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ABSTRACT: Organic solar cells are thought to suffer from poor thermal stability of the

active layer nanostructure, a common belief that is based on the extensive work that has i g molten
been carried out on fullerene-based systems. We show that a widely studied non-fullerene
acceptor, the indacenodithienothiophene-based acceptor ITIC, crystallizes in a
profoundly different way as compared to fullerenes. Although fullerenes are frozen
below the glass-transition temperature T, of the photovoltaic blend, ITIC can undergo a
glass-crystal transition considerably below its high T, of ~180 °C. Nanoscopic crystallites T}

of a low-temperature polymorph are able to form through a diffusion-limited '
crystallization process. The resulting fine-grained nanostructure does not evolve further 08x7
with time and hence is characterized by a high degree of thermal stability. Instead, above
T, the low temperature polymorph melts, and micrometer-sized crystals of a high- anealing

temperature polymorph develop, enabled by more rapid diffusion and hence long-range

mass transport. This leads to the same detrimental decrease in photovoltaic performance that is known to occur also in the case
of fullerene-based blends. Besides explaining the superior thermal stability of non-fullerene blends at relatively high
temperatures, our work introduces a new rationale for the design of bulk heterojunctions that is not based on the selection of
high-T, materials per se but diffusion-limited crystallization. The planar structure of ITIC and potentially other non-fullerene
acceptors readily facilitates the desired glass-crystal transition, which constitutes a significant advantage over fullerenes, and may
pave the way for truly stable organic solar cells.
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KEYWORDS: organic solar cell, thermally stable photovoltaics, glass-transition temperature, diffusion-limited crystallization,
non-fullerene acceptor

1. INTRODUCTION

The low carbon footprint and short energy payback time

projected for organic solar cells hold promise for both small- Received: March 13, 2019
scale energy harvesting to power wearable electronics and grid- Accepted: May 23, 2019
scale electricity generation. To mature into a truly viable Published: June 7, 2019
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Figure 1. (a) Chemical structures of ITIC and PBDB-T; (b) first heating DSC thermograms of 1:1 ITIC:PBDB-T and the neat materials, solution
cast from chlorobenzene (dashed baseline; exothermic recrystallization enlarged and colored red); (c) composite contour plot of out-of-plane
integrated GIWAXS diffractograms of 1:1 ITIC:PBDB-T annealed for 10 min at various temperatures.

technology, it is paramount that organic solar cells exhibit,
besides a high efficiency and low manufacturing cost, excellent
long-term stability.' > Degradation of an organic solar cell can
occur through photochemical processes,* ® initiated by
exposure to oxygen’ ° and/or UV irradiation,”*'°~"* which
can be mitigated through appropriate encapsulation'>'* and
the use of UV filters.'>'® Additionally, the nanostructure of the
active layer is prone to evolve, in particular, upon heating
during both fabrication and operation.'’~>' Because the active
layer nanostructure of organic photovoltaic blends must be
carefully optimized to achieve high device efficiency,” any
change in the precise distribution of the donor and acceptor
material(s) inevitably leads to a deterioration of the solar cell
performance.

Much of the current understanding of processes that limit
the thermal stability originates from the extensive work that
has been carried out on blends based on fullerene acceptors,
which have dominated the field of organic solar cells for a long
time. Fullerenes such as phenyl-Cg;-butyric acid methyl ester
(PC4BM) can only crystallize above the glass-transition
temperature T, (of the fullerene:polymer blend) where they
suffer from a very low nucleation rate.”” Therefore, fullerenes
tend to form micrometer-sized crystals that disrupt the active
layer and hence deteriorate its photovoltaic perform-
ance.'”'%?%**7% Crystallization of fullerenes can be tamed
by preventing the crystallization process altogether, which can
be achieved by selecting donor polymers with a high Tg,zo,zs—zs
the use of fullerene alloys®*™*> or dimers,***” and by cross-
linking.”*~*" Alternatively, crystallization can be controlled by
enhancing the density of nuclei through the addition of a
nucleating agent such as unsubstituted Cg.** Tt is, however,
not evident whether knowledge gained from fullerene-based
photovoltaics can be applied to other material systems such as
those based on alternative acceptors.

