution leads to a wet, heavily swollen film
wherein diffusion of the molecules is allowed, and this motion facilitates consequent
structural and morphological changes. At first, DIO interacts with the p-DTS(FBTTh,),
liquid crystalline phase and allows its conversion into a crystalline phase. The crystalline
phase is much less interactive with DIO ensuring its stability. Secondly, differential

solubility of p-DTS(FBTTh;), and PC7:BM in DIO drives their phase segregation. DIO
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content is a critical parameter that needs to be tuned carefully in order to achieve
optimized performance. It influences the degree of solvation of PC;;BM and
consequently diffusion in the wet film. More additives seem to increase growth rate at
the expense of nucleation density leading to coarsening and excessive phase
segregation. We expect these findings to be insightful for other efficient small-molecule
systems and should serve in better understanding of the mechanism of additive

processing in organic solar cells in general.
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Chapter 7
Polymer-fullerene bulk heterojunction solar cells: Role of solvent

additives in fullerene aggregation

7.1 Introduction

Generally speaking, solvent additives can either promote phase separation or
control/inhibit it to avoid excessive coarsening, which is detrimental to photovoltaic
operation.[ggl In the previous chapter, we have investigated the role of solvent additives
on the formation mechanism of a small-molecule donor and fullerene acceptor BHJ
system in which the additive facilitates the donor crystallization and promotes donor-
acceptor phase separtion. Herein, we investigate a polymer donor and fullerene
acceptor BHJ system in which the solvent additives appear to prevent excessive phase
separation and domain coarsening. Specifically, the effects of solvent additives are
investigated in the BHJ system composed of poly(di(2-ethylhexyloxy)benzo[1,2-b:4,5-
b'ldithiophene-co-octylthieno[3,4-c]pyrrole-4,6-dione) (PBDTTPD) donor polymer
blended with PC;;BM.1*%! | this system, the additive 1-chloronaphthalene (CN) was
found to be successful in improving the device performance of this BHJ system
compared to the additive-free case, whereas other additives such as 1,8-octanedithiol
(OT) and 1,8-diiodooctane (DIO) comparatively failed to improve the PCE, providing us
with an interesting model system to interrogate the different effects of these additives

on BHJ formation. The materials used in the study are summarized in Figure 7.1.
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Our investigation starts with a comparison of the solar cell performance when using CN
and OT additives with the chlorobenzene solution. We will compare the charge carrier
mobility in these devices as well as the morphology of the active layer of
PBDTTPD:PC;1BM. These ex situ investigations are followed by in situ monitoring studies
of the solution process, emphasizing solution thinning behavior, as well as aggregation
and crystallization of the donor and the acceptor, with the aim of revealing the
mechanism by which the solvent additives affect BHJ formation, morphology and

ultimately its photovoltaic operation.

We show that PBDTTPD, with sufficiently high Mw, pre-crystallizes early in the CB
solution facilitating subsequent PBDTTPD growth during evaporation of the CB solvent.
The presence of PBDTTPD pre-aggregates appears to hinder large-scale segregation of
PC;:BM, but to a limited extent. CN further improves the relative crystallinity of
PBDTTPD and reduces the aggregation of PCy:BM. In situ investigations show that CN
slows down the crystallization of the polymer and promotes the formation of face-on
crystallites. Simultaneously, CN inhibits PC;1BM aggregation until the polymer
crystallites constitute fibrillar networks which prevent large-scale phase segregation of
PC7:BM. On the other hand, OT is found to hinder the polymer crystallization when it is
present in the film leading to larger scale segregation of PC7:BM into micron-sized

domains before the formation of polymer fibrils.
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PBDTTPD i _ci

1-Chloronaphthalene (CN)
Cl
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HS\/\\/\/\/\
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Figure 7.1 Molecular structure of the materials in the study.

7.2 Effects of solvent additives on solar cell devices performance

We begin by investigating the influence of the solvent additives on the solar cell device
performance of the PBDTTPD:PC7;BM system. We have fabricated the solar cells devices
using the following conditions for the active layer; 2% wt/v solutions of PBDTTPD:
PC;1BM (40:60 w%) from CB, 5 v/v% CN/CB and 5 v/v% OT/CB were cast at 1200 rpms
for 45 s. The current density versus voltage (J-V) characteristics and the extracted device
figures of merit are shown in Figure 7.2 and Table 7.1, respectively. For devices
fabricated from pure CB, a fairly good efficiency of 6.4 % was obtained, whereas
addition of 5 v/v% CN into the casting solution enhanced the efficiency to 7.1 %. The
increase in efficiency was mainly due to improved Js, while FF and V., remained
unchanged. By contrast, the addition of 5% v/v OT into the casting solution deteriorates

the device performance below the levels produced by the additive-free solution,
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reaching an efficiency of 5.4%. Both the J,. and the FF were found to be lower for the

OT-processed devices.
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Figure 7.2 Current density- Voltage (J-V) curves of solar cell devices fabricated from
PBDTTPD: PC;,BM blends processed from pure CB (black), CB with 5% CN (red), and CB

with 5% OT (blue).

Table 7.1 Device performance parameters of the solar cells fabricated from PBDTTPD:

PC7:BM blends processed from pure CB and CB with solvent additives

Jsc Voc FF PCE

[mA/cm?] [mV] [%] [%]

CB 10.3 942 66 6.4
CB with 5% CN 11.3 944 66 7.1

CB with 5% OT 9.4 952 61 54
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7.3 Effects of solvent additives on the BHJ morphology

We have investigated the effect of the additives on the BHJ morphology by performing
TEM and EF-TEM analysis on the three aforementioned PBDTTPD: PC7;BM films. In all
cases, we observe fibrils of the polymer throughout the film revealing evidence of
significant aggregation and order of the polymer as indicated from TEM. The sample
prepared with 5% CN has enhanced fibrillar structure as compared to the other two
samples. In the OT sample we observe dark regions in TEM that appear throughout the
film (see the inset in Figure 7.3f), indicating reduced fibril content locally. To gain closer
insight into the phase separation, we have performed EF-TEM on the samples as shown
in Figure 7.3d-f. Sulfur and carbon rich domains are shown in green and red which
represent the polymer and PC;.BM, respectively. EF-TEM images reveal major
differences in the blend morphology. In the additive-free sample, we observe the
formation of large PC;:BM domains with sizes on the order of ~40-100 nm. By contrast,
the presence of CN leads to more a finely mixed BHJ with smaller acceptor domains,
indicating that CN helps prevent the excessive coarsening of PC;;BM domains. EF-TEM
reveals that the dark regions observed by TEM in the OT sample are in fact large
PC;1BM-rich domains, as shown in Figure 7.3f (EF-TEM was performed on the marked
area with red square in the inset of Figure 7.3f). The approximate size of these domains
is on the order of microns. Notably, these micron-sized PC;;:BM domains appear
throughout the film (as shown in the inset of Figure 7.3f). Put aside these large PC;1BM

domains, the rest of the film appears to have finely mixed domains. The formation of
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micron-sized PC7:BM domains in the presence of OT presents the intriguing possibility
that the acceptor was depleted from the finely mixed BHJ elsewhere. This behavior may

explain the reduction in FF and Jsc.

(a) cB ~(b) CB with 5% CN (c) CB with 5% OT

(d)

Figure 7.3 TEM images of PBDTTPD : PC;;BM films coated from: (a) CB, (b) CB with 5%
CN, and (c) CB with 5% OT. Composite color images of EF-TEM with elemental mappings
of carbon (284 eV) (red) and sulfur (165 eV) (green) performed on the plan-view of
PBDTTPD : PC;,:BM films coated from; (d) CB, (e) CB with 5% CN, and (f) CB with 5% OT.
EF-TEM in (f) was performed on the marked area with red square in the inset of the

figure (f).



182

To reveal the impact of the additives on the crystalline order and texture within the BHJ,
we have investigated the three samples above ex situ by two-dimensional (2D) grazing
incidence wide angle X-ray scattering (GIWAXS; Figure 7.4). The 2D GIWAXS plots of the
three films are shown in Figure 7.4a-c, while line-cuts of the integrated scattering
intensity are shown in Figure 7.4d. In all cases, we observe reflections from the lamellar
stacking (g~ 3.00-3.06 nm™) both in-plane and out-of-plane, while the n—m stacking (q~
17.7 nm) is observed in the out-of-plane direction. The average d-spacing for the
sample coated from pure CB was slightly lower than the additive-processed samples
indicated by the shift of the scattering to higher g values for the pure CB sample (q is
centered around ~ 3.06 nm™) as compared to the additive-processed samples (q is
centered around- 3.00 nm™). The calculated relative crystallinity (normalized to the pure
CB sample) and the crystalline correlation length are reported in Table 7.2. Both
additives (CN and OT) increase the relative crystallinity of the polymer in the dry films as
indicated by the increase in the normalized intensity of the scattering. The relative
crystallinity increased with respect to the pure CB sample by~ 78% and ~ 62% for CN-
processed and OT-processed samples, respectively. The crystalline correlation length,
parameter related to the average crystallite size, increased from 11 nm for pure CB
sample to 16.1 nm and 16.5 nm for CN-processed and OT-processed samples,
respectively. The scattering from m—mt stacking reveals the formation of crystallites with

face-on orientation for all samples with enhancement in the scattering intensity for the
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additive-processed samples indicating improved long-range order along the m—m

stacking direction.

