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STRUCTURE-PROPERTY CORRELATIONS IN HETEROJUNCTION ORGANIC SOLAR

CELLS ACROSS MATERIAL SYSTEMS VIA SYNCHROTRON X-RAY TECHNIQUES

Abstract

by Obaid Algahtani, Ph.D.
Washington State University
July 2023
Chair: Brian A. Collins
The power conversion efficiency (PCE) of organic solar cells (OSCs) is rising, surpassing
18%. The low cost, flexibility, and uniquely tunable properties of organic materials set OSCs as
a promising integrable and competitive renewable technologies. However, transferring high-
performing ink-printed OSCs from the lab-scale to industrial scale remains challenging. For
example, the optimal device thicknesses that are not easily achievable via large-scale printing
methods like roll-to-roll printing and are rather prone to pin-hole defects. Another issue facing
most of the record high-performing systems with non-fullerene acceptors (NFAS) is the need for
optimization with solvent additives. Processing additives invoke many obstacles when
transferring to an industrial scale, such as solvent residuals often leading to undesirable film
structures and mechanical properties incompatible with printing methods. Although wide
varieties of organic materials have been synthesized and tested for OSCs applications, the pool
of candidates of efficient and scalable materials is very low. Understanding and control of OSC
device nanostructure, which is responsible for their photo-electrical properties are essential

criteria of selection regarding their industrial viability. Multimodal characterization and holistic



analysis of device performance and nanostructure of bulk heterojunction (BHJ) OSCs as
functions of device fabrication variables, however, are required for judging the scalability of a
material or processing condition.

This work aims to thoroughly investigate structures of a selected variety of OSCs systems
with unique attributes or novel materials. Soft X-ray scattering and spectro-microscopy are
excellent characterization tools due to their proven sensitivity to material contrast. Those tools
are used with X-ray diffraction and other electron-based techniques for more accurate
multimodal analyses of the studied OSC nanostructures. By correlating nanomorphology with
device functionalities, conclusions can be drawn pertaining to the viability of material types and
fabrication procedures. One of the investigated OSCs systems (polymer:fullerene) maintains
relativity high PCE even with an active-layer thickness of 1um critical for commercial scale-up.
We have discovered that sharp donor-acceptor (D-A) interfacial widths significantly reduces
charge recombination. This finding might be key to successfully commercializing printed thick
OSCs. Another focus of this work is investigating impacts of solvent additives on device
performance and morphology in NFA OSCs. Results of studying two polymer:NFA systems
show high device performance and morphology sensitivity to the most prevalent solvent additive
chloronaphthalene (CN). The findings suggest that additive-free methods and carefully designed
NFA molecules will be essential to industrial-scale fabrication of stable NFA OSCs.
Interestingly, CN is commonly used to optimize device performance in most of the state-of-the-
art NFA systems, namely PM6:Y6 (NFA) OSCs. Our results and previous literature show that
PM®6:Y6 system is also susceptible to typical concentration of CN as the optimizing solvent
additive. In the last study of this dissertation, an alternative of CN, known as phenylnaphthalene

(PN), was used to optimize device performance in PM6:Y6 OSCs. A thorough examination of



device performance and nanostructure of PM6:Y6 devices as a function of PN concentration
shows that: PN is a potential eco-friendly (non-halogen) candidate to replace CN as a processing
solvent additive with less concerns regarding sensitivity to the additive concentration. Also, we
find that the optoelectrical charge generation processes in PM6:Y6 OSCs can be fine-tuned using
the PN solvent additive.

The findings of OSC structure-property relationships in this dissertation give insights into
some key aspects to be considered during material synthesis and device fabrication for successful
printing of efficient OSCs. Finally, combinations of characterizing OSC device performance via
holistic methods and probing their morphology via multimodal synchrotron X-ray techniques

seem essential to realize the potential of emerging binary NFA OSCs and ternary systems.

Vi
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Figure S1- 5: 1D GIWAXS profiles extracted from 2D GIWAXS results in Figure S1- 4.
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residuals shown on top (gray). Results show that the average composition of both blends

~ 60% PC71BM, which agree with the blending weight ratio (1:1.5). a) for a thin
NT812:PC71BM (1:1.5) blend with CN. b) for a thick NT812:PC71BM (1:1.5) blend
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grid bars where the beam is totally blocked. The bright region is the direct beam through a

mesh hole. b) An intensity scan across a knife edge of the TEM grid bar as indicated by a

red line in (a). The total intensity changes from zero “dark”, where the beam is totally

blocked, to direct beam (lo). The intensity line scan was taken at E = 320 eV. ¢) A gaussian
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CHAPTER 1: INTRODUCTION

Since the 2000 Nobel Prize in Chemistry was awarded to Heeger, MacDiarmid and
Shirakawa for their work that started in 1970s with the discovery of semiconducting polymers,
organic semiconductors have rapidly developed.! The tunable properties of organic
semiconductors have opened the door for ongoing developments of materials for many
applications of organic electronics and photonics. That includes organic light emitting diodes
(OLEDs),? organic thin film transistors (OTFTs),? organic bioelectronics,* and organic solar cells
(OSCs).5

In the last three decades, semiconducting organic materials (polymers and small
molecules) have been targeted for photoelectronic applications such as OSCs due to their tunable
properties, mechanical flexibility and low cost.%® Vast varieties of organic polymers and small
molecules have been synthesized and devolved for OSC applications.® ! Power conversion
efficiency (PCE) of OSCs is continuously rising, with a record at 20%.1%*3 Ink-printed OSCs
with bulk-heterojunction (BHJ) active layers, unlike p-n bilayer architecture, allows for more D-
A interfaces which are beneficial for photo-electric processes such as charge separation. The 3D
BHJ morphologies are known for governing the overall OSC device performance. In general,
there are no absolute guidelines for optimal morphologies due to their 3D complexity, so they are
instead system type-dependent. 11

OSCs utilize semiconducting organic polymers and molecules to convert sun light into
electricity by means of the photovoltaic effect.” First successful effort of fabricating a two-layer
“bilayer” OSC by Tang (in 1986) resulted in about 1% PCE.® Rapid development of conjugated

polymers and small molecules in the last three decades has continuously increased PCE.



Significantly, the device efficiency of OSCs with BHJ architecture (Figure 1- 1 ¢) is approaching
20%.121317.18 The official PCE record is > 18% for BHJ ink-printed OSCs.'® However, there are
significant barriers facing lab-to-fab transition of novel organic systems. For example, film
dimensions (e.g. too thin layers) and processing strategies (e.g. additives) are standard practices
to optimize device performance, but are incompatible with large-scale productions,420-22
Ongoing research endeavors of exploring organic material candidates and their compatibility
with scalable film-deposition methods often consider film nanostructures and their impacts on
device property as a selection criteria.?*2% Although that filters out many of the novel OSC
systems that are industrially viable, the feedback often is insightful. It can guide research in the
fields of material engineering, molecular design, and device processing. Hopefully, those
collective research efforts will overcome such challenges to fully realize the commercialization
of OSCs then soon after, the world would reap the benefits of these promising renewable energy
technologies.

Printed mixture ink of donor and acceptor (D-A) into a single layer “BHJ” results in more
D-A interfaces than a bilayer, which is beneficial for charge photogeneration processes.
However, bi-continuous 3D structures are required for efficient charge extraction (Figure 1- 1c).
Although BHJ morphologies often govern and correlate with device performance, optimum
nanostructures are rather system dependent.4?1:24-26 The 3D morphological aspects, such as
domain size, are important for charge separation. Domain purity and continuity are critical
aspects for reducing charge recombination and aiding extraction. Domain crystallinity and
orientation often impact charge transport. D-A interfacial morphologies, however, are often
difficult to probe in BHJ blends and hard to correlate to device properties directly.?”? In this

work, we thoroughly investigate device performance and nanostructures for a variety of OSC



systems and then correlate their structures and properties in an effort of exploring their industrial
viability. The examined systems were selectively chosen either for the uniqueness of their device
properties,?®3L, or novelty of the materials,®°. Details are provided in the research studies
below.

There are a few remaining challenges facing the full potential of transferring efficient
OSCs from lab-scale fabrication to industrial-scale often related to achieving optimal and stable
active-layer morphologies.?®® One of the challenges facing the industrialization of OSCs at a
large scale is the difficulty of controlling and processing thin active layers.?’ Most large-scale
fabrication methods, e.qg., roll-to-roll printing, can only reproducibly deposit pin-hole-free films
greater than 400 nm.3” Additionally, most of the state-of-the-art OSCs with non-fullerene
acceptors (NFAS) require processing additives to optimize active-layer morphological aspects
such as crystallinity and phase separation. That often leads to better charge generation,
recombination, and extraction processes.*2438253 However, the amount of additives has to very
precise to avoid undesired formation of morphologies making this process more complex and
challenging when processing on industrial scale. Also, the overall stability of devices processed
with additives remains questionable.'* Overall, the strong phase separation effect occurring in
high performance polymer-NFA OSCs has not been studied in detail.

This dissertation aims to explore property-structure relationships in selective OSC
systems as an effort of exploring or addressing the challenges mentioned above facing full-
potential of OSC indoctrination. To probe nanostructures of the investigated OSCs in this work,
a suite of X-ray techniques (spectroscopy, microscopy, scattering, and diffraction) was utilized in
conjunction with electron-based scanning techniques (details provided in the experimental

section). Device physics is either conducted by collaborators who synthesized and fabricated the



investigated OSCs, or commercial materials were obtained, processed, and tested via testing
capabilities at our laboratory, Washington State University.

One investigated system, polymer:fullerene OSCs, has a unique nanostructure. It was of
interest to examine and understand why it was possible for this system to maintain relatively
high efficiency even with a BHJ active-layer thickness of lum. The discovery pertaining to the
impacts of D-A interfacial morphologies on device performance is detailed in Chapter 3. The
findings showcase a model system that can be targeted to achieve efficient OSCs with film
thickness suitable for large-scale fabrication.

The second study examines the impacts of a solvent processing additive on morphology
and device performance of two NFA OSCs systems, detailed in chapter 4. The findings show
extreme sensitivity to the additive concentration and suggest that solvent-additive processing of
similar NFA OSCs may not be feasible on a large-scale. Therefore, alternative approaches,
whether on the molecular design side or fabrication side, might be necessary for successfully
industrial fabrication of efficient NFA OSCs.

In the third study, we substitute the commonly used solvent additive—which has been
used in our second study—with a non-halogen (green) solvent phenylnaphthalene (PN) to
optimize device performance in one of the records OSC systems. We utilized a holistic analysis
of charge generation losses and a thorough morphology characterization to probe and examine
structure-property relationships in this system as a function of the additive concentration, as

detailed in chapter 5.



CHAPTER 2: METHODOLOGY

In this work, we leverage a unique device testing method, known as time-delayed
collection field (TDCF),?"*° to explore the quantum efficiencies and charge losses of each step of
the charge generation process in OSCs. Additional device-physics testing techniques, such as
UV-VIS and photoluminescence spectroscopies, are utilized as mentioned throughout the
dissertation chapters with details provided in the experimental sections or later in the appendices.

On the morphology side, a wide variety of techniques—e.g., neutron, optical, X-ray, or
electron-based methods—have been employed to characterize nanostructures of OSC films.2%41-
%3 In this work, standard electron and optical-based microscopies are utilized with advanced
synchrotron X-ray based techniques to achieve multimodal analysis of the investigated systems.
We specifically utilize advanced synchrotron X-ray techniques such as resonant soft X-ray
scattering and spectro-microscopy due to their unique sensitivity to molecular composition,
bonding, and orientation in organic materials.***® Additional techniques such as transmission
electron microscopy (TEM) are used to probe the lateral nanostructures, such domain shape and
size. Scanning electron microcopy (SEM) is also utilized to probe the film topology and cross-

sections. Also, atomic force microscopy (AFM) is used to examine topology and film roughness.

Device performance and optoelectronic testing methods
Device performance of OSCs is characterized via an I-V measurement (Figure 1- 1)

under solar simulated sunlight with air mass of (AM 1.5) global spectrum, and incidental power
of P, = 1000 [miz], calibrated using a photodiode. As shown in the I-V experiment setup in

Figure 1- 1b, a solar simulated irradiance is shed onto an OSC device then an I-V curve is

collected via a source meter. Next, the current (I) is converted into a current density (J) by



dividing by the device area (4 mm?), see Figure 1- 1d. Jsc denotes the short-circuit current
density, i.e., when no voltage is applied across a cell. Voc indicates open-circuit voltage, which
is the voltage output of a cell when there is no current going through it. The maximum power
point (Mpp) is defined as a point on the J-V curve where the product of J and V at the point
results in the highest power output (Mpp = J,,, X V;,,). Another device parameter is fill factor
(FF), which is calculated as FF = (J;, X Vi) /Usc X Voc)- In other words, it is the ratio of the

blue area in Figure 1- 1b to the red area. Now, the power conversion efficiency (PCE) of a solar
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Figure 1- 1: a) Global tilt corrected for as AM 1.5 as the standard solar irradiance for testing
solar cells. b) I-V experiment setup. c) depiction of a BHJ architecture. d) A J-V curve example
for an OSC showing the important parameters (Jsc, Voc, Jm, Vm, and Mpp).



cell—also known as 17,,,ve-—1IS determined as the ratio of power output to power input and
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converting sunlight into power. However, as detailed below, absorbed photons can be efficiently
converted and extracted as electrons or lost at any step through the photocurrent process.

Figure 1- 2 is a scheme presenting the photoelectric charge generation processes in OSCs.
First, when a photon is absorbed by electron-donating materials, a photogenerated exciton—a
strongly bonded electron-hole pair—is created. OSC absorption can be measured via UV-VIS
spectroscopy combined with transfer matrix calculation to simulate reflection and transmission.*?
Next, the exciton can make it to a donor-acceptor interface and transfer the electrons to an
acceptor molecule while still strongly coulombically bonding to it. This is known as the charge

transfer (CT) state. Otherwise, the exciton can be lost due to exciton recombination, which can

Photogenerated Charge transfer Charge Charge
exciton state separation extraction

top electrode top electrode
4

top electrode

bottom electrode \
—

top electrode

Exciton Geminate Bimolecular
recombination recombination recombination

Figure 1- 2: A schematic of the charge generation processes in an OSC device.



be measured via photoluminescence quenching (PLQ) spectroscopy. The PLQ experiment
measures relative reduction in photoluminescence (PL) in a blended film compared to a pure
film. At the CT state, the pair of charges could split into free charges, known as the charge
separation (CS) state or could recombine through a process called geminate recombination,
where the same pair of charges decay. After charge separation, free charges could successfully
make out of the device “extracted charges” or encounter free opposite charges then recombine
via bimolecular recombination (BMR). The geminate and bimolecular recombination usually
takes place on a fast timescale and can be challenging to untangle. However, the time delayed
collection field (TDCF) technique is a unique electrical probe that is helpful in separating and
quantifying those types of recombination losses.?’*

The efficiencies for each of the charge generation processes can be quantified as follows.
The absorption efficiency (Naps) = Jabs/Jmax» Where Jas is the current density of absorbed
photons by an OSC sample and Jmax is current density of the total incident photons within the
sample’s absorbance spectrum range. The CT state efficiency can be quantified via PLQ. For a
system with 100% CT state efficiency, the charge separation efficiency (nscp) = Jgen/Jabs:
where Jgen IS the current density of extracted charges via TDCF (as described below). Finally,
charge extraction efficiency (n.xt) = Jpn/Jgen, Where Jpn is the photocurrent density.

A TDCF measurement is conducted by illuminating a device with a laser pulse (see
Figure 1- 3 for the experimental setup) while holding the device at a pre-bias voltage (Vpre) to
simulate operation conditions (e.g., Vimpp), see Figure 1- 3b. After a delay time (5 ns) to make
sure only CS states left, an over pulse voltage is applied for a very short time to bring the actual

voltage across the device up to the collecting voltage (Vcon = -3 V) to sweep out and count the
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Figure 1- 3:a) A schematic of the TDCF experimental setup. b) a schematic of the TDCF
timeline.c) J-V curve with a photocurrent (Jpn) trace of a device under 1 Sun (red) and a
generated current via TDCF (blue) scaled to Jp, at -3 V.

generated charges. It is worth noting that the purpose of the over pulse voltage is applied only to
overcome any delay due to the circuit RC constant. The actual voltage across the OSC active

layer is not higher than Vcon. Next, generated charges by the laser pulse are measured via an



oscilloscope by integrating the photocurrent transient. Another important aspect of TDCF is that
Vpre Can be varied to examine field dependence of charge recombination on the operating field in
the cell.

Next, the TDCF collected charges can be scaled to photocurrent at a saturation bias (-3
V) which is high enough bias to aid in sweeping out all generated charges, see Figure 1- 3c. The
photocurrent density (Jpn) at -3 V is known as saturation photocurrent density (Jsat) because Jpn
does not increase at high reverse bias. The generated photocurrent via TDCF is referred to as Jgen
in Figure 1- 3c. At this point, charge recombination losses can be quantified. The differences
between Jsat and Jgen (the green area) are due to geminate recombination losses that depend on the
operation field. On the other hand, the differences between Jgen and Jon (the blue area) are due to
BMR losses. Most important Vpre is Vimpp Where device is expected to operate. Other advanced
techniques such as transient absorption spectroscopy (TAS) cannot probe recombination under
these operational conditions.*°
Nanostructure probing techniques

Grazing incidence wide-angle X-ray scattering (GIWAXS)

GIWAXS, also known as X-ray diffraction (XRD), has been utilized to probe molecular
ordering, crystallinity, and aggregation in organic thin films.?410 Figure 1- 4 shows a GIWAXS
setup with x-ray hitting a thin sample at an incidental grazing angle to probe thin-film structures.
This incident angle, often between 0.1-0.2 for organic thin films, ensures that the scattering is
coming from the whole film rather than the surface, which gives a better signal to noise ratio.
Also, the experiment is usually conducted in an inert environment (helium or vaccum) to reduce
scattering from air. As X-ray photons travel along the sample, scattering occurs depending on

molecular structure and packing in the film. A two-dimensional detector is placed nearby the
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Figure 1- 4: Depiction of GIWAXS geometry and setup. X-ray with grazing incidence angle (6i) and
scattering angle (Oscat). A two-dimensional charge-coupled device (CCD) detector is used to
record the scattering x-ray, with sample-to-detector distance about 27 cm. On the left side, an
example of 2D GIWAXS images with IP and OoP lineouts examples (red). Bottom shows an
example of peak fitting with the fitting parameters results of peak ‘0’ in the orange box. Cartoons
on the right-side show two examples of molecular packing and orientations with respect to the
substrate.

sample to allow for capturing scattered photons even at a high scattering angle (8scat) or
scattering vector q. The scattering vector is proportional to the scattering angle, q= (4n/A)
sin(Osca’2) where A is the x-ray wavelength. Note that Bragg’s diffraction angle equals half the
scattering angle in this geometry. Subsequently, acquired 2D GIWAXS data by the detector can
be reduced into 1D profiles or lineouts at any desirable azimuthal angle or sector. For example,

the 2D GIWAXS image on the top-left side of Figure 1- 4 was used to extract 1D profiles
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horizontally, known as in-plane (IP) sector, and vertically, known as out of plane (OoP). Those
1D profiles are then plotted on top of the 2D GIWAXS image in red color to visually guide the
eye on how the intensity changes in each sector as q increases.

Further analysis can be done to examine the structure of interest. For example, the

2T

spacing between scatterers in real space, known as d-spacing, can be calculated as d = pr

where g* is defined as the peak position. To accurately extract peak positions, peak fitting is
used as in the example in Figure 1- 4. Other fitting parameters such as peak intensity, can be
used to examine the population of a scattering group/structure. Peak intensity can also be plotted
vs the angle of detector, known as pole figure analysis (see Figure 1- 4), to examine the
orientation distribution of crystal populations with respect to substrate. That can give insights
into material texture and the relative degree of crystallinity across a set of samples. Additionally,
FWHM can be inserted into Scherrer’s equation to quantify the stacking coherence “quality or
size” of specific diffracting layers, called crystal coherence length (CCL) or
(D_coh~2nK/FWHM) where K is a constant—typically ~ 0.9 for semicrystalline materials.>* The
orientation of molecular packing in OSC films is crucial to device properties such as charge
transport. One important packing type of organic molecules is -7 staking (shown in Figure 1- 4)
where molecular charge hopping (transport) occurs. The orientation of the packing, face-on vs.
edge-on with respect to the substate, is important because charges transport this way. For
example, in many OSC systems, face-on n-x orientation is favorable to charge transport and D-A
interfacial morphologies. Primary orientation can be ascertained by comparing the IP vs. OoP

scattering profiles.
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Near-Edge X-Ray Absorption Fine-Structure (NEXAFS) Spectroscopy

NEXAFS spectroscopy near the carbon K-edge absorption is suitable for characterizing
organic materials due to its sensitivity to different chemical bonds and moieties. *° It is extremely
powerful technique, especially when combined with soft X-ray microscopy or scattering at C K-
edge. The multimodality of those techniques enables spaciochemical analysis or organic films
and makes the complex 3D BHJ structures more accessible,>® more details will follow later in
the X-ray microscopy and scattering sections. Now, different chemical bonds and moieties
usually have unique spectral fingerprints manifested in their NEXAFS spectra near the carbon 1s
K-edge. Those fingerprints—known as resonant absorption features—are due to electronic
transitions from 1s state to unoccupied molecular states/orbitals, which are unique to specific
molecular bonds (example shown in Figure 1- 5b). This allows for chemical mapping of different
materials when mixed in a BHJ manner. Additionally, the absorption intensity is sensitive to the

orientation of the transition of dipole moment (TDM) relative to the electric field (E) of the
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Figure 1- 5: a). A transmission setup of NEXAFS spectroscopy. b) Spectra examples of a
polymer (NT812) and a fullerene (PC71BM) calculated via Beer-Lambert equation and scaled
to the bare atom absorbance.

incident X-ray.* The absorption intensity depends on the TDM-E alignment (i.e. Malus’ Law),
with most absorption at perfect alignment and zero absorption if not aligned. This phenomenon

has been exploited to probe orientations and alignments in organic thin films. Additionally, a
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NEXAFS spectrum of an organic BHJ blend is usually a linear combination of NEXAFS spectra
of its pure components because of van der Waals interactions rather than chemical bonds in
blends. That allows for composition analysis of blends.*®

NEXAFS can be conducted in a transmission mode (Figure 1- 5a) where X-ray transmits
through a sample and then the transmitted signal recorded by a photodiode detector. From Beer-
Lambert law, a sample's mass absorption coefficient u(E) can be calculated from I =Io e-#t. lg is
the intensity of the direct X-ray beam, I or I; is the intensity of the transmitted X-ray, p and t are
film density and thickness, respectively. u can be easily converted to another physical parameter,
optical density (OD), as follows OD= xpz= In(lo/l). More details will be provided in the

following section.

Scanning transmission X-ray microscopy (STXM) and NEXAFS

STXM, as a technique has a similar operating concept as TEM but using X-rays instead
electrons, with tunable photon energy.*®%? The soft X-ray energy range (~ 100 - 2500 eV)
makes it suitable for probing organic materials since they compose mostly of elements such C,
N, and O. Absorbance edges of those materials fall in this wide energy range. Therefore, X-ray
spectro-microscopy—a combinatory of STXM and NEXAFS—has been successfully utilized to
probe OSCs due to their sensitivity to different elements and chemical bonds.**%%% With spatial
resolution around 30 nm,**52 quantitative analyses of domain composition, purity, and size of D-
A nanodomains with BHJ OSCs have been developed.*>46

Figure 1- 6a shows a STXM setup where synchrotron X-ray is focused on a thin film of
interest then transmitted photons are collected by a detector. Raster scanning of the sample is
implemented to acquire 2D lateral images as shown in Figure 1- 6¢ and f. A compositional

analysis of an OSC blend can be achieved by acquiring a ‘stack’ of STXM images at carefully
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selected energies based on the NEXAFS spectra of its pure D and A components. For the
example shown in Figure 1- 6, E1 matches the resonant energy of the fullerene component,
meaning it absorbs more than the other component (NT812 polymer in this example), i.e., the
fullerene will have higher OD then the polymer. E2, on the other hand, is chosen to be at a non-
resonant energy for simplicity where both components have similar mass absorbance coefficients
u(E). Knowing the lo at each energy, enables converting the STXM scans from photon counts to

OD which is energy dependent.*®

OD(E) =In (%) = ZMi(E)Piti = %z wi(E) m;

Where p;, t; and m; are the mass density, thickness, and mass of each component in very

STXM scanned pixel. E is the X-ray energy and A is the illuminated area, which is constant. For

the two-component BHJ OSC film in this example, the OD (E) becomes.