Currently, non-fullerene acceptors receive considerable
attention because they now routinely lead to new record
efficiencies of organic solar cells, reaching up to 15.7% in the
case of single junction devices."*™>" Furthermore, there is a
growing emphasis on the design of acceptors that show
potential for a more cost-effective synthesis than that of
fullerenes, absorb more strongly and display better chemical
and thermal stability. Devices comprising materials such as the
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widely studied indacenodithienothiophene-based acceptor
ITIC (see Figure la for chemical structure) now rival or
even surpass the thermal stability of fullerene-based
blends.**>"*> For instance, blends of ITIC and the
benzodithiophene-benzodithiophenedione-based donor co-
polymer PBDB-T>’ (see Figure la for chemical structure)
feature an unaltered solar cell performance at 100 °C for an
extended period of time.** Despite the highly promising
thermal stability of blends comprising non-fullerene acceptors,
there is a lack of studies that explore the underlying
thermodynamic and kinetic processes that underpin their
thermal evolution.

We, therefore, set out to study the crystallization behavior of
the non-fullerene acceptor ITIC and its impact on the thermal
stability of its blends with PBDB-T. We observe that, in
contrast to fullerene-based blends, the acceptor is able to
crystallize at temperatures considerably below its T,. This
glass-crystal transition is known in the context of amorphous
drugs, which are stored in a glassy state and must not
crystallize to preserve their superior solubility and bioavail-
ability.”***>% " Gratifyingly, we find that diffusion-limited
crystallization below the T, offers unique advantages for
organic photovoltaic blends because it leads to the growth of
nanometer-sized acceptor crystals and hence a highly
metastable nanostructure that is characterized by excellent

thermal stability.

2. RESULTS AND DISCUSSION

We started our investigation with thermal analysis of
ITIC:PBDB-T blends using differential scanning calorimetry
(DSC) at a scan rate of 10 °C min~". We purified the acceptor
material immediately prior to our experiments because proton
nuclear magnetic resonance (‘H NMR) showed that ITIC
gradually degrades during storage in air (Figure S1, Supporting
Information). The first heating thermogram of the polymer
cast from chlorobenzene is featureless apart from a very
shallow exotherm (Figure 1b). In contrast, for ITIC, we
observe, in addition to a shallow exotherm around 100 °C, a
distinct endotherm with a peak at 180 °C immediately
followed by a sharp exotherm starting at 190 °C. We conclude
that the acceptor is initially semicrystalline and above 190 °C,
goes through a melting and recrystallization step, likely due to
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Figure 2. (a) Protocol used for FSC measurements where T, is the annealing temperature; (b) first and second heating FSC thermograms of
PBDB-T, 1:1 ITIC:PBDB-T, and ITIC after annealing at Ty, (blue) and quenching from 450 °C at 4000 K s™" (red); (c) DMA thermogram of 1:1
ITIC:PBDB-T showing the storage modulus E’ and loss tangent (tand), recorded after a pre-run to 160 °C; (d) plasmonic nanospectroscopy of 1:1

ITIC:PBDB-T showing the relative shift of the localized surface plasmon resonance (LSPR) peak A/

