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ABSTRACT

The morphology of organic semiconductors is critical to their function in optoelectronic devices
and is particularly crucial in the donor—acceptor mixture that comprises the bulk heterojunction of
organic solar cells. Here, energy landscapes can play integral roles in charge photogeneration, and
recently have been shown to drive the accumulation of charge carriers away from the interface,
resulting in the buildup of large nanoscale electric fields—much like a capacitor. In this work we
combine morphological and spectroscopic data to outline the requirements for this inter-domain
charge accumulation, finding that this effect is driven by a three-phase morphology that creates an
energetic cascade for charge carriers. By adjusting annealing conditions, we show that domain
purity—but not size—is critical for an electro-absorption feature to grow-in. This demonstrates
that the energy landscape around the interface shapes the movement of charges and that pure
domains are required for charge carrier buildup that results in reduced recombination and large
inter-domain nanoscale electric fields.
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Emergent optoelectronic technologies made from organic semiconductors, quantum dots and
perovskites incorporate both order and disorder at the nanoscale, where understanding the
relationship between structure and function is crucial for building efficient devices.:™ Morphology
is particularly vital for the functioning of organic solar cells, where mixtures of electron donor and
acceptor molecules form the basis of the bulk heterojunction (BHJ).%" Since its development the
BHJ has become the standard active layer structure in organic photovoltaic research where
efficiencies now exceed 18%.8 The morphology of the active layer can influence all steps of solar
light harvesting; photon absorption, exciton migration to the donor—acceptor interface, charge

transfer, and carrier transport to device electrodes.®

The energy landscape of the bulk heterojunction greatly impacts exciton and charge behavior
and can be critical to solar cell operation.1'* Recent studies have found that the donor—acceptor
interfacial energy landscape can be driven by electrostatic fields (i) between donor and acceptor
molecules®® (ii) from individual molecules with large quadrupole moments'®t’ or (iii) between
regions of different molecular packing.'®22 The energy landscape can also be defined by local
differences in donor—acceptor morphology via phases that can induce energetic cascades for
photogenerated charges.?>?8 A ‘three phase’ morphology has been shown to result in opposite
charge-carriers generated in the intermixed phase?®-3! driven away from the interface into pure

phases,3223 resulting in efficient charge transfer and reduced recombination.3+3’

We have recently reported an emergent bulk heterojunction property driven by energy
landscapes—the appearance of nanoscale carrier accumulation between domains and significant
capacitor-like electric field buildup.3® This effect has been observed in BQR (benzodithiophene-
quaterthiophene-rhodanine) electron donor and PC71:BM ([6,6]-phenyl-C71 butyric acid methyl

ester) acceptor blends (see structures in Figure 1a), where free carriers accumulate in their



respective domains on the nanosecond timescale giving rise to large (> 480 V/cm) electric fields
between local nanoscale regions of positive and negative charge. Nanoscale electric fields have
been implicated in charge behavior and chemical reactivity in a variety of settings,*3%#! and here
we find that fields are consistent with suppression of bimolecular recombination, a remarkable
2000-fold reduction compared to the Langevin rate.®® These electric fields are thought to drive
high steady-state carrier densities as a function of local nanoscale morphology, increasing quasi-
Fermi level splitting, photocurrent production, and open-circuit voltage. Charge carrier buildup
shows that carriers are held away from the interface on pico- to nanosecond timescales reducing
recombination, but this effect dissipates on microsecond timescales where carriers are able to

migrate to electrodes.®

Electric fields caused by photoinduced charges following the energy landscape are large enough
to measurably perturb the absorption of surrounding ground state chromophores. This can be
detected using transient absorption spectroscopy and is identified by its Stark signature,*?3 a
signal that has been described as an ultrafast voltmeter.** A Stark effect involves an electric field
acting on a molecule undergoing a transition between electronic states, interacting with either its
change of polarizability or change of dipole moment. A change of polarizability will induce a
dipole moment only in the direction of the electric field regardless of the molecule’s orientation,
resulting in an electro-absorption (EA) signal that has a lineshape equal to the first derivative of
the ground state absorption spectrum.*? A Stark effect that is instead dominated by the transition
dipole moment can result in either a first or second derivative signal depending on orientational
effects (Figure 1b). Here an isotropic distribution of relative orientations between chromophores’

transition dipole moments, Az, and an electric field leads to transitions that shift to both higher



and lower energies, resulting in a second derivative lineshape of the EA signature*>“3 (see Figure