CB with 5% CN

—CB
—— CB with 5% OT
——CB with 5% CN

Intensity (a

Figure 7.4 (a-c) 2D GIWAXS plot of PBDTTPD: PC;;BM films coated from; (a) pure CB, (b)
CB with 5% CN, and (c) CB with 5% OT.(d) Line cuts of integrated scattering intensity
versus g (hm !) of the three samples (a-c). Inset of (d) shows zoomed-in plot

highlighting scattering from BDTTPD lamellar-stacking peak (100).
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Table 7.2 Summary of the relative crystallinity and crystalline correlation length of

PBDTTPD in the dry blend films, calculated from lamellar-staking (100) scattering.

FWHM CCL
Relative crystallinity _i100) (100)
(hm™) (nm)
CB 1 0.57 11
CB with 5% CN (dry) 1.78 0.39 16.1
CB with 5% OT (dry) 1.62 0.38 16.5

7.4 Effects of solvent additives on the carrier mobility

We have evaluated the charge carrier mobility within the BHJ layers to see the impact of
the morphological and microstructural differences reported above on carrier mobility
and its balance. We have used a recently developed technique, known as metal-
insulator-semiconductor charge extraction by linearly increasing voltage (MIS-CELIV), to
measure the charge carrier mobilities.”*® In Table 7.3, we summarize the mobilities of
the PBDTTPD:PC7:BM films coated using the three formulations; the calculation of
carrier mobility was performed as described in chapter 3. In all cases, the hole mobility
is lower than electron mobility. However, it is worth pointing out that additives increase
both hole and electron mobilities compared to the additive-free formulation. The slight
increase of hole mobility is consistent with an increase of the relative degree of

crystallinity of the polymer. Interestingly, the CN additive appears to selectively boost
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the hole mobility (~60%) while the OT additive primarily boosts the electron mobility
and by a much larger amount (~500%). The significant boost of electron mobility in the
OT case is consistent with the formation of significant PC;;BM aggregation as indicated
by EF-TEM images in Figure 7.3f. As a result, the device prepared with CN had a more
balanced carrier mobility ratio than OT and comparable to the additive-free case,

perhaps explaining the significant difference in FF between CN and OT processed films.
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Figure 7.5 MIS-CELIV extraction currents transients of the charge carriers injected into:
(a) electron-only extraction devices; ITO/MgF,/ PBDTTPD: PC7;BM /Ca/Al and (b) hole-
only extraction devices; ITO/MgF,/ PBDTTPD: PC;;BM /Mo0Os/Ag. The active layer of
PBDTTPD: PC;;BM was processed fro; pure CB (red curves), CB with 5% CN (blue curves),

and CB with 5% OT (green curves).
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Table 7.3 Calculated electron and hole mobilities of PBDTTPD: PC71BM films coated with

and without additives

Mobility (cm? V*s™) Hriole/ MElectron

MHole X107 Melectron X107
CB 3.51+0.09 1.48+0.03 0.24
CB with 5% CN 5.65+0.22 2.01+0.02 0.28
CB with 5% OT 4.20+0.17 8.85+0.03 0.05

7.5 Monitoring microstructure evolution during solution processing

7.5.1 Thickness evolution during film formation

The key question which arises from these experiments is why do the additives result in
such drastically different morphologies and how do they do it? To begin answering this
guestion, we have investigated the thinning behavior and kinetics of the three
formulations in question during spin coating, as shown in Figure 7.6a, using a
combination of in situ ellipsometry and reflectometry during spin coating and
thereafter. We observe identical thinning behaviors at the beginning of spin coating for
all samples, where fluid ejection and outflow dominate the thinning. The thinning
deviates afterwards for the formulations containing additive. For the pure CB sample,
the thinning ends with the near complete evaporation of CB after~ 13 s from the start of

the spin coating. In the presence of additives, a wet and swollen BHJ film is formed upon
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evaporation of the primary solvent thanks to the high boiling point of solvent additive.
Subsequent thinning therefore occurs at a much slower rate. Complete film drying is
attained upon transferring the samples into a vacuum chamber, which allows us to
estimate the volume fraction of solvent retained during spin coating and until full
drying. This is shown in Figure 7.6b. For additive processed samples (both CN and OT),
the wet films were almost five times thicker, at the point of CB removal, as compared to
the completely dry films. The volume fraction of the swollen wet film after CB removal
was 82% v/v and 78 % v/v for CN-processed and OT-processed samples, respectively.
The final thickness of the dry films didn't change significantly for the additive processed
samples as compared to the pure CB sample; an average thickness (~ 100-110 nm) was

attained for all samples.

(a) (b)100
] —CB
10000 = ——CB with 5% CN .
3 ——CB with 5% OT 80
T ]
5 -
2 i
2 1000 3
3 . — B
£ 1 ——CB with 5% CN
- 7 — CBwith 5% OT
100
3 an
T IIIIIII| L] IIIIIII| LI 0 T llllllll T |IIIIII| —T T
1 10 100 1 10 100
Time (s) Time (s)

Figure 7.6 (a) The thickness evolution during spin-coating and subsequent drying for

PBDTTPD: PC7,BM spin-cast from pure CB, CB with 5% CN, and CB with 5% OT. (b) The
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calculated retained solvent in the “wet” film during and thereafter spin-coating for the

three cases in (a).

7.5.2 Aggregation behavior of PC;;BM acceptor in different formulations

PC7:BM is known to be highly soluble in CB as well as in the solvent additives used in this
study.®® However, the evolution of aggregation of PC7:BM during solution processing in
the presence of the solvent additives is difficult to monitor. In the previous chapter, we
monitored the photo-physical aggregation of PC;;BM blended with poly(methyl
methacrylate) (PMMA) in the presence of DIO and we have shown that PC;;BM remains
solvated in DIO for prolonged durations during film formation. Herein, we have blended
PC;:BM with a transparent polymer binder (polystyrene (PS)) using similar solution
formulation used for the BHJ blends with the exception of donor. We note that using
PMMA or PS with low molecular weight (Mw) as the transparent binder results in
complete outflow of the solution leading to bare substrates upon spin-coating with
additives. We have therefore used high Mw PS (average Mw = 650 KDa). The PC;,BM
absorption spectra exhibit a modest but detectable red shift between the solvated and
aggregated states of the molecule, as shown in Figure 7.7a. We monitor the time-
evolution of the ratio of the absorption peaks at A; = 465 nm and A, = 550 nm and plot
in Figure 7.7b the evolution of PC;:BM aggregation for solutions cast from pure CB and
at the presence of additives. For the pure CB sample, the solution dries within~ 13-15 s

(just like the BHJ) resulting in rapid increase in PC;1BM aggregation and this behavior
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persists and is frozen in time after CB removal. For CN- and OT-processed samples, a
significant portion of PC;;BM remains solvated in the presence of the additive for a
prolonged time similar to our previous observation with DIO, confirming the high

solubility of PC;1BM in the additives.

Surprisingly, we observe fluctuations with time of the aggregation signature of PC;,BM
in the case of CN. We speculate this may be due to competing aggregation and
redissolution effects as the amount of additive trapped in the wet BHJ film decreases
and the additive diffuses toward the surface for subsequent evaporation. It is not clear
why the same behavior is not seen in the case OT. Nevertheless, it is important to note
that these experiments should be approached qualitatively as replacing of the donor
with PS leads to different solubility and miscibility behavior between the fullerene and

polymer which can influence the fullerene aggregation in complex ways.
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Figure 7.7 UV-Vis absorption spectra of PC;;BM: PS (60:40) in solution and solid state
(normalized to PC;;BM absorption peak (A; = 465 nm)). (b) Time-evolution of PC;;BM
aggregation as represented by the ratio of absorption peak intensities at A, = 550 nm
and A; during spin-coating and thereafter of a PC;;BM: PS blend. The values of Abs
(A2)/Abs (A1) of the dry additive-processed films are shown as asterisks in figure (b)

(right). PS with high Mw (650 KDa) was used in this experiment.

7.5.3 Evolution of PBDTTPD donor crystallization during BHJ film formation

We investigated the effect of additives on the crystallization behaviour of PBDTTPD in
the BHJ blends by performing in situ GIWAXS measurements during spin coating and
thereafter for the three formulations in question. 2D plots of the integrated scattering

. . . . . -1 . .
intensity, shown in logarithmic color scale, versus q (nm™~) and time (s) are shown in
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Figure 7.8 for the three cases on hand. The beginning of spin coating experiments is
characterized by broad liquid solvent scattering feature (11 nm™ < q < 18 nm™) in all
cases, giving way to the polymer’s lamellar scattering q ~2.85 nm™ even before the bulk
solvent has evaporated. This is further highlighted in GIWAXS line cuts (Figure 7.9) taken
at 6 s and 10 s, which prove the coexistence of PBDTTPD crystallites and bulk solvent
scattering features. Interestingly, these early crystallites have larger d-spacing than in
the subsequent dry film, indicating the pre-aggregates may be somewhat solvated by
taking up solvent molecules between lamellae. Additional increase in the PBDTTPD
scattering signal coincides with significant reduction of solvent scattering, as seen in
Figure 7.8, for all three cases. In Figure 7.10a-b, we plot the time evolution of the peak
position and integrated intensity of PBDTTPD lamellar stacking peak (100), calculated by
fitting the scattering peak to a Gaussian function. For pure CB sample, we observe an
increase and plateau of the scattering intensity after 10 s indicating the formation of
PBDTTPD crystallites (Figure 7.10a). Simultaneously, we observe a shift of the lamellar
peak positions towards higher g values (lower d-spacing) upon crystallization during CB
removal, indicating densification of the crystallites consistent with removal of small

amounts of CB intercalated between the lamellae of PBDTTPD pre-aggregates.