peak-

a polymorph change. The first heating DSC thermograms of
the solution cast blend material (1:1 weight ratio) reveal the
same features that are present for neat ITIC and a more
pronounced broad exotherm around 100 °C. The exotherm
around 100 °C and endotherm at 180 °C display an almost
identical enthalpy of about 8.7 J g™ (calculated based on the
weight of ITIC, see Figure S2 of the Supporting Information)
in the case of both the neat acceptor and the blend, which
suggests that, after solidification from the solution, the
acceptor material is mostly amorphous. Initially, at least
some acceptor molecules are likely to reside in the polymer-
rich matrix. Hence, the aggregation of the polymer upon
heating, indicated by the shallow DSC exotherm and increase
in diffraction intensity (Figure S3, Supporting Information),
assists the phase separation and crystallization of ITIC. To
confirm that ITIC underwent a polymorph change, we
monitored the nanostructure of the 1:1 blend material
annealed at various temperatures with grazing incidence
wide-angle X-ray scattering (GIWAXS) (Figure lc). Above
100 °C, we observe the appearance of a diffraction around 15.5
nm™" (see Figure S4 of Supporting Information for line cut at
160 °C), which is a characteristic of neat ITIC solidified from
chlorobenzene (Figure S3, Supporting Information). Above
180 °C, we observe an abrupt change in the scattering pattern,
characterized by the appearance of a high intensity diffraction
at 15 nm™!, consistent with neat ITIC annealed in this
temperature range. We conclude that ITIC undergoes a change
in the polymorph at 180 °C, and we label the low- and high-
temperature polymorphs as polymorphs I and II, respectively
(cf. Figure 1c).

To explore the thermotropic behavior of ITIC in more
detail, we employed fast scanning calorimetry (FSC). We
performed physical aging experiments at various temperatures
to determine the upper limit of the Tg.56 Physical aging can
only take place below the glass-transition temperature as long
as at least some molecular reorganization is permitted at the
experimental timescale. An endothermic overshoot in a
calorimetric heating scan subsequent to extended aging is a

21768

sign that the glassy-state system is able to spontaneously evolve
toward a more equilibrated thermodynamic state reducing its
enthalpy and volume below the T,. In our set of experiments,
we subjected the materials to rapid heating at 4000 K s/, both
after annealing (aging) at different temperatures T, for 30
min and after quenching from 450 °C; the latter step allowed
us to obtain reference scans of the material that did not have
time to crystallize or relax (see Figure 2a for thermal history of
FSC scans). For both, quenched ITIC and a quenched 1:1
ITIC:PBDB-T blend, an endothermic overshoot can only be
detected in the case of aging temperatures below 200 °C,
suggesting an upper limit for a T, of ITIC of about 200 °C
(when vitrified at 4000 °C s™'). Hence, we assign the step
function in the FSC thermograms with a midpoint around 180
°C to the glass transition of the acceptor material (Figure 2b).

Because blending with the polymer does not appear to alter
the T, of the acceptor, we argue that the blend has undergone
phase separation and that ITIC-rich domains are present.
Indeed, atomic force microscopy (AFM, cf. Figure SS,
Supporting Information) shows features on the order of
several tens of nanometers in the case of both as-cast and
annealed blends. To verify that ITIC has a T, of ~180 °C, we
employed dynamic mechanical analysis (DMA) and plasmonic
nanospectroscopy (Figure 2¢,d), as described elsewhere.””®
The DMA thermogram of a 1:1 ITIC:PBDB-T blend features a
significant drop in storage modulus above 140 °C and the loss
tangent (tand) peaks at 179 °C, which confirms the high T,
deduced by FSC. Plasmonic nanospectroscopy reveals a T, in
the same temperature range, extrapolated from the change in
the rate by which the peak of the plasmonic resonance shifts
with temperature.

The endotherm observed for neat ITIC and the 1:1
ITIC:PBDB-T blend in DSC scans closely overlaps in
temperature with the enthalpy relaxation found in FSC
measurements. Careful examination of the FSC thermograms
subsequent to annealing at T,,, < T, reveals two distinguish-
able endothermic transitions (Figure 2b; rightmost panel). The
first transition dominates the signal for ITIC annealed at
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temperatures up to 120 °C. Instead, for T,,, > 120 °C, a
second signal located at a slightly higher temperature increases
in prominence. We assign the first endothermic transition to
the enthalpy recovery associated with the glass transition as its
intensity decreases for annealing close to the T,. The second
transition at a slightly higher temperature was not observed
until the material was annealed above 0.8 X T, (~90 °C) and
peaked only below the T,. This transition could possibly be the
trace of melting of polymorph I crystals formed in the
temperature range 0.8 X T, < T,,, < T,. In contrast, for T, >

ann ann

T,, melting occurs around 350 °C fFigure 2b) suggesting
another polymorph (e.g., polymorph II).