1
OD(E) = - (ua(E) mq + 4y (E) my)
Now, u, (E) and u,(E) are known from the NEXAFS spectra in Figure 1- 6b. Also,

OD(E1) and OD(E>) are acquired from STXM on the same spot of the investigated film (Figure

1- 6¢ and f). Thus, the mass of component a can be calculated in each pixel as follows.

m = A tp(E2) OD(E;) — up(E;) OD(E3)
¢ ta (ED)pp (E2) — pg(Ex)up (Ep)

Similarly, m, can be calculated from all the knowns at those two energies. Finally, the

mass concentration of component a, for example, at each pixel is calculated as

ma
mall = o, X 10
a b
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Next, compositional maps (concentration maps) as well as thickness maps can be

generated by following this procedure,*® examples shown in Figure 1- 6d and e. Out of those

maps 1D profiles can be extracted vs. the lateral distance at any region of interest of the

investigated film (example shown in Figure 1- 60).

Quantitative analysis beyond nominal resolution of microscope can be conducted to

achieve absolute compositional mapping of OSC by deconvoluting the point spread function

(PSF) of the X-ray beam from acquired STXM scans.?*%3°* This is extremely useful when

STXM

Order Sample
Sorting
Aperture

0

(a) (c)

Zone Plate
Diffractive
Focusing

Linear
Detector

E
=

—
Synchrotron

X-rays
e —

5411.0 5410.0 5409,

/E’iezo Xyz-stage
NEXAFS Spectra

0

(b)

—
o
(=]

(=23« ]
o o

3.0 25 20 15 1.0 05 0

&
o

Mass Abs [cmz.fg] 10:3

E,=284.4 eV
(fullerene resonant)

E,= 320 eV
(non-resonant energy)

-2199.0
3| 284.4 eV

3.0 25 20 15 1.0 05 0.0

um

=
o
o
o
-
o
-c Br
o 3 [
N
o
~N
o
w
o

-2197.5

0.65
0.60
0.55
0.50

[ao] aouequosqy

0.45
0.40

um

00 05 1.0 1.5 20 25 3.0

/'
; v,g‘. e g

140
120
100

[wu] ssauxoryy

_OD(E,)—

(f

Thickness [nm]

NT812 Concentration [wt.%]

um
-2197.5

) 62199'0
§ 320 eV

um
5411.0 5410.0
[ao] edueqiosqy

= -
D N O W O =
© O © © ©o ©

-
o

o
o

50
40
30 1 1

500 1000
Distance [nm]

o

Figure 1- 6: a) STXM setup. b) NEXAFS spectra examples. STXM OD maps at 284.4 eV (c) and
320 eV (f) of a polymer:fullerene BHJ OSC film. Thickness and composition maps (d) and (e) as

well as 1D profile examples (g).

features “domains” of a film are not big enough in size thus the PSF effect is significant (< 50

nm).
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Resonant Soft X-Ray Scattering (RSoXS) and NEXAFS
RSo0XS is a powerful techniques that combines small-angle scattering with NEXAFS
spectroscopy.** This enables probing nano-to-meso structures in thin organic materials due its
unique sensitivity chemical bonds and molecular orientation.?444 Figure 1- 7a shows that
incident X-rays pass through the sample and a CCD detector records scattered photons in all
scattering angles (6.4:) Simultaneously. Like GIWAXS, scattering intensities are reduced into
1D profiles that are often plotted as a function of the scattering vector g (as shown in Figure 1-

7b). Although Lc (known as characteristic length) is calculated similarly to d-spacing in

GIWAXS (L¢ = 2_1:)’ it rather defines domain spacing here if the scattering peak is well-defined

as in the examples shown in Figure 1- 7b. The origin of domains in a BHJ blend (e.g. roughness
vs. molecular domains) can be deduced from the energy dependence of scattering data by
comparing to energy-dependency of differences in the index of refraction between materials
(material contrast). The index of refraction for absorbing materials is complex and defined as
(E) =1—6(E) + iB(E), where E is the X-ray energy, the imaginary part (beta) of the index

of refraction is related to absorbance and can be calculated from NEXAFS measurements
B(E) = %m u(E), and the real part (delta) can be calculated from (beta) via the Kramers-

Kronig relations.>®

Because scattering comes from spatial fluctuations in n, the scattering intensity originates
from the difference in the index between any two lateral regions or domains in a sample. Thus,
the scattering intensity for a given pair of domains is proportional to |A7i(E)|? between the
domains—known as contrast function (as polymer-fullerene example is shown as a black trace in

Figure 1- 7c). In the red and blue traces, material-vacuum contrast is shown. Here, the contrast is
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rather between materials and vacuum (n=1), therefore the observed contrast originates from film
roughness or porosity. As the contrast function transitions into X-ray energies closer to the
absorbance edge, above 280eV, the material contrast is enhanced relative to vacuum contrast and
the scattering intensity begins to probe differences in the molecular composition of the domains
in the sample. If dealing with a pure sample (i.e., only one component), then nonzero values of
|A7i(E)|? originates from density or orientation fluctuations. However, at a material resonance,
for example ~ 284 eV in Figure 1- 7c, the differences in index between the two molecules

become much larger than the density fluctuations. That means of contrast in RSoXS originates
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Figure 1- 7: a) Experimental setup of RSoXS. b) 1D reduced lineouts from 2D RSoXS images showing
scattering intensity vs. g for a polymer:fullerene blend, at X-ray energy of 270eV (black) and 283.5 eV
(orange). c) NEXAFS spectra of a polymer and fullerene = real (delta) and imagery (beta) parts of their
indices for refraction - The material contrast between polymer-fullerene (black) as well as material-
vacuum contrasts. Note that the polymer-fullerene contrast is maximized at around 284 eV.

from a large difference in the energy and orientation-dependent complex index of refraction.
Therefore, contrast functions can aid in interpreting the patterns in RSoXS 1D profiles. For the

polymer:fullerene example in Figure 1- 7b, the 1um features scatter about twice as much at the
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non-resonant energy than the resonant energy indicating that the pure material domains are
responsible for this feature. On the other hand, the feature with Lc ~ 30 nm domain scatters
several orders of magnitude stronger at resonant than non-resonant energy. Therefore, the non-
resonant profile is probing primarily the roughness and porosity of the film, while the resonant
lineout is probing the molecular domains.

Now—knowing that contrast functions determine scattering intensities—the process via
which RSoXS probes orientation and composition can be described. The measured total
scattering intensity (TSI) is a measure of the scattering power of a sample over all angles
(reciprocal space) and allows quantification of the composition of a domain within the sample
via its relation to the theoretical Porod Invariant Q under the assumption of two phases. The TSI

can be calculated as®®:

TSI = f 1(q)q%dq = Q = VAx;,An2sdr b

where I(q) is the scattering intensity at a given g-value, V is the scattering volume, Anyg
is the contrast between molecules A and B, and ¢; is the volume fraction of domain i=1,2. We
now have a way to determine the relative domain purity through Ax;, in organic/polymeric films
and have applied it in several recent studies.?*** In addition to domain size and purity, polarized
RS0XS enable investigation of molecular orientation and D-A interfacial morphologies.?®! Prior
knowledge of sample prep conditions (¢, and ¢,) and domain purity (Ax;,) and TSI via
RS0XS have also allowed for quantifying BHJ D-A interfacial width and morphologies.?42731

Now, all the above structural probes can be combined for multimodal characterization of
OSC samples over different size scales. GIWAXS and UV-VIS absorbance spectroscopy can

probe molecular ordering and crystallinity. STXM and RSoXS can probe domain size and purity.
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Some common and general hypotheses to start with regarding how morphology governs power
generation in OSCs are: 1) domain sizes should be reasonable (10s nm) for excitons to make it to
donor-acceptor interfaces in order for CT state to happen. 2) crystalline and ordered domains
can aid absorption as well as charge transport. 3) continuous 3D network of pure domains is
required for free (separated) charges to travel to the electrodes. 4) high domain purity can aid
charge extraction by reducing BMR losses. 5) Thick OSC active layers can have more complex
3D morphologies and thus charges have to travel for long distances to make to the electrodes.
That increases the chances for BMR losses to happen thus additional structural properties might
be required for successful charge generation in thick OSCs, e.g., bigger and purer domains

compared to those of thin OSCs.
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Abstract

Commercialization and scale-up of organic solar cells (OSCs) using industrial solution
printing requires maintaining maximum performance at active-layer thicknesses >400 nm —a
characteristic still not generally achieved in non-fullerene acceptor OSCs. NT812:PC71BM is a
rare system whose performance increases up to these thicknesses due to highly suppressed
charge recombination relative to the classic Langevin model. The suppression in this system,
however, uniquely depends on device processing, pointing towards the role of nano-morphology.
We investigate the morphological origins of this suppressed recombination by combining results
from a suite of X-ray techniques. We are surprised to find that while all investigated devices are
composed of pure, similarly aggregated nanodomains, Langevin reduction factors can still be
tuned from ~2 to >1000. This indicates that pure aggregated phases are insufficient for non-
Langevin (reduced) recombination. Instead, we find that large well-ordered conduits and, in
particular, sharp interfaces between domains appear to help to keep opposite charges separated
and percolation pathways clear for enhanced charge collection in thick active layers. To our
knowledge, this is the first quantitative study to isolate donor:acceptor interfacial width
correlated to non-Langevin charge recombination. This new structure-property relationship will

be key to successful commercialization of printed OSCs at scale.

Introduction

Organic solar cells (OSCs) with solution-printed active layers have attracted a great deal
of attention due to their tunable properties, mechanical flexibility, and continuously rising power
conversion efficiency (PCE) in the last two decades.'>*3 The current PCE record for OSCs is
about 18%.578 In bulk heterojunction (BHJ) OSCs, where electron donating and accepting

materials are blended together in a common ink, PCE usually maximizes when the thickness of
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the active layer is around 100 nm. As the BHJ thickness increases, light absorbance increases
following an interference-induced oscillatory pattern, potentially resulting in higher current
densities in the thicker junctions. However, charge recombination increases faster with
increasing thickness scaling inversely with the square of the film thickness.*® Consequently, in
most polymer-based OSCs, the device performance rapidly decreases as the BHJ thickness
increases beyond the first absorbance interference peak.3%5%-52 One of the existing challenges
facing the industrialization of OSCs at a large scale is the difficulty of controlling and processing
thin active layers.?’ This is because most large-scale fabrication methods, e.g. roll-to-roll
printing, can only reproducibly deposit pin-hole-free films greater than 400 nm.%’

The investigated system is amongst relatively few systems that maintain high efficiencies
in the thick junction regime.?>®® The recently synthesized electron donating co-polymer,
Naphtho[1,2-¢c:5,6-¢” ]bis([1,2,5]- thiadiazole) based copolymer (NT812, Figure 2- 1a bottom),
exhibits PCE>10% when fabricated into OSCs with phenyl-C71-butyric acid methyl ester
(PC71BM) fullerene as the electron acceptor (Figure 2- 1a top).2° The novelty of NT812
appeared when this system maintained high PCE even with thick BHJ active layers ~ Ium. It
was found that at optimal fabrication conditions, bimolecular recombination is significantly
suppressed up to 800x below what is expected for the diffusive Langevin model (where charges’
trajectories are random and depend on the charge carrier mobilities—for more details we refer
the reader to our previous work,* or to original work of Langevin classical model®%). This non-
Langevin behaviour leads to OSCs with less recombination losses, i.e. Shockley-type solar
cells.® In fact, recombination is suppressed so much in this system that its performance increases
rather than decreases with thickness up to 300 nm, making it one of the highest performing

systems to exhibit such favourable behaviour.%® Although non-fullerene acceptor (NFA) systems
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dominate performance with thin active layers, work to reduce recombination in these systems has
only just begun,®® and to our knowledge no NFA systems have demonstrated such increased

performance beyond the first interference maximum.
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Figure 2- 1: a) Chemical structure for the fullerene (top) and polymer (bottom). b) J-V
characteristic curves for the four different solar cells. ¢) UV-Vis absorbance for neat polymer with
and without CN as well as for all blends. d) Reduction factor of bimolecular recombination as a
function of carrier density in all four NT812: PC71BM blends. Black circles show the reduction
factor data points at about 1 sun.

Investigation into the origin of this phenomenon demonstrated that the charge mobilities
of the NT812:PC71BM system are rather mundane and cannot explain the very efficient charge
collection. A proposed scenario is either a unique interfacial charge transfer (CT) state with fast
dissociation dynamics relative to the decay rate or a special morphology that allows thick non-

Langevin BHJ OSCs.3%7 A combinatory scenario can be possible as well where improved nano-
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morphology enhances CT state dynamics. Importantly, one study found that nearly classical
Langevin recombination could be exhibited in this system by changing the donor-acceptor
ratio®®, which indicates a morphological origin to the non-Langevin behaviour. Only a handful of
other D:A combinations show similar behaviour,%268:69

General work on the topic has suggested that high crystallinity of the donor is
important,’® or in the case of amorphous polymers, that relatively pure phases help by reducing
charge recombination.”? Unfortunately, early experimental and computational work investigating
interfacial sharpness on recombination have resulted in conflicting conclusions. While some
reports suggest that sharp interfaces reduce recombination,”>* others conclude that disordered
or mixed interfaces are best.”’® However, none of these studies directly measured bulk
heterojunction interfacial properties such as interfacial sharpness. Clarke et al. compared two
polymer:fullerene systems with similar nanostructure but distinct charge recombination
behaviours to probe morphological origins of non-Langevin dynamics. Their transmission
electron microscopy (TEM) investigation could not reveal any significant morphological
difference, however, and they were not able to compare Langevin and non-Langevin
recombination in the same material system.”” The NT812:PC71BM system, with its ability to
switch between the two behaviours, represents an opportunity to reveal the critical nanostructure
leading to non-Langevin recombination but will require an advanced quantitative
characterization of the nanostructure.

We have shown in our previous work that the critical morphological parameters of
crystallinity, domain purity, and domain size can be measured by a strategic application of a
suite of synchrotron X-ray techniques.?*?"4® Qur recent work has demonstrated the capability of

these techniques to additionally probe interfacial sharpness.?”* The work highlighted the
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importance of interfaces on charge generation but wasn’t conclusive with respect to
recombination. Venkatesan et al. noted reduced recombination with enhanced Kelvin probe
surface potential differences between domains in blends cast from solvent additives.”® This
correlated with increased domain purity, but they didn’t investigate interface morphology.
Another study reported evidence that rough D:A bulk heterointerfaces correlated with good
exciton dissociation but did not monitor recombination.” Thus to date, no work has directly
measured morphology including interfaces, while at the same time isolating and suppressing
recombination.

In this work we apply our suite of X-ray nanoprobes to directly reveal the critical
morphology behind the activation of highly suppressed non-Langevin recombination. We
uniquely combine our measurements to quantify the donor-acceptor (D-A) interfacial sharpness
in BHJ blends. Varying the active layer blend ratio and solvent additive content effectively
switches the charge recombination dynamics between Langevin and non-Langevin in the same
system, suggesting that reduced recombination is morphology driven. We are surprised to find
that even our active layers exhibiting Langevin recombination are composed of pure, well-
aggregated phases. Instead, we find that large domains with sharp D-A interfaces correlate with
suppressed, non-Langevin recombination with reduction factors >1000, indicating these are the
morphological mechanisms that enable thick and efficient active layers. Such findings can guide

future research to achieve high-preforming systems suitable for large-scale production of OSCs.

Results
OSC active layers were spin coated with a (D:A) blend wt. ratios of (1:1.5) and (3:1) both
with and without 0.5 vol % chloronaphthalene (CN) as a solvent additive, since these conditions

exhibited both Langevin and Non-Langevin recombination dynamics previously.*® Rather than
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1um thick active layers, ~200 nm active layers were investigated to enable both device physics
and X-ray nanoprobe analyses on the same set of samples by the participating groups. 100 nm
and 200 nm active layers revealed identical morphologies and performance scaled only by
absorption (see Figure S1- 1, Figure S1- 26, andFigure S1- 27, SlI). It is worth noting that our
previous device physics investigation of thin (100 nm) and thick (800 nm) films show similar
carrier mobilities in both junctions.®® Thus, thicker films are likely to have similar morphologies.
Figure 2- 1b displays the JV curves under AM1.5G solar illumination, and Table 1 summarizes
device performance metrics, which are similar to previous reports.?®>° In particular, the (1:1.5)
devices show about four times more efficiency than (3:1) blends with all of the improvement
from the short circuit current (Jsc) and fill factor (FF).8° Although UV-Vis spectra on pure films
show some differences when adding the CN additive, no significant difference in aggregation
due to CN can be detected in the blends investigated, suggesting that the polymer in all blends is
well aggregated.

Figure 2- 1d shows the reduction factor of the bimolecular recombination y, which is the
ratio of the classical Langevin recombination coefficient kL,%* to the coefficient krec in a given

photoactive layer, y= kL/ krec. The bimolecular recombination in the limit of a homogeneous

Blend Additive Voc Tsc . Y= 1S uf
(NT812:PC71BM) | CN [vol %] mAem? | Eo [ AVEPCE g e
V] [%%] [%] () [em2V-1s1] | [em?V-1st]
G1) 0 077 | 642 39 | 1.88(0.08) 2 35-10% | 2.5x107
(1) 0.5 078 | 7.49 41 | 2.43(0.06) 5 3.0-10° | 3.0<107
(1:1.5) 0 075 | 1469 | 70 | 7.85(0.25) | 200 22-10% | 8.1x107
(1:1.5) 0.5 074 | 1479 | 69 | 7.67(0.13) | 250 20-10% | 9.0107

Table 2- 1: Summary of device performance, reduction factors of bimolecular recombination and charge
carrier mobilities in NT812:PC71BM films with different blend ratios, processed with and without solvent
additive. The device performance parameters are an average of 6 devices. The bimolecular recombination
reduction factors (y= kL/ krec) are calculated based on steady-state bias-assisted charge extraction
measurements and the mobilities (fast and slow carriers) are calculated based on resistance-dependent
photovoltage measurements (see Figure S1- 2 and Figure S1- 3, SI). The listed y values are at about 1
sun intensity @,
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medium can be approximated by the Langevin recombination rate constant, which is
proportional to the mean carrier mobility. This was calculated in a similar manner to our
previous work (see Figure S1- 2, S1).%° As expected, the (3:1) blend without the CN additive
exhibits nearly classical diffusive Langevin recombination. In contrast, the (1:1.5) devices show
about two orders of magnitude lower recombination coefficients with y,,,, > 1000. The (1:1.5)
devices are, therefore, considered to exhibit non-Langevin recombination dynamics. The solvent
additive also improves the reduction factor (more significantly for the 3:1 blends) with all trends
holding true at the operational conditions (~ 1 sun), see Tablel and the black circles in Figure 2-
1d.

Resistance-dependent photovoltage (RPV) transient measurements were used to
separately determine faster and slower carrier mobilities in each blend. All mobilities, are
unremarkable and rather typical of values in other high performing polymer:fullerene OSCs— in
agreement with previous work.3® We were not able to separate the slower and faster carrier
mobilities in the (3:1) blends, likely due to them being too similar. Importantly, there are no
significant changes in mobilities due to processing conditions other than the fast carriers
(typically identified as electrons in the fullerene phase)®-? have increasing mobilities in the
films with the better blend ratio as shown in Table 1 (also see Figure S1- 3, SI). However,
increasing electron mobilities only serves to unbalance the charge transport, and even these
mobilities are still typical of polymer:fullerene blends. These results suggest that the charge
extraction rate is not extraordinary, but rather the bimolecular recombination rate is low. This
allows for efficient charge collection even when the film thickness increases.>® Contrary to
mobility, y improves by about 100 times with the blend ratio. In many other OSCs with either

polymer or small molecule donors, the non-Langevin behavior has been shown to be key for
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maintaining high FF even at active layer thickness ~ 300 nm.5267688384 Thys the lower FF
values in (3:1) blends can be attributed to their higher biomolecular recombination in comparison
to their (1:1.5) counterparts.

We now turn to morphological characterization to understand how the additive
and D-A ratios can turn on and off the Langevin recombination property. We first investigate
the crystallinity of the electron donor (NT812) and fullerene (acceptor) aggregates using grazing-
incidence wide-angle X-ray scattering (GIWAXS) measurements. The results of the experiments
on both neat and blend films are presented in Figure 2- 2 with additional results and analysis
provided in the supporting information. Figure 2- 2a and b show 2D GIWAXS images for (3:1)
and (1:1.5) blends, respectively, both with CN. The strong scattering ring at q=1.36 A indicates
the presence of pure PC71BM aggregates as evidenced by the similar ring for a pure PC71BM
film. The scattering peaks at q=0.29 A indicate polymer lamellar (100) stacking with only a
weak second order (200) detectable. The primarily out-of-plane (OoP) peaks at q,=1.83 A
represents n-stacking (010) with a face-on orientated population with respect to the substrate in
addition to a randomly oriented crystal population. We focus on these face-on n-stacking peaks
because this packing is favourable for charge transport. Figure 2- 2c shows 1D GIWAXS
profiles extracted from the 2D images in the OoP direction, i.e. a line cut in the vertical direction
(92). Figure S1- 5 and Figure S1- 7, in Sl, show vertical and horizontal 1D profiles and peak
assignments. The intensities of both peaks closely follow the blend ratio, suggesting the degree
of crystallinity or aggregation is similar in all blends. Pole figures analysis of (010) supports the
claim of similarity in degree of crystallinity in all blends (see Figure S1- 9, SI). The polymer and
PC71BM diffraction characteristics in all blends are consistent with their pure film counterparts

and suggests the existence of both pure polymer and pure PC71BM domains in all active layers.
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Results of peak width Scherrer analysis (Figure S1- 6, SlI) of the coherence length (D) are
displayed in Figure 2- 2d and Figure S1- 7, SI—where D is a measure of length-scale ordering
within a crystal or crystal size.® In each case, the solvent additive enhances ordering in the
blends by increasing D for the OoP =n-stacking (Figure 2- 2d). While there is little change in -
stacking for the (3:1) blend film, n-stacking is significantly enhanced for the (1:1.5) blends. A
similar improvement occurs for electronically insulating lamellar stacking (Figure S1- 7, SI). All
blends cast with the CN additive, however, have similar n-stacking coherence lengths to the pure
polymer film. The enhancement of coherence length with CN is consistent with its role as a
plasticizer and the effect of the fullerene to increasingly disrupt polymer packing.?! In contrast to
the polymer packing, D of the main fullerene peaks are invariant with CN, and D in (1:1.5)
blends are equal to those in pure fullerene. (3:1) blends show similar, but smaller values of
fullerene D. This suggests slightly more disordered PC71BM aggregates in (3:1) films, which is
consistent with lower electron mobilities in these blends as interpreted from our RPV
experiments. Coherence length also sets a lower limit to the size of pure phases in the blends. We
cannot say much about the size of pure fullerene domains as even pure films only exhibit
diffraction with D~2nm (Figure 2- 2d). However, the polymer lamellar diffraction demonstrates
D~14 nm for all samples (Figure S1- 7, Sl), making this the lower limit of pure polymer
domains in the blends. From Figure S1- 7, it is noticeable that D of the lamellar peak in neat
polymer films is lower than in the blends. Although that might seem counterintuitive, there is
precedent in the literature for other systems that show similar behavior.8® We observe that as the
amount of fullerene increases, the in plane lamellar peaks narrow and thus result in higher
coherence length (Figure S1- 7). Such an effect could arise from a strong drive to phase separate

early during film formation, enabling more time to order.
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To more accurately probe domain size, composition, and connectivity, we used scanning
transmission X-ray microscopy (STXM)>? combined with near-edge X-ray absorbance fine
structure (NEXAFS).* Figure 2- 3 presents NEXAFS and STXM results for a (1:1.5) with CN
blend with film thickness =100 nm for better clarity in the transmission mode image. The

similarity of the results on this film were confirmed by identical scattering profiles between the
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Figure 2- 2: GIWAXS results for neat materials (NT812 and fullerene) and blends. 2D GIWAXS
scattering results for NT812: PC71BM blends of (3:1) blend with CN (a) and 1:1.5 blend with CN
(b). The 2D images are plotted with the same color scale of the scattering intensities [a.u.], also
corrected for the missing wedge. ¢) 1D GIWAXS profiles extracted from the 2D images in the OoP
vertical direction (gz) for all blends. Also, the graph includes the GIWAXS profile of neat PC71BM
(black) to help with peak assignments. PC71BM and (010) peaks are indicated in the graph. d)
Coherence length (D) for PC71BM peak at qz=1.36 A-1 (open circles) and (010) peak at gz= 1.83
A-1 (solid circles) in blends as well as in neat materials were calculated via Scherrer analysis
(details in the Supporting Information).
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thinner and thicker active layers (see Figure S1- 26, SI) as well as qualitative STXM images of
thicker films (Figure S1- 16, SI). The linear fitting of NEXAFS spectra for the blend, shown in
Figure 2- 3a, confirms the average weight ratio, 40% polymer, across the film. Figure 2- 3b
presents a STXM image where dark regions represent a matrix of (50-100 nm sized) PC71BM
rich domains, and the white fibrils indicate polymer rich domains that are 30-50 nm in width.
These measurements are consistent with the lower limits of domain size determined from the
GIWAXS analysis. The fibrillar nature of the polymer domains indicates well-connected pure
crystalline polymer conduits for hole transport that are larger than the classical P3HT-based OSC
fibril network. The PC71BM domains are large enough to easily connect to the electrodes—we
anticipate that to hold true even in thick films. A qualitative comparison between the two blend
ratios with active layers at thicknesses >200 nm (see Figure S1- 16, SI) shows a similar fibril
network with the (3:1) film exhibiting polymer fibrils with a smaller spacing due to less
PC71BM loading.