For the CN-processed sample, the crystallization occurs in three main steps. In the first
step, similar to the pure CB sample, PBDTTPD pre-crystallization is initiated in the

solution-state. The second step is characterized by fast crystallization coinciding with
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the removal of the primary solvent (CB). The third step is characterized by very slow
crystallization of PBDTTPD that follows closely the evaporation of CN, indicating that CN
delays and slows the crystallization of the polymer compared to the additive-free case;
crystallite formation thus ceases after the initial pre-crystallization in solution,
developing after ~23 s (Figure 7.10a). Again, we observe densification of PBDTTPD
crystallites during crystallization indicated by the shifting of the peak position towards
higher q values, but this behaviour does not follow CB removal anymore. g values of the
lamellar stacking remains close to~2.8 nm™ in the first step of PBDTTPD crystallization,
and shifts to 2.9 nm™ during the second step. During the third step of PBDTTPD
crystallization with CN removal, g initially remains close to 2.9 nm™ and shifts slowly to 3
nm™ afterwards. This indicates that CN is intercalated within PBDTTPD lamellae and
does not inhibit its crystallization. Notably, significant crystallization occurs even in the
presence of CN intercalated within PBDTTPD crystallites, as can be seen Figure 7.10 a-b.
Further crystallization occurs after vacuum drying, see the asterisk for the completely
dried film in Figure 7.10a. Line-cuts of integrated scattering intensity of the as-cast and
dry films processed from CB with 5% CN are shown in Figure 7.10c. The relative
crystallinity and CCL of PBDTTPD in the as cast CN-processed sample before complete
drying is reported in Table 7.4. The relative crystallinity is improved in the as cast CN-
processed sample by 36 % even in the presence of CN, as compared to the pure CB
sample (see Table 7.4), and increases further after vacuum drying as shown previously

in Table 7.2.
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On the other hand, OT is found to inhibit the crystallization of PBDTTPD significantly as
compared to the pure CB and CB/CN solutions. The integrated scattering intensity of
PBDTTPD remains very low up to 50 s indicating null crystallization of PBDTTPD, except
for the pre-crystallites that were formed in the solution. The subsequent increase of
PBDTTPD crystallization plateaus after 90 s. The as cast OT-processed sample has
approximately half the relative crystallinity of the pure CB sample, as shown in Table
7.4. PBDTTPD crystallization occurs after vacuum drying of the wet film, indicating that
most of the PBDTTPD remains in a disordered state in the presence of OT, as shown in
Figure 7.10d. Line-cuts of integrated scattering intensity of the as-cast and dry films
processed from CB with 5% OT are shown in Figure 7.10d. The as-cast film lacks ordering
in the m—m stacking direction and has significantly lower scattering intensity in the
lamellar stacking direction. The estimated relative crystallinity in the OT-processed
sample increased by 3.5 times after vacuum drying, indicating that the as-cast film was

significantly vitrified by the additive OT.
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Figure 7.8 In situ GIWAXS color plots (Integrated scattering intensity is shown in
logarithmic color scale versus g (nm ~*) and time(s)) of casting PBDTTPD: PC7,BM from:

(a) pure CB, (b) CB with 5% CN, and (c) CB with 5% OT.
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Figure 7.9 Line-cuts of the integrated scattering intensity versus q during spin coating of

PBDTTPD: PC;,:BM at 6 s (top) and at 10 s (bottom) from start spin coating, showing that
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PBDTTPD crystallites formation occurs early in solution for additive-free and additive

processed samples. The scattering around (q ~ 5 nm™) corresponds to a Kapton foil that

was used as shield against ink splashes during spin coating. The broad scattering (q ~ 10-

18 nm™) corresponds to solvent scattering.
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Figure 7.10 (a) Evolution of the integrated scattering intensity of the lamellar stacking

scattering peak (100) of PBDTTPD during casting of PBDTTPD: PC7.BM from pure CB

(black), CB with 5% CN (red), and CB with 5% OT (blue). (b) Evolution of the peak



196

position of the lamellar stacking peak (100) of PBDTTPD versus time (s) for the three
condition in (a). The values of the integrated scattering intensity and peak position of
the complete dry films are shown as asterisks on the right of the plots (a,b) with the
corresponding colors of the three conditions. Line-cuts of the integrated scattering
intensity versus q of the as cast and vacuum dried PBDTTPD: PC7;BM films processed

from CB with 5% CN (c), and CB with 5% OT (d).

Table 7.4 Summary of the relative crystallinity and crystalline correlation length of

PBDTTPD in the as cast blend films, calculated from lamellar-staking (100) scattering.

CCL
Relative crystallinity FWHM00) (100)

(nm™) (nm)
CB 1 0.57 11
CB with 5% CN (as cast) 1.36 0.41 15.3
CB with 5% OT (as cast) 0.46 0.32 19.6

The as-cast samples were measured after approximately 15 min from casting, and
before vacuum drying.

Further insight into the role of solvent additives on PBDTTPD crystallization can be
obtained by monitoring the evolution of crystallite orientation during film formation. 2D
plots of the integrated scattering intensity of PBDTTPD lamellar stacking peak, shown in

logarithmic color scale, versus time(s) and azimuth angle (°) are shown in Figure 7.11a-c
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for the three coating conditions. Line-cuts of the time-evolution of the integrated
scattering intensity in the out-of-plane direction and in-plane direction are shown in
Figure 7.11d-f. For the pure CB sample, we observe development of the scattering from
the lamellar stacking in the in-plane and out-of-plane directions, simultaneously, as
shown in Figure 7.11 a,d. The pole figure of the lamellar stacking of the as-cast pure CB
sample, shown in Figure 7.11g, reveals that the scattering from the lamellar stacking is
dominated in the out-of-plane and in-plane directions, indicating the formation of
crystallites with lamellar stacking orientation dominated parallel and perpendicular to
the plane of the film. For the CN-processed sample, we observe similar behavior during
the first and second steps of PBDTTPD crystallization in which crystallites form with
lamellar orientation in both directions. However, in the third step in which
crystallization is dominated by CN evaporation, CN promotes the formation of
crystallites oriented with lamellar stacking parallel to the plane of the film indicated by
the evolution of the scattering predominantly in the in-plane direction. Notably, these
crystallites with lamellar stacking oriented parallel to the plane of the film (i.e. the plane
of lamellae normal to the substrate) have their m—mn stacking oriented face-on. For the
OT-processed sample, crystallization occurs with no preferential orientation as
confirmed by the pole figure of the lamellar stacking of the as cast film. However, after
vacuum drying, the lamellar stacking scattering becomes more dominant in the in-plane

direction, see Figure 7.11i.
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Figure 7.11 (a-c) 2D GIWAXS color plot of integrated scattering intensity of PBDTTPD
lamellar stacking peak (100), shown in logarithmic color scale, versus time(s) and
azimuth angle (°) from out-of-plane direction at (0°) to in-plane direction at (90°));
GIWAXS measurements were performed in situ during casting PBDTTPD: PC;,BM from:

(a) pure CB, (b) CB with 5% CN, and (c) CB with 5% OT. (d-f) Line-cuts of the evolution of
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the integrated scattering intensity in the out-of-plane direction and in-plane direction
versus time for the three conditions in (a-c); (d) pure CB, (e) CB with 5% CN, and (f) CB
with 5% OT . Line-cuts were taken at the dashed lines in (a-c). (g) Line-cuts of the
integrated scattering intensity versus azimuth angle (°) of the as cast films in (a-c). (h-i)
Line-cuts of the integrated scattering intensity versus azimuth angle (°) of the as cast
and vacuumed dried films of the additive-processed samples; (h) CB with 5% CN, and (i)

CB with 5% OT.

7.6 Mechanism of additive-mediated bulk heterojunction formation

Several important observations can be summarized from the results obtained thus far:
(1) PBDTTPD self-assembles early in CB solution whether an additive is present or not;
(2) PC71BM remains solvated for prolonged time even after CB evaporation in the
presence of the additives (CN & OT); (3) OT inhibits polymer crystallization in the wet
film and solvates PC7:BM as well; (4) CN promotes slow and steady polymer crystallite
formation while PC7:BM is mostly solvated.

We recall that PBDTTPD: PC7:BM blends cast from pure CB exhibit the formation of
oversized PC;:BM domains on the order of hundreds of nanometers.** This problem is
particularly severe for low Mw PBDTTPD, as shown in a previous study by McGehee and
co-workers.!!*”! Increasing the molecular weight was found to reduce the size PC;;BM
domains. The authors attributed that behavior to the formation of polymer pre-

aggregates in solution, leading to the formation of a framework preventing excessive
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PC;1BM aggregation.™ Indeed our results reveal that, for pure CB, PBDTTPD crystallite
formation occurs early in the solution and acts as a seed for further crystallization of
PBDTTPD during CB evaporation, as represented schematically in Figure 7.12a-b.
PBDTTPD crystallites form fibrillar networks that define the extent of PC;;BM
aggregation, as represented in Figure 7.12b. Since we use in this study PBDTTPD with
high Mw, PBDTTPD crystallization is sufficient to prevent the over-aggregation of
PC7:BM to some extent, yet, PC7:BM still phase separates into large domains, as shown
in Figure 7.3d. Thus, the additive is needed to further mitigate PC;;BM aggregation and
promote fine BHJ morphological features. Both CN and OT can keep PC7,BM solvated for
extended period as shown previously in Figure 7.7b. However, their effect on the
polymer crystallization is very different. CN promotes slow and steady PBDTTPD
crystallization and self-assembly over a prolonged time leading to the formation of
better developed polymer fibrillar networks in the wet film with reduced interspacing
within the fibrillar networks, as represented in Figure 7.12c. PC;,BM and a portion of
PBDTTPD remain solvated in CN within these spaces in the wet film. Subsequently, upon
complete removal of CN, the remaining PBDTTPD and PC7;BM segregate filling the space
between the polymer crystalline fibrils. The increase in the number and size of PBDTTPD
fibrils, induced by CN processing, is most likely responsible for the reduced PC;;BM
segregation in the as cast CN-processed films.