1c).
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Figure la. Molecular structures and ground state absorbance spectra of BQR and PC:BM films. b. The absorption
spectrum of a 1:1 BQR:PC7:BM blend after 20 s of solvent vapor annealing (SVA), showing the first and second
derivative of this absorption spectrum. The device electro-absorption spectrum is shown in black, where a voltage is
applied via electrodes to the blend film. Here, the electro-absorption response is dominated by the change in dipole
moment, Au, with the applied field, E. c. explains how an electric field can produce the 2" derivative of the absorption
spectrum via the Stark effect. Here, the change in dipole moment with electric field shifts the energy levels of the
molecule, where a variety of relative orientations between transition dipole moment and electric field broadens the
‘field on’ absorption, and the difference between ‘field on” and ‘field off> gives a second derivative lineshape. d.
Nanoscale electric fields in these systems are caused by charge carrier build-up. This is driven by the energy landscape
and defined by a local morphology that is the subject of this work.

The nanoscale electric fields that cause an EA signature in nearby ground-state molecules
are ultimately caused by the charge accumulation of free carriers defined by the local energy
landscape (see Figure 1d). Energy landscapes have also been the subject of increasing recent
attention for their role in overcoming large Coulomb barriers to charge separation in organic solar
cells, 16222845 and for driving counterintuitively beneficial local charge accumulation in perovskite

devices.*® Enhancing the understanding between semiconductor nanostructure and key



optoelectronic and/or electrostatic processes is crucial for designing strategies that ultimately

optimize the potential of these technologies.

In this work, we report a systematic study of blend morphology and dynamics to unravel and
clarify the requirements for nanoscale capacitive charging in a bulk heterojunction. By altering
annealing conditions and donor-acceptor content, the impact of blend morphology on nanoscale
electric field buildup is probed by the photoinduced electro-absorption signal it produces in
transient absorption spectroscopy. We find that a three-phase morphology defines the energy
landscape (Figure 1d) and is a key requirement for electric fields to build up locally across
interfaces. We also identify that a threshold domain purity must be reached—irrelevant of domain

size—to turn on the nanoscale charge accumulation phenomenon.

We first investigate a variety of donor—acceptor blend ratios. Previous work® on this system
determined that as-cast films of 1:1 BQR:PC71BM generate excitons that form free carriers, though
these carriers recombined bimolecularly and ultimately form BQR triplet excitons (Figure Sla).
In contrast, identical films that had undergone 20 s of solvent vapor annealing (SVA) did not show
the triplet loss channel (Figure S1b), with reduced bimolecular recombination that was 2000 times
reduced from the predicted Langevin factor. These SVA films also showed a significant electric
field buildup on the 100 ps timescale, in the form of a growing second derivative Stark signature

after carrier separation was complete.

Here, we vary blend composition from 5% to 95% donor content by weight with identical
annealing conditions (20 s SVA) with absorption and emission spectra illustrated in Figure 2a.
Blends of only 5% donor or acceptor are likely to be in the dilute regime,*” where the majority of

each component material is fully miscible with the other. With increasing BQR content, the



absorption spectra feature a grow-in of the BQR vibronic shoulder indicating increasing
aggregation and a decrease of the PC71BM content evident in the higher energy region of the

spectra.