We propose that ITIC, in contrast to fullerene acceptors, is
able to crystallize into polymorph I far below its T}, of ~180 °C
through diffusion-limited crystallization (Figure 3). This type

A
temperature
\ I\ 7 —
Ny = R
N 7 =
A N molten
NPV s
e e e e =
\/\\/ 72 %
N\ (74
NG Wy
NN
long-range diffusion
\ crystallization
V& o ) S g
Ay (! 4
PrAY ooty )
NS/ >
Lr———= \— —————————————————————
YXES S ==\ diffusion-limited
\/ \// \/// 7 W N crystallization
N S 0eQ
0.8XT, | ==-~-~- i et ettt
LA T
b \// \/ e R \/0 \/// frozen
X\ Z\#» X\ Z\~»

isothermal crystallization

Figure 3. Schematic illustrating isothermal crystallization of ITIC
molecules (blue) within a matrix at various temperatures, with
concentric yellow circles illustrating the accessible volume. Below 0.8
X Ty, molecules are frozen and fully localized. In the regime, 0.8 X T,
< Ty < T local diffusion allows crystallization into polymorph I
nanocrystals. Above T, but below the melting temperature T, long-
range mass transport leads to the formation of larger polymorph II
crystals.

of crystallization behavior is common for many pharmaceutical
compounds such as paracetamol, indomethacin, celecoxib,
nifedipine, and ibuprofen,59_63 which can crystallize consid-
erably below their glass-transition temperature.””** At temper-
atures below T, the acceptor can only diffuse locally, which
allows ITIC molecules to reorganize and join a crystal growth
front that is present in their close vicinity. Instead, above T,
the acceptor solidifies through more rapid and long-range
diffusion into polymorph II. The occurrence of distinct
polymorphs above and below the T, and a phase trans-
formation involving the melting of one phase and crystal-
lization of another polymorph have also been reported for
ibuprofen.®®

In a further set of experiments, we investigated how the
diffusion-limited crystallization into polymorph I below T}, and
the transformation into polymorph II above T, affects the
distribution of the acceptor material. To this end, we studied
thin films with polarized optical microscopy and scanning
electron microscopy (SEM). Optical microscopy reveals that
crystallites start to appear upon annealing for 10 min at T, >

100 °C in initially featureless as-cast films (Figure 4). Raman
microscopy confirmed that the observed crystallites are
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Figure 4. (a) Polarized optical microscopy images of 1:1 ITIC:PBDB-
T thin films deposited on Si wafers annealed at 100 to 240 °C for 10
min compared to (b) DSC heating thermogram of 1:1 ITIC:PBDB-T
solution cast from chlorobenzene.

composed of ITIC as evidenced by a pronounced signal of
the CN stretching vibration (Figure S6, Supporting Informa-
tion). We observe two different regimes below and above T, of
~180 °C, which are characterized by a markedly different size
and shape of crystallites. SEM images indicate that polymorph
I crystallites have a sheet-like structure with a thickness around
100 nm and a lateral extent of up to 500 nm. Their growth is
accompanied by a gradual increase in quenching of the
acceptor photoluminescence above 100 °C (Figure S8,
Supporting Information). Instead, crystallization of polymorph
II above T, leads to large, micrometer-sized spherulites that
can be easily discerned in polarized optical micrographs. In
addition, we observe a strong increase in ITIC photo-
luminescence (Figure S8, Supporting Information). We argue
that diffusion-limited crystallization into polymorph I below
T, in combination with a high tendency of the planar ITIC
acceptor to aggregate, likely caused by 7—r interactions, leads
to nanoscopic crystallites with a high aspect ratio. Crystal-
lization is also assisted by the strong densification of
amorphous ITIC annealed/aged below the T,, suggested by
the notable enthalpy recovery found in the FSC aging
experiments (see Figure 2b). In contrast, polymorph II crystals
form above T, where long-range mass transport increases the
crystal growth rate, resulting in much larger crystallites that
likely deteriorate the photovoltaic performance of ITIC:PBDB-
T blends.