The spectroscopic nature of STXM imaging enables chemical mapping of the domains.
Our quantitative analysis (details in Figure S1- 12and Figure S1- 13, Sl) is carried out on the
thinner 100 nm film, near regions likely to be mostly one domain throughout the film thickness
(e.g. nodes of polymer fibrils) with an example composition line profile shown in Figure 2- 3c
(many more in Figure S1- 13, Sl). The peaked nature of the composition profiles originates from
the STXM beam size (~50 nm). After correcting for the X-ray beam convolution in a similar
fashion to our previous work (details in Figure S1- 14 and Figure S1- 15, SI),?* the deconvoluted

results indicate pure polymer and pure fullerene domains, agreeing with the GIWAXS analysis.
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We were not able to conduct compositional analysis on thick films due to vertically overlapping
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Figure 2- 3. Morphology investigation of OSC active layer in a 100 nm thin (1:1.5) blend with CN. a)
NEXAFS spectra: pure NT812 (orange), PC71BM (blue), blend (Red), and a linear combination fit of
spectra for NEXAFS for pure components (black). b) STXM composition scan was acquired at 284.4 eV,
which is fullerene absorption peak. PC71BM (dark regions) and NT812 (white fibrils). ¢)
Concentration profiles of NT812 across different compositional domains; (blue) raw and (grey)
deconvoluted.
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We now turn to resonant soft X-ray scattering (RSoXS) as a complementary
measurement of domain size and purity with the unique opportunity to also investigate D-A
interfaces.** The Lorentz-corrected RSoXS scattering profiles in Figure 2- 4a were strategically
acquired just below the absorption edge to enhance phase contrast, limit damage, reduce
orientation contrast, and eliminate X-ray fluorescence backgrounds. They show that the (3:1)
blends have scattering peaks at g=0.10 nm™ which corresponds to a characteristic length (which
determines the average center-to-center distance between scatterers and defined as L, = 2 /q"
where g™ is the peak position) of 62 nm. On the other hand, the (1:1.5) films show scattering
peaks at g=0.064 nm™ and L.~ 98 nm. Although without modeling these values are only
approximate, however, they are consistent with the domain spacing from STXM analyses. Given
that the (3:1) blends are 75% polymer, it is likely that the polymer domains in this blend are the
same size as in the (1:1.5) blend. This is due to the self-limiting nature of polymer fibrils seen in
most semicrystalline polymer films. Thus, a smaller characteristic length is likely due to a
reduction in fullerene domain size to below 30 nm as estimated from L. as detailed in the
supporting information, part S10. CN does not affect the peak position and therefore has no
impact on the characteristic length (Figure S1- 20, SI) but does increase the scattering intensity.
The insensitivity of L to the plasticizing CN indicates that the nanostructure is driven by
crystallinity rather than liquid-liquid phase separation. Furthermore, anisotropic scattering at the
X-ray energy of 285.4 eV was measured and has been interpreted as indicating a preferential
molecular orientation at D-A interfaces, similar to other systems.?® Here the scattering anisotropy
is the same sign for all blends, suggesting that the in D-A interfacial orientation does not change
with the investigated processing conditions and is thus not a significant factor determining

performance in this case. Additional tilted-film RSoXS measurements, conducted to express the
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gz component (see Figure S1- 22)8" were consistent with no vertical stratification and in
agreement with pure domains measured in STXM that integrates the vertical film direction.

The increase in RSoXS intensity with CN suggests that the solvent additive enhances the
average composition variation between the polymer and fullerene domains. The total scattering
intensity (TSI) calculated by integrating the scattering profiles over all of reciprocal space (area

under the profiles in Figure 2- 4a) is proportional to the mean-squared composition difference

between domains (ACgys < VTSI , RMS is root-mean-squared).?* ACrms Was calculated on an
absolute scale by combining this measurement with the STXM domain composition analysis and
prior knowledge of the donor/acceptor ratio as we have done in our previous work?* with details
shown in Figure S1- 17-Figure S1- 21, SI. Figure 2- 4b displays the result of this analysis (y-
axis) with uncertainties primarily from convolution of domain composition with volume fraction
(Figure S1- 21, SI). The ACgys analysis tracks the RSoXS profile intensities seen in Figure 2- 4a
with the average domain composition fluctuation greatest for the (1:1.5) blends and with the CN
additive.

There is significant evidence (from GIWAXS and STXM) that both polymer and
fullerene domains are pure. However, ACrys < 100% means that mixed regions of the active
layer must exist somewhere. There is no clear evidence of a separate third phase in our STXM
images, so the mixed region must actually be manifest as interfacial mixing in a narrow region
below the resolution limit of the microscope. Such an interpretation follows from other systems
like this one where evidence of mixing with fullerenes only occurs at polymer fibril
interfaces.?”88-% Previously we determined interfacial width in a block copolymer using absolute
scattering intensity.8” The required measurements for such analysis were not conducted here, but

we can instead combine ACgy,s With measurements of domain spacing and volume fraction to
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extract an interfacial width. In this calculation (detailed in Figure S1- 23-Figure S1- 25, SI) we
assume circular fibril cross-sections and a linear interfacial composition profile. This results in a
simple analytic solution for the interfacial width between pure domains, which notably makes no
assumption of the packing arrangement of the fibrils and is also robust to a wide distribution of
fibril sizes. The results of calculating the interfacial width are shown as the x-position of the
black dots in Figure 2- 4b. Thus, we attribute the increase of ACg,s With CN additive to the D-A
interfaces becoming sharper, with the widest interfaces at 12 nm sharpening to less than 5 nm in
width. In short, the CN plasticizing solvent additive enables cleaner crystallinity-driven phase

separation, sharpening the D-A interfaces.
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Figure 2- 4. a) Lorentz-corrected RSoXS profiles acquired at 283.5 eV for active layers of the four
investigated samples as indicated in the graph legend. b) Averaged differences in composition between
different domains, based on two-domain model. The dotted lines represent the mathematically
calculated ACrwms values of composition differences as a function of the D-A interfacial width. The
black circles are the extracted values of the D-A interfacial width based on STXM and RSoXS results.
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Discussion

Figure 2- 5 depicts the morphology of the investigated NT812:PC71BM active layers that
is consistent with all measurement results and analysis presented above. Blue represents pure
polymer fibrils in a red matrix of pure fullerene. The black bars symbolize polymer chains inside
the fibrils whose packing slightly improves with the solvent additive (see coherence length
measurements). Notably there is only evidence of improvement in 1:1.5 blends, but not in 3:1
blends (see also the UV-Vis spectra for 3:1 blends). The color gradient at fibril edges depicts
interfacial mixing, which decrease with the CN additive, thus making the domain interfaces

sharper (and increasing ACgys). Finally, more fibrils closer together are depicted for the (3:1)

+CN

PC71BM
matrix

+ Fullerene
+ electron conduits

+pi-stacking & sharper interfaces

Figure 2- 5: Depicted representation of morphology of OSC active layer in the investigated
NT812: PC71BM blends. Polymer fibrils (blue) with stacked polymer chains (black) and
matrix of fullerene (Red). We note that the fast growth direction of the fibril is unknown for
this polymer and may not be the pi-stacking direction as is depicted here.
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blend ratio making the fullerene domains smaller and reducing the characteristic length as
evidenced by the RSoXS analysis.

The question to be answered is what aspects of morphology are important to realize
highly suppressed, non-Langevin recombination. In general, it has been found that domain purity
in polymer based OSCs is important for device performance by aiding charge extraction and
hindering recombination.?>’>7! This is likely an important prerequisite here, but the presence
of pure domains in blends exhibiting both Langevin and non-Langevin recombination suggest
this situation alone is insufficient. Venkatesan et al. have shown that charge recombination is
high in low-performing polymer:fullerene systems with narrow domains despite good domain
purity and conductivity.®? Our results go further to show that large and clean conduits to the
electrodes keep charges from interacting with their counterparts in neighbouring domains,
whereas narrow pure domains increase the likelihood that charges will encounter each other or
trap states at the interfaces. This is the most prevalent morphological change between the cells
with Langevin versus non-Langevin recombination dynamics. Note that 25% PC71BM loading
in the (3:1) blends, aggregating into pure phases, is well above the 3D percolation threshold, so
although isolated-domain traps are possible,®*%* general fullerene domain connectivity should be
no issue here.

A further clue to the importance of interfacial interaction comes from the correlation of
sharpening interfaces rather than crystalline coherence with decreased recombination for both
blend films. In particular, in (3:1) blends the recombination reduction factor y more than doubles
when interfacial mixing is reduced through the CN additive while there is no detectible change in
crystallinity (GIWAXS) or aggregation (UV-Vis spectroscopy). The improvement in y is not

nearly as significant for the corresponding (1:1.5) blend devices, even though pi-stacking
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improves dramatically for them. We interpret this situation to mean that highly mixed or wide D-
A interfaces can encroach on the charge pathways — especially when they are narrow — and
enable holes and electrons to mingle and recombine in a way well-described by the Langevin
model. Devices with large pure percolation pathways are more immune to interfacial details such
that sharper interfaces are less critical for non-Langevin recombination.®® The crystallinity
improving with CN might also help in keeping holes toward the middle of transport conduits
because the energy states in a well-delocalized crystal are lower than a defective crystal,® thus,
resulting in even higher y. Domain size must not be allowed to increase too far, however, due to
the limitations of the exciton diffusion length (~20 nm). On top of suppressing recombination,
there is increasing evidence that sharp interfaces are important for charge generation as well in
semicrystalline systems.?”*8 Thus, the highest efficiency devices will likely still depend on sharp
interfaces and smaller domains to simultaneously harvest all excitons and transport charges.

Although we cannot conclusively say that perfectly discrete (zero width) interfaces are
best, we have been able to uniquely remove the effects of domain purity and
crystallinity/aggregation from the equation. Furthermore, our direct correlation to the Langevin
reduction factor rather than short-circuit current enables us to eliminate possible influences of
changing charge generation rates. Combined, these results reveal a definitive influence of
interfacial sharpness on suppressing recombination.

To put our findings about the NT812 system into perspective, we compare it to the
classical electron donor, poly3-hexylthiophene (P3HT), which exhibits non-Langevin
recombination as well in fullerene based BHJ OSCs with thermal post-treatment.®+°"-% Both
systems phase segregate in BHJ layers and result in pure fibrils at optimal fabrication conditions

and both have similar charge carrier mobilities. In fact, fibrillar structures are good at purifying,
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sharpening, and limiting how large the domains get, so they do not get so big as to lower exciton
dissociation efficiencies. However, the best NT812 OSCs’ y are higher than for P3HT devices
(>1000 vs 100s). We attribute this to the fact that NT812, like many other polymers,®*1% has a
stiffer and longer monomer than P3HT, which causes the NT812 fibrils to be wider resulting in
larger charge conduits. On the other hand, there is significant room for improvement in NFAs,
which now top OSC performance in thin layers but lose significant efficiency as thickness
increases, even when processed to optimize aggregation.®® Therefore, more systems with NT812
type morphology are needed, namely with larger fibrils that strongly phase separate from the
acceptor phase to result in sharp interfaces. Such a strategy will enable high efficiency devices

with thicknesses >400 nm.

Conclusion

We have investigated the morphological mechanisms behind a novel high-performing
polymer:fullerene OSC system known to exhibit both highly suppressed non-Langevin
recombination and classical diffusive Langevin recombination dependent on the blend ratio. Our
suite of synchrotron-based X-ray techniques were combined to reveal pure phases in all
preparation conditions, suggesting pure phases alone are not sufficient to realize non-Langevin
recombination. Instead, we found that larger (>30 nm), pure, and well-aggregated domains with
sharp D-A interfaces likely act as charge conduits across the active layers to effectively segregate
charges and suppress bimolecular recombination via fast dissociation of charge transfer states for
near-ideal charge generation and collection. Such morphological features are possible
explanations to how efficient devices can be achieved with printable active layers up to 1um in
thickness. Thus, large, pure percolation pathways with sharp heterointerfaces may be required to

achieve efficient OSCs suitable for large-scale industrial production.
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Experimental Section

Device Fabrication

The polymer (NT812) was supplied by Fei Huang in Institute of Polymer Optoelectronic
Materials and Devices, South China University of Technology. The fullerene acceptor, PC71BM
was purchased from Solenne. The solvents Chlorobenzene (CB) and 1,2-Dichlorobenzene
(DCB), and the additive chloronaphthalene (CN) were purchased from Carl Roth and Alfa Aesar,
respectively. The devices were fabricated with a conventional structure. First, the patterned
indium tin oxide (ITO) glass substrates were cleaned in an ultrasonic bath with detergent,
acetone, deionized water, and isopropyl alcohol and dried by nitrogen. The dried substrates were
treated by oxygen plasma at room temperature for 4 min. Then PEDOT:PSS (purchased from
Heraeus Deutschland (Clevios P A14083)) was spin coated on top of the substrates (3000 rpm for
30 s, thickness of =30 nm) and the substrates were annealed at 150 °C for 15 min in air. For
deposition of active layers, blend solution of NT812 and PC71BM at a weight ratio of 1:1.5 and
3:1 dissolved in CB:DCB = 3:1 (with/without 0.5 vol % of CN) with total concentration of (20
mg mlt) were spin coated on top of PEDOT:PSS layer in a nitrogen filled glovebox. The blend
films were annealed at 100 °C for 15 min on a hot plate. After cooling down, a 5 nm poly 9,9-
bis6-(N,N,N-trimethylammonium) hexylfluorene-alt-co-phenylenebromide (PFN-Br) layer was
spin coated from methanol solution onto the active layers. Finally, the films were transferred into
a vacuum evaporator connected to the glovebox, and 100 nm silver was deposited sequentially
through a shadow mask under (=1 x 107 mbar), with an active area of the cells of (A = 0.06
cm?).

In order to prepare the films for morphology study, silicon wafers were cleaned as the

ITO substrates cleaning process and then Na:PSS was spin coated (3000 rpm for 30 s) on top of
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it simulate the device PEDOT:PSS surface roughness and surface energy. The substrates were
annealed at (150 °C) for (15 min) in air. The active layers were spin coated and then thermally
annealed as described above.

Resistance-Dependent Photovoltage (RPV)

The devices were illuminated by a pulsed second harmonic Nd:YAG laser (NT242,
EKSPLA) at 532 nm with 6 ns pulse duration. The laser intensity was attenuated with a normal
optical density (OD) filter and set to the low intensity in order to prevent a redistribution
(screening) of the internal electric field and maintaining quasi-short-circuit conditions regardless
of the load resistance. Then the photocurrent and photovoltage transients were recorded by a
digital storage oscilloscope (DS0O9104H) via a LabVIEW code. Refer to previous work for more
details about those techniques.*

Bias-assisted Charge Extraction (BACE)

To establish steady-state conditions, we used a high power (1 W, 638 nm) laser diode
(insaneware) with a switch-off time of (10 ns). The laser diode was operated at (500 Hz) with a
duty cycle of 50%, such that illumination lasted 1 ms and the diode was switched off for also 1
ms. A pulse generator (Agilent 81150A) was used to apply the prebias (Voc) and collection bias
which are amplified by a home-built amplifier, allowing a fast extraction time of (10-20 ns). The
current transients were measured via a (10 Q) resistor in series with the sample and recorded
with an oscilloscope (Agilent DS09104H).

Morphology Measurements

To probe the active-layer nanomorphology in the investigated OSC systems, we utilized
synchrotron-based X-ray microscopy, spectroscopy, and scattering techniques. GIWAXS,

RS0XS and Spectroscopy/STXM were conducted at the Advanced Light Source, Berkeley, CA
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at beamlines 7.3.3,%° 11.0.1.2,*" and 5.3.2,% respectively. The morphologically examined active
layers were prepared from the same batch as the examined OSC devices. GIWAXS data were
taken at X-ray energy (10 KeV) and incident angle of (0.2 deg) (above the substrate critical
angle) enabling intensities linear to the illuminated sample volume. Samples were spin coated on
Na:PSS/Si. In addition to grazing incident angle (0.2 deg), a rocking scan was acquired around
an incident angle of 10.55, which is the specular angle of the pi-pi scattering peak of the
polymer. Additional angles of incidence were explored as well (e.g. 5.18, 7.72, 9.94 degrees).
The data at 7.72 degree was used to patch up the missing wedge in the 0.2 degree data and to
analyze for pole figures in a similar fashion to previous literature done Michael F. Toney et al.%?
RSo0XS data were taken at X-ray energy below the C-edge at (283.5 eV). Samples were spin
coated on Na:PSS/Si substrates then floated off in deionized water onto SisN4 windows, low
stress SisN4 membrane with a size of (2 mm?) and thickness of (100 nm). RSoXS data were
normalized to film thickness, which was measured via NEXAFS absorbance spectra acquired at
the same position as where RSoXS was acquired and with the same X-ray beam. The RSoXS
measurements were conducted in transmission mode at normal incidence, also at 45 degrees of
sample tilt (see Figure S1- 22).

STXM images, quantify chemical composition, were acquired at a fullerene resonant
energy (284.4 eV) and non- resonant energy (320 eV). These energies were selected from
NEXAFS spectra for neat materials. All STXM and NEXAFS samples were spin coated on

Na:PSS/Si substrates then floated off in deionized water onto TEM grids.
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Abstract

Although solvent additives are used to optimize device performance in many novel non-
fullerene acceptor (NFA) organic solar cells (OSCs), the effect of processing additives on OSC
structures and functionalities can be difficult to predict. Here, we present two polymer-NFA
OSCs with highly sensitive device performance and morphology to the most prevalent solvent
additive chloronaphthalene (CN). Devices with 1% CN additive are found to nearly double
device efficiencies to 10%. However, additive concentrations even slightly above optimum
significantly hinder device performance due to formation of undesirable morphologies. A
comprehensive analysis of device nanostructure shows that CN is critical to increasing
crystallinity and optimizing phase separation up to the optimal concentration for suppressing
charge recombination and maximizing performance. Here domain purity and crystallinity are
highly correlated with photocurrent and fill factors. However, this effect is in competition with
uncontrolled crystallization of NFAs that occur at CN concentrations slightly above optimal.
This study highlights how slight variations of solvent additives could impart detrimental effects
to morphology and device performance of NFA OSCs. Therefore, successful scale-up processing
of NFA based OSCs will require extreme formulation control, a tuned NFA structure that resists

runaway crystallization, or alternative methods such as additive-free fabrication.

Introduction

Power conversion efficiency (PCE) in organic solar cells (OSCs) is rising now with a
record surpassing 18%.581% In solution-processed bulk heterojunction (BHJ) OSCs, non-
fullerene acceptors (NFAs) —such as Y6°2 and Y6-derivatives'®*—show higher performance
than their fullerene-based counterparts.’%-1% |n contrast to fullerenes, development in synthesis

and designing for NFAs has allowed for achieving new molecules with more efficient visible to
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near infra-red (NIR) absorption, faster electron mobility and lower band gaps.%”1% Chemical
modification of NFAs and elemental substitution, such as halogenation, are strategies of
molecular design to manipulate material properties.'® For example, fluorination of electron-
accepting molecules often tends to affect device performance by improving energy levels,
suppressing recombination and increasing the electron-withdrawal.**° However, there have been
relatively little investigation of the effects of different NFA halogen type on morphology.t*-113
On the processing and fabrication side, methods like thermal annealing and solvent
additives are commonly implemented to improve the morphology of BHJ active layers in
OSCs.1418114-116 5olyent additives have been found to not only better dissolve donor and
acceptor materials, but also increase film formation time to enhance the donor-acceptor phase
separation.* However, the effectiveness and compatibility of solvent additives varies and
depends on the solvent-solute materials.}*417 In small-molecule:fullerene OSCs, in general,
additives improve crystallinity which is considered as an additional factor that leads to phase
separation. This favorably influences charge generation, recombination and extraction processes
in many systems.14242538.3% Eor example, 1,8-diiodooctane (DIO) and 1-chloronaphthalene (CN)
are commonly used as plasticizing solvent additives to allow for phase separation and ordering in
small-molecule OSCs.'*8 By and large, there is a required balance between increasing phase
separation to achieve an optimal length scale and domain composition/ordering for efficient
exciton dissociation and oversized “strong” phase separation in small-molecule based OSCs.4%
The additive-sensitivity in device performance, in some small-molecule:fullerene cases, has been
attributed to the additive amount controlling the film morphology.3® Polymer fullerene OSCs

generally are less sensitive to over crystallization or excessive phase separation. Despite the
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relative popularity, however, to our knowledge the strong phase separation effect occurring in
high performance polymer-NFA OSCs have not been studied in detail.