The mechanism of CN in our study is distinguishable from the mechanism of the additive

oDCB in PDPP5T: PC7;BM BHJ system in CF solution in which oDCB forces PDPP5T
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aggregation early in solution, discussed previously in more detail in chapter 2 (see
Figure 2.7).[24] Herein, CN delays PBDTTPD crystallization as compared to the pure CB
case, but still, the polymer fibrillar networks formation occurs before PC;;BM
segregation, leading to finer PC;1:BM phase separation. Overall, the main requirement
for preventing PC;:BM large segregation is the formation of the polymer-fibril networks
before the PC;,BM large segregation; whether the fibril-networks form early in solution
or late in the wet swollen film with the additive.

In OT-processed films, the pre-aggregation of the polymer in solution clearly does not
suffice. OT significantly hinders the polymer crystallization in the as-cast wet film which
only crystallizes upon complete removal of OT by vacuum drying. In the presence of OT
in the wet film, a portion of PC;;BM is expected to phase separate into micron-sized
pockets before the formation of polymer fibril-networks. The microstructure in the as
cast OT-processed films before vacuum drying is represented in Figure 7.12d as a
composition of mainly three phases; (1) pure PBDTTPD crystallites; we expect this phase
to be OT-free phase because these crystallites have d-spacing identical to the final dry
film, see Figure 7.10b; (2) Mixed PC;;BM-OT phase; in the presence of OT, the polymer
pre-crystals fail to form a network, instead collapsing onto themselves and promoting
large scale PC;1,BM segregation into PC;;BM-OT pockets. (3) A mixed three phase BHJ
composed of amorphous PBDTTPD, PCy;BM, and OT. Upon complete drying of OT,
PBDTTPD and PC;;BM phase segregate from phase (3) into finely mixed domains,

whereas further PBDTTPD crystallization occurs. The finely mixed PBDTTPD and PC;;BM
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domains that appear in EFTEM images in Figure 7.3f, are believed to evolve from the

phase (3), whereas PC;:BM micron-size domains are believed to form from phase (2).

(a)

() (d)
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Figure 7.12 Schematics represents the mechanisms of film formation of PBDTTPD:
PC7:BM blends when they are cast from pure CB, CB with CN, and CB with OT. PBDTTPD
is represented as rods (dark red), PC71BM is represented as blue dots, and all solvents
are transparent. (a) Schematic represents the solution-state showing PBDTTPD self-
assembly in CB solution for the three conditions. (b) Schematic represents the formation
of PBDTTPD fibril-network during CB evaporation for pure CB case. (c) Schematic

represents the formation of PBDTTPD fibril-networks during CN evaporation for CN-



203

processed films revealing the formation of more fibril-networks which reduces the inter-
spacing between these networks, and thus reduces PC;;BM domains. (d) Schematic
represents the as cast wet film, swollen with OT, for OT-processed films, revealing
segregation of PC;;BM into large-domains. The OT-wet film is expected to be composed
of three phases; (1) pure PBDTTPD crystallites (fibrils), (2) Mixed PC7;BM-OT micron-size
domains (on the right of the schematic (d)), and (3) mixed phase of amorphous
PBDTTPD, PC7:BM, and OT (on the left and bottom of the schematic (d)). We note that
this illustration (d) is zoomed-in where PC;;BM aggregation occurs and shouldn't be

interpreted as the film has more PC;;BM than the polymer.

7.7 Conclusions

This study highlights the importance of the choice of the solvent additive in tuning the
BHJ microstructure and emphasizes the usefulness of in situ monitoring of film
formation in revealing the additives impact on the mechanism of film formation.
Investigation of the evolution of donor and acceptor crystallization /aggregation, has
provided us with in-depth understanding of the sequence and mechanism of
microstructure formation in PBDTTPD: PC;:BM BHJ system. In the case of casting from
pure CB, polymer crystallization is induced early in the solution facilitating the formation
of polymer fibril-networks before significant PC;1BM segregation. Yet, the polymer
crystallites formation, in terms of the number and size of the crystallites, is not sufficient

to fully suppress the formation of oversized PC71BM domains. Nevertheless, the polymer



204

self-assembly in solution helps to attain reasonable polymer crystallinity. The formation
of oversized PC;;BM domains can be fully overcome by the additive CN. Our finding
reveals that CN delays the polymer crystallization but promotes steady crystallization for
prolonged time, leading to an enhancement in the fibrillar crystallites formation.
Simultaneously, CN keeps PC7:BM solvated while the polymer crystallites constitute
fibril-networks that template the microstructure and prevent PC;,BM large segregation.
The proposed mechanism of the additive CN here is distinguished from other polymer -
fullerene BHJ systems where the additive induces earlier crystallization of the polymer.
Importantly, PC;;BM segregation should be prevented till the polymer fibril networks
formation; it doesn't matter these networks form either early in solution or much later
in the wet film. For the additive OT case, although the polymer self-assemble in solution,
OT inhibits further polymer crystallization when it is present in the wet film leading to
severe segregation of PC71BM into micron-sized domains.

Our results reveal strong correlation between carrier's mobility and BHJ microstructure.
The increase in hole mobility for the additive-processed films correlates with the
enhanced polymer crystallinity. Moreover, the substantial increase in electron mobility
for the OT-processed films correlates with the formation of micron-sized PC;;BM
domains. We attribute the reduced FF and Jsc in OT- processed solar cell devices to the
imbalanced electron-hole mobilities and the large PC;;BM aggregates, which are
expected to increase the recombination losses. It is surprising that both additive-free

and CN-processed solar cell devices exhibit identical FF, regardless of their different
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microstructure, but only Jsc increased for CN-processed solar cell devices. Perhaps,
exciton splitting efficiency is identical in both cases leading to identical FF, whereas the
increased Jsc is related to an increased interfacial area for CN-processed condition.

More work is needed to fully address this hypothesis.
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Chapter 8
Lessons for scalable processing of small-molecule bulk heterojunction

solar cells while achieving microstructural and performance parity

8.1 Introduction

The need for high throughput production-compatible processing has attracted attention
for decades. Several efforts have been done to bridge the performance gap between
lab-based processing techniques, such as spin coating, and roll-to-roll compatible
manufacturing techniques, such as blade-coating, slot-die coating and wirebar
coating.m] On the context of polymer-based solar cells, achieving performance parity
between spin coating and scalable techniques was attained for various systems. [196,157]
On the hand for small molecule solar cells, the aggregation of small molecules, unlike
polymers, is much more sensitive to process kinetics and little effort has been made to
bridge the performance gap between spin coated and scalably-coated small molecule
OPVs. Here, we show that scalable solution-coating of small molecule p-
DTS(FBTTh,),:PC71BM BHJ, using the conventional techniques, leads to very significant
performance gaps with the optimum device performance obtained by spin coating. We
investigate the origin of this difference and find that it is indeed closely linked to drying

kinetics. We devise a new coating method which combines scalability with a vortex of

air to emulate the drying kinetics of spin coating to demonstrate microstructural and
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morphological parities which result in performance parity for small molecular organic

solar cells. Part of this work is submitted for patent application.

Generally small-molecule BHJ systems have higher sensitivity to coating conditions than
their polymer counterparts. For instance, for additive processed systems, the optimal
content of additive is quite sharp. Minute increase in additive content than optimum
leads to extreme deterioration of device performance which is also associated with
significant differences in the microstructure.?**”! On the other hand, polymer-based
solar cells can perform quite efficient for wide-range of additive content, and usually,
much higher additive content is used as compared to all-small-molecule solar
cells.!t28137:198199) The BH) microstructure in polymer-based solar cells exhibits more
resistance to change with additive content. We attribute this behaviour to the high
diffusion of small molecules, unlike polymers, which leads to high sensitivity to the
kinetics of film formation. On the other hand, polymers are much less mobile and in
many systems polymer long chains create frameworks that template the microstructure,

as discussed in chapter 7.

In this chapter, we investigate the effects of drying speed of small-molecule OPV
formulations based on p-DTS(FBTTh;),:PC7:BM without modifying the process
temperature. We begin by demonstrating unsuccessful efforts in making working solar
cells without recreating similar drying kinetics when transferring the formulation to

blade- and wire-bar coating processes from spin-coating. We go on to design a new
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coating apparatus that combines the benefit of an air vortex in terms of accelerated thin
film drying with scalable and high speed coating methods, such as blade-coating and
wire-bar-coating. In situ investigations performed in these processes demonstrate that
process kinetics is crucial to achieving the same small-molecule BHJ formation behavior,
microstructure, morphology and ultimately solar cell performance. Using the new
apparatus, we could successfully attain thin film uniformity, microstructure, morphology
and performance comparable to spin coated films but with 25 times less material

consumption for coating speeds on the order of several meters per minute.