The emission observed from these films has a peak at ~760 nm (Figure 2a right, dashed lines)
and is due to the fluorescence of BQR excitons. This emission is largely quenched when
incorporated into a blend with the PC7:BM acceptor, showing that excitons undergo charge
transfer at the donor-acceptor interface in a well-mixed film morphology. The emission of BQR
in these blends is significantly suppressed for ratios of 40% BQR and below, indicating that

excitons are quenched by either small domains or significant donor—acceptor intermixing.
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Figure 2. The impact of donor—acceptor blend ratios on the opto-electronic and spectroscopic properties of BQR:PC7:BM
blends with 20s solvent vapor annealing. a shows the absorption (left) and emission (right, dashed) spectra of BQR:PC71BM
blend films in different blend ratios where the arrow indicates an increase in BQR donor content. b The electro-absorption
buildup at 690 nm of BQR:PC71:BM blends of donor: acceptor ratios of 25:75, 40:60, 60:40 and 75:25. ¢. Spectra are shown
of the BQR exciton, taken from a neat film of BQR at 100 ps, and of the BQR electro-absorption, taken from a blend film
with a voltage applied. BQR:PC-1:BM blend film transient spectra are shown after d. 1 ps delay and e. 100 ps delay with
BQR:PC7:BM ratios of 5:95, 25:75, 40:60, 60:40, 75:25 to 95:05. Spectra and dynamics of each blend are shown in

Supporting Information Figure S3 and Figure S4.

Transient absorption spectroscopy allows the populations of excitons and polarons, and also the
buildup of interdomain electric field to be tracked—see Figure 2c and Figure S2 for component
spectra. The interdomain electric field can be monitored via the 2" derivative shaped electro-
absorption (EA) signature. In Figure 2d—e, all blend data show the BQR exciton feature at early
times—as a photoinduced absorption (PA) from 850-1300 nm as in the neat BQR film, though
this is limited in the 5:95 BQR:PC7:BM blend which has low absorption when excited at 600 nm.
As previously reported,®® a characteristic BQR hole polaron signature stretches over the spectral
region from 700-1000 nm. In all blends, excitons form polarons within ~0.2 ps (see Supporting
Information, Figure S3-S4) that persist as long-lived species beyond the 7 ns time delay of this

experiment. Even when PC7:BM content is reduced to ~5%, efficient charge generation occurs, as
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acceptor molecules are well-distributed in the blend.*® Blend ratios of 25:75, 40:60 and 60:40 all

have their large exciton signal significantly quenched within 100 ps (Figure 2e).

In addition to these signals, we observe the characteristic 2" derivative electro-absorption (EA)
signature in the blends with 25% to 75% relative BQR donor content. Here, as previously
investigated,® excitons form polarons at early times followed by a slower growing electro-
absorption signature that builds as carriers migrate to pure domains. The electro-absorption signal
is quite tolerant to changes to the blend composition, however, a clear difference is observed when
the donor or acceptor content is decreased to only 5%. The 95:5 blend illustrates this with a large
initial population of excitons (PA from 850-1300 nm) forming charge carriers (PA from 700-1000
nm) but unlike the other blend ratios, the electro-absorption signature and grow-in is completely
missing from these spectra, see Figure 2e. This shows that a morphology with completely isolated
PC71.BM molecules does not support the buildup of an electro-absorption signal and electric fields
between charge carriers across domains. This observation is likely explained by the lack of a three-
phase morphology in this system, i.e. two pure phases and an intermixed phase, which is required

to drive the energetic cascade?“® of charge carriers to form electric fields between domains.

Transient absorption kinetic traces of excitons, polarons and the EA are shown in Figure 2b and
Supporting Information Figure S4. The EA signal dynamics can be tracked at its peak at 690 nm,
indicating the buildup of an electric field over hundreds of picoseconds that is caused by the

migration of free carriers to ordered domains.38

To further investigate the morphology and size of domains that cause electric field buildup, we
apply annealing conditions to further alter the donor—acceptor blend character. Thermal annealing

has been known to improve device performance in a number of organic photovoltaic blends and is