Recently, we have developed synthetically simple, NIR, CPDT-based NFAs for OSC
applications (Figure 3- 1a).>° Those NFAs were paired in binary BHJ OSCs with the electron-
donating polymer—poly[[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b’]dithiophene-2,6-
diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-c¢']dithiophene-
1,3-diyl]], (PBDB-T)— Figure 3- 1a (top). The impacts of fluorination (F) and chlorination (CI)
of the NFA on the device performance were previously investigated revealing an extended
absorption to the NIR region. Both NFAs show optical bandgap about 1.3 eV which is near ideal
to achieve the maximum Shockley—Queisser limit,*'® and comparable to that of Y6 (1.33 eV).%
Device performance noticeably was found to be very sensitive to the amount of additive where
the efficiency almost doubles to about 10% at the optimal additive concentration. Beyond that,
any extra amount, even 0.1 %, of solvent additive results in drastic drops in device performance.
The overall trends of device performance are comparable in OSCs with either F- or CI-NFA
variants.®® The overall comparability in device performance of fluorinated vs chlorinated NFAs
is common among many of the high-performing systems. For example, PM6:BTP-4F (Y6) and
PM6:BTP-4Cl yield ~16.5% PCE, PM7:TPIC-4F/4Cl give ~15%, PM6:1T-4F/4Cl (~13.4%),!!
and PBDB-T:FDICTF(2F)/(2Cl) yield about 16.5 % PCE.® However, that cannot be
generalized because other chlorinated NFAs slightly outperform their fluorinated analogs, e.g.
PBDB-T:IPIC-4F gives 10.7% while its chlorinated derivative yields 13.0% PCE.!2

In this work, we present a case study of these two CPDT-based NFAs to investigate the
morphological origins of extreme performance sensitivity to the CN processing additive. Many

CPDT-based NFAs have been synthesized and investigated for OSC applications.20-122
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However, this is the first study to investigate the morphological evolution and sensitivity of this
type of materials to the concentration of CN solvent additive. Findings of this work underscore
the importance of continuing to explore scale-up processing strategies for industrialization of
NFA OSCs. Our investigation of the F- and Cl-active layers reveals the high sensitivity of their
performance and morphology to the concentration of the solvent additive. The morphological
characterization indicates that domain purity and molecular packing are enhanced with the
additive amount up to the optimal concentration of 1 vol.%. Both morphological aspects,
crystallinity and domain purity, are highly correlating with device fill factor (FF) and short-
circuit current density (Jsc) in the investigated systems. Thus, optimal concentration of CN (1 %)
almost doubled the device PCE compared to the BHJ devices without the additive. However,
amounts of CN beyond the optimum concentration results in over-crystallization and strong
phase separation as manifested in micron-scale pure NFA crystallites, as in the case of blends
with 2% CN. As a result, the device performance is significantly hindered due to inefficient
exciton dissociation and increased charge recombination. This result indicates that NFAs in
general face a similar challenge to scale up as in comparison to their all small-molecule
counterparts. Morphologies in F-blends versus Cl-blends are found to be similar except for a
stronger tendency of Cl-based NFA to aggregate into crystallites, which may be due to enhanced

interaction with the CN additive.
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Results

Device Performance
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Figure 3- 1: a) Shows the chemical structures of the materials that were used to fabricate active layers
in the investigated OSCs in this work. (Top) the polymer electron donor (PBDB-T) and (bottom)
electron NFA acceptor (CPCD-4X, where X is Cl or F). The average parameters of device performance
are plotted as a function of amounts of solvent additive (CN vol.%); b) Jsc, ¢) FF, d) Voc, and e) PCE
at 1 sun. The solid green circles indicate the F-blends (PBDB-T:CPDT-4F) with (1:1) weight ratio and
open blue circles represent the Cl-films (PBDB-T:CPDT-4Cl) with (1:1.2) weight ratio. See Table S2-
1, Table S2- 2 and Figure S2- 1in the supporting information for more about device performance, J-V
curves, and external quantum efficiency (EQE) profiles. The device performance parameters are the
mean of 10 cells + standard deviation.

Figure 3- 1(b-e) presents the device performance parameters of the investigated OSCs,
processed from chlorobenzene (CB) with different CN additive concentrations. More
performance details can be found in Figure S2- 1, Table S2- 1 and Table S2- 2. The Jsc increases
with the additive up to 1% (vol%) CN, where maximum Jsc values are about 22 mA/cm? for both
systems, then significantly drops down in the blends with 2% CN. The FF follows a similar trend
as Jsc in both the F- and Cl-systems, with maximum FF values about 63% and 66%,
respectively. On the other hand, the Voc steadily decreases with of solvent additive, with the
highest Voc ~ 0.7 V for the blends without additives. At 1% CN, Voc drops to 0.66 and 0.62 V

for the F- and Cl-systems, respectively. The lower Voc relative to record systems such as
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PMG6:Y6 likely originates from a less favorable energy level alignment. The performance of the
devices as represented by PCE in Figure 3- 1e follows closely the trends in the Jsc and FF, with
maximum PCE of 9.51% for the F-systems and 9.20% for the Cl-devices. Overall, the
fluorinated and chlorinated cells exhibit similar device behaviors with the solvent additive (CN).
The overall performance trends are very similar to those of our original work.*® In that work,
even an increment of 0.1 % CN beyond the optimal concentration resulted in a considerable
reduction (~ 20%) in PCE.*®

Previous measurements of Jsc and VVoc dependency on intensity of incident light suggest
that both systems with 1% CN have bimolecular recombination that limits performance to some
extent, which were attributed to unbalanced charge mobilities.® Overall, the Cl-blends show
similar trends in device performance to the F-blends in this work and the previous work
indicating good reproducibility. In the current work, the EQE spectra of the blends without and
with 1% CN (Figure S2- 1) are similar to the published work in terms of their overall peak
intensity, shape, and range, with the optimum devices having ~70% EQE between ~ 455 nm and
the CPDT absorption edge at ~850 nm. Generally, EQE follows the trends of device performance
with solvent additive. However, the F-system exhibited higher trap-assisted recombination in the
previous work, which was thought to originate from the morphology of active layer.®®

Morphology: GIWAXS

Now, we examine the morphological evolution of the active layers beginning with
molecular ordering and packing via grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements. First, we examined pure films to determine how CN affects individual
crystallization habits. The GIWAXS patterns of the PBDB-T donor polymer, presented in Figure

3- 2 (a-c) and Figure S2- 2, show that the polymer has a face-on orientation with respect to the
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substrate surface. The solvent additive slightly enhances packing quality for both (100) and (010)
by increasing the coherence length (Dcon) of both (Figure 3- 4a and b, see red squares). Also, 1%
of CN additive increases the (010) face-on population which can be seen as an increase in the
peak intensity (Figure 3- 2c).

For pure NFA films, the scattering results (Figure 3- 2 and Sl), show that both small
molecules have -7 stacking at g ~ 1.8 A™ and lamellar at g ~ 0.33 A* corresponding to d-

spacings of ~ 3.5 and 19 A, respectively. For both small molecules, n-r stacking populations are
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Figure 3- 2: (a,b,d,e,g,h) 2D GIWAXS images in as arbitrary color scale: pure materials without
additive (left) and with 1% CN (middle). ¢) 1D GIWAXS profiles for pure polymer with and without
CN extracted in the out of plane (OoP) direction to show changes in peak intensity of OoP n-rt
stacking. The PEDOT:PSS background is appended to the graph in green for reference. (f) and (i)
present pole figures of m-m stacking in pure CPDT-4F and pure CPDT-4CI, respectively, without
additive (blue) and with 1% CN (red).
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randomly oriented when processed without additive and orient mostly face-on to the substrate
with 1% CN, as shown in the GIWAXS 2D images and pole figures in Figure 3- 2. The OoP
(010) peak intensity increases with the additive, suggesting an increase in the small molecule
crystal population. Additionally, new packing structures appear in both small molecules with 1%
CN-—especially in CPDT-4F where a second face-on (010) population forms with a very narrow
reflection at q ~ 1.7 A* (d-spacing of ~ 3.7 A, Figure 3- 2e and Figure S2- 3). Due to the very
different peak width, we interpret this to be a different polymorph as has been seen in other OSC
small molecules.® The coherence length of the primary polymorph, on the other hand, does not

improve with CN for n-xt stacking in both pure small molecules (blue and green squares in

Figure 3- 4a).
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Figure 3- 3: 1D GIWAXS profiles for all the investigated blends (as indicated in the legends)—plus
PEDOT:PSS background shown in green. Profiles in the IP sector (top) and OoP (bottom). Data for
PBDB-T:CPDT-4F blends (a and c) and data for PBDB-T:CPCT-4Cl (b and d). More GIWAXS
results and analysis can be found in the supporting information( Figure S2- 2 to Figure S2- 7, and
Table S2- 3).
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For the blends, the GIWAXS patterns are similar to the neat materials without any new
formed packing structures (e.g. the second NFA polymorph) upon blending into BHJ films. The
1D scattering profiles are shown in Figure 3- 3(more data and analysis in the Sl). The peak
positions and d-spacing of lamellar and n-n stacking are summarized in Table S2- 3. The focus
here is on the in plane (IP) scattering peaks of (100) “lamellar”, and OoP (010) “n-r” stackings,
because of their dominant effects on charge transport. In Figure 3- 4a, surprisingly, Dcon for n-n
stacking of both the NFA and polymer materials is constant within uncertainties and remains

relatively short in all blends (< 4 nm) with no obvious trends with solvent additive. On the other
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Figure 3- 4: GIWAXS analysis of coherence length and peak intensity for neat films and blends
as indicated in the legends. Diffration coherence length vs CN vol.% concentrations for (a) out
of plane m-r stacking (010) and (b) in-plane lamellar stacking (100). (c) and (d) are analogous
plots for diffraction peak intensity. The values are extracted from peaking fitting analysis of
GIWAXS data, see examples methods description in Figure S2- 7.
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hand, Dcon for lamellar of the polymer stacking increases with CN, in pure materials and blends,
from 4 nm to 18 nm as shown in Figure 3- 4b. Dcon for lamellar of NFA stacking for in neat films
with 1% CN was found to be ~40 nm. In blend films, Figure 3- 4b, Dcon of the NFAs
monotonically increases with CN from 5 nm to 30 nm. Additionally, the intensities of both
diffraction peaks (Figure 3- 4 ¢ and d) of polymer and NFA materials in blends generally
increase with CN. That suggests that rather than n- coherence, the crystal population is the
main beneficiary of the additive in both F- and Cl-blends. The increase in lamellar coherence
lengths, seen for all materials, suggests a straightening of the polymer backbone and alignment
of NFAs leading to the increases n-n stacking population. High crystalline domains are often
considered beneficial in aiding charge transport.*! Positive correlations between FF and
molecular ordering of NFAs has been reported in many non-fullerene systems.'?
Morphology: Microscopy

Figure 3- 5presents key results from a multimodal microscopy study of the Cl-blends.
That includes using: carbon edge scanning transmission X-ray microscopy (STXM),
transmission electron microscopy (TEM), atomic force microscopy (AFM), (cross-sectional)
secondary electron microscopy (SEM), and optical microscopy. STXM (Figure 3- 5 a-b, Figure
S2- 11 and Figure S2- 13) and TEM (Figure 3- 5 d-e, Figure S2- 26, and Figure S2- 27) show
that domains gradually coarsen and purify with the additive up to 1% CN, more noticeable in the
Cl-blends. AFM scans (Figure 3- 5g-h and Figure S2- 20-Figure S2- 21) support and
complement the STXM findings by showing that the film roughness increases with the
concentration of solvent additive. The micron scale crystallization of CI-NFA in the 1% CN

blend film as measured by AFM is at odds with TEM and STXM because AFM was conducted
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on separate films. This sample-to-sample discrepancy shows just how sensitive the CI-NFA is to

RMS =1.2 nm

Figure 3- 5: Micrographs of PBDB-T:CPDT-4Cl blends with different amounts of solvent additive
using X-ray, electron, and atomic force microscopies. STXM scans for blend with 0% (a), 1% (b), and
2% CN (c) where dark regions represent NFA-rich domains (more in Figure S2- 11-Figure S2- 15).
TEM scans of blend with 0% (d), 1% (e) 2% CN (more in Figure S2- 26-Figure S2- 27). AFM scans of
blends with 0% (g), 1% (h), and 2% CN (i) (more in Figure S2- 20-Figure S2- 21). Scans of the CI-
blends with 2 vol.% CN: an optical microscope sane (j) (more in Figure S2- 23), a topology SEM scan
(k), and cross-section SEM scan (I). More SEM scans in Figure S2- 24-Figure S2- 25). Scale bars are
indicated for each scan.
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the precise concentration of the additive. Notably, the F-blends were consistent across all
measurements, possibly suggesting slightly less sensitivity.

In the F- and Cl-blends with 2% CN, strong phase separation and drastic domain growth
take place, with domain size at the micron scale. The micron-size features are confirmed with
STXM spectroscopic scans of pure films (Figure S2- 8) to be NFA domains, likely large crystals.
The NFA domains in the 2% blends were easily observed under TEM, SEM of topology and
cross-sections (Figure 3- 5k-1, Figure S2- 24Figure S2- 25), and even under the optical
microscope (Figure 3- 5j and Figure S2- 23). In addition to the SEM images, AFM scans

indicate that the NFA crystals bulge out of the film. Within those large domains, neither
TEM nor STXM were able to resolve obvious features or textures that originate from D/A
domains (Figure S2- 11, Figure S2- 26 and Figure S2- 27). The polymer and NFA sensitivity to
the processing additive in the blends are similar to the pure films. The pure polymer films remain
smooth and uniform with no significant changes with CN (Figure S2- 28, Figure S2- 10, and
Figure S2- 22). On the other hand, STXM and TEM scans of neat films of F- and Cl-small
molecules show some textures that can be orientational domains or thickness variations (Figure
S2- 10 and Figure S2- 28). Crystals of small molecules coarsen with CN—again more
pronounced in the CI-film than the F-film—Ieading to rougher film surfaces. TEM alone is not
enough to conduct compositional analysis of the blends due to similarities in electron densities of
the investigated NFA and polymer materials. STXM, on the other hand, is a more suitable tool to
conduct this type of analysis because of its sensitivity of chemical bonds.

To quantitatively measure nanodomain composition in blends, we followed our previous

methods of combining X-ray microscopy with spectroscopy.*>“® Spatially averaged spectra of F-
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Figure 3- 6: PBDB-T:CPDT-4Cl with 1 vol.% CN blend. a) NEXAFS spectra for the blend and neat
films (as indicated in the legends). The fit (black) of the NEXAFS spectrum of the blend (red) confirms
the average weight ratio (i.e., ~ 55% small molecule). b) A STXM image that was acquired at 284.85
eV, which is a small molecule resonant energy. The dark regions indicate small molecule domains,
and the gray regions indicate polymer-rich domains c) Compositional line out represents variation of
the small molecule concentration across different domains along the red rectangle that is indicated on
the STXM image in part b (for more details, refer to Figure S2- 14).

and Cl-blends—without and with 1% CN-—confirm the average film composition, i.e.
donor:acceptor weight ratios (Figure 3- 6a, others in the SlI). The results of composition mapping
of the chlorinated blend with 1% CN, shown in Figure 3- 6b, show that pure small-molecule and
pure polymer domains exist in this blend, which is with optimal concentration of CN. The
extracted composition profile (Figure 3- 6¢), reveals ~ 200 nm NFA domains surrounded by
polymer. Having pure domains in polymer-small molecule OSCs has been proven to be
beneficial for device performance by reducing charge recombination,? but 200 nm domains may
be too large for efficient exciton capture. Such quantitative compositional mapping was not
viable for the F-blends up to 1% CN due to the domain size in those films being below the
STXM resolution.315% We attribute this to both the slightly higher NFA loading in Cl-blends
(55% vs 50%) and the apparently increased propensity of the CI-NFA to aggregate at lower CN
concentrations than the F-NFA. The latter has been observed in blends (Figure 3- 5h, Figure S2-

20 and Figure S2- 21) and pure films (Figure S2- 22 and Figure S2- 28).

58



For 2% CN blends (both F & CI), the composition analysis (Figure S2- 11-Figure S2- 15)
shows NFA-rich domains (~ 65-70 wt.%) surrounded by polymer-rich domains (~60-90 wt.% for
Cl-blends, but pure for F-blends). Impure domains here are not at odds with the conclusion of
pure NFA crystals because these compositional analyses average over the vertical direction of a
film. Therefore, it is likely that a vertical stratification of pure domains takes place. If that is
accurate, then the topology AFM and SEM scans of the 2% CN blends would suggest that NFA
crystals form on top of the (NFA-depleted) film. In particular, the cross-sectional imaging shows
that those large NFA crystals tower (10s of microns) over the film, which is taller than
thicknesses of films in their wet stage of processing (wet films usually are a few microns
thick).3°1%* We hypothesize that NFA runaway crystallization to be promoted by mobile NFA
molecules that join from underneath then push large crystals upward with respect to the substrate
surface. However, further work to understand what appears to be an interesting mechanism of
film formation is required.

In short, both domain size and purity increase with solvent additive. Pure domains were
detected in the Cl-blend with 1% CN, where domain purity is usually beneficial for device
performance by reducing charge recombination.?® Additional amount of additive beyond 1% CN
results in strong phase separation leading to micron-scale NFA crystallites, which hinder exciton
dissociation. The Cl-based films show increased sensitivity to the CN additive, aggregating and
crystallizing at lower concentrations, even potentially being unstable to slight variations at the

optimized concentration.
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Morphology: RSoXS

To further examine how domain size and purity evolve as the amount of CN increases,
especially in the blends with domains that were not well-resolved by microscopy, we turn to
resonant soft X-ray scattering (RS0XS).*" In addition to domain size and purity, RSoXS as a
technique is very helpful in gaining insights into phase volume fraction and molecular
orientation.**** Figure 3- 7a and ¢ show the Lorentz corrected?® scattering profiles for the F- and
Cl-blends, respectively, versus the scattering vector (Q). For RSoXS, the donor-acceptor contrast
is dependent on the index of refraction (Figure S2- 8). The Q-position of a scattering feature
(Q*) approximately indicates the structure factor or spacing of scatterers called the characteristic
length (Lc =2n/Q%*).*

For the F-blends, scattering data shown in Figure 3- 7a shows a feature that shifts to a
lower Q with solvent additive, suggesting gradually growing domains with Lc increasing from
about 30 nm to ~ 60 nm. Data of the F-blend with 2% CN shows that a secondary feature
emerges at very low Q indicating morphological domains with size > 0.5 um. We assign that to
the NFA crystallites that were observed via microscopy. For all the Cl-blends, on the other hand,
the scattering profiles show a primary feature ranging between Lc~25-50 nm with additive with a
secondary feature appearing and shifting to lower Q with increasing CN. Like the F-system, the
secondary peak in Cl-blend with 2% CN points toward formation of large NFA domains with
sizes >0.5 um (summarized in Figure S2- 19). For the CI blend with 1 vol.% CN, the secondary
feature gives Lc~ 200 nm which is in good agreement with the STXM results (Figure 3- 6¢). Our
results of examining anisotropic scattering patterns (Figure S2- 16, Figure S2- 17and Figure S2-

19) show that there is no drastic change of molecular orientation with solvent additive or type of
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halogenation. Although orientational scattering might still present, we believe that is negligible

compared to material scattering.
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Figure 3- 7: Scattering profiles and TSI for all blends. a) RSoXS 1D averaged profiles for PBDB-
T:CPDT-4F blends. Their TSI and composition variation are shown in (b). TSI calculated by
integrating areas under scattering profiles. Then the composition variation was calculated by
normalizing TSI for all blends to TSI of the blend with 1% CN. c) 1D scattering profiles for the
PBDB-T:CPDT-4CI blends. d) TSI and composition variation values for the Cl-blends. In b and d,
the red circles represent TSI, and blue diamond shapes represent composition variation “average
domain purity”. This data was acquired at X-ray energy of 285.2 eV, Lorentz corrected, and
corrected for X-ray fluorescence background. Where X-ray energy of 285.2 eV is slightly below the
resonant energy of the polymer material, to increase the material contrast. Additional scattering
data taken at different energies can be found in Figure S2- 16 and Figure S2- 17.

Thus far, the RSoXS results in agreement with STXM and GIWAXS in terms of domain-
size growth with solvent additive. The scattering data also shows that multi-length scale features
appear with solvent additive, that happens sooner in the Cl-blends than the F-films. Multi-length

scale domains, often manifested as two peaks in the scattering profiles, have been observed in
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other binary and ternary BHJ blends.*?%-12¢ Usually, the scattering features at high Q are
associated with a domain size that is crucial for device performance, that includes aspects such as
exciton diffusion length and Jsc. In this work, therefore, we refer to those high-Q scattering
features as the primary features. To examine how average domain purity changes with solvent
additive, the total “or integrated” scattering intensity (TSI) of the RSoXS profiles is commonly
used.?84144 Figure 3- 7b and d present the TSI, where the composition difference between
domains (and therefore domain purity) is proportional to square root of TSI. That also can be
used to investigate morphological details at the donor-acceptor interfaces.?®3! The results show
that the average domain purity in the examined blends increases with the amount of solvent
additive up to 1% CN. Compared to the F-blends, the Cl-samples seem to purify faster with
solvent additive. TSI results of the Cl-blends suggest that domain purity in the film with 0.5%
CN is almost as high as in the 1% CN sample, where the latter consists of STXM-measured pure
domains.

The presence of multi-length scale morphology, however, demands careful analysis of
the RSoXS TSI to arrive to more reliable conclusions. The goal is to determine the significance
of the component scattering intensity (CSI) of both the primary and secondary features. To
examine that, we apply two-peak fitting and extracted the CSI values by following previous
procedures that have been implemented to analyze multi-feature RSoXS data of OSCs
systems.'?"12° That analysis assumes multi-feature scattering data comes from distinct
uncorrelated structures. The multi-peak fitting results and comparison (see examples in Figure
S2- 18) show that CSI of primary peaks is the main contributor to TSI, and the CSI of secondary
features is negligible. Thus, we base our interpretations of domain purity being enhanced with

CN on the observed increases in CSI of the primary peaks, which corresponds to morphological
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features with crucial size to affect performance. It is worth noting that TSI drops significantly for
blends with 2% CN, which we attribute to reduction in phase volume fraction as many NFA
molecules migrate into much larger domains.

Based on RSoXS and STXM results, the main finding is that domain purity in both
halogenated systems increases with amount of solvent additive and reaches complete domain
purity around 1 vol.% CN. In general, domain purity has been viewed as a critical aspect of
morphology that can be correlated to many device performance parameters in OSCs such as

bimolecular recombination, FF, and Jsc.28
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Discussion

Based on the combined morphological results, Figure 3- 8 depicts the general trend of
morphology evolution with CN additive in both halogenated systems. Red and blue colors
represent NFA and polymer domains, respectively. The lines represent ordered NFA molecules
(red) and ordered polymer chains (blue). With higher concentration of solvent additive, the

length of the lines increases indicating improvement in the lamellar stacking, but not in the n-n
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Figure 3- 8: A general depiction of morphology evolution with solvent additive (CN) in the
investigated blends. Blue regions indicate polymer-rich domains with blue lines representing ordered
polymer chains. The red regions represent NFA-rich domains with red lines indicating ordered
molecules. The -z stacking of the polymer which is mostly face-on with respect to the substrate as
depicted here does not mean that the direction of the fibril growth is known in those systems.

stacking (refer to the coherence length results). It is noticeable as depicted that NFAs start with
random crystal orientations (direction of the red lines) but prefer to orient face-on with respect to
the substrate when CN is added. Additionally, the solvent additive increases populations of face-
on nt-nt stacking which was measured via GIWAXS as an increase in peak diffraction intensities
of both NFA and polymer materials. For domain size, films processed from CB consist of small
domains that slightly grow with solvent additive, in addition to large-scale domains that evolve
with CN. Finally, domain purity increases with CN and is depicted as pure blue and pure red
colors.

Since the F- and Cl-active layers show mostly similar trends in terms of their device

performance with solvent additive (CN), they were expected to have similar morphologies. Our
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findings in general confirm that where solvent additive enhances domain purity, increases
crystallinity and packing, and eventually leads to multi-length scale domains in both systems.
However, we find the main difference between the two systems is the higher sensitivity to the
amount of CN in the CI-films. Their sensitivity is manifested as secondary features in RSoXS
profiles that emerge immediately even with 0.5% CN. Then domains continue to grow from ~
100 nm (0.5% CB) to ~ 200 nm (with 1% CN) before the NFA crystals eventually grow into 10s-
of-microns domains with 2% CN. In the F-systems, on the other hand, the secondary features
form with relatively higher concentration of CN >1%, where micron-scale domains suddenly
appear in the 2% CN film. This seems to be dependent on the type of halogenation where CN
enables stronger aggregation, phase separation, or intermolecular interaction in the CPDT-4Cl
molecules than CPDT-4F. Such a difference could originate from a stronger interaction of the
CI-NFA with CN due to the matched halogens as compared with the unmatched F-NFA. Further
investigation remains required to examine the thermodynamic effects of CN on the different
types of halogenations.