To judge the impact of the two annealing regimes on the
nucleation rate, we counted the number of crystallites by
analyzing both optical microscopy and SEM images (Figures S
and 6). For polymorph I, we deduce a nucleation density as
high as 1.1 X 10® cm™ by optical microscopy and 8 X 107
cm ™2 by SEM at 160 °C (Figure S), which is one to two orders
of magnitude higher than values reported for PCy,BM,* "
unless nucleated with Cg.* Instead, for polymorph II, we
estimate from optical micrographs a much lower nucleation
density of only 1 X 10° cm™ at 220 °C. We also investigated
the influence of the processing additive 1,8-diiodooctane
(DIO) on the populations of polymorph I and II crystallites
because DIO is known to improve the photovoltaic perform-
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Figure S. (a) Polarized optical microscopy images of 1:1 ITIC:PBDB-
T thin films deposited on silicon wafers annealed for different
duration at 160 °C; (b) crystal area coverage (black open squares)
and nucleation density (filled symbols, see Figure S10 of the
Supporting Information for the method used to estimate the
nucleation density) estimated from optical microscopy images (blue
circles, error bar representing the standard deviation) and SEM
images (red diamond). The reference is the unannealed film.

Figure 6. (3, b) Two SEM images of ITIC polymorph I crystals,
grown at 160 °C in a 1:1 ITIC:PBDB-T thin film deposited on silicon
wafers.

ance of ITIC:PBDB-T blends.***>*® From SEM (Figure S9,
Supporting Information), we find an even higher nucleation
density of 4 X 10® cm™ for polymorph I crystallites grown at
160 °C for 10 min in films prepared by spin coating using a
solution containing 0.5 vol % DIO. In addition, the use of DIO
further reduces the lateral extent of ITIC crystallites to now
less than 50 nm in sheet thickness.

To study the impact of the two polymorphs on the
photovoltaic performance of ITIC:PBDB-T blends, we
constructed a series of organic solar cells consisting of a
layer stack of glass/ITO/PEDOT:PSS/active layer/LiF/Al
Initially, we studied devices that differed in the stoichiometry
of the active layer blend. Blends with a 1:1 ratio of ITIC and
PBDB-T by weight showed the highest short-circuit current
density (J,.) of ~14 mA cm™2, accompanied by an open-circuit
voltage (V,.) of ~0.9 V and fill factor (FF) of ~0.5, giving rise
to a power conversion efficiency (PCE) of about 7% (Figure
S$12, Supporting Information). We therefore chose to study the
thermal stability of 1:1 ITIC:PBDB-T blends in more detail.
To this end, we annealed active layers for 10 min at various
temperatures prior to evaporation of the top electrode. The
formation of polymorph I crystallites upon annealing at T, >
100 °C is accompanied by an increase in the fill factor leading
to a slight improvement in PCE to 7.5% (Figure 7). Instead,
annealing at temperatures close to or above the T, of ~180 °C

of the acceptor resulted in a gradual deterioration of all
photovoltaic parameters. The observed reduction in V. from
0.9 to 0.85 V is consistent with the appearance of a broad
subgap absorption band, visible in sensitive external quantum
efficiency (sEQE) measurements (Figure S11, Supporting
Information), 1nd1cat1ng a change in the energy of the charge
transfer state Ecp.%” We argue that the emergence of coarser
polymorph II crystals disrupts the nanostructure of the studied
ITIC:PBDB-T blends, resulting in a reduced J. and FF. The
impact of polymorph II crystals on the PCE is, therefore,
comparable to the commonly observed reduction in the
efficiency of PCyBM-based devices upon growth of micro-
meter-sized fullerene crystals.