generally found to increase domain sizes with increasing annealing time and temperature. Figure
3a shows the effect of thermal annealing on the absorption and emission of 1:1 BQR:PC7:BM
blends. Annealing for 10 min at either 120 °C or 160 °C gives rise to increases in the vibronic
shoulder in the absorption spectrum, consistent with increased BQR n—m stacking which is
enhanced compared to both the as-cast and 20 s SVA blends. The BQR emission increases in the
annealed blends compared to the as-cast film (i.e. is less quenched), and is higher with 120 °C and
160 °C annealing than the SVA treatment with THF (Figure 3b). This indicates that larger domains

are formed that also have sufficient purity to leave BQR excitons unquenched and able to fluoresce,

though this emission acts as an additional loss pathway.

Grazing incidence wide angle x-ray scattering (GIWAXS) offers insight into the change of
molecular ordering within films. The GIWAXS data show an increase in crystallinity with higher
temperature thermal annealing treatment (Figure 3c), and confirm that thermally annealed films
have larger crystallites indicative of larger pure domains relative to those annealed with solvent
vapor (see Figure 3b and Supporting Information Figure S6 and Table S1). Blends annealed at 120
°C and 160 °C have on average 40 nm and 79 nm crystallite coherence lengths (CCLs)
respectively. In contrast to GIWAXS, grazing incidence small angle x-ray scattering (GISAXS)
interrogates larger morphological features directly. Analysis of GISAXS for the SVA blend films
(see Table S2 and Figure S5) show a clear peak that we identify as the long period, which is
commonly associated with domain size. A shift of this peak to lower scattering vector g indicates
an increase in size of the corresponding thin-film structure. In SVA films, this scattering peak
denotes a domain size of 30 nm, while thermal annealing at 120 °C increases the domain size to
50 nm (Table S2). Annealing the film at 160 °C shifts the peak beyond the low limit of the

measurement, indicating domain sizes upwards of 125 nm (Table S2).



Transient absorption data in Figure 3d—f again reveal the appearance and buildup of a large
electro-absorption feature in both thermally annealed films (see Supporting Information Figures
S7-S8 for full spectra and dynamics). Figure 3d shows that the magnitude of the EA signal is
similar in both thermally annealed films, but the buildup time is more gradual in the film annealed
at the lower 120 °C temperature due to the amount of intermixed phase in the different blends.
Charge carriers generated in the intermixed phase must migrate to aggregate domains in order to
accumulate carriers and build up an electric field between nanoscale domains. However, in the 160
°C annealed film with a higher amount of crystallinity and larger domains, less intermixed phase

also ensures that the electro-absorption buildup duration is not as significant, where carriers can
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Figure 3. The evolution of opto-electronic, spectroscopic and structural properties of BQR:PC71BM blends with
thermal annealing. a. shows the absorption (left) and emission (right) spectra of 1:1 BQR:PC-:BM blend films after
different annealing methods and temperatures. The maximum intensity of this emission is plotted as a function of
annealing treatment in b (left), along with the GIWAXS n—r crystallite coherence length as a function of annealing
treatment (right). c. GIWAXS in-plane line profiles show the change in crystallinity for each annealing treatment. d.
The transient absorption Kinetics of the electro-absorption signature in solvent and thermally annealed samples. e.
BQR:PC7:BM blend films after 1 ps delay and SVA time of 20 s and thermal annealing for 10 min at 120 °C and 160
°C. f. BQR:PC7:BM blend films after 100 ps delay and solvent vapor annealing time of 20 s and thermal annealing
for 10 min at 120 °C and 160 °C.

create electric fields promptly across an interface without needing to migrate through large

amounts of intermixed material.



We show here a significant EA signal in samples with donor domains of 20 nm through to 120
nm, demonstrating that inter-domain electric field buildup is not caused by domains of a specific
size. Consistently, the purity of these BQR domains is high, as illustrated by their emission (Figure
3a) and x-ray scattering intensity (see Fig. S6). This would suggest that the intermixed donor—
acceptor interfacial region appears to drives charge accumulation dictated by the energy landscape,

regardless of domain size if above the 20 nm threshold.