At the optimal processing conditions of this study, 1% CN, the F-blend have domains
with size ~ 50 nm whereas Cl-blends compose of multi-length domains ~ 25 nm and ~200 nm.
Although the primary small domains are beneficial for exciton dissociation, having relatively
large features in the Cl-blends may aid as continuous pathways that facilitate charge transport to
the electrodes. In comparison, the F-blend with 1% CN consists of only small domains which
may increase the possibility of having isolated domains that act as traps. If that scenario is true,
then it might be the explanation to why trap-assisted charge recombination was higher in the F-
blend than Cl-blend. The charge recombination was examined previously via measurements of

Voc as a function of incident light intensity.3 We cannot rule out the possibility of co-existence
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of impure domains in the F-blend with 1% CN for two reasons. First, quantitative examination of
domain purity in that BHJ sample via STXM was limited due to domain size being below the
resolution limits of the technique.>® Secondly, although the Cl-blend with 1% CN contains 100%
pure domains via RSoXS and STXM, also the RSoXS TSI of the 1% CN F-blend point towards
domains with high purity, none of that is enough to quantitatively measure domain purity in the
F-blend without absolute scattering intensities. Thus, it is possible that the relatively higher rate
of trap-assisted recombination in the F-blend with 1% CN may be due to some percolation via
domain mixing.

To examine potential structure-property relations in the investigated BHJ systems, FF and
Jsc are plotted in Figure 3- 9a-b as functions of normalized TSI.2° The data of the 2% CN blends
are not presented in Figure 3- 9, but the results—as mentioned above—confirm high domain
purity regardless of the relatively lower normalized TSI. That drop in TSI for the 2% CN blends
is attributed to reduction in volume fraction of the small domains of NFAs as they migrate into
largely crystalized domains. Clear correlations can be seen in Figure 3- 9 where both device
parameters, FF and Jsc, increase monotonically with domain purity of the primary features.
Those primary features, i.e. small domains, are size-compatible with the standard exciton
diffusion length (~ 10 nm) in OSCs. Linear correlation between domain purity and FF is often
found in OSC, where domain purity suppresses charge recombination. In the investigated F-
blends, the device FF improved by about 60% up to the optimum CN concentration.
Interestingly, the average domain purity as measured by the normalized TSI is about 60% higher
over the same series. The Cl-blend processed from CB has FF=47% that improves to 66% with
1% CN. We also find direct correlation between Jsc and domain purity, which is usually known

for reducing charge recombination.?
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Another important morphological aspect is crystallinity, which improves with amount of
the plasticizer additive in the investigated films, potentially aiding charge transport across the
active layers.*! Positive correlations between FF and coherence length of small-molecules has
been stablished in many NFA systems.'?3 We did not see any obvious trends in the Dcon Values of
n-n stacking with solvent additive. Therefore, we plotted FF and Jsc in Figure 3- 9c-d as
functions of the diffraction peak intensity of n-r stacking of the NFAs, the latter is often related
to relative degree of crystallinity (rDoC).** We similarly find a monotonic relationship between

the face-on n-n stacking intensity of the NFAs and the device parameters; FF and Jsc. However,
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Figure 3- 9: FF and Jsc plotted as functions of normalized TSI: a) For the PBDB-T:CPDT-4F blends.
b) For the Cl-blends. FF (red circles) plotted on the left y-axis and Jsc (blue circles) on the right y-
axis. FF and Jsc plotted as functions of GIWAXS peak intensity of the NFA z-z stacking: c) for the F-
blends and (d) for the Cl-blends. Note that the presented results here are for blends with 0, 0.5, and 1

vol.% CN.
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2% CN leads to over-crystallization, high domain purity, and oversized domains that likely result
in poor efficiency of exciton dissociation and thus low Jsc.!* On the other hand, Voc constantly
decreases as the concentration of solvent additive increases which can be attributed to the
improved crystallinity.*3 Increased electron delocalization due to crystallinity is known for
lowering the acceptor’s lowest unoccupied molecular orbital (LUMO) energy level which
reduces Voc. At the same time, crystallinity decreases charge recombination which increases
Voc. It appears that the former effect dominates the latter in the investigated NFA systems. This
behavior is commonly observed in many OSCs systems with processing additives.3:132
Importantly, the oversensitivity of device performance and morphology of NFA systems
to the amount of processing additive is similar to the detrimental behavior seen in small-
molecule:fullerene systems.?* The findings of this work would suggest the significant reduction
in device performance of those CPDT-based OSCs that we have observed previously,* even
with 0.1% CN above optimum, can be attributed to potentially undesirable crystallization and
strong phase separation. This suggests that CN probably is not a compatible solvent additive for
large scale fabrication of NFA OSCs as extreme precision is required to avoid any excess
amount of additive that could result nucleation of large-scale crystallization that ruins the panel.
It is worth mentioning that the solvent additive used here, CN, is a commonly used plasticizer to
optimize device performance in many of the state-of-the-art NFA systems such as PM6:Y6.3%%3
Although device performance and perhaps morphology of PM6:Y6 system seem less sensitive to
amount of processing additive around optimal conditions,*®32 extra residuals of solvent additive
result in drastic evolution in molecular packing, leading to significant reduction in device
performance.®®134 The extreme device-performance sensitivity of PM6:Y6 OSCs to

concentrations of CN was found in films with thickness (400 nm) that is better suitable for
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industrial-scale production. Specifically, the optimal amount of CN (1.5%) yields PCE = 14.4%,
while 1.8 % of CN gives only 8.6%. Initial microscopic results of ongoing work, provided in
Figure S2- 29, manifest the morphological sensitivity of PM6:Y6 blends to excessive amounts of
CN. However, thorough morphological investigations of the sensitivity of this novel system to
concentrations of processing additive needs further exploration.

Routes to overcome such an issue include introducing alternative additives,*® binary
solvent additives,!’” non-volatile solid additives, and third components as in ternary OSCs. 4136
For example, we have previously substituted the halogen element CI in the CN molecule with F
or Br to mitigate phase separation in PM6:Y6 OSCs and achieved 17.5% PCE.® Thus,
modifying molecular structure to resist runaway crystallization may be one route to make OSCs
more robust. Other work focuses on substituting CN with a halogen-free additive that actually
shows comparable effects on optimizing efficiencies in PM6:Y6 OSCs.™’ It is noticeable in the
latter study that the device performance is quite tolerant to the amount of additive beyond
optimum. This result is consistent with ours that similar halogens on the additive and NFA may
increase the propensity to crystallize. Despite the successful lab endeavors to optimize device
performance in NFA OSCs, scaling up device fabrication with processing additives imposes
many challenges. For example, optimization of the rheological properties of BHJ inks and
extreme precision to avoid undesirable solvent residuals are required when processing large-area
devices with plasticizers.**® Additionally, any excessive residuals of solvent additives that lead to
undesirable morphologies such as strong aggregation result in film hardness that is incompatible
with roll-to-roll fabrication.**® Overall, the long-term stability of devices processed with

additives like CN remains questionable.'*
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There are some possible alternative strategies for industrial printing of NFA OSCs. That

139

includes manipulating BHJ ink concentrations to optimize device performance,~* exploring eco-

friendly single solvent compatibilities with BHJ materials,'4°

and re-engineering of NFA
molecular structures for better morphological outcomes.*! Successful approaches to avoid issues
related to solvent additives are even encouraging to target additive-free fabrication methods. For
example, Jeong et al. have successfully blade-cast PTB7-th:EH-IDTBR OSCs with device area
of 85 cm? and PCE > 8% by simply controlling the ink concentrations. That showcases an
additive-free and temperature-independent printing method that can be potentially implemented
in large scale to prevent undesirable effects of those processing treatments on film structures.*®
Other exciting work by Dong et al. of synthesizing a Y6 derivative (hamed DTY®6) with longer
alkyl chains resulted in a good solubility in non-halogen (o-xylene) solvent and suppressed
excessive aggregations compared to Y6. They found that PM6:DTY6 OSCs, processed from a
single non-halogen solvent, outperform the record-efficiency PM6:Y6 devices. That also allowed
for fabrication of blade-cast devices with active areas of 18 cm?and certified PCE of 13.98 %.'#
Although we have only focused on CN in this study, the findings encourage devoting more
attention to explore alternative additive-free strategies of large-scale production of NFA OSCs to
control the sensitivity to processing additives.
Conclusion

In this study, a characterization of device performance and morphology of PBDB-T: non-
fullerene OSCs was conducted to examine their sensitivity to the processing additive. CN was
used as a plasticizer additive to optimize device performance. We find the device performance to
be very sensitive to the amount of additive where PCE was almost doubled up to the optimum

concentration, 1% CN. Here, domain purity and crystallinity strongly correlate with device FF
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and Jsc up to optimal conditions. However, any additional increments in the concentration of the
additive, beyond optimum, lead to a drastic fall off in device performance. Excessive phase
separation and over-crystallization occur in the blends with 2% CN, leading to large NFA
crystals which we interpret as the main cause to poor performance. The over sensitivity of device
performance and morphology to the processing additive in the examined NFA OSCs is
remarkable. This seemingly common issue among many small-molecule systems stresses the
importance of careful selections of solvent additive or even additive-free methods to achieve
successful fabrication of NFA OSCs. We also examined the impacts of the type of halogenation
of NFAs (fluorination vs. chlorination) on meso-structures and found that the CI-molecules show
a higher rate of aggregation. Results of this work give insights onto the effects of halogenation
and solvent additive on morphology and device performance of synthetically simple, near infra-
red CPDT-NFA based OSCs.
Experimental Section

Device fabrication

The device structures were ITO/PEDOT:PSS/ active layer/Phen-NaDPO/Ag. Organic
solar cell devices were fabricated using ITO-coated glass substrates (15 Q sq*),which were
cleaned with detergent water, deionized water, acetone and isopropyl alcohol in an ultrasonic
bath sequentially for 20 min, and further treated with UV exposure for 30 min in a UV-0zone
chamber. A thin layer (ca. 30 nm) of PEDOT:PSS (Bayer Baytron 4083) was first spin-coated on
the pre-cleaned ITO-coated glass substrates at 4000 rpm and baked at 160°C for 15 min under
ambient conditions. The substrates were then transferred into a nitrogen-filled glovebox.
Subsequently, the precursors of the photoactive layer were stirred overnight at 80°C before

spinning. The optimized overall concentration were 22 mg/ml and 20mg/ml chlorobenzene

71



solution with feed ratio of 1:1.2 (w/w) and 1:1 (w/w) for PBDB-T: acceptors, respectively.
Solvent additive, 1-CN, was used to improve the intermixing of the electron donor and acceptor
phases. The spin speed was 2000 rpm, and the corresponding thickness was around ~100 nm.
Then Phen-NaDPO as the electron transporting layer was spin-coated on the active layer by 2000
rpm from isopropyl alcohol solution. At the final stage, the substrates were pumped down in high
vacuum at a pressure of 3 x 10 Pa, and Ag layer (100 nm) was thermally evaporated onto the
active layer. Shadow masks were used to define the OSC active area (0.11 cm?) of the devices.

Device testing: J-V curves and external quantum efficiency (EQE)

The current density—voltage (J-V) characteristics of unencapsulated photovoltaic devices
were measured under N2 using a Keithley 2400 source meter. A 300 W xenon arc solar
simulator with an AM 1.5 global filter operated at 100 mW/cm2 was used to simulate the AM
1.5G solar irradiation. The illumination intensity was corrected by using a silicon photodiode
with a protective KG5 filter calibrated by the Nationasl Renewable Energy Laboratory (NREL).
The external quantum efficiency (EQE) was performed using certified IPCE equipment (Zolix
Instruments, Inc, Solar Cell Scan 100). The average parameters were calculated from 10
independent cells.

X-ray measurements

We used synchrotron X-ray diffraction, microscopy, spectroscopy, and scattering to
investigate the nanomorphology of the active layers in those NFA OSCs. The X-ray
measurements (NEXAFS/STXM, RSoXS, GIWAXS) were conducted at the Advanced Light
Source (ALS) at Berkeley National Lab in CA at 5.3.2,%2 11.0.1.2,*" and 7.3.3°° beamlines,
respectively. The fabrication of the examined films was the same as the J-V devices which is

similar to the previously published batch of OSC devices.>® GIWAXS data was conducted with
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hard X-ray (energy=10 keV) at an angle of incidence= 0.2°, which is higher than the critical
angle of the Si substrate. Samples were cast on PEDOT:PSS layer on Si substrates. RSoXS data
was conducted at X-ray energies 270 and 285.2 eV. Thin films—from the same substrates as the
GIWAXS films—were floated off in deionized water onto low stress SisN4 membrane with
size= 2 mm? and thickness= 100 nm. NEXAFS absorbance spectra were collected at the same
spot of each film as where the RSoXS data was taken to determine the exact thickness of the
scattering part of each film. Then RSoXS data was normalized to thickness film. STXM images
were acquired at resonant energies of the polymer and small molecule materials as indicated in
graph captions and legends in main text and supporting information. The imaging energies were
selected based on the NEXAFS spectra of the neat materials (see Figure S2- 8). STXM and
NEXAFS were combined to extract quantitative, chemical maps of composition. The STXM and
NEXAFS samples were floated off in deionized water onto TEM grids from the same substrates
used for GIWAXS and RSoXS.

Atomic force microscopy (AFM) and scanning electron microscopy (SEM)

The AFM and SEM samples were cleaved from the same substrates that were prepped for
the X-ray measurements. The film roughness was probed via AFM (Dimension Icon, Bruker)
with SCANASYST-AIR silicon tip on nitride lever (70 kHz, 0.4 N/m). The film topology and
cross-section of the 2% CN blend films were acquired via SEM (QUANTA FEG250, FEI) with
the electron gun at 30 kV or SEM Tescan Vega3. The samples were sputter coated with gold for
better surface conductivity.

Transmission electron microscopy (TEM)

Samples were cast on PEDOT:PSS/Si substrates then floated in deionized water onto

TEM grids for TEM measurements. TEM images were acquired in bright-field mode via FEI
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Technai G2 20 Twin (Thermo Fisher, Waltham MA, USA) with a 200 kV LaB6 electron source
and FEI Eagle 4k CCD camera detector or via a Talos F200S.

Statistical analysis

The sample size of J-V measurements is ten independent devices (n=10 cells). The
presented parameters are the mean * standard deviation. The AFM data was processed using
Gwyddion 2.60 software, (n=1). The root mean square (RMS) roughness was extracted for the
distribution of surface height over the probed film area of each film. The probed film areas are:
(2 um x 2 um) for pure materials, (15 pum x 15 um) for PBDB-T:CPDT-4F blend with 2% CN,
(20 pm x 20 pum) for the PBDB-T:CPDT-4Cl blend with 2% CN, and (5 pm x 5 um) the rest of
the blend films. Custom software based in Igor Pro are used to process and analyze all X-ray data
for RSoXS, STXM/NEXAFS, and GIWAXS. Sample size for all those X-ray measurements is
(n=1). For the GIWAXS measurements, (n=1), 2D scans collected via CCD camera are reduced
into 1D profiles via custom and Nika software.*? The reduced 1D profiles are then normalized to
film thickness, sample length, and X-ray exposure time. Peaks of interest were Gaussian fitted,
with fit parameters [peak position, peak height (intensity), and full width at half maximum
(FWHM)]. Fitting results of peak intensity are presented with error bars that were extracted from
peak fitting. Other fitting results such as FWHM of specific GIWAXS peaks are used in Scherrer
analysis to calculate coherence lengths. RSoXS data was processed like GIWAXS, but with a
custom software based on Igor Pro. That takes into account other important experimental
parameters such as background readings of the CCD camera and X-ray intensity of direct beam
at a given scattering energy. NEXAFS spectra analysis for composition and optical constants
calculations was conducted using custom Igor Pro based codes. Details of spectra peak fitting,

residuals, chi-squared value, and origin of uncertainties can be found in our previously published
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procedure.*® Also, a custom software was used to convert STXM data into quantitative
composition maps, details of the analysis of composition maps can be found in our previous

procedure.®
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Abstract

This study focuses on investigating the impacts of utilizing a green solvent processing
additive, phenylnaphthalene (PN), on device performance and nanostructure of the state-of-the-
art binary PM6:Y6 organic solar cells (OSCs). A holistic analysis of charge generation losses,
along with a suite of synchrotron X-ray techniques are leveraged to explore potential structure-
property relationships in PM6:Y6 OSCs as a function of PN additive concentration. We find that
PN increases Y6 aggregation and domain purity, leading to more efficient light absorption and
charge extraction. PN also reduces bimolecular (BMR) and field-dependent (FD) geminate
recombination types. However, as the amount of the PN additive passes optimum, 0.5 vol %, we
observed an increase in field-independent (FI) geminate recombination. That leads to a reduction
in the charge separation efficiency. The charge separation behavior as a function of PN
concentration follows the trends of device performance. Our morphological investigation
suggests that the FD geminate recombination loss can be a result of the increasing molecular
order of Y6 at PN concentrations > 2 vol%. These findings highlight the importance of detecting
structure-property correlations when optimizing the device performance of non-fullerene OSCs
using green solvent additives, which have the potential as low-cost, printable technology for
renewable energy.
Introduction

Organic solar cells (OSCs) are attractive due to the tunability of their optoelectrical
properties, mechanical flexibility, and abundance of materials. The record of power conversion
efficiency (PCE) of OSCs is approaching 20%, with non-fullerene acceptors (NFA) leading the
way. 0103143144 Thorough understanding of structure-property relationships and quantification of

charge losses are essential to realizing the potential of NFA OSCs.
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The family of Y-NFA 32103143 can yield efficient bulk heterojunction (BHJ) OSCs, e.g.
PM6:Y6 OSCs can give PCE > 17%,314 are usually processed from chloroform (CF) as a main
solvent with halogenated additives such as Br-N CI-N.*8 1-chloronaphthalene (CN) is commonly
used as a plasticizing solvent additive and found to optimize film nanostructure and hence device
performance.'®32 However, we have seen previously that CN requires extreme precision to avoid
excessive amount of solvent additive, which can lead to runaway crystallinity of NFA
molecules'*®147, Crystallinity of NFA molecules is an essential aspect of active-layer
morphology. It is important knowing the balance when optimized NFA molecular packing
through film processing with solvent additives.

Ye et al. have proposed a hydrocarbon solvent additive, namely phenylnaphthalene (PN),
to replace CN. Their work demonstrates that PN can effectively replace CN to optimize device
performance in multiple NFA OSC systems while relatively maintaining efficient device
performance even with excessive amounts of the PN additive.**” However, the impacts of PN on
PMG6:Y6 device performance and nanostructure have yet to be examined in detail. Additionally,
it has been shown that the PM6:Y 6 system has some field-independent (FI) geminate
recombination losses, but the morphological origins of that have yet to be specified.'*?

Here, we substitute CN with the halogen-free additive, PN, to optimize device
performance of PM6:Y6 OSCs. Motivated by our previous work of quantifying loss mechanisms
in polymer:fullerene OSCs through a holistic analysis,?”4° we exploit the potential of this
analytical method to examine charge losses in PM6:Y6 systems as a function of PN
concentration. The evolution of film morphology with PN additive is probed via a suite of
synchrotron-based X-ray techniques combined with complementary electron-based methods. We

also examined whether excessive amounts of PN lead to runaway crystallinity similar to CN.
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In this work, we examined in detail the loss mechanisms and nanostructure evolutions of
PM6:Y6 OSCs processed from CF with different concentrations of PN as a solvent additive. The
device performance maximizes at 0.5 vol % PN yielding PCE of ~ 14.5 %, then decreases as the
amount of PN increases. Despite the decline in the overall device performance, PN reduces the
absorption and FD geminate recombination and improves charge extraction by means of
lowering BMR. X-ray scattering results show that domain purity increases with solvent additive.
Also, X-ray diffraction measurements show that Y6 molecules become more ordered at PN > 2
vol % as manifested by the pronounced appearance of its backbone (001) diffraction peak. We
conclude that this 3D order in Y6 molecules at PN > 2% causes the observed increase in FI
geminate recombination, which leads to less charge separation. Finally, we find that even at
elevated concentrations of PN (= 2 vol %), there are no signs of runaway crystallinity in the NFA
molecules compared to using CN additive, as observed in previous studies.'#614” Those findings
present the potential for using eco-friendly solvent additives to optimize device performance in
NFA OSCs. It is worth mentioning that both the main (host) solvent (CF) and the additive
(guest) solvent (PN) evaporate and totally leave the films shortly after casting, leaving behind

solid thin film of the PM6:Y®6 active layers.
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Results

Device performance and optoelectronic testing
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Figure 4- 1: a) UV-VIS absorbance spectra of PM6:Y6 blends with different amounts of PN. b) J-V
curves of the studied blends. The corresponding J-V parameters at 0, 0.5, and 2% PN are
summarized in (c) Fill factor (FF) and open-circuit voltage, (d) short-circuit current density, and
PCE. The plotted values in ¢ and d are the averages of at least six independent devices, and the
uncertainty bars are the standard errors.

Figure 4- 1a presents the UV-VIS absorbance spectra of PM6:Y6 active layers with 0,

0.5, and 2 vol % PN solvent additive. The PN additive gradually increases the intensities of PM6

peaks at 580 and 630 nm. The film thickness is similar for all blends (~ 90 nm) as measured by

variable angle spectroscopic ellipsometry (VASE), Figure S3- 5. That could mean PN increases

polymer aggregations. The additive also causes a red-shift in the Y6 absorbance peak from 830

nm, without PN, to about 840 nm with 0.5% PN then increases peak intensity gradually as the

amount of PN increases. That indicates changes in Y6 molecular aggregations with solvent
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additive. The PN additive impacts the UV-VIS absorbance of the PM6 and Y6 pure films in the
exact manner as in blends, Figure S3- 2. The J-V characteristics are summarized of all JV in
Table S3- 1. The device performance maximizes at 0.5 vol % PN with Jsc and FF determining
the trends in device performance which Voc steadily decreasing. The overall behavior of J-V
characteristics as functions of PN are similar to previous work.**’” To understand the trend of
device performance with the PN additive, a thorough investigation of the charge generation
processes to quantify efficiencies of each step is required. That includes the absorption,
generation, and extraction efficiencies.

To examine the exciton dissociation efficiency, photoluminescence quenching was
performed on pure and blended films. The results, shown in Figure S3- 8, indicate that the
PM6:Y6 active layers have efficient exciton dissociation, in agreement with previous work. *%°
Thus, the exciton recombination is negligible. In this series, we turn to time-delayed collection
field (TDCF) experiment to measure generation current density (Jgen) and then compare that to
the photocurrent density (Jpn) from the J-V characterization, Figure 4- 2. To quantify charge
recombination losses and calculate the quantum efficiencies in the investigated PM6:Y6 OSCs,
analyses from our previous work are followed.?”*® The calculations and results of losses as
effective photocurrent densities [mA/cm?], charge losses [%], and device quantum efficiencies
[%] are detailed in Table S3- 2, Table S3- 3, and Table S3- 4; and displayed in Figure 4- 3.

The bimolecular recombination in the examined PM6:Y6 devices is about 8-11 % of all
lost charges. Field-dependent geminate recombination is responsible for about 1-2% of lost
photons which is very low and has been seen in other systems.®11%2 The PN additive slightly
reduces both BMR and FD geminate recombination losses. Importantly, Field-independent (FI)

geminate recombination loss is ~ 3 % without PN, decreases slightly with 0.5 % PN, then
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increases up to ~ 7 % lost photons with 2% PN. Unlike PCPDTBT:PCBM OSCs,* the
investigated PM®6:Y6 devices here suffer to some degree of FI geminate recombination losses, in

agreement previous work.4
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Figure 4- 2: Current densities vs. voltage for the PM6:Y6 with 0% (a), 0.5% (b) and 2% PN (c). From
top to bottom: Jmpp (dashed black) is current density at maximum power point, Jon (solid red) is the
photocurrent JV curve (Jph=JLicHT -JDARK), Jgen (blUe circles) is current density based on generated
charges via TDCF, Js.t (dashed green) is the saturated current density that is at voltage= -3 V, Japs
(dashed orange) is the current density as calculated from the transfer matrix, and Jmax (dashed cyan) is
the current density of the solar simulator in wavelength range of 350-1000nm. d) Schematic of all the
current densities and how they are extracted.