8.2 Wire-bar coating and blade-coating of p-DTS(FBTTh;),:PC7;BM films

Let us first investigate fabrication of solar cells devices by the conventional wire-bar
coating and blade-coating techniques. These conditions are used in the study. A stock
solution with the optimized spin coated solution formulation was prepared; 35 mg/mL
total solutes of p-DTS(FBTTh;),:PC71BM (3:2) in CB with 0.4% (v/v) DIO (which is
equivalent to 21 % w/w (DIO/solutes)). We have shown in the previous chapters that
the content of the additive DIO (DIO to solute ratio) is a key factor in tuning the extent
of crystallization and phase separation. Thus, for additive-processed samples, we have
maintained DIO to the solute ratio identical to optimal spin coating condition (21 % w/w
(DIO/solutes)).

The initial trials to fabricate solar cells were unsuccessful leading to either non-working

(shorted) devices or extremely poor performance (PCE < 1%) with a few exceptions that



209

remained non-reproducible. This observation remained the same across the board for
various coating conditions; coating with or without solvent additives, different coated
thicknesses (50 to 300 nm), and varying coating temperatures (25 — 90 °C).

A closer look at the films reveals poor uniformity and the formation of over-crystallized
crystals as revealed by polarized optical microscopy (POM) images (Figure 8.1a-b).
Coffee-ring effect was observed as shown in Figure 8.1b indicating non-uniform drying.
Further look at the nano-scale morphology by transmission electron microscopy (TEM)
reveals the formation of wire-like structures that extend to the length of microns
(Figure 8.1c). These structures are typically from p-DTS(FBTTh,), crystals confirming
over-crystallization in the film. It is not surprising that most of the fabricated devices
with conventional wire-bar coating and blade-coating failed due to shorting, probably
due to the presence of pinholes. To understand the reason behind these observations,
we have carried out in situ investigation of the crystallization during conventional wire-

bar coating.

Figure 8.1 (a) POM image of p-DTS(FBTTh,),:PC7:BM films coated by wire-bar coating

from CB with 21 % w/w (DIO/solutes). (b) POM image near the edge of the sample in (a)
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showing coffee-ring effect. (c) TEM image of p-DTS(FBTTh,),:PC;:BM films coated from

CB with 21 % w/w (DIO/solutes).

The blade-coating and wire-bar coating speeds were varied from low-speed (0.5 mm/s
to 10 mm/s) to high-speed (> 100 mm/s) in the initial trials. Afterwards, due to
importance of high-speed coating in scalable manufacturing, we have maintained the

coating speed at 100 mm/s for all studied conditions below.

8.3 Crystallization dynamics of p-DTS(FBTTh;), during wire-bar coating of p-
DTS(FBTTh,),:PC7,BM films

In order to reveal the reason behind the over-crystallization of p-DTS(FBTTh,), in
conventional wire-bar coated samples, we have investigated the film formation by in
situ grazing incidence wide angle X-ray scattering (GIWAXS) during wire-bar coating. In
Figure 8.2, we show 2D GIWAXS color plot of integrated scattering intensity (shown as
logarithmic color scale) versus g (nm 1) versus time; measured in situ during wire-bar
coating of p-DTS(FBTTh;), : PC71BM from CB with 21 % w/w (DIO/solutes) at room
temperature (RT) (Figure 8.2c) and at 45°C (Figure 8.2e). Line cuts of integrated
scattering intensity are shown in Figure 8.2d,f . For sample coated at RT, we observe
broad scattering from the bulk solvent at q range from 11 nm™ to 18 nm™ that lasts up
to 35 s after coating revealing signifacnt slow evaporation for wire-bar coating at room
temperature as compared to spin coating that lasts for 6 s only. We observe the

formation of p-DTS(FBTTh,), crystals at early stage (after ~ 10 s) revealed by the
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scattering at q (~ 2.8 nm™) correspondss to alkyl-stacking of p-DTS(FBTTh,),. However,
the scattering intensity remains low up to 25 s indicating that most of p-DTS(FBTTh;),
remains solvated by the bulk solvent at this early stage. This is followed by sharp
increase in p-DTS(FBTTh,), crystallization revealed by the sharp increase in the alkyl-
stacking scattering intensity (Figure 8.2d) and the appearance of higher order
reflections (namely Xgo, and Xopo3) (Figure 8.2c). After bulk solvent evapartion, we
observe saturation of p-DTS(FBTTh,), crystallization around 40 s (Figure 8.2c-d).
Notably, we don't observe the formation of LC phase unlike spin coating in which p-
DTS(FBTTh,), goes through vitrified LC phase before crystallization (Figure 8.2c).
Furthermore, significant p-DTS(FBTTh,), crystallization occurs in an environment
saturated with the bulk solvent; at the moment of bulk solvent removal, the scattering
intensity of p-DTS(FBTTh,), alkyl-stacking was ~ 75% of its value at the final solid-state
(Figure 8.2d). On the other hand, for spin coating, p-DTS(FBTTh,), is quenched into LC
phase at the moment of CB removal and crystallization occurs afterwards. For wire-bar
coated sample at RT, due to the slow drying kinetics, p-DTS(FBTTh,), must have enough
time for nucleation and growth to occur without going through the vitrified state.
Moreover, the presence of solvent (CB) in the wet film provides the kinetics for p-
DTS(FBTTh,), crystallization which leads also to over-crystallization of p-DTS(FBTTh,),
(Figure 8.2b). In Figure 8.2b, we show line cuts of integrated scattering intensity versus
g (nm™) of wire-bar coated samples versus spin-coated reference sample. We have

calculated the crystalline correlation length (CCL) and the relative crystallinity for the
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samples (Table 8.1). Wire-bar coated sample at RT exhibits much higher CCL (~22.4 nm)
than the spin coated sample (CCL~13.6 nm), indicating larger crystallites for RT wire-bar
coated sample. Moreover, the relative crystallinity for RT wire-bar coated sample is
more than three time higher than the spin coated samples. We recall that over-
crystallization of p-DTS(FBTTh,), occurs for spin coating samples when excessive amount
of the additive DIO was used, as shown in chapter 6. We conclude that when p-
DTS(FBTTh,), crystallization occurs in an environment saturated with the solvents
(either the bulk solvent or the additive solvent), over-crystallization of p-DTS(FBTTh,),
happens.

In order to accelerate the drying kinetics, we have performed wire-bar coating at
elevated temperature (ca. 45 °C)(Figure 8.2e-f). Indeed, the drying time of the bulk
solvent was significantly reduced to ~6.6 s, which is comparable to the drying time
obtained by spin coating. However, this strategy failed to hinder the over-crystallization
of p-DTS(FBTTh,),. Again, we didn't observe LC phase on the route before
crystallization. Similar to wire-bar coating at RT, significant crystallization occurs at the
presence of the bulk solvent; crystallization period lasts from ~4.4 s to ~8.8 s whereas
solvent scattering is observable up to 6.6 s. Wire-bar coating at 45 °C has resulted in
slight reduction in CCL to 19 nm and relative crystallinity to 3.1 as compared to wire-bar
coating at RT. However, these values still indicate much higher crystallinity for wire-bar
coating samples than spin coating sample. We attribute the failure of wire-bar coating at

45 °C to hinder p-DTS(FBTTh,), over-crystallization to the increase in the diffusion of p-
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DTS(FBTTh,), molecules at elevated temperatures that is expected to favor the crystal
growth specially if the growth occurred in an environment saturated with a plasticizer

(ca. CB).
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Figure 8.2 (a) 2D GIWAXS image of p-DTS(FBTTh,), : PC7:BM film wire-bar coated from
at room temperature. (b) Line cuts of integrated scattering intensity versus q (nm ) of
wire-bar coated samples at room temperature (black), at 45 °C (red) and spin-coated
reference sample (blue). All samples were processed with identical DIO content; 21 %
w/w (DIO/solutes). Inset of (b) shows zoomed-in plot highlighting scattering from p-
DTS(FBTTh,), alkyl-stacking peak (001). (c) & (e) 2D GIWAXS color plot (Integrated

scattering intensity is shown in logarithmic color scale versus q (nm ™) and time(s));
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measured in situ during wire-bar coating of p-DTS(FBTTh;), : PC7:BM from CB with 21 %
w/w (DIO/solutes) at room temperature and at 45 °C, respectively. (d) & (f) Integrated
scattering intensity of solvent scattering (black) and p-DTS(FBTTh,), alkyl-staking
scattering (Xoo1) (red) calculated from in situ GIWAXS in (c) & (d), respectively. The
thickness of the wire-bar coated films was 120 +/- 10 nm.