Finally, we investigate the morphology that leads to charge accumulation as a function of SVA
time. Figure 4a shows the absorption (left) and emission (right) of 1:1 BQR:PC71.BM blend films
with increasing exposure times for SVA with THF. The optical properties of BQR are sensitive to

changes in molecular arrangement; the as-cast blend features a larger proportion of molecularly
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Figure 4. The impact of SVA with THF on morphological, optical and electro-absorption characteristics of
BQR:PC7:BM blends. a. shows the absorption spectra (left) and emission (right) of 1:1 BQR:PC:BM blend films
after different SVA times. b. shows the maximum emission intensity from a, (left) along with the GIWAXS n—n
crystallite coherence length (right) as a function of annealing time. c. GISAXS analysis of domain size as a function
of SVA time. In d, (upper) the dynamics of the polaron at 770 nm and (lower) electro-absorption (690 nm) are shown
for each SVA time. e. Spectra for comparison of the BQR exciton, taken from a neat film of BQR, and of the BQR
electro-absorption, taken from a blend film with a voltage applied. f. BQR:PC71BM blend films after 1 ps pump-probe
delay and SVA times of 0's, 10 s, 20 s and 40 s. g. BQR:PC7BM blend films after 100 ps delay and SVA times of 0
s, 10 s, 20 s and 40 s, where a clear difference in the EA signature is observed between samples with 10 s and 20 s

annealing time.



disordered BQR molecules compared to annealed samples, with the bulky fullerene preventing
BQR molecular ordering. During SVA, the BQR 0-0 and 0-1 vibronic peaks steadily increase,
typical of BQR aggregate formation in the blend. The BQR emission (Figure 4a, right) is largely
quenched when incorporated into a blend with the PC71:BM acceptor, showing that excitons
undergo charge transfer at a donor-acceptor interface in a well-mixed film morphology. This is
observed for emission from the as-cast blend film with 0 s SVA (Figure 4a-b) and also for the
blend film following 10 s of SVA time. Between 10 and 20 seconds of exposure to THF vapor,
BQR domains undergo a change, leading to a significant increase in emission intensity, pointing
to domains of higher purity where not all excitons can diffuse to reach the donor—acceptor interface
and be quenched. This emission remains consistent for longer SVA times, where pure domains
form and remain a similar size and purity rather than becoming larger over time. The benefits from
pure domains outweigh the emissive exciton losses as has been observed in BQR devices and many

OPV material blends.4°

The GIWAXS data (see Supporting Information Figure S6) show sharper reflections for the
BQR donor with increasing SVA time, with a distinct increase between 0 and 10 s annealing. We
do not observe a monotonic increase in the BQR n—n CCL with increasing SVA time (see Figure
4b and Table S1), which would indicate an incremental increase of donor crystallite size with
annealing. Rather, we observe an increase in n—t CCL between 0 and 10 s of SVA, followed by a
plateau at ~20 nm for all other SVA times. We also note that GIWAXS data show that face-on and
edge-on populations are very similar, consistent with 3-dimensional pathways for charge
percolation between domains. For the acceptor material, a broad 1.3 A" peak indicates the

presence of amorphous PC71BM aggregates. With any annealing treatment, this peak



sharpens/narrows indicating an increase in aggregation and greater amount of amorphous PC7:BM

phase, though a crystalline PC71:BM phase is not observed in any samples.

This observation is supported by our examination of domain sizes as determined by the position
of the long period reflection in GISAXS (Figure 4c, Table S2). The domain sizes are remarkably
similar across the treatment range from as-cast to the maximum SVA duration, increasing only
slightly from 27 nm in size to 28 nm in the first 15 s, and up to 33 nm after 40 s. This is in contrast
to the GIWAXS CCLs (see Figure 4b and Table S1), which increase notably in the first 10 s of
SVA, from 13 nm to 21 nm. This suggests that while domain sizes remain relatively static in the

first 15 s, there is a significant enhancement in domain purity.