In a final set of experiments, we focused on the long-term
stability at elevated temperature. We chose to carry out our
experiments at 160 °C, which lies only slightly below the T, of
~180 °C, where gradual structural changes over a long period
of time, for example, a conversion from polymorph I to II, are
likely. Note that Zhao et al. have previously reported excellent
thermal stability of ITIC:PBDB-T-based solar cells annealed
for 10 days at 100 °C.** During the first few minutes of
annealing, a slight drop in V,,_ is compensated by an increase in
FF, overall leading to a stable PCE for the first 10 min at 160
°C (Figure 7 and Figure S13 of the Supporting Information).
At longer times, the PCE gradually deteriorates due to a loss in
Js which we assign to a transformation from polymorph I to II,
corroborated by optical microscopy and GIWAXS (Figure S14,
Supporting Information). Optical microscopy and GIWAXS
suggest that the thin film nanostructure is almost unchanged
for a much longer duration than 10 min when annealing at 160
°C. We argue that solar cell devices are more sensitive to minor
changes in the nanostructure. Regardless, ITIC:PBDB-T-based
solar cells offer a sufficiently long processing window of 10 min
at 160 °C for rapid solvent removal and lamination, which is
needed for high-speed manufacturing and encapsulation.
Coincidentally, 160 °C is also the highest continuous service
temperature of one of the most heat-resistant types of
substrate: poly(ethylene naphthalate) (PEN) films.

3. CONCLUSIONS

We have shown that the acceptor ITIC crystallizes in a
different way as compared to fullerenes, which bestows blends
of ITIC and the polymer PBDB-T with a superior thermal
stability. ITIC is able to crystallize at temperatures
considerably below its high T, of ~180 °C through a glass-
crystal transition. This diffusion-limited process leads to a very
high nucleation density and hence the formation of a
metastable blend nanostructure characterized by nanoscopic
crystallites of a low-temperature ITIC polymorph. These
nanoscopic polymorph I crystallites do not negatively affect the
device performance. In addition, these crystallites do not
evolve further with time as long as the temperature remains
sufficiently below the T, and hence, the nanostructure displays
a high degree of thermal stability. Instead, above Ty long-range
diffusion and crystallization of a high-temperature ITIC
polymorph result in micrometer-sized crystals, which, similar
to micrometer-sized fullerene crystals, have a detrimental
impact on the photovoltaic performance. We conclude that
diffusion-limited crystallization of non-fullerene acceptors
below T, is a powerful tool to improve the reproducibility
(see Figure S15 of the Supporting Information) and long-term
stability of organic solar cells and represents a considerable
advantage over fullerene acceptors.
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Figure 7. (a—d) Device parameters (solid symbols representing the mean value of eight devices and the error bars representing the standard
deviation) of 1:1 ITIC:PBDB-T solar cells with active layers annealed for 10 min at temperatures up to 210 °C: (a) open-circuit voltage V. (the
device architecture is described in the inset), (b) short-circuit current density J,, (c) fill factor FF, and (d) power-conversion efficiency PCE. (e)
Typical J—V characteristics of the reference (unannealed) device and devices annealed at various temperatures. The dark current (dashed gray line)
of the reference device is also displayed. (f) PCE of ITIC:PBDB-T solar cells annealed for various time at 160 °C (black solid circles) or 210 °C
(open square) (see Figure S13 of the Supporting Information for other device parameters).

4. EXPERIMENTAL SECTION

4.1. Materials and Purification. ITIC and PBDB-T were
purchased from Solarmer Ltd. PBDB-T (M, = 17 kg mol™'; PDI =
3.7) was used as received. '"H NMR spectra of ITIC were recorded
with a 400 MHz nuclear magnetic resonance spectrometer that
indicated the presence of impurities in the as-received batch (Figure
S1). Aside from the parent proton peaks of ITIC, we observe several
additional peaks in the aromatic region of the "H NMR spectrum,
suggesting the presence of one or more unknown impurities. We
purified ITIC by flash column chromatography on silica gel with 2:3
dichloromethane:hexane as the eluent. After purification, a '"H NMR
spectrum was collected again that corresponded to the previously
reported experimental data of ITIC.®®

4.2. Differential Scanning