Table 8.1 Summary of the relative crystallinity and crystalline correlation length of p-

DTS(FBTTh,),, calculated from the alkyl-stacking peak (001)

] o FWH M(OOl) CCI—(OOl)
Relative crystallinity

(nm™) (hm)
Spin coating 1 0.46 13.6
Wire-bar coating at RT 3.4+/-0.2 0.28 22.4
Wire-bar coating at 45 °C 3.1+/-0.2 0.33 19

Our hypothesis is that the observed crystallization behavior is mediated by crystal
growth in an environment saturated with CB. However, DIO was used in the conditions
discussed above. Therefore, we have investigated whether the same behavior is
observable in the absence of DIO. Indeed, similar behavior was observed for additive-
free wire-bar coated sample (Figure 8.3) confirming that this crystallization behavior is

dominated by the presences of the CB during crystal growth.
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Figure 8.3 (a) 2D GIWAXS image of p-DTS(FBTTh,), : PC7:BM film wire-bar coated from

pure CB at room temperature. (b) 2D GIWAXS colour plot (Integrated scattering

intensity is shown in logarithmic colour scale versus g (nm ~*) and time(s)); measured in

situ during wire-bar coating of p-DTS(FBTTh;), : PC71BM from pure CB at room

temperature.
8.4 Introducing modified wire-bar coating

8.4.1 Lessons to scalable fabrication of small-molecule solar cells

To achieve high performance solar cells with scalable manufacturing technique, we have
to overcome the challenge of over-crystallization. This can be achieved by preventing
the crystallization from happening in solvent-saturated environment, either the main
solvent or the additive. For the bulk solvent CB, it has to be quickly evaporated and this
also has to be done at low temperature (RT) enough to prevent significant

crystallization. For the additive DIO, its content has to be maintained similar to the one
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used in the optimized spin coated condition (21% w/w DIO/solutes). One more
challenge is attaining uniformity of drying sufficiently for avoiding the formation of
pinholes/cracks and coffee-ring effect. Non-uniform drying gives rise to gradient in
solvent evaporation rate and consequently gradient in solute concentration. Under
these circumstances, capillary forces arise in the wet film leading to random diffusion of
the solutes across the wet film. Thus, pinholes or cracks can form where there is lack of
the solute supply. Over-crystallization can also lead to the formation of pinholes or
cracks when most of the solutes are consumed in crystal growth leading to run out of
the solutes nearby. Therefore, we have looked for a solution that can handle both
problems; the uniformity of drying as well as the over-crystallization. This was achieved
by designing and implementing a new apparatus that can control the kinetics of drying

as well as achieve sufficient uniformity of drying.

8.4.2 New perspective on thin film coating: from spin coating towards modified wire-
bar coating
Spin coating is currently the most common lab-based technique used for fabrication of

solution processed thin films. However, it is wasteful process and non-compatible with

[21]

high throughput fabrication. Let us first discuss the spin coating process aiming to

attain guidelines to overcome its drawbacks. Spin coating can be partitioned into four

different steps as summarized below (Figure 8.4)2°;
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c) Spin-off d) Evaporation
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Figure 8.4 Schematics represents the stages of spin coating process; namely (a)

deposition, (b) spin-up, (c) spin-off and (d) evaporation.

1. Deposition: During this stage, solution is deposited onto static or rotating
substrates from micro-syringes. Then, the substrate is accelerated to the desired
speed while spreading of the solution occurs due to centrifugal force.

2. Spin-up: The second stage involves accelerating up the substrate to its final desired
rotation speed and is characterized by aggressive fluid expulsion from the substrate
due to rotation. During this early stage, inertia of the fluid driven by the
accelerating substrate results in twisting motion of the fluid and the formation of
spiral vortices leading to significant ejection of the ink out of the substrate.

3. Spin-off (also called: stable fluid outflow): This stage starts when the substrate is
spinning at a constant rate and eventually the fluid is thin enough to be completely
co-rotating with the substrate. This stage is characterized by gradual quite uniform

fluid thinning while the fluid thinning behavior is mainly modulated by fluid viscous
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forces. The fluid continues to flow uniformly outward, while continuous loss of the
ink occurs through spinning off the ink from the edges of the substrate. Solvent
evaporation occurs also during this step; however the thinning behavior is
dominated by viscous flow.

4. Evaporation: The fourth stage starts when the centrifugal out flow stops and
consequently no further loss of the ink occurs. During this stage, the thinning
behavior is dominated by solvent evaporation only. The evaporation rate is
mediated by the difference in partial pressure of the ink species (volatiles) between
the free surface of the ink layer and the bulk gas surrounding the ink at the
liquid/vapor interface.

The primary drawback of spin coating arises from the initial steps, namely spin-up and

spin-off, which involve ejection of the ink. The last step involves drying of the solution

via an interaction of the ink with the surrounding environment (ca. air, dry N,). Airflow
dynamics at the liquid/air interface during the evaporation step plays a decisive role on
the film uniformity, one of the main benefits of spin coating. The evaporation
mechanism during this step can be summarized as follows. Thin layer of the
surrounding gas is spun with the substrate whereas the surrounding gas far from the
substrate is much less mobile. Consequently, a gradient of the air speed further from
the rotating substrate emerges leading to gradient in the partial pressure of the
surrounding gas. This gradient in the partial pressure drives the evaporation of the

volatiles.
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Due to the drawback of the poor material usage in spin coating technique, several
alternative techniques, such as wire-bar / knife coating, slot-die coating, were
developed and used as replacement for spin coating due to their effective materials
usage approaching 0% ink wastage. However, control of film drying after ink casting has
been challenging, especially when it has unfavorable implications on the microstructure
as observed in our system here. Since spin coating is known for delivering highly uniform
films, we have chosen to implement its unique drying mechanism into scalable
processing. Regardless of the benefits gained from substrate rotation in spin coating
technique, such as uniform distribution of the ink, it is the main reason behind the
material losses during the coating as discussed previously. Therefore, in order to attain
effective material usage, it is essential to manage the uniformity of drying without
substrate rotation. We designed a new apparatus that approaches this problem by
implementing the drying mechanism of spin coating technique but without substrate
rotation. The apparatus mimics the fluid dynamics on top of the substrate but avoids
rotating the substrate thereby providing the advantage of curbing ink-loss and aiding

film uniformity.

The new apparatus is composed of conventional wire-bar coating combined with an
apparatus for film drying control, illustrated in Figure 8.5. The uniform distribution of
the ink that is achieved at the initial steps of spin coating is managed by the alternative

scalable techniques, such as wire-bar coating in our apparatus. After the ink is screened
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via a high speed wire-bar coating, air is spun on the sample surface (adjustable air-
substrate distance). Simply stated, instead of spinning the sample that involves ejection
of the ink, the air (or inert gas) on top of the sample is spun after wet film is cast. This is
done via applying vacuum or supplying an inert gas through a rotating slit on top of the

sample.

e Wire-bar coating _----~

o Tube (for supplying N
air or vacuum)

Wire coils

Coating material

e Rotating head
(for drying control)

Wire-bar coater
controller

Figure 8.5 Schematic of the apparatus for high-throughput and high-speed thin film
coating. Substrate is placed on a temperature controller (1). Wire-bar coater is used to
coat the solution on the substrate (2). Representation of the wire-bar coater is shown in

the inset of the figure. Drying of the wet film is controlled by spinning the surrounding
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gas on top of the wet film by supplying vacuum or drying gas through rotating slit in a

cylindrical rotating head (3).Vacuum or drying gas is supplied via stationary tube (4).

8.4.3 Film uniformity obtained by modified wire-bar coating versus spin coating

To elucidate the effectiveness of the new apparatus in attaining film uniformity
comparable with spin-cast samples, we have investigated the film uniformity of the
coated samples by the new apparatus using polarized optical microscopy. We show
POM images of spin coated and conventional wire-bar coated samples in Figure 8.6a-b
for reference. Samples coated by conventional wire-bar coating appear non-uniform
under POM (Figure 8.6b). We observe throughout the whole film the formation of
randomly distributed large crystallites with size as high as hundreds of microns. Using
the modified wire-bar coating setup, the formation of these large crystallites can be
overcome as shown in Figure 8.6c-d. Notably, for samples coated by modified wire-bar
coating at identical solute concentration as used for spin coating gives much thicker film
(~2.5-3 times thicker films). We still observe large crystallites in thick films coated by
modified wire-bar coating but their size and distribution are much less than the ones
observed in conventional wire-bar coated samples (Figure 8.6d). However, apart from
these crystallites, the film appears uniform elsewhere (Figure 8.6¢). To attain thinner
films with thickness comparable to spin coating sample, the solute concentration was

diluted~2.8 times (Figure 8.6d). For thinner films obtained by modified wire-bar coating,
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the formation of the large crystallites was completely hindered and the films appear as

uniform as the spin coated sample (Figure 8.6d).

(a) Spin coating (b) Conventional wire-bar coating

35 mg/mL 35:mg/mL

(c) Modified wire-bar coating (d) Modified wire-bar coating

35 mg/mL 12.5 mg/mL

Figure 8.6 POM images of p-DTS(FBTTh,),:PC;:BM films coated by: (a) spin coting (total
solutes concentration = 35 mg/mL), (b) conventional wire-bar coating (total solutes
concentration = 35 mg/mL), (c) modified wire-bar coating (total solutes concentration =
35 mg/mL), and (d) modified wire-bar coating ((total solutes concentration = 12.5
mg/mL). All samples were coated from CB with 21 % w/w (DIO/solutes). The thickness
of the films in (a), (b), (c), and (d) is 100+/-5 nm, 290 +/- 10 nm, 275 +/- 10 nm, and

115+/-5 nm, respectively.
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8.4.4 Relative crystallinity of the modified wire-bar coated samples

To check the capability of the new apparatus in overcoming the over-crystallization of p-
DTS(FBTTh,), in the blend films, we have performed GIWAXS measurements on samples
coated by the new apparatus and spin-cast reference samples. 2D GIWAXS plots of the
dry films coated by the new apparatus and spin coating are shown in Figure 8.7a-b; line-
cuts of the integrated scattering intensity are shown in Figure 8.7c. Both samples exhibit
high order in the alkyl-stacking direction revealed by the appearance of alkyl-stacking
reflections (001, 002 and 003) that appear as partial arc scattering but with more
dominating scattering in the out-of-plane direction. The m-mt stacking scattering reveals
preferred edge-on preferential texture for both samples. The relative crystallinity and
CCL were calculated for both conditions; the calculation was done for three
measurements per each condition, and reported in Table 8.2. The samples have average
thicknesses of ~100-120 nm and ~100-105 nm for modified wire-bar coating and spin
coating, respectively. Samples coated by both coating methods exhibit similar relative
crystallinity and average crystal size (CCL ~13-14 nm) of p-DTS(FBTTh,), crystallites.
These results prove that the new apparatus is effective in overcoming p-DTS(FBTTh,),

over-crystallization.
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Figure 8.7 2D GIWAXS images of p-DTS(FBTTh;), : PC;:BM films coated by spin coating
(a), and modified wire-bar coating (b). (c) Line cuts of integrated scattering intensity
versus g (nm ) of p-DTS(FBTTh,),:PC;:BM samples coated by modified wire-bar coating
(black curve) and spin coated (red curve). Both samples were processed with identical

DIO content; 21 % w/w (DIO/solutes).