We correlate these morphological data with the dynamics and spectra associated with charge
carriers and the electro-absorption signature of the blend (Figure 4d—g and Supporting Information
Figure S9-10 for full spectra and dynamics). There is no apparent EA signature in blend films with
0 sor 10s of SVA. The EA signature appears to ‘switch on’ in samples with 20 s and longer SVA
time. For all samples, the polaron photoinduced absorption dynamic (Figure 4d upper) indicates
the immediate generation of charges in the intermixed phase after photoexcitation, with a slower
charge generation (~5 ps) mediated by exciton diffusion in pure domains. The EA can be tracked
at its peak at 690 nm (Figure 4d lower), where its increase over 100 ps in samples with 20 s or
longer SVA shows the buildup of an electric field that is caused by the migration of free carriers

into lower-energy, ordered domains.

The evolution of this film structure with SVA begins with a partially phase separated
morphology, with the basic domain sizes established during solution casting. Within 10s, SVA

quickly produces crystallites averaging 20 nm in coherence length, while the average domain size



as determined by GISAXS remains relatively constant. While they do not increase in size, the
domains significantly increase in purity with SVA time i.e. acceptor material is expelled from
BQR domains. This reaches a critical point between 10 and 20 s, similar to that observed in the
recent morphological study by Bourque et al.*® This observation is also supported by a significant
step change in fluorescence intensity, and the appearance of the electro-absorption signal
indicating that charges have available domains in which to accumulate in high densities. Positive
charges that are generated in intermixed regions are able to migrate to pure BQR aggregate
domains, which manifests as an increase in the electro-absorption signature and the substantial
buildup of nanoscale electric fields. SVA leads to an enhancement in BQR aggregate species, but
a step-change in domain purity. Pure domains are associated with favorable charge transport and
reduced recombination in a variety of devices,® and here appear to be a key factor for the formation

of electric fields between nanoscale domains.

In conclusion, we have used spectroscopic and x-ray data to outline the morphological
requirements for nanoscale charge accumulation that is detected through an electro-absorption
signal caused by photoinduced free carriers.® The energy landscape of the bulk heterojunction
drives this effect, which can be turned on and off by changing the blend film nanomorphology.
Our findings show that a three-phase morphology is required to create energetic cascades for
charge carriers that ultimately cause the interdomain buildup of nanoscale electric fields. By
modifying the donor-acceptor blend ratio, we find that the electro-absorption signature is fairly
insensitive to blend composition but is completely turned off when the PC71BM content is reduced
to ~5%, despite efficient charge generation. Thermal annealing produces large crystallites and
illustrates that large donor domains still support an electro-absorption grow-in, further implicating

the donor-acceptor interfacial region as the driver of this effect. The integral function of the



interface leaves open the question of what roles the individual donor and acceptor materials play
in driving this effect and its prevalence in other systems. Exposure to increasing SVA times reveals
a clear threshold for BQR domain purity necessary for the electro-absorption signature to turn on
and charge accumulation to occur. Our findings open new avenues for organic solar cell design
and for the further investigation of molecular and morphological factors that give rise to energy
landscapes and electrostatic effects that can reduce recombination and improve device

performance.

Methods

Sample and Device Preparation. BQR was prepared according to a synthetic procedure
published previously.*® To prepare neat films, BQR and PC7:BM (Nano-c, 99%) were first
dissolved in chloroform (HPLC-grade) to a concentration of 10 mg/mL. To prepare blend films,
solutions of BQR and PC71.BM were prepared by dissolving each material in chloroform to a
concentration of 20 mg/mL (to give film thicknesses of ~140 nm) and then combining solutions in
the indicated ratios. Substrates were cleaned by sonicating sequentially in 1M NaOH, distilled
water, acetone, isopropanol, and dichloromethane, followed by 15 min of UV/ozone treatment. All
films were cast onto clean glass substrates via spin coating at 1000 rpm (2000 acceleration) for 30
s. Substrates were suspended above a glass Petri dish containing 1 mL THF for SVA.