The absorbance current density (Jans) was calculated from transfer matrix modeling of the
PM6:Y6 active layers.*® more in the supporting information, Figure S3- 6 and Figure S3- 7. The
total of incidental photons that were not absorbed—i.e. absorbance loss— is about 26-29 % of.
The PN additive slightly reduces the absorption losses. Next, efficiencies of each step of the

charge generation processes in the PM6:Y6 active layers are quantified and summarized in Table
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S3- 4 and Figure 4- 3b. We find that both absorption and extraction efficiencies benefit from the

PN additive. On the other hand, charge separation benefits slightly from 0 % PN then declines

with 2 % PN additive. Here, the charge separation efficiency is inversely related to FI geminate

recombination. To examine what potentially can be the morphological origin of why the device

performance peaks at 0.5% PN and why PN reduces all the loss mechanisms except the FI

geminate recombination, we utilized a suite of multimodal nanostructure probes.
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Figure 4- 3: a) Charge density at each step of the charge generation process in PM6:Y6 OSCs as a
function of the concentration of solvent additive PN [vol.%]. “Abs. Loss” means absorption loss due
to photons not being absorbed. “FI Gem”: field-independent geminate recombination loss. “FD
Gen”: loss to field-dependent geminate recombination. “BMR” loss to bimolecular recombination.
"Extracted” means extracted charges. Note that all are relative to the maximum current density (Jmax)
that can be given to an OSC by the incident photons of the solar spectrum. Since the extracted
charges in (a) is relative to Jmax, it does not directly reflect Jsc. b) Quantitative efficiencies of each of
the charge generation processes in the investigated OSCs: namely the absorption, charge speciation
and charge extraction efficiencies.

Morphology

Atomic force microscopy (AFM) was used to probe the surface roughness and change in

phase as function of the PN additive. Figure 4- 4a-c present AFM height scans of the PM6:Y6
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Figure 4- 4: Microscopic scans of PM6:Y6 blends. a-c) AFM height scans of films with 0, 0.5 and 2 %
PN, respectively. d-f) TEM scans of films with 0, 0.5 and 2 % PN, respectively.

active layers with different amounts of PN. The root mean square (RMS) values of surface
roughness suggest slight increase of surface roughness with PN. Surface roughness of pure PM6
films almost remains the same with different amounts of PN, see Figure S3- 9. Pure Y6 films are
in general rougher than PM6 films. In blends, it seems the polymer slightly disrupts aggregations
of Y6 molecules. AFM phase scans of the blends, in Figure S3- 10, also indicate some increase
in phase as the amount PN increases which can be viewed as change in phase separation.
Transmission electron microscopy (TEM) scans of the blends are presented in Figure 4- 4d-f.
Based on the AFM and TEM scans, the film texture of blends with different amounts of PN
qualitatively does not change and comparable across the different imaging techniques. Zooming

in on the blends with TEM suggests that there are features/domains in a length scale of 10s of
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nanometers. To gain more insights into the domain size and purity, we utilized resonant soft X-
ray scattering (RSoXS).

Figure 4- 5a presents the RSoXS profiles of the PM6:Y6 blends with 0, 0.5 and 2 % PN
additive. The data was collected at X-ray energy of 284.5 eV which is slightly below the
resonant energies of both PM6 and Y6 molecules. This X-ray energy was chosen to minimize
absorption while having decent contrast between the two molecular species, refer to Figure S3-
11. Relative domain purity and characteristic length (Lc) of the examined PM6:Y®6 blends are

extracted from the RSoXS profiles and presented in Figure 4- 5b.** The domain purity,

Lc= 211/q [nm]
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Figure 4- 5: a) Lorentzian corrected RSoXS profiles of the PM6:Y6 blends with different amounts of

PN. Data was taken at 284.5 eV. b) Relative domain purity which is « \/ Total Scattering Intensity
and the characteristic length Lc= 2*pi/q (feature position). ¢) 2D GIWAXS scan of PM6:Y6 blend
without PN as an example, in an arbitrary intensity color scale. Reduced 1D GIWAXS profiles of
PM6:Y6 with different amounts of PN: (d) in the IP direction. () in the OoP direction. f) The crystal
coherence length of the IP pi-pi stacking.

calculated from the TSI equation (refer to the RSoXS section, Chapter 2), increases with the PN
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solvent additive—similar to the trend in the AFM phase scans. On the other hand, Lc, acquired
from peak position, values are in the range of 70-90 nm and slightly decreases with PN.

Next, we utilized grazing incidence wide angle x-ray scattering (GIWAXS) to probe
crystallinity and packing quality in neat and blend films of PM6 and Y6 with different amounts
of PN additive. GIWAXS data and results are presented in Figure 4- 5¢-f and in the supporting
information. At 0 % PN concentration, both PM6 and Y6 molecules in pure and blend films
show pi-pi stacking with preferential face-on orientation with respect to the substrate. As the
amount of PN increases, noticeably at 2% PN, the PM6 pi-pi population prefers to migrate into
face-on orientation. On the other hand, the Y6 pi-pi stacking population becomes less face-on
orientated as the amount of additive increases, refer to Figure S3- 14. It is worth noting that the
relative degree of crystallinity for pi-pi stacking (010) remains comparable in films with different
amounts of PN. GIWAXS patterns of the neat films are used as refences for peak assignment of
the blends Figure S3- 13, and fitting for peak position and d-spacing, and calculating the crystal
coherence length (CCL) values of pi-pi stacking and lamellar packing (see Figure S3- 15, Table
S3- 5, and Table S3- 6). The CCL values of the face-on pi-pi stacking does not undergo
significant changes with PN. However, the CCL of edge-on pi-pi stacking increases gradually
with amount of solvent additive, see Figure S3- 16¢. This increase in CCL is specifically
attributed to the increasing order in between Y6 molecules. Another indicator of the increasing
order in Y6 is the change in the shape of its in-plane (IP) backbone (001) diffraction peak. The
Y6 IP backbone peak starts as shoulder (see Figure S3- 16d) then at PN concentration > 2 % it

becomes distinguishable suggesting that Y6 starts to increase 3-dimentional order.

86



Discussion

Combining the holistic analysis of charge losses with probing the nanostructures enabled
having deep insights into the trends of device performance. We find that the solvent additive PN
changes the Y6 molecular aggregation and enhances the absorption of PM6 and hence leads to
monotonic improvement in absorption efficiency of the studied PM6:Y6 OSCs. The steady
increase in domain purity as a function of PN concentration is correlated with reduction in BMR
and FD geminate recombination. The reduction in those two types of charge recombination can

be the cause behind the improvement in the charge extraction efficiency. Despite the positive
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Figure 4- 6: a) Trends in charge separation and device performance parameters
(FF, Jsc and PCE) as functions of PN concentration. b) A comparison of Fl
geminate recombination loss vs IP pi-pi stacking CCL.
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impacts of PN on reducing BMR and FD geminate recombination and improving absorption and
charge extraction, 2% PN increases FI geminate recombination and hence reduces the charge
separation efficiency. We find the later to follow similar trend as the device performance as
presented in Figure 4- 6a. The most FI geminate recombination takes place in the blend with 2%
PN. In the same blend, we observed an increase in the IP pi-pi CCL of Y6 as well as an
emergence of the Y6 backbone differentiation peak. This increase in the order of Y6 is also
observed in the blend with 5% PN. Therefore, our morphology results points toward a
relationship between crystalline ordering of Y6 and the increase in FI geminate recombination. It
has been suggested that highly ordered active layers'>*—ordered Y6 molecules!>*—lead to low
driving force which is considered as key for efficient charge generation. Our findings, however,
seem to be in line with the previously proposed scenario that charge generation benefits from

disordered interfaces.*>®

Conclusion

In conclusion, we have quantified all losses at each step of charge generation in PM6:Y6
OSCs processed from CF with PN as optimizing solvent additive. Increasing the concentration of
PN generally enhances absorption and charge extraction efficiencies and reduces FD geminate
recombination and BMR. Those enhanced efficiencies can be related to changes in Y6
aggregations and increases in domain purity. However, we find that the main loss mechanism is
FI geminate recombination which limits charge generation when exceeding an optimum amount
of PN additive (> 0.5 vol%). It appears that the increased losses due FI geminate is driven by the
emergence of 3D ordered Y6 crystallites. These results show that eco-friendly solvent additive
can be potentially used to optimize device performance in NFA OSCs, also shed some light onto

key structure-property aspects.
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Experimental Section

Device fabrication of solar cells with structure of Glass/ITO/PEDOT:PSS/
PM6:Y6/PDINO/Ag. Organic powders purchased from 1-Material are: the electron-donating
polymer PM6 (poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo[1°,2°-c:4’,5’-
c¢’]dithiophene-4,8-dione)]); electron-accepting non-fullerene Y6 ((2,20-((2Z,202)-((12,13-
bis(2ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-¢]thieno[2,"30’:4°,50]
thieno[20,30:4,5]pyrrolo[3,2-g]thieno[20,30:4,5]thieno[3,2-b]indole-2,10-diyl)
bis(methanylylidene))bis(5,6-difluoro-3-0xo-2,3-dihydro-1H-indene-2,1-diylidene))
dimalononitrile)); and the electron-transporting material PDINO (2,9-Bis[3-
(dimethyloxidoamino)propyl]anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3,8,10(2H,9H)-
tetrone). The solvents, CF and PN, were purchased from Sigma-Aldrich. The PEDOT:PSS
solution was purchased from Heraeus (Clevios P VP Al 4083). ITO patterns have a resistivity of
about 45 ohms/sg. The Glass/ITO were cleaned sequentially in detergent, deionized water,
acetone, then isopropyl alcohol for 10 min each. Next, the substrates were puffed with N2 gas
and placed in UV-Ozone cleaner for 4 min. A layer of PEDOT:PSS was spin-cast at 5000 rpm of
spin speed for 30 s, then left on a hot plate (150°C) for 20 min. Next, the substrates were moved
into a nitrogen glovebox with Oz and H.O levels at about 0.1 ppm. Solutions of the active layers
were prepared and left stirring on a hot plate (50°C) the night before casting. PM6:Y6 weight
ratio is 1:1.2 and was dissolved in CF at 11 g/L concentration. The PN additive was added 30
min before casting at concentrations of 0, 0.2, 0.5, 2, and 5 vol.%. The active layers were cast
with spin speeds between 1100-2000 rpm for 50 s. The films are then placed on a hot plate

(200°C) for 10 min, then let cool for another 10 min before casting a layer of PDINO (1 g/L in
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methanol). The PDINO layer was cast at 3000 rpm spin speed for 30 s. Lastly, a 100 nm top
electrode of Ag was thermally deposited in a vacuum at pressure ~ 5 x e Torr. The active
device area is 4 mm?,

Device performance was characterized by conducting current density—voltage (J-V)
measurements using Keithley 2450 and AAA solar simulator (AM1.5 global filter) with a Xenon
arc lamp (Oriel 300W Newport) at irradiance power of 1000 W/m?2. The J-V characterization was
done in a nitrogen glovebox.

Time-delayed collection field (TDCF) measurements were conducted immediately after
the J-V characterization on the same devices in the same testing station inside the nitrogen
glovebox. Excitation was achieved with 600 nm laser light (ND-YAG pumped OPO Eskpla
NT232 with a pulse width of 3 ns and frequency of 100 Hz). The laser fluence was about 150
nJ/cm2. A time delay of 5 ns was given to a device then a collection voltage was applied via a
customized overpulse method to overcome the device RC time constant. The customized
amplification circuit is synchronized with the laser pulse through a function generator (240 MHz
bandwidth, Tektronix AFG 3251). A 1 GHz bandwidth oscilloscope (Teledyne LeCory, HDO
4104) was then used to measure the transient photocurrents.

Atomic force microscopy (AFM) was performed on films cast on Si substrates. Height
and phase scans were acquired via AFM (Dimension Icon, Bruker) with TESPA-V2 SAMPLE
tip.

Transmission electron microscopy (TEM) scans were taken on films mounted onto
TEM grids. The measurements were done in bright-field mode via FEI Technai G2 20 Twin
(Thermo Fisher, Waltham MA, USA). The electron source is 200 kV LaB6 and the CCD

detector is FEI Eagle 4k.
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X-ray measurements were conducted at Berkeley National lab, the advanced light
source (ALS), at 7.3.3,%°5.3.2,2 and 11.0.1.2%" beamlines. GIWAXS measurements are done at
ALS BL 7.3.3 with 10 keV X-ray and at an incident angle of 0.2°. The GIWAXS samples were
cast on Si substrates. GIWAXS data was processed using custom and Nika software.*? Near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy and RSoXS measurements were
conducted at ALS 5.3.2 and 11.0.1.2 beamlines, respectively. Samples were cast on Na:PSS/Si
substrates floated off in deionized water and picked up with TEM grids for NEXAFS
spectroscopy or silicon nitride windows for RSoXS. X-ray data was processed via custom codes
based on Igor Pro software.
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CHAPTER 6: CONCLUSIONS

This dissertation comprises three studies that aim to examine structure-property
correlations in multiple polymer:fullerene/non-fullerene binary OSC systems by utilizing a suite
of synchrotron X-ray techniques and holistic methods of texting device performance and photo-
electric current losses.

The first study investigated the morphological mechanisms behind a novel high-
performing thick polymer:fullerene OSC. This system was found to exhibit highly suppressed
charge recombination that is dependent on the donor:acceptor blending ratio. The multimodal
characterization of its nanomorphology reveals that pure donor and acceptor phases are
important but not sufficient to realize extremely low recombination. Instead, it was found that
larger, pure, and well-aggregated domains, and crytically with sharp D-A interfaces are likely to
act as charge conduits across the active layers to effectively segregate charges and suppress
recombination even in active layers with film thickness up to one micrometer.

In the second study, the characterization of device performance and morphology of
polymer:NFA OSCs was conducted to examine their sensitivity to the processing additive. CN
was used as a plasticizer additive to optimize device performance by tuning domain purity and
crystallinity. We found there is a strong correlation between phase purity and molecular ordering
with device performance. Also, we found that any additional amounts of the CN additive,
beyond optimum lead to a drastic decrease in device performance due to excessive phase
separation and over-crystallization. This runaway crystallinity of NFA at high concentrations of
CN led to poor charge generation and is a new issue not experienced by previous fullerene-based

(albeit lower-performing OSCs). We also showed that even the record performance NFA
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(PM6:Y6) OPVs, if not processed with extreme precision of CN additive concentrations, can
suffer from this runaway crystallinity.

In the third study, we substituted CN as solvent additive with a non-halogen (green)
solvent PN to optimize device performance in PM6:Y6 OSCs. We utilized a holistic analysis of
charge generation losses and a thorough morphology characterization to examine potential
structure-property relationships in this system as a function of PN additive concentration. We
find PN increases domain purity and NFA aggregations, increasing absorption efficiency and
reducing the bimolecular field-dependent geminate recombination types. However, we find that
as the Y6 ordering increases with PN, the field-independent geminate recombination in this
system increases, leading to a reduction in charge separation. Another important finding is that
excessive amounts of PN, unlike CN, do not lead to the previously observed runway crystallinity
in PM6:Y6 OSCs. Thus, extreme precision of the concentration of PN is not very critical
compared to CN.

Although it is well-established that the morphology of OSC active layers governs their
device performance, there are no universal processing guidelines across different material
systems. That rather depends on the material classes, and often some conclusions are system
dependent and cannot be generalized. Regardless, some of the findings of this dissertation have
significant implications on understanding key processing-structure-property relationships that
can contribute to the successful printing of OSCs at a commercial scale. In the polymer:fullerene
study here, the morphological features present some explanations for how efficient devices can
be achieved with printable active layers up to 1um in thickness. Thus, large, pure percolation
pathways with sharp heterointerfaces may be required to achieve efficient polymer:fullerene

OSCs suitable for large-scale industrial production. Based on the examined polymer:non-
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fullerene OSC systems in this dissertation, the oversensitivity of device performance and
morphology to the processing additive is remarkable. Thus, careful selection of solvent additive
or even additive-free methods is vital to achieve successful fabrication of NFA OSCs.

Finally, leveraging a combination of holistic analytical methods of device-physics
characterization along with advanced synchrotron X-ray probes of nano-morphology is key to
understanding processing-structure-property relationships in OSCs. Such thorough approaches of
multimodal characterization might be essential for emerging NFA binary and ternary OSCs to

realize their potential for efficient, printable, low-cost technologies of solar energy.
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 3: EVIDENCE THAT

SHARP INTERFACES SUPPRESS RECOMBINATION IN THICK ORGANIC SOLAR

CELLS
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Absorbance and J-V Characteristic Curves: Thickness Comparison
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Figure S1- 1: UV-Vis absorbance for 1:1.5 with CN blends for
comparison of 100 nm thick (solid) vs. 200 nm thick films (dashed).

Blend Additive Voc Tsc FF PCE (avg)
CN [%] [mA.cm2] [%%] [%%]
(NT812:PC71BM) [V]
(1:1.5) 0.5 0.75 14.8 70.4 7.9
(1:1.5) (thin) 0.5 0.76 13.7 73.2 75

Table S1- 1: Device performance summary for 1:1.5 blends with CN, at different
thickness. Thick blend ~ 200 nm and thin blend ~ 100 nm.
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Reduction Factors of Bimolecular Recombination
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Figure S1- 2: Coefficient of bimolecular recombination as a function of carrier intensity in all four
NT812:PC71BM blends. Calculated via steady-state bias-assisted charge extraction measurements,

krec shown as black squares. The predicted Langevin recombination coefficient kL is shown as dashed
red lines. a) for NT812:PC71BM (3:1) blend without CN. b) for NT812:PC71BM (3:1) blend with CN.
c) for NT812:PC71BM (1:1.5) blend without CN. d) for NT812:PC71BM (1:1.5) blend with CN.

See previous work for more experimental details and calculations about the coefficients

of bimolecular recombination and charge carrier mobility. 367 Also, refer to the experimental

section in the main text.
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Charge Carrier Mobilities
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Figure S1- 3: Charge carrier mobilities were calculated via resistance-dependent photovoltage (RPV)
transient measurements in all four blends of NT812:PC71BM with active layer thickness~ 200 nm. a)
for NT812:PC71BM (3:1) blend without CN. b) for NT812:PC71BM (3:1) blend with CN. c) for
NT812:PC71BM (1:1.5) blend without CN. d) for NT812:PC71BM (1:1.5) blend with CN.
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GIWAXS Results and Analysis
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Figure S1- 4: 2D GIWAXS results for all blends as the labels indicate. All blends show PC71BM
ring at g= 1.36 A and pi stacking (010) of the polymer at g= 1.83 A™. The pi stacking shows
stronger OoP signal meaning face-on preferential pi packing in face-on orientation with respect
to the substrate. The 2D images are plotted with an arbitrary color scale of the scattering
intensities, also corrected for the missing wedge a) for NT812:PC71BM (3:1) blend without CN.
b) for NT812:PC71BM (3:1) blend with CN. c) for NT812:PC71BM (1:1.5) blend without CN. d)
for NT812:PC71BM (1:1.5) blend with CN.
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Figure S1- 5: 1D GIWAXS profiles extracted from 2D GIWAXS results in Figure S1- 4. Additionally,
1D profiles for neat PC71BM are included as reference for peak assignments. a) Profiles taking in the
horizontal sector, i.e. in plane (IP). (b) Profiles taking in the vertical sector, i.e. out of plane (OoP).
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Figure S1- 6: 1D OoP GIWAXS data (red) were fitted with multi-peak fitting (blue) for PC71BM
peak (at g=1.36 A™) and pi stacking face-on peak (010) for the polymer (at q=1.83 A™%). Each peak
was fitted to a Lorentzian with a linear background (green). FWHM values from the fitting results

(black) were inserted in Scherrer equation [D = Fi::M, K (constant) = 0.94] to calculate the

corresponding coherence length (D) for the real-space molecular packing and ordering that causes
those scattering peaks. a) for NT812:PC71BM (3:1) blend without CN. b) for NT812:PC71BM (3:1)
blend with CN. c) for NT812:PC71BM (1:1.5) blend without CN. d) for NT812:PC71BM (1:1.5)
blend with CN.
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Figure S1- 7: 1D GIWAXS profiles for neat polymer (NT812) spin casted on Na:PSS/Si substrates
from solution with and without additive CN. a) 1D profiles for the IP direction. b) 1D profiles for
the OoP direction.

Parameter Peak position d-spacing
Peak\Sector In Plane [A-1] | OutofPlane [A-1] | In Plane [A!] | OutofPlane [A-]
Lamellar (100) 0.28 0.29 22.44 21.67
Pi Stacking (010) | 1.83 (edge-one) 1.83 (face-on) 343 3.43

Table S1- 2: Molecular packing details extracted from GIWAXS data. Scattering peak positions and
d-spacing (d = %T) for pi stacking (010) peaks and their corresponding lamellar (100) peaks of

NT812 in pure polymer films and in blends with and without solvent additive CN. Also, the orientation
of pi stacking with respect to substrate was indicated in parentheses. Note: those peck positions and
d-spacing values do not change in all samples (both in neat polymer and blend films) which indicates
that similar packing and ordering in neat polymer exist in blends.
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Figure S1- 8: In plane GIWAXS profiles for all blends and neat films with and
without CN (left) for (100) peak. Right: coherence length (D) for the in-plane
lamellar peaks (100) that are presented on the left side.
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Figure S1- 9: a) Pole figures for NT812 (010) pi-stacking were processed for all blends from GIWAXS
data. Where “Omega” defines the angle between the crystallite orientation and the surface of the
substrate. b) Bar graph representation of relative degree of crystallinity (rDoC) for (010) pi-stacking in
all NT812: PC71BM blends, calculate by integrating the profiles in part (a).

Pole figures,1%2 here, describe orientation distribution of the polymer n-n stacking (010).
Thus, the results suggest that all blends show that NT812 prefer (face-on) orientation with
respect to the substrate. Relative degree of crystallinity (rDoC) analysis for (010) pi-stacking

shows that all blends have similar rDoC for the n-x stacking (010) peak in the polymer domains.

Volume of Polymer Crystal (all orientations)
rDoC =

Total Volume of Polymer
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Near-Edge X-Ray Absorption Fine-Structure (NEXAFS) Spectroscopy
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Figure S1- 10: a) NEXAFS spectra for pure NT812 and pure PC71BM scaled to their bare atom
absorption coefficient. The STXM imaging energies were selected based on those NEXAFS
spectra, mass absorbance, for the donor and acceptor. b) A zoomed in version of (a). At 284.4 eV,
the fullerene has higher absorbance than the polymer. Another imaging energy was chosen to be
320 eV where the fullerene and polymer absorb about the same. ¢) NEXAFS spectra for pure
polymer with and without solvent additive CN as shown in (c). The mass absorbance is relatively
similar for neat polymer (NT812) with and without CN.
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Figure S1- 11: NEXAFS for NT812: PC71BM (1:1.5) blends (red) with CN, but different
thicknesses. Linear fits (black) of the NEXAFS spectra of the blend films (red) with reference
NEXAFS spectra for neat materials, NT812 (orange) and PC71BM (blue). The fitting of
NEXAFS spectra for blend films enables quantitative determination of average chemical
composition. The film thickness also calculated from beer-lambert law. The fit residuals shown
on top (gray). Results show that the average composition of both blends ~ 60% PC71BM, which
agree with the blending weight ratio (1:1.5). a) for a thin NT812:PC71BM (1:1.5) blend with
CN. b) for a thick NT812:PC71BM (1:1.5) blend with CN
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Scanning Transmission X-ray Microscopy (STXM) for Composition Mapping

um
30 25 20 15 10 05 O

um
10 15 20 25 30

Pl 2

um
30 25 20 15 10 05 00

-21?9.0

[a0] soueqiosqy

[wu] sseunoiy |

[% W] uonisodwod Z18LIN

um
-21 ?7.5

[QO) soueqiosqy

-

o

o
|

Thickness [nm]
[=2] <]
o o
T T

NT812 Concentration [wt.%]
N H [=2] =} 3
o o o o o

o

821+3%NT812

27+5%NT812

0

100 200 300 400
Distance [nm]

Figure S1- 12: Composition mapping analysis for a thin NT812: PC71BM (1:1.5)
blend with CN. a) A STXM image was taking at fullerene resonant energy (284.4 eV)
and the image in (b) was taken at a non-resonant energy (320 eV). By combining
those STXM images with NEXAFS spectra for neat materials, a thickness map (c) as
well as a composition map (d) were generated. e) Line profiles show variation in
thickness (Red) and composition (blue) across a region of the blend film as presented
in colored lines in ¢ and d. From (e) the average thickness is about 85 nm. Also, the
polymer concentration in the polymer-rich domain is 82 £ 3 wt. % and 27+ 5 wt. % in
the fullerene rich domain. The deconvolution of the X-ray beam tails suggests pure
domains (see Figure S1- 13-Figure S1- 15 for the deconvolution analysis).
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Figure S1- 13: The composition images on the left, a, ¢ and e are the same composition image as in
Figure S1- 12 d with bars that correspond to the spots where the 1D line profiles in b, d and f were
extracted from. b). Shows 1D concentration profiles that were extracted from different spots as
indicated with colored lines in (a). The general trends of feature size and compositional fluctuation
are consistent across the film. d). The profiles were extracted from fullerene-rich spots, as indicated
with white bars in (c), to show that the polymer concentration gets as low as 25% or less. f).
Concentration 1D profiles extracted from (e) as indicated by white bars to show that the polymer
concentration can got above 75%. The blue traces in d and f are the same as the blue one inb. In
general, the polymer concentration fluctuation, high and low, can be found in several spots of the
film. It was impossible to get 100% or 0% polymer concentration profiles from the raw compositional
maps due to the x-ray beam convolution with the relatively small domain sizes in those NT812:
PC71BM systems. Therefore, 1D and 2D deconvolution analyses were conducted to retrieve the real
molecular concentration in the polymer and fullerene domains.