Table 8.2 Summary of the relative crystallinity and crystalline correlation length of p-

DTS(FBTTh,),, calculated from the alkyl-stacking peak (001)

FWHM CCL
Coating method Relative crystallinity _iom) (001)
(hm™) (nm)
Spin coating 1 0.45+/-0.02 13.9+/-0.6
Modified wire-bar coating 1.12+/-0.08 0.47+/-0.02 13.4+/-0.6

The errors include standard deviation for three measurements.
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8.4.5 Solar cell devices fabrication by the modified wire-bar coating apparatus

We have fabricated solar cell devices using the modified wire-bar coating appartus to
test its applicability in attaining high performace solar cells. Solar cell device
characteristics are shown in Figure 8.8 and Table 8.3. For all the devices, the active layer
was coated in air. The reference spin coated samples have shown slightly lower PCE
(ca.~ 6%) than samples coated in a nitrogen glove-box (PCE~ 7.6%). Solar cells fabricated
by modified wire-bar coating with identical solution formulation used for optimized spin
coated condition have shown much lower PCE ( ~2 times less) than the spin-cast
reference device. The samples suffered from much lower FF and also from a reduction in
Jsc. We attribute this lower FF to the high thickness of the film (~ 2.7 times thicker than
the spin-cast samples). Generally, in too thick organic photovoltaics, the
photogenerated charges have to migrate larger distance before reaching the electrodes
increasing the probabilty of the recombination losses on their way. Therefore, we have
systematically reduced the thickness of the active layer by reducing the solute
concentration. With lower thickness of the active layer, FF and Jsc get improved
gradually leading to an increase in PCE. The best performance of the modified wire-bar
coated devices was attained at a total solute concentration of 12.5 mg/mL which gives
slightly thicker film (~118 nm) than the spin coated samples (~105 nm). The new wire-
bar coated devices have slightly higher Jsc but lower FF resulting in slight improvement
in the overall device performance. These results are promising and further

improvements are expected if the devices are fabricated in controlled nitrogen
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atmosphere. Overall, using the new appartus, we could successfully attain similar, if not
higher, performance than the reference spin-coated samples but with a scalable
technique and with much lower materials consumption. Regardless of the success of the
new apparatus in reproducing the solar cell devices performance obtained by spin

coating, more work is needed to investigate the kinetics of film formation by the new

apparatus.

. - ~=~ 20+ . .
Spin coating e New wire-bar coating
35mg/mL ° 35 mg/mL

g —— 25 mg/mL

— 104 —17 mg/mL

- ——12.5 mg/mL
V(v)

Figure 8.8 Current density- Voltage (J-V) curves of solar cell devices fabricated from p-
DTS(FBTTh,),:PC;1BM blends coated by spin coating with total solute concentration 35
mg/mL (black), new wire-bar coating at different concentrations; 35 mg/mL (red), 25
mg/mL (blue), 17 mg/mL (pink),and 12.5 mg/mL (green). All sample were coated in air
from CB with 21 % w/w (DIO/solutes). Notably, fabricated solar cell devices in glove-

baox by spin coating have higher performance ( PCE > 7%).
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Table 8.3 Device performance parameters of the solar cells fabricated from p-

DTS(FBTTh,);, : PC7:BM by spin coating versus the new wire-bar coating apparatus.

Conc  Thickness Jsc Voc FF PCE

[mg/ml]  nm  [mA/cm?®]  [mV] [%] [%]

Spin coating 35 105 14.4 755 56 6.0
New wire-bar-coating 35 275 12.5 763 33 3.1
New wire-bar-coating 25 215 12.9 754 36 3.5
New wire-bar-coating 17 137 14.8 766 38 4.3
New wire-bar-coating 12.5 118 15.3 784 52 6.3

8.5 Conclusions

In conclusion, we have demonstrated a new capability of thin film coating that combines
scalability of solar cell active layer coating with obtaining high performance solar cells
comparable to the common lab-based coating method (ca. spin coating). We have
shown that conventional wire-bar coating fails to deliver sufficient film uniformity and
microstructure for obtaining high performance solar cell devices fabricated from p-
DTS(FBTTh,),:PC;1BM blends. Through investigation of the crystallization behavior of p-
DTS(FBTTh,), in situ during conventional wire-bar coating, we have shown that p-
DTS(FBTTh,), crystallization occurs in an environment saturated with the main solvent,
leading to p-DTS(FBTTh,), over-crystallization in conventional wire-bar coated films. The

latter can be responsible for the formation of cracks/pin holes in the conventional wire-
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bar coated films by the depletion of the molecules that are consumed by crystal growth.
To overcome the problems of film uniformity and donor over-crystallization, we have
introduced a new apparatus that combines a drying mechanism, similar to spin coating,
with a wire-bar coating. We have demonstrated that the new apparatus helps to
overcome the over-crystallization in p-DTS(FBTTh,),:PC7:BM films and obtain film
uniformity comparable to spin coated films. Using this new capability, we could
successfully attain efficient solar cell devices on par with the ones fabricated by spin
coating but with null material waste and scalable technique at high-speed coating

compatible with industrial applications.
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Chapter 9

Conclusions and Future Work

9.1 Summary

In this dissertation, we have investigated, using state-of-the-art in situ characterization
techniques, the mechanism of bulk heterojunction film formation during solution
processing. In doing so, we have investigated the roles of processing methods (spin-
coating vs wire-bar coating) and conditions (thinning and drying kinetics), type of
conjugated material (small-molecule and polymer donors), and ink formulation (choice
of solvent additives) in the formation behavior of the BHJ layer used in organic solar
cells. Through in-depth investigation of the mechanisms of BHJ formation, we have
demonstrated general concepts about the correlation between the processing
conditions with the microstructure of the BHJ and the performance of the solar cell
devices. Our findings have paved the way towards fabrication of small-molecule-based
OPVs with high-throughput-compatible techniques while achieving performance parity.
In this chapter, we summarize the conclusions of this dissertation and link our findings

to the current and future challenges in the field of organic solar cells.

The main aspects that govern BHJ formation include thermodynamic aspects, such as
the ease of crystallization/aggregation of the BHJ components, their mutual interactions
and their interaction with the solvents used in solution processes, and include kinetic

aspects related to the drying kinetics of the solvents in different processing conditions
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and the time-evolution of the formulation during thinning and drying processes. In this
dissertation, we have covered many of these aspects in a variety of BHJ systems in the
hopes of providing general guidelines for the mechanisms of BHJ film formation by

solution processing.

In chapter 4, we have demonstrated a new capability for monitoring the kinetics of thin
film formation during solution processing by spin coating. We have utilized this
capability to investigate the roles of solution aggregation state and the kinetics of film
formation on the microstructure of organic semiconductor thin films, both for electronic
and photovoltaic applications. The new experimental capability allowed, for the first
time, to acquire time-resolved UV-vis absorption measurements during the spin-coating
of organic semiconductor thin films. We have demonstrated the ability of this new
technique to detect the evolution of the degree of solute aggregation during the spin
coating from solution-ejection to solvent-evaporation-dominated thinning regimes,
allowing detection of the onset, evolution, and end of thin film formation process. More
precisely, we have shown that the presence of large differences in the degree of
aggregation of the polymer P3HT in the solution results in small but detectable changes
in the solid-state UV-vis absorption spectrum, however, this still leads to large
morphological and microstructural differences. We have demonstrated that pre-
aggregation of P3HT in marginal solution results in the formation of crystalline P3HT

fibrils, leading to an enhancement on the carrier transport in P3HT thin films in the
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context of thin film transistors. For organic photovoltaic applications, we have
demonstrated how bulk heterojunction formation kinetics, controlled by varying spin
coating conditions, impact the microstructure of the BHJ based on a P3HT-fullerene
blend. We have shown that slower kinetics of thin film formation leads to an
enhancement in the degree of polymer aggregation in the solid state, in terms of the
fraction of polymer aggregates, and increased conjugation length within the
aggregates. Although tuning the kinetics of thin film formation can be achieved by
controlling the spin coating speed, it has implications on the solution ejection during the
initial stages of spin coating, and hence the thickness of the dry film. Using this insight,
we have shown that the duration of the film formation can be extended dramatically by
interrupting the spin-coating process in the solvent-evaporation-dominated thinning
regime, leading to significant enhancement in the degree of P3HT aggregation and
crystalline P3HT fibrils formation, and improved P3HT-fullerene phase separation. This
strategy has resulted in improved solar cell performance of P3HT-fullerene devices
without requiring thermal annealing. Overall, our findings highlighted the importance of
in situ monitoring of thin film formation and the implications of the kinetics of thin film
formation on the microstructure of organic semiconductor thin films and how it impacts

the relevant optoelectronics devices performance.