Steady-state Spectroscopy. Absorption spectra of all films were recorded using a Varian Cary
50 UV—Vis spectrophotometer. Fluorescence spectra were recorded on a Varian Eclipse
spectrofluorimeter using an excitation wavelength of 540 nm, where all spectra were corrected.

Transient Absorption. Ultrafast transient absorption measurements were conducted using a 1

kHz Ti:sapphire regenerative amplifier system (Coherent Libra) with an output of 800 nm pulses



with ~45 fs pulsewidth and approximately 4 W power. The pump arm of the Libra output was
directed to an optical parametric amplifier (Light Conversion OPerA), and thereby converted into
600 nm pulses. The probe arm of the Libra output was directed to a commercial transient
absorption spectrometer (Ultrafast System, Helios) and was used in the generation of visible and
NIR continua, from ~450-800 nm and 800—1500 nm respectively. Optical filters were
incorporated in order to separate out excess 800 nm remaining from the continua generation.
Referencing of the probe spectra using a second camera was required to achieve adequate
signal—to—noise at low pump fluence. The pump beam spot size was measured by analyzing the
image obtained by a digital CCD camera (Thorlabs Inc.) with Thorcam Software placed at the
pump probe overlap. The size of the pump beam at ca. 600 nm was approximately 3.8 x 10-3 cm?.
The pump power was measured with a high-sensitivity optical power sensor (Coherent, Santa
Clara, California). Incident pump power in the visible was ~19 nJ per pulse, giving a pump fluence
of 5 ul/ecm?.

For all measurements, unless otherwise indicated, an excitation density of 5 pJ/cm? was used, to

! and exciton—charge annihilation®%3, The

prevent artifacts associated with exciton—exciton®
relative orientation of pump and probe polarization was 54.7° (magic angle) and all spectra were

corrected for the chirp of the supercontinuum probe.

Grazing Incidence Wide Angle and Small Angle X-ray Spectroscopy (GIWAXS &
GISAXS). GIWAXS and GISAXS measurements were conducted at the SAXS/WAXS beamline
of the Australian synchrotron. The substrates were silicon wafers that had been sonicated in
acetone and isopropanol for 30 min each followed by 15 min of UV/ozone treatment. The

measurements were performed with an X-ray energy of 11 keV and a range of incident angles from



Q =10.025-0.5 in 0.01—0.05 increments to allow signal optimization near the critical angle of the
polymer film but below the critical angle of the substrate. Data from GIWAXS experiments were
analyzed using a customized version of NIKA 2D based in IgorPro. Crystallite coherence lengths
were determined from GIWAXS data using a Scherrer analysis of the (100) lamellar reflection.
GISAXS data were analyzed with horizontal linecuts along the gxy axis, at incident angles slightly
larger than the measured critical angle to minimize dynamic scattering effects.

Steady-state Electro-absorption Measurements. Electro-absorption (EA) samples were
fabricated on patterned ITO substrates (Colorado Concept Coatings). 10 mg/mL BQR:PC7:BM
1:1 (w:w) solution was prepared in chloroform and spun (1000 rpm, 30 s) on the ITO substrates,
followed by thermal annealing at 100 °C for 10 min. Subsequently, 10 nm bathocuproine and 100
nm Al were thermally evaporated on the BQR:PC7:BM films to complete the EA devices.

We measured the 2" harmonic EA signal of the device in reflection mode. During the
measurement, direct reflected light from the Al back contact was detected in a Si detector. The
device was kept under 1 V4 reverse bias to minimize charge injection. Superimposed on the DC,
a 1 kHz sinusoidal modulating voltage of 3 V amplitude was applied on the device and the
difference in reflection due to the modulating bias was detected by connecting the Si detector
output to a lock-in-amplifier (Stanford Research Systems, SR830), through a low noise current

preamplifier (Stanford Research Systems, SR570).
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