After considering the convolution of the x-ray beam tails with film domains, the results
suggest the presence of pure polymer and fullerene domains. The deconvolution analysis of the
line profiles is similar to our previously published calculation.?* We have also conducted 2D
deconvolution analysis as shown in Figure S1- 14 and Figure S1- 15. Our 2D deconvolution

results also suggest the existence of pure polymer and fullerene domains.

118



65
60
55
50
45
40

65
60
55
50
45
40

T
S
-
2
=
c
S
=
©
=
c
[
Qo
c
o
o
N
-
0
=4
4

304, — Raw
= Smoothed (2 pixel box filter)
20¢ === Deconvoluted

wes Convoluted

0 50 160 1.;)0 260 2.;;0 360 3.;)0 460
Distance [nm]
Figure S1- 14: a). This is the same image as the raw composition map in Figure S1- 12d but
zoomed in on the spot where the blue line is, also in a grays color scale instead. b). A
smoothed version of the image in (a), smoothed with a 2-pixel box filter to reduce the noise
effects. ). A deconvoluted image that shows better representation of the real film. Where
black is 100% fullerene, gray is 50% and white is 100% polymer. The gray regions, i.e., 50%
concentration, indicate film spots where there are vertical overlaps between pure polymer
and fullerene domains. d). A result of convolving (c) with the X-ray beam profile in Figure
S1- 15. ¢). 1D line profiles to compare compositional variation across different domains in
the 2D images, a, b, ¢ and d (as indicated by colored lines in the images).
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Figure S1- 15: Constructing a 3D representation of the X-ray beam profile. A scan across a TEM
grid bar “a knife-edge scan” was taken as shown in (a). The dark regions show the grid bars where
the beam is totally blocked. The bright region is the direct beam through a mesh hole. b) An intensity
scan across a knife edge of the TEM grid bar as indicated by a red line in (a). The total intensity
changes from zero “dark”, where the beam is totally blocked, to direct beam (o). The intensity line
scan was taken at E = 320 eV. ¢) A gaussian peak fitting of the derivative (red) of the intensity line
scan in b. The FWHM is ~ 100 nm, which should be the maximum beam FWHM because the beam
was not 100% focused. d) An approximate 3D representation of the X-ray beam, assuming a
gaussian symmetric beam. e) A 2D representation of (d). f). A peak fitting for a line profile that was
extracted from (e), as indicated with a red line. The fitting results suggest a gaussian beam profile
with FWHM~ 65 nm.

The knife-edge measurement of the STXM X-ray beam is simple, yet useful to get a
good approximation of the beam width and its upper limit. Our calculation of beam profile width
(FWHM-~ 100 nm) shows similar or even sharper beam than previous calculations (FWHM>100

nm).>*
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Figure S1- 16: STXM composition scans were taken on ~ 200 nm films at 284.4 eV, which is
fullerene absorption peak, i.e., a fullerene resonant energy. PC71BM (dark regions) and NT812
(white fibrils). The images are for a 1:1.5 blend without CN% (a) and a 3:1 blend with 0.5 CN%
(b). The overall shapes of PC71BM domains and polymer fibrils in the thick (1:1.5) film is similar
to the thin film (see Figure 2- 3b in the main text).
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Materials Contrast: X-ray Scattering Energy Selection
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Figure S1- 17: Scattering intensity (1) is proportional to the contrast function, /(E) o(An|?, where
(n) is index of refractionn = 1 — & + if. The imaginary part (beta) is related to absorbance,
calculated from NEXAFS measurements, and the real part (delta) is calculated from the Kramers
Kronig transform. The graphs show the real (red) and imaginary (blue) parts of indices of refraction
for neat polymer (a) and neat fullerene (b).
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Details of the Kramers Kroning Transform can be found elsewhere.>> See previous work

for more details on this transformation and calculation of index of refraction and contrast

function.*®
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Figure S1- 18: Materials and vacuum contrast functions based on the material indices of
refraction, where contrast function is C = E?|An|2.
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RSo0XS: Film Thickness Calculation via NEXAFS Absorbance Profiles
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Figure S1- 19: NEXAFS measurements for all blends to determine film thickness at the same spots
where RSoXS data was taken on each film. NEXAFS profiles were scaled to the mass absorbance
coefficient (black fits) of the bare atoms. Film thickness calculated via Beer-lambert’s law then
used to normalize RSoXS data. Where the film hickness = GET l (II"((EE))), here Io(E) is the
intensity of the direct incident beam, I(E) is intensity of the transmitted beam through the film,
u(E) is the mass absorption coefficient, and p is the film density.
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RSo0XS: Composition Variation and Characteristic Length
Refer to our previous work, for more details about the two domain modeling and

calculation of composition fluctuation.?*

(a) (b)
—_— T T T T T T T
E 1001 lo1o 1.0} ]
= - 3 -@~ Normalized TSI
< 90 E\;, 8, 081 [(Composition Variation) b
5 | e " 8 0.8+ -
£ - Lc g go.
4 = =
< 8ot 10088 £ ..l |
F = §
5 _ S B 0.6} 4
B 70} 0073 8
m _.4.
- £ 0.5} |
o 10.06 o
60 1 L 1 1 0.4 | | . .
31 3Mw/CN 115 1:1.5w CN 31 31w/ CN 115 1:1.5w CN
Samples Samples

Figure S1- 20: Calculations based on RSoXS results in the main text (Figure 2- 4a). a) Characteristic
length (Lc) of the corresponding features (black) for each film was calculated as Lc=2n/q where q is the
peak position (green). b) The composition variation in each blend was calculated by normalizing the total
scattering intensity (TSI) values for each blend to TSI for 1:1.5 with CN, which shows the highest
scattering intensity. The TSI~ integral of the RSoXS scattering profiles in Figure 2- 4a of the main text.
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Figure S1- 21: a) Concentration variation of the polymer as a function of its volume fraction, based on
two domains model. b) Composition fluctuation of the polymer between the two domains (AC,, = C; —
C,) which indicates the lateral RMS of the polymer concentration in a film.
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Figure S1- 22: RSoXS results at 45-degrees sample tilt plotted to explore the gz component. Data
examples shown here are for the 3:1 (200 nm) film with CN and 1:1.5 (100 nm) film with CN. 2D
RSoXS data shown in Qz vs Qxy (top) and extracted average 1D profiles (bottom). The intensity
decreases in direction of -Qz due to higher absorption of photons that travel longer paths through
the sample as shown in the 45-degee RSoXS geometry diagram on the right side.

The 2D data indicates that there are no features in the z-direction, i.e., no vertical
stratification. The 1D profiles show features with peak positions that agree with RSoXS data at
normal incidence (refer to Figure 2- 4a). For more details on the transmission scattering

geometry at 45-degrees of sample tilt, refer to our previous work.?’
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Donor-Acceptor Interfacial Width Calculation
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Figure S1- 23: Model to calculate interfacial width. a) Schematic of fibril cross-
sections. b & ¢) composition profiles extracted from the green lines in (a).

RMS Composition Fluctuation Between Pure Domains Converted to Interfacial Width
To calculate the effects of molecular mixing between domains, we combine our
measurement of the RMS composition fluctuation ACgys, and characteristic length L. both from

mp

RS0XS analysis, and the known average polymer concentration in the blend a = . For the

mp+mf
purposes of the calculation, we start with the assumption of a hexagonal lattice of pure
cylindrical polymer fibrils in a matrix composed of pure fullerene (Figure S1- 23a). However,

later we show how we can relax the assumption of a lattice or regular fibril radii R. We assume
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that L. = d the domain spacing and can calculate the fibril radii using basic geometry of the

hexagonal lattice R = d /% Taking the origin to be at the center of a cylindrically symmetric

fibril, we can characterize the composition as a function of radius r in the sample C(r) in the
case of sharp interfaces and in the case of a linearly varying concentration over a region w as
shown in Figure S1- 23b. We can connect this model with our measurement ACg,,s With the

following integral over the sample volume:

1
ACBys = Vf[C(r) — al?dV

We can use the coarea formula to solve this equation for the interfacial width w. While
the case we apply — a simple linear transition — invokes only a very familiar case used in
physics calculations, this method will work for a wide range of bounded curvature “cylinders".
In the calculation below, AC3, is called the fractional reduction in RMS.

Coarea Formula

While anybody who has taken multivariable calculus has seen Fubini's theorem,>¢ in
action — we almost always do multivariable integrals one coordinate at a time — usually that
deep generalization of this theorem called the coarea (pronounced co-area) formula is not well
known outside of geometric analysis.

Recalling Fubini

Recalling Fubini's theorem for the case that

Q = [ay, b1] X [az, by] X [a3, b3] - [an, by] € R"

We have:

Lcwg()?)df _ Lbl <Lb2 <Lb3 <Lbng(x) dxn> ---dx3> dx2> cdoxy

1
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Which, in the case of 2 dimensions becomes:

by / ;b
f g(xX)dx = f (f g(xq,%3) dx2> dxy
NcR2 a; a

Fiddling with Representations
Now will do something that might seem a bit overly complicated, but will help us move

to the generalization. We define F(x,, x,) = x; We notice that the length of the gradient vector

of this map is the constant 1 and note that this is  /det(VF - VF*) which we call J F. (In general,

for F:E c R® - Rf¥wherek < n, Jdet(DF - DF*) where DF is the k x n dimensional
matrix

of partial derivatives of F and DF is its transpose.) We also notice that the first
(innermost) iterated integral is the integral over level sets of F — i.e. we are integrating over
subsets of the domain where the value of F (i.e. x,) is fixed. So far, there is nothing new—we are
simply changing representations. Finally, we will write u to represent the usual area measure on
R? and 7! to represent the 1-dimensional length measure on 1-dimensional sets (this is the 1-
dimensional Hausdorff measure).

Using our Fiddle to get to the Punchline

Let’s rewrite the last integral using these representations:

by
j 900 F()du = j ( j 900 %) d}fl) dx,
NCR2 a, F~1(x)Nnn

At this point, it is very important for you to convince yourself that every piece of this
makes sense to you for the simple reason that once you have the steps up to the coarea formula is
much easier.

Why? Because: the coarea formula in our case is given by:
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fE 9(0)] Fdyu = fR f o SOy

Where J F is the Jacobian of F:R? - R, #! is the 1-dimensional Hausdorff measure,
and p is the area measure on R2.

Now, the slick thing: F: R? - R, 7! can be any Lipschitz continuous mapping.

(Recall that a function is Lipschitz continuous if there is a positive constant K < oo such
that |[F(x) — f(y)| < K |x — y| for every X, y, in the domain of F.)

The picture is that instead of integrating over level sets of F being the planes defined by
the equation F (x4, x,) = x; for some fixed x;, we can integrate over level sets of any Lipschitz
function. In our case, we are integrating over the level sets of the distance function to the set =

{center of the disk} which coincide with a choice of F = the distance function to the disks of

higher density. See Figure S1- 24.

Level sets of F(x1,x3) =y

| [/
/

(a) Levelsetsof F(xy,x3) = x4 (b) Levelsetsof F(x;,x5) =y (c)

; . . | ]
//\/4

N

X2 X

|_x1 > X1 General Case > X1 Our Case

Figure S1- 24: @) The usual case of Fubini’s Theorem. b) The coarea formula is a deep
generalization. It applies to wild sets of mappings F that are merely Lipschitz continuous. c) Our
case—a common one in physics problems with symmetries—is the case in which the level sets are

spheres of some dimension.
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The Co-area Formula in our Case

Because | F = \/det(VF - VF*) = 1 except for a set of measure 0 when F is a distance

function, the above formula reduces to:
[owau= [ geodsraay
E RYF-1(¥Y)NE

and because we will choose transition functions g(x) which are constant on the level sets

of F, we can further simplify to:
[9@ au= [ g ronmr @y n By
E R

where p now is the area measure on E

Two Cases

We now compare the cases in which g(x) = (C(r) — a)? is either a sharp transition
between regions of constant density and the case in which it is a linear transition (See Figure S1-
23b and c).

As a result, we can see that:

1
1,2 Z,u(E) sharp transition
](C(r)——) du =
E

1
< Z‘U(E) non — sharp transition

Assuming a hexagonal arrangement, we get that each equilateral triangle contains % disk.

So, as long as E is some union of these equilateral triangles (see Figure S1- 25), we get that

[0}

where the part we have used the coarea formula for is the integral on the right side of the

R+Y

N L (LT U T

2

R

above equation and where Nz = numbers of equilateral triangles in E
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and where:

2

(cr-3) =(555)
M-35) ={—
Now, if we define d to be the distance between centers, i.e. the characteristic length L,

(See Figure S1- 25b), the area A of one equilateral triangle is

3d?
Az\/_
4

_p
A~V

A 2mR?
a =
d2

V3a

2T

~
I

Where Ap is the polymer area inside the equilateral triangle in Figure S1- 25b, i.e., the

area of % disk.

(a) L L] .

L E= union of 8 equilateral

triangles

Figure S1- 25: a) Example of a set E, a union of eight equilateral triangles. b)
Basic equilateral formed by centers, where the center-to-center spacing d equals
the characteristic length L. that was measured from RSoXS.

And we conclude:

(c 1)2d N (VB3 [ (R_r)zd
fE (r)—z p=— |7 —mRw H.L_Kr - r

2
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Evaluation of the integral is:

2

RY7 /R_7 1
47Tf r( ) dr = —nmwR
w w 3

So, continuing:

o2 a2 (5 2o

and the fractional reduction in RMS compared to the sharp transition is:

&(ﬁdz 2 )

2 Z —gﬂ,’RW

2 _
ACqys = &\/?dz
4 4

8mTRw
3/3d?2

Thus, the interfacial width becomes:

_ 34/3d?
~ 8nR

w 1- AC}%MS)

Uneven Fractions

Suppose that you are actually interested in
[ € - ran
E

1
where0<a<1anda¢5.

Then, assuming that C inside the disks is 1 and outside is 0 and that &« = (C) we notice

that:

L(C(r) —a)?du = L((C(r) - %) - (a — %))2 du
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(R T

Thus, the adjustment yields

2
. 1Hled) 5
ACqus = N2
t-4(e=3)
ACgys = 1-—

[ e
)

and the interfacial width is

3v/3d? 1\?

Remarks
It is not hard to change the calculation to accommodate arbitrary transition functions instead
of the affine (piecewise linear) transition used here, as long as we stick to transitions that are
constant on level sets of the distance function to the disks.
. While the profile of the rods are disks, we can generalize this to any cylinder over a 2-
dimensional figure with bounded curvature. (The curvature bound sets limits on how big

. 1 .
%can be — we would restrict % < - where k is the bound on the curvature, then we can use

Steiner type formulas to get the areas of the level sets that we need to use the coarea
formula.)

. Aslong as the %—neighborhoods of the rods or generalized cylinders don't intersect we can

get a similar result for a distribution of different sizes of disks or cylinders, as outlined
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below.

points, where H 2(E) is the 2-dimensional Hausdorff measure of E (the area of E).

If there are N disks in region E, and the hexagonal close packed lattice can accommodate
all the disks (whatever their radii are) such that none of R + g disks intersect, then

. H2E) 2\2
(23

Defining n(R) to be the number of disks of radius R, we get that the fractional reduction is

f$(1‘3%(%%) dR = }[Z(E)f C(”“)Zd“

_fn(R) dR 8w fn(R) R dR
E N 3\/§d1\] E N dN

8w Ln(R) R

- — dR
3\/§dN N dN

The first term reduced to 1 implies that %R) is a probability density function. The integral
in the second term implies continuous convex of combination of di over support of n(R).
N

Recall that “support” of a function is the set on which it is not zero (more precisely, it is

the closure of the set on which it is non-zero).

Now, define R = mean of R under the distribution == that means:

_ n(R)
R:LTRdR
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Then the fractional reduction becomes

202 = 1 8T R w
RMS 3\/§d]\[ dN
Thus, the interfacial width becomes:
3v3dy dy
w = T?f(l — ACRys)
For the case where0<a <land a # %
N> 8t w R
1-4(a—5) ——F—=—7
2 _ ( 2) 3\/§dN dN
ACRMS - 1 2
1-4(a-7)

and the interfacial width is

3v3dy dy 1)
w = <T\/_?f> <1—4<a—§> >(1_ACI%MS)

Thus, we conclude that even if the radii are not all the same, we can—under the
conditions set out above— simply replace R with R in the final equation of “fractional reduction”

in the constant disk size case.

Blend NT812 PC71BM Le=d Equilateral NT812 NT812 Disk | D-A Interfacial
(NT812:PC71BM) | (Volume (Volume [nm] Triangle Area (A) | Disk Area | Radius (R) Width (w)
Fraction) Fraction) [nm?] [nm?] [nm] [nm]
(3:1) 0.77 0.23 62.8 1709.5 2632.6 29.0 7.5£0.9
(3:1) w/CN 0.77 0.23 62.8 1709.5 2632.6 29.0 4.9+0.6
(1:1.5) 043 0.57 98.2 4173.5 35892 338 12+0.3
(1:1.5)w/CN 0.43 0.57 98.2 4173.5 3589.2 33.8 6.7+0.2

Table S1- 3: Summary of the calculated variables via the donor-acceptor interfacial width calculation.
The volume fraction values and characteristic length L. are from RSoXS analysis.
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RSoXS and GIWAXS
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Figure S1- 26: RSoXS profiles for 1:1.5 blends with CN. The solid profile is for a 100 nm
thick blend and dashed for a 200 nm thick film. The results are very similar, suggesting
that the composition variation and characteristic length are almost thickness independent.
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Figure S1- 27: 1D GIWAXS profiles for 1:1.5 with CN blends with different thickness: 100 nm
(solid) and 200 nm (dashed). In plane (left) and out of plane (right). The thinner sample shows
lower peak intensities as expected. Otherwise, the results are similar, indicating similar packing

and crystallinity in those blends.
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 4: HIGH SENSITIVITY OF

NON-FULLERENE ORGANIC SOLAR CELLS MORPHOLOGY AND PERFORMANCE TO

A PROCESSING ADDITIVE
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Device performance

The EQE results follow similar trends to the J-V results. The EQE profiles show that; a

peak ~ 500-600 nm for electron donor, peak ~700-900 nm for the electron acceptor, and an

overlap ~ 650 nm. Maximum EQE in both systems was noticed in the blneds with 1% CN, which
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Figure S2- 1: J-V characteristics and EQE profiles for PBDB-T:CPDT-4F blends are
presented in (a) and (b), respectively. For PBDB-T:CPDT-4Cl, (d) and (e) show J-V curves
and EQE, respectively. The data is for junction blends processed from CB with 0, 0.5, 1, and
2% CN solvent additive (as indicated by the different colors and legends). See the summary
tables of device performance below.

00

is about 70%. The EQE traces of the blends show similar peak positions to the UV-Vis

absorbance peaks that were seen previously.®
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Fluorinated blends (PBDB-T: CPDT-4F)

PBDB-T:CPDT-4F Condition Voc [V] Tsc [mA/em?] FF [%] PCE (max) [%]
1:1 without 0.70(£0.01) 16.44(£0.39) 39.88(+1.06) 4.58(4.86)
1:1 0.5%CN 0.68(+0.00) 20.40(+0.33) 59.88(+0.55) 8.26(8.47)
1:1 1%CN 0.66(:0.02) 22.33(£0.20) 63.49(x0.10) 9.28(9.51)
1:1 2%CN 0.47(£0.13) 9.16(x0.14) 54.20(£3.82) 2.39(2.81)

Table S2- 1: summary of device performance parameters for PBDB-T:CPDT-4F blends. The device
performance parameters are the mean of 10 cells+ standard deviation.

Chlorinated blends (PBDB-T: CPDT-4Cl)

PBDB-T:CPDT-4C1 | Condition Voc [V] JSC [mA/cm?] FF [%] PCE (max) [%]
1:1.2 without 0.68 (=0.00) 19.16(=0.11) 47.09(£3.34) 6.10(6.57)
1:1.2 0.5%CN 0.68 (+0.00) 20.21(+0.12) 56.01(+2.73) 7.65(7.98)
1:1.2 1%CN 0.62 (=0.00) 21.53(£0.11) 66.42(£2.28) 8.92(9.20)
1:1.2 2%CN 0.55 (£0.07) 11.31(=0.51) 53.30(£2.64) 3.03(4.09)

Table S2- 2: summary of device performance parameters for PBDB-T:CPDT-4Cl blends. The device
performance parameters are the mean of 10 cellst standard deviation.
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GIWAXS analysis and results
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Figure S2- 2: GIWAXS data for pure polymer (PBDB-T) without CN (top) and with 1% CN
(bottom). 2D GIWAXS images (left) and 1D GIWAXS profiles (right) with background profiles of
PEDOT:PSS.
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Figure S2- 3: GIWAXS data for pure small molecule (CPDT-4F) without CN (top) and with 1%
CN (bottom). 2D GIWAXS images (left) and 1D GIWAXS profiles (right) with background
profiles of PEDOT:PSS.
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Figure S2- 4: GIWAXS data for pure small molecule (CPDT-4CI) without CN (top) and with 1% CN
(bottom). 2D GIWAXS images (left) and 1D GIWAXS profiles (right) with background profiles of
PEDOT:PSS.

142



PBDB-T:CPDT-4F 0%CN PBDB-T:CPDT-4F 0.5%CN 107F PBDB-T:CPDT-4F
? 0% CN
. e 0.5%
A — 1%
4 — 2%
2|

P
N

—— PEDOT.PSS

oA
IP Intensity [a.u.]

7
6|
5
/\ b
3

I
10\
0. 0.0 0

PBDB-T.CPDT-4F

OoP Intensity [a.u.]