One of the main challenges in the OPV community is to design materials which can be

processed by additive-free and annealing-free processing, however, there is still very
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little knowledge about the design rules or guidelines needed to address this issue. In
chapter 5, we have demonstrated, through investigation of the ease of crystallization of
donor molecules, a generalized concept linking the thermodynamics and kinetics of
donor crystallization and the processing routes needed for fabricating efficient BHJ solar
cell devices. Our findings reveal the reason behind the need for solvent additives or
alternatively thermal or solvent vapor annealing for attaining optimal performance. We
have demonstrated that the presence of metastable phases on the route of
crystallization is the main obstacle towards fabricating OPVs from a single processing
step without the need for additives or annealing. More precisely, we have investigated
the ease of crystallization/vitrification of three donor molecules, namely p-DTS(FBTTh,),,
p-SIDT(FBTTh;), and X2, using flash-DSC at heating/cooling rates that mimic the thin film
formation rate in solution processing. We have complemented these measurements by
investigating the crystallization behavior during solution processing using in situ GIWAXS
measurements. We have found that donor materials, such as p-DTS(FBTTh,), and p-
SIDT(FBTTh,),, that can be easily vitrified, as detected by F-DSC, undergo a metastable
intermediate state before crystallization, as confirmed by in situ GIWAXS. In such
conditions, the donor crystallization and its phase separation from fullerene are
inhibited at fast film formation conditions, such as spin coating, resulting in vitrified BHJ
films. Hence, the solvent additives and/or annealing are needed to provide the kinetics
for crystallization and phase separation. On the other hand, donor materials, such as X2,

which crystallize with great ease, can phase separate from the fullerene without an aid.
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Using this insight, we have demonstrated state-of-the-art 7.6% power conversion
efficiency (PCE) small-molecule BHJ solar cells without using an additive or any post-
process annealing steps. This enhanced understanding of the crystallization dynamics
should help curb the challenges in achieving high performance solar cells via more facile
and environmentally friendly manufacturing, a crucial topic for the organic
photovoltaics community.

In chapter 6, we have provided more in-depth investigation of the mechanism of
microstructure formation in additive-mediated processing for a BHJ system that involves
the presence of donor metastable phase, namely p-DTS(FBTTh;),: PC7:BM. Through
investigation of the interaction between the solvent additive DIO and the components
of the BHJ system, we have demonstrated that this interaction depends on the phase in
which the BHJ components are present. Our results revealed in-depth insights into the
mechanism of microstructure formation in p-DTS(FBTTh;),: PC7:BM BHJ system. As
expected, in the absence of additives, a highly quenched film is formed where p-
DTS(FBTTh,), is trapped into liquid crystalline phase and thus exhibits null phase
separation from fullerene. On the other hand, in the presence of DIO in the initial
formulation, a wet film, heavily swollen with DIO, is attained where DIO allows the
diffusion of the molecules, and thus induces consequent structural and morphological
changes. At first, DIO interacts with the p-DTS(FBTTh;), liquid crystalline phase and
promotes its transformation into a crystalline phase. We have found that the additive

DIO affects not only the kinetics of liquid crystal to crystal phase transformation but also
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the thermodynamics in the system by preferentially dissolving the LC phase more than
the crystal phase. Our results reveal that solubility gradients are present in the wet film
where PC;;BM is the most soluble in DIO, followed by the mixed phase in which p-
DTS(FBTTh,), is present in a molecular state, then p-DTS(FBTTh,), LC phase, while p-
DTS(FBTTh,), crystal phase is the least soluble. These solubility gradients drive the LC to
crystal phase transformation and PC;;BM separation where the p-DTS(FBTTh;),
crystallization front propagates at the expense of the LC phase and PC;;BM diffuses out
of the mixed phase. In that sense, DIO content is a critical factor in defining the degree
of solvation and consequently diffusion of the molecular species in the wet film, which
determines the extent of crystallization and phase separation. We found that, excessive
additive content seem to increase growth rate at the expense of nucleation density
resulting in excessive coarsening of donor and acceptor domains. These results highlight
the importance of considering the interaction of the additives with different phases in
BHJ, which has been less considered in the literature thus far.

In chapter 7, we have investigated a BHJ system in which the additives are used to
reduce the donor-acceptor phase separation, unlike the previous example in which the
additive promotes phase separation from initially quenched film. We have attained in-
depth understanding of the mechanism of microstructure formation in PBDTTPD:
PC;:BM BHJ system, by monitoring the evolution of the donor crystallization and the
acceptor aggregation during the BHJ film formation. Our findings reveal that the abililty

to form polymer fibril-networks before PC;,BM segregation is the main requirement for
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preventing large PC;1BM phase separation. When casting the blends from pure CB,
polymer crystallization is induced early in the solution, driven by the known low
solubility of the high Mw PBDTTPD in CB. This early crystallites formation facilitates
further crystallization during CB evaporation, which in turn constitutes polymer fibril-
networks earlier than significant PC;;BM aggregation. However, due to quick CB
evaporation, the mesh size of fibril-networks, with large fibrils interspacing, is not
sufficient to fully suppress the formation of large PC;:BM domains. This insight revealed
the need for an additive to further prevent PC;;BM aggregation. We have investigated
two additives, namely CN and OT that are known to solubilize PC7;BM. We found that
the additive CN helps to overcome the formation of PC;;BM large aggregation but OT
fails. In situ investigations of the BHJ formation reveal that CN delays the polymer
crystallization but promotes slow and steady crystallization for prolonged time, resulting
in an enhancement in the fibril-networks formation. At the same time, CN keeps PC7:BM
solvated. The prolonged crystallization, driven by CN slow evaporation, increases the
number and size of the polymer fibrils, reducing the interspacing between the fibril-
networks which inhibits PC;1;BM large segregation. On the other hand, the additive OT
significantly hinders the polymer crystallization as long as it is present in the wet film,
resulting in severe segregation of PC;;BM before the formation of fibril-networks.
Notably, the proposed mechanism in the additive-free case resembles the mechanism
reported for other polymer—fullerene BHJ systems in which an additive is used to induce

earlier crystallization of the polymer. However, herein, for the pure CB case, the early



236

crystallization is induced by the low solubility of the high Mw PBDTTPD in CB. On the
other hand, CN acts by a different mechanism that involves delayed and prolonged
polymer crystallization. Overall, all mechanisms agree on preventing PC;;BM

segregation till sufficient fibril-networks formation.

In chapter 8, we have demonstrated a new apparatus for thin film coating combining
attaining high performance solar cells with scalable coating of BHJ active layer. We have
found that scalable techniques, such as conventional wire-bar and blade-coating, failed
to deliver the appropriate microstructure for high performance solar cell devices
fabricated from p-DTS(FBTTh,),:PC;1BM blends. Our results reveal that the over-
crystallization of the donor p-DTS(FBTTh;), and/or the formation of cracks/pinholes are
the main obstacles. Through in situ investigations of the crystallization behavior, we
have demonstrated the reason behind p-DTS(FBTTh,), over-crystallization in
conventional wire-bar coated films as crystallization mediated by CB-saturated
environment. The over-crystallization and the non-uniformity of drying in the
conventional wire-bar coating are believed to be responsible for the formation of
cracks/pinholes by the depletion of the molecules that are consumed by crystal growth.
The new apparatus handles these problems by implementing a drying mechanism,
similar to spin coating, into a wire-bar coating. Truely, the new apparatus helps to
obtain film uniformity comparable to spin coated films and overcome the donor over-

crystallization. Finally, we have demonstrated the effectiveness of this new capability in
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obtaining efficient solar cell devices but with high-throughput compatible technique.
Overall, we believe that this new capability should pave the way for bridging the

performance gap between lab-based OPVs fabrication and scalable manufacturing.

9.2 Future work

While we have investigated the mechanism of film formation of various BHJ systems by
monitoring aggregation/crystallization of BHJ components using mainly UV-vis
absorption and GIWAXS measurements, these techniques are limited to materials that
exhibit detectable change in absorption characteristics and crystalline behavior during
thin film formation. Many modern donor systems exhibit null change in absorption
characteristics during thin film formation and others appear to exhibit no crystalline
order, limiting the investigation of the film formation in these systems by the techniques
proposed herein. Therefore, there is need for developing new in situ characterization
metrologies suitable for these systems. For instance, Raman spectroscopy and
photoluminescence have already been implemented during annealing of BHJ films;
however, no efforts of their implementation during solution processing by spin coating
were reported. Moreover, all the studied systems, herein, are binary systems of donor-
fullerene blends. The mechanisms of film formation are expected to be more complex in
ternary systems, requiring more efforts to reveal the mechanism of film formation in
these systems. Moreover, replacing the fullerene with non-fullerene acceptors is

expected to have implications on the mechanisms of film formation.® Luckily, the non-
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fullerene acceptor materials are designed to contribute to the absorption and their
absorption characteristics exhibit detectable changes with aggregation, and some of
them are crystalline. Thus, the used techniques and methodology in this study should
contribute toward understanding the mechanisms of BHJ formation made of these

materials.

On the topic of scalability of solar cell fabrication, we have demonstrated in chapter 8 a
successful example of a scalable coated BHJ system with good efficiency. However, this
process involved the use of halogenated toxic additives. More efforts need to be made
for materials systems that can be processed in toxic additive-free formulations.
Regardless of the success of the new apparatus in attaining device performance parity
with spin coating, investigation of the actual film formation is needed to fully
understand the mechanism of film formation involved in this technique. Moreover, the
applicability of this technique in other BHJ systems should be investigated. For instance,
there are efforts in the community to develop materials that can be processed form

(1001 5ych materials are expected to be the best candidates for scalable

green solvents.
manufacturing and the methods demonstrated and used in this dissertation should

continue to contribute to understanding, controlling and scaling up the processing of

BHJ layers.
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