1.0

p — - —
a, [A] a4y [A7] P
Y Y qla’)

1
3 4 5 6 7 89 2 3

Figure S2- 5: GIWAXS data for PBDB-T:CPDT-4F with different CN concentration as indicated in
the legends. 2D GIWAXS images (left and middle). 1D GIWAXS profiles (right) for IP and OoP
sectors as indicated by y-axis labels. The background profiles of PEDOT:PSS were appended to the
1D profile graphs for reference (shown in green).
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in the legends. 2D GIWAXS images (left and middle). 1D GIWAXS profiles (right) for IP and OoP
sectors as indicated by y-axis labels. The background profiles of PEDOT:PSS were appended to
the 1D profile graphs for reference (shown in green).
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Figure S2- 7: A few examples of peaking fitting of GIWAXS scattering profiles in OoP direction: a)
PEDOT:PSS, b) PBDB-T 1% CN, c¢) CPDT-4F with 1% CN, d) CPDT-4ClI with 1% CN, e) a PBDB-
T:CPDT-4F blend with 2% CN, and f) for a PBDB-T:CPDT-4Cl with 2% CN. The GIWAXS profiles
are shown in (red), Lorentzian fits (black) with linear background (green). The fit residuals are
shown in gray. When fitting a blend profile, only the peak positions are held at the same q values as
for the pure materials until a good fit is achieved. After that, the constrains are left so peak positions
can freely adjust to get an optimal fit.
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Out of Plane nt-rt stacking In Plane lamellar stacking
CN vol. face-on (010) (100)
Sample ” . " .
[vol. %] Peak Position d-spacing Peak Position d-spacing
[A7] [A] [A1] [A]
0 1.71 3.67 0.28 22.44
PBDB-T
1 1.71 3.67 0.29 21.67
0 1.79 3.51 - -
CPDT-4F
1 1.80 3.45 0.33 19.04
0 1.82 3.44 - -
CPDT-4Cl
1 1.80 3.49 0.33 19.04
1.74 (polymer) & 3.61 (polymer) &
0 - -
1.82 (NFA) 3.44 (NFA)
0.31 (polymer) & 0.33 20.50 (polymer)& 18.92
PBDB-T:CPDT-4F 0.5 1.75 & 1.82 3.60 & 3.45 (polymer) (polymer)
(NFA) (NTA)
1 1.73 & 1.81 3.63 & 3.48 0.29 & 0.33 21.67& 19.26
2 1.71 & 1.80 3.67 & 3.49 0.29 & 0.33 21.67& 19.28
o 1.71 (polymer) & 3.67 (polymer) & 0.30 (polymer) & 0.34 20.08 (polymer) & 18.68
1.80 (NFA) 3.49 (NFA) (NFA) (NFA)
PBDB-T:CPDT-4C]| 0.5 1.68 & 1.79 3.74 & 3.51 0.29 & 0.33 21.65& 19.28
1 1.68 & 1.79 3.74 & 3.51 0.29 & 0.32 21.80& 19.35
2 1.70 & 1.80 3.70 & 3.49 0.29 & 0.32 21.70& 19.44

Table S2- 3: Peak position and d-spacing results extracted from multi-peak fitting of the GIWAXS 1D
scattering profiles for in-plane lamellar and out-of-plane pi stacking. Where d= 2r/(peak position).
In parenthesis meaning: (polymer) means values for polymer peaks in blends and (SM) means values
for small molecule peaks in blends.
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X-ray spectroscopy (NEXAFS) and material contrasts
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Figure S2- 8: NEXAFS spectra for neat materials (left). Right: contrast functions of material-
vacuum and material-material calculated based on the material indices of refraction n=1-6+ig,
where the imaginary part is the mass absorbance, and the real part was calculated via the
Kramers Kronig transform. The contrast function is C=E* x|4n|?, where E is the X-ray energy.

For more details about the Kramers Kronig relations, refer to the previous work by Yan et al.>>
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Figure S2- 9: Quick NEXAFS absorbance spectra taking for each blend on the same spots where the X-
ray scattering (RSoXS) data was taken then scaled to bare atom absorbance fits (black dotted) to
extract the exact film thickness at that spot. The left graph is for fluorinated blends and the right one is
for the chlorinated blends. The extracted thickness values were used to normalize RSoXS scattering
profiles. (RSoXS data and results shown below).
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X-ray micro-spectrosocpy (NEXAFS and STXM)
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Figure S2- 10: STXM images of neat films without (left) and with 1% CN solvent
additive (right).
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Figure S2- 11: STXM images and NEXAFS spectra of the fluorinated blends (PBDB-T: CPDT-
4F). Top row shows STXM scans for blends with different CN amounts (left to right: 0, 1, and 2%
CN). The second-row shows zoomed out and in scans of the blend with 2 % CN on different
regions “domains” as indicated with the red squares. No features or textures were detected
within those largely separates domains in 2% CN blend. NEXAFS spectra taken across those
large domains in the 2% CN blends are shown in the third row. When the spectra were fitted to
reference spectra of neat materials, results suggest pure polymer domains and a vertical average
of 64% small molecules in the other domains. The bottom row show NEXAFS spectra taken
across 0% CN blend (left) and 1% CN blend (right). Their peak fitting results confirm the weight
ratio of the small molecules in those blends (i.e., ~50 wt.%)
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Figure S2- 12: STXM compositional analysis of the fluorinated blend (PBDB-T: CPDT-4F) with 2%
CN. Images were taken a polymer resonant energy (285.25 eV) and a non-resonant energy for both
the small molecule and polymer (320 eV). Composition analysis was performed to extract
compositional and thickness maps (shown in the middle). Then 1D profiles of thickness and
composition (presented on the right side) were extracted from those maps across different domains
as indicated by the red and blue lines on the maps.

The STXM and NEXAFS analyses provided in this section follow similar methods as in

our previous work.4>46
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Figure S2- 13: STXM images and NEXAFS spectra of chlorinated blends (PBDB-T: CPDT-4Cl). Top
row shows a STXM scan and NEXAFS spectrum for the blend without CN. Domains are within the
STXM resolution and are not big enough to conduct compositional analysis. NEXAFS fitting results
confirm the weight ratio (i.e., ~ 55 wt.% small molecule). The second row shows a STXM scan and
NEXAFS spectrum for the 1% CN blend. The domains were big enough to perform composition
analysis on this film (see Figure 3- 6 in the main text). The results of fitting the NEXAFS scan also
confirms the weight ratio in this blend. Finally, data of the film with 2% CN is presented at the bottom
of this graph. The STXM image show strong phase separation, with the dark domains being mostly
small molecule and the bright regions being mostly polymer—as confirmed by fitting NEXAFS scans
that were taken across those different domains (as indicated by the red arrows).
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Figure S2- 14: STXM compositional analysis of the chlorinated blend (PBDB-T: CPDT-4Cl) with
1% CN. Images were taken a small molecule resonant energy (284.85 eV) and a non-resonant
energy for both the small molecule and polymer (320 eV). Composition analysis was performed to
extract compositional and thickness maps (shown in the middle). Then 1D profiles of thickness
and composition (presented on the right side) were extracted from those maps across different
domains as indicated by the red and blue lines on the maps
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Figure S2- 15: STXM compositional analysis of the chlorinated blend (PBDB-T: CPDT-4Cl) with
2% CN. Images were taken a small molecule resonant energy (284.8 eV) and a non-resonant
energy for both the small molecule and polymer (320 eV). Composition analysis was performed
to extract compositional and thickness maps (shown in the middle). Then 1D profiles of thickness
and composition (presented on the right side) were extracted from those maps across different
domains as indicated by the red and blue lines on the maps.

153



Resonant soft X-ray scattering (RSoXS)
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Figure S2- 16: 1D Lorentz-corrected scattering profiles of the fluorinated blends (PBDB-T:
CPDT-4F) where 1*Q? vs Q (top) and anisotropy vs Q (bottom). The anisotropy is calculated
as the difference between scattering in the vertical direction and horizontal direction over
their sum. RSoXS was conducted at different X-ray energies as indicated in the graph
legends.
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Figure S2- 17: 1D Lorentz-corrected scattering profiles of the chlorinated blends (PBDB-
T: CPDT-4CI), where 1*Q? vs Q (top) and anisotropy vs Q (bottom). The anisotropy is
calculated as the difference between scattering in the vertical direction and horizontal
direction over their sum. RSoXS was conducted at different X-ray energies as indicated in
the graph legends.
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Figure S2- 18: Shown (top) are peak fitting of the scattering profiles of the chlorinated blends
(PBDB-T: CPDT-4CI) to calculate the component scattering intensity (CSI) of the primary peaks
and secondary peaks (the secondary peaks emerge with solvent additive CN). Where data (red),
fits (black), and fit residuals (gray). The results suggest that the dominate scattering feature that
contribute to the total scattering intensity (TSI) is the one at high Q, i.e., CSI of the primary
feature. Thus, CSI of the primary feature follows a similar trend as TSI of the entire scattering
profiles (see red and blue traces in the bottom right graph). Whereas the CSI of the secondary
features is negligible. This RSoXS data was taken at X-ray energy of 285.2 eV.

Lognormal and gaussian peaks often work well for fitting RSoXS data with multi-scale

scattering features like in this case of the chlorinated blends with solvent additive.'?’

TSI is calculated as the area under the entire RSoXS curve and CSI is the area an

individual peak.2”:12%
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Figure S2- 19: Summary of the 1D Lorentz-corrected scattering data and peak fitting analysis of
the fluorinated blends (left) and chlorinated blends (right): where 1*Q? vs Q (top), anisotropy vs Q
(middle), and peak fitting results of peak positions and characteristic lengths (bottom). The
anisotropy is calculated as the difference between scattering intensities in the vertical direction and
horizontal direction over their sum. RSoXS was acquired at an X-ray energy of 285.2 eV. The onset
Lc values are for the best performing devices, those are the blends with 1% CN.

Flipping of molecular orientations with different sample processing conditions often
affect the polarized scattering patterns which result in changes in the sign of anisotropy.?® Here,
the anisotropy trends follow closely the scattering peak positions and intensities without any
change signs. That suggests there are no significant changes of molecular orientations in the

investigated films.
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Surface roughness: atomic force microscopy (AFM)

[01%]CN]

Figure S2- 20: AFM height scans of the fluorinated blends (PBDB-T: CPDT-4F) with different
amount of solvent additive (0, 0.5, 1, and 2 % CN from left to right, respectively). Sale bars of 2 um.

Figure S2- 21: AFM height scans of the Chlorinated blends (PBDB-T: CPDT-4Cl) with different
amount of solvent additive (0, 0.5, 1, and 2 % CN from left to right, respectively).
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Figure S2- 22: AFM height scans for pure materials; processed from CB
without solvent additive (left) and with 1% CN (right). Scale bars of 500 nm.
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Blends with 2% CN: optical microcopy images

Fluorinated blend with'2 volX% CN! Chlorinated blend with'2 vol*% CN

Figure S2- 23: Visible optical microscope images were obtained via IA Nikon Eclipse LV100
at 10X magnification. The small molecule domains are so large due to the dramatic phase
segregation in both fluorinated and chlorinated blends with 2% CN additive.
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Blends with 2% CN: scanning electron microscopy (SEM) images

-

oo ey

Si Substrate

Figure S2- 24: SEM scans of the fluorinated blend (PBDB-T: CPDT-4F) with 2% CN additive. SEM
surface scans (left and center) and a SEM cross-section (right).

Si Substrate

Figure S2- 25: SEM scans of the chlorinated blend (PBDB-T: CPDT-4Cl) with 2% CN
additive. SEM surface scans (top). The bottom left is a zoomed in SEM surface scan on a
bright mountain-like region as indicated with the red square. A SEM cross-section scam
shown on the bottom right.

161



Transmission electron microscopy (TEM) images

PBDB-T:CPDT=4F, 0% CN PBDB-T:CRDT=4F, 0.5% CN PBDB-T:CRDT=4FNI%|CN PBDB-T:CEDT-4F,12% CN

200'nm

PBDB-T:CRDT-4F, 2% CN

200 nm

Figure S2- 26: TEM bright-field scans of the fluorinated blends (PBDB-T: CPDT-4F) with
different amount of solvent additive. Top from left to right: 0, 0.5, 1, and 2 % CN, respectively.
The bottom images are zoomed out and in scans of the blend with 2 % CN on different regions

“domains” as indicated with the red squares.

Zoomed in scans on different domains in blends with 2% CN do not reveal obvious

features.
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Figure S2- 27: TEM bright-field scans of the chlorinated blends (PBDB-T: CPDT-4Cl) with
different amount of solvent additive. Top from left to right: 0, 0.5, 1, and 2 % CN,
respectively. The bottom images are zoomed out and in scans of the blend with 2 % CN on
different regions “domains” as indicated with the red squares.
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Figure S2- 28: TEM bright-field scans of pure materials: without
solvent additive (left) and with 1% CN (right).
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Microscopic results of PM6:Y6 blends

0 vol.% CN 0.5%
(a) (b)

VLM

& om

Figure S2- 29: Visible light microscope (VLM) images of PM6:Y6 blends processed from
chloroform with different concentrations of CN [vol.%]. a-e) 0, 0.5, 1, 1.5, and 2 vol. % CN,
respectively. Scale bar of 10 pum.

PM6:Y6 (1:1.2) blends were processed from chloroform (CF) with different
concentrations of solvent additive (CN): 0, 0.5, 1, 1.5, and 2 vol. %. The blends were processed
by following previous procedures from the literature.3>34 The PM6 and Y6 materials were
purchased from 1-Material Inc. and the solvents, both CF and CN, were purchased from Sigma-

Aldrich. The VLM scans were acquired via IA Nikon Eclipse LVV100.
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 5: FIELD-

INDEPENDENTGEMINATE RECOMBINATION LIMITS CHARGE SEPARATION IN

PM6:Y6 ORGANIC SOLAR CELLS: DRIVEN BY MOLECULAR ORDERING OF Y6
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Device performance

PN
. Voe Jec FF PCE (max)
o | M | ImAem | %] [%]

0.0 082 |2495+0.14|64.49+042|13.10+0.07 (13.71)
0.2 0.80 |26.14£0.44|66.21 +£0.20{13.90 + 0.30 (14.32)
0.5 0.78 [26.12+0.24168.77 £0.10( 14.06 £ 0.13 (14.55)
2.0 0.77 |2525+028|67.17+£0.15/13.05+0.18 (13.82)
5.0 0.78 |24.95+0.49 |66.16 + 0.15] 12.83 + 0.29 (13.52)

Table S3- 1: Summary of the J-V parameters for PM6:Y6 OSCs with different concentrations of the
solvent additive (PN). Uncertainties are the standard errors.

The overall lower device performance of the investigated PM6:Y6 OSCs in this study,
compared to previous literature,*® can be attributed to the higher ITO surface resistivity (~ 45
ohms/sq, 145 nm thickness) vs. those of the literature (~ 15 ohms/sq, 185 nm thickness). See J-V

comparisons in Figure S3- 1.

= T | | I i
40 --: - B
—_ H 5 [ ITO(185 nm) -
NE HH ITO(145 nm)
5 20 [— Pm6:Y60on 145 nm ITO 7
2 13 = PM6:Y6 on 185 nm ITO i
=
— 0
- 1
; i
-20 | | N

00 02 04 06 08 1.0
Voltage [V]

Figure S3- 1: J-V results to compare 145 nm (~ 45 ohms/sq) vs. 185
nm (~15 ohms/sq). Also, J-V curves of PM6:Y6 active layers on the
different ITO substrates are plotted here for comparing.
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UV-VIS spectroscopy
Measurements of UV-VIS spectroscopy were performed on films cast on glass substrates

using an Ocean Optics QEPro spectrometer.
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Figure S3- 2: UV-VIS Spectra of films processed with different concentrations
of solvent additive PN. a) Pure PM6 films. b) PM6:Y6 blends. c) Pure Y6 films
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Figure S3- 3: UV-VIS spectra of the different layers used in the examined OSCs:
Glass, ITO, PEDQOT: PSS, and PDINO.
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Variable angle spectroscopic ellipsometry (VASE)

Film thicknesses and material optical constants were measured by an alpha-SE

ellipsometer (J. A. Woollam) at three angles of incidence: 65°, 70°, and 75°. All the organic

films were prepared according to the device fabrication procedure while cast on Si substrates.
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Figure S3- 4: Optical constants (k and n) of glass, ITO, PDINO, Ag, and PEDOT:PSS.
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Figure S3- 5: Optical constants (n and k) of a pure PM6 film, a pure Y6 film,
and blends of M6:Y6. The k profiles of the blends were converted from the UV-
VIS absorbance of the blends and compared to the literature. n is measured
from VASE. The film thicknesses of the blends are about 92 nm.
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Absorption and maximum current density calculation

To calculate the absorption efficiency of the investigated PM6:Y6 active layers, we

utilized the transfer matrix model developed by the McGehee group,*® using film thicknesses and

optical constants obtained via VASE. The simulated device structure is ITO (146

nm)/PEDOT:PSS (15nm)/active layer (92nm)/PDINO (7nm)/Ag (100nm). The modeling results

of absorbance current density (Jans) Of the PM6:Y6 active layers are 27.5524, 27.8929, and

28.5845 mA/cm? for the blends with 0, 0.5, and 2% PN, respectively.
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Figure S3- 6: Transfer matrix modeling results. a) Fraction of light absorbed or reflected by all
device layers. b) Fraction of absorbed light of PM6:Y6 active layers with different amounts of PN.
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The maximum current that can be given to an OSC device assuming 100% photo-electric
conversion, can be calculated by integrating the total number of incidental photons from our
solar simulator photon irradiance in the absorption spectrum range of 350-1000 nm. Then
multiplying that by the electron charge can yield the maximum current density (Jmax). The

calculated Jmax is 38.72 mA/cm?.
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Figure S3- 7: The yellow curve is the photon irradiance of the used solar

simulator to text the investigated OSCs. The blue, red and blue curves show the

photon irradiance scaled to the fraction of absorbed light by the PM6:Y6 blends
with 0, 0.5 and 2% PN.
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Quantum efficiencies and losses: calculations and results

PM6:Y6 blend Jmax Jobs Jeat Jgen Jmpp
PN Conc. [%] |[mA/cm?]|[mA/cm?]|[mA/cm?]| [mA/cm?] | [mA/cm?]
0.0 27.55 26.44 25.57 21.4
0.5 3872 27.89 26.87 26 4 22.76
2 28.58 2575 252 21.96

Table S3- 2: A summary of the current densities as calculated and extracted for PM6:Y6 blends
with 0, 0.5, and 2 % PN solvent additive. Jnax is calculated from the photon irradiance. Japs is
calculated from the transfer matrix modeling. Jsa is the current density of each blend at voltage
of -3 V. Jgen is the current density that was generated via TDCF at maximum power point voltage
(Vmpp)- Jmpp iS the current density at maximum power point.

PM6:Y6 blend with.. 0.0% PN | 0.5% PN | 2.0%PN
Abs. 10ss [%] = (Jmax — JabsImax 28.85 27 97 26.19
FI Geminate recomb. [%] = (Japs — Jsat)/Imax 2.87 2.63 7.31
FD Geminate recomb. [%] = (Jsat — Jgen)/Imax 2.25 1.21 1.42
Bimolecular recomb. [%] = (Jgen — Jmpp)/JImax 10.77 9.40 8.37
Charged extracted [%] = Jnpp/JImax 55.27 58.78 56.71

Table S3- 3: A summary of charge losses at each step of the charge generation process in relation
to the maximum current density Jmax in PM6:Y6 devices with 0, 0.5, and 2% PN. The first column
shows how each loss is calculated. FI stands for field-independent, and FD stands for field-

dependent.

PM6:Y6 blend with.. 0.0% PN | 0.5% PN | 2.0%PN
Abs. efficiency [%] = Japs/Imax 71.15 72.03 73.81
Separation efficiency [%] = Jgen/Japs 92 .81 94 66 88.17
Extraction efficiency [%] = Jpop/Jgen 83.69 86.21 87.14

Table S3- 4: Quantum efficiencies of light absorption, charge separation, and charge extraction

in PM6:Y6 devices with 0, 0.5, and 2 % PN.
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Photoluminescence spectroscopy

The photoluminescence spectroscopy was conducted using a laser light (Ekspla NT232)
with an excitation wavelength of 600 nm and an Ocean Optics QEPro spectrometer. The samples
were cast on PEDOT: PSS/glass substrates. A light background of a PEDOT:PSS/glass substrate
was subtracted from the PL intensity of the samples. The PL spectrum of each sample was

normalized to its thickness.

Normalized PL Intensity [a.u.]

900 1000
Wavelength [nm]

Figure S3- 8: Photoluminescence spectra of pure PM6, pure Y6, and blend PM6:Y6 films
with different amounts of solvent additive (PN).
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Atomic force microscopy scans

400.0 nm 400.0 nm 400.0 nm

Figure S3- 10: AFM height scans of pure films with different amounts of PN. a-c) For pure PM
films with 0%, 0.5%, and 2% PN, respectively. d-f) For pureY6 films of Y6 with 0%, 0.5%, and 2%
PN, respectively.

600.0 nm 600.0 nm

9

600.0 nm 600.0 nm

600.0 nm

Figure S3- 9: a-c) AFM height scans of PM6:Y6 blends with 0%, 0.5%, and 2% PN, respectively. d-
f) Phase scans of the blends with 0%, 0.5%, and 2% PN, respectively.
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NEXAFS spectroscopy and contrast function
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Figure S3- 11: a) NEXAFS spectra of neat films of PM6 and Y6. The pi* resonant energy of Y6 is
about 285.15 eV. The pi* resonant energy of PM6 is about 285.15 eV. b) Contrast functions of
materials-vacuum and material-material. The green arrow points are X-ray energy of 284.5 eV

The contrast function (C) is calculated as (C=E*x|An|?) where E is the X-ray energy and n

is the material complex index of refraction (n=1- 6 + if3). Beta is the imaginary part of the index

of refraction, which is the mass absorption and can be obtained from the NEXAFS spectroscopy.

Delta is the real part of the index of refraction and can be calculated from beta using the

Kramers-Kronig transform.>®
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Grazing incidence wide-angle x-ray scattering (GIWAXS)

PM6
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Figure S3- 12: 2D GIWAXS scans of pure PM6 films (a-c), pure Y6 films (d-f) and PM6:Y6
blends (g-i) with different amounts of PN as indicated on each scan.
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Figure S3- 13: In plane (IP) and out of plane (OoP) 1D GIWAXS profiles of pure PM6 films (a and b),
PM®6:Y6 films (c and d), and pure Y6 films (e and f). The films were processed with different amounts of
PN as indicated in the figure legends. The diffraction patterns of pure PM6 and Y6 films were used to
peak assign those of the blends.
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Figure S3- 14: Pole figures of the pi-pi stacking for: a) PM6 films, (b) Y6 films, and (c) PM6:Y6
blends. The films were processed with different amounts of PN as indicated in the figure legends. d)
The relative degree of crystallinity (rDoC) of pi-pi stacking in pure and blend films.

More details regarding pole figures can be found elsewhere. 1%
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Figure S3- 15: A multipeak fitting (MPF) example of fitting the pi-pi stacking of PM6 and
Y6 in the out of plane direction in the PM6:Y6 blend without PN. Similar fitting method
was used to extract peak positions and areas which then used to calculated d-spacings
and crystal coherence length (CCL) values of peaks of interest. CCL were calculated
using Scherrer analysis. Where CCL~ 2*pi/FWHM.
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Out-of-plane (010) 1r-1r stacking
. Peak Position| d-spacing CCL
Materials
[A] [nm] [nm]
PM6 (0.0% PN) 1.72 0.37 2.11(3)
PM6 (0.5% PN) 1.72 0.37 2.32(3)
PM6 (2.0% PN) 1.73 0.36 2.65(2)
Y6 (0.0% PN) 1.77 0.35 2.63(3)
Y6 (0.5% PN) 1.78 0.35 2.95(6)
Y6 (2.0% PN) 1.77 0.35 3.08(8)
PM6 1.72 0.37 2.2(1)
. 0
PM6:Y6 (0.0% PN) Y6 1.78 0.35 2.8(2)
PM6 1.73 0.36 2.1(1)
. 0
PM6:Y6 (0.5% PN) Y6 1.77 0.35 3.2(2)
PM6 1.73 0.36 2.3(1)
. 0
PM6:Y6 (2.0% PN) Y6 1.77 0.35 3.1(4)

Table S3- 5: A summary of peak position, d-spacing, and CCL values as extracted from MPF for
the OoP pi-pi stackings in pure PM6, pure Y6 and PM6:Y6 blend films with different amounts of
PN. (d-spacing= 2*pi/peak position).

In-plane (100) lamellar stacking

Materials Peak Position| d-spacing CCL

[A7] [nm] [nm]
PM6 (0.0% PN) 0.32 1.97 6.22(7)
PM6 (0.5% PN) 0.32 1.96 7.27(8)
PM6 (2.0% PN) 0.32 1.96 8.92(1)
Y6 (0.0% PN) 0.29 218 5.96(4)
Y6 (0.5% PN) 0.28 2.28 6.56(6)
Y6 (2.0% PN) 0.27 2.29 6.33(7)

Table S3- 6: A summary of peak position, d-spacing, and CCL values as extracted from MPF for
the IP lamellar stackings in pure PM6 and pure Y6 films with different amounts of PN.
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Figure S3- 16: a)1D GIWAXS profiles of PM6:Y6 blends with 0, 0.2, 0.5, 2, and 5 %
PN additive. a) GIWAXS intensity profiles in the OoP direction. b) Profiles in the IP
direction. ¢) CCL values of the IP pi-pi (010) stacking.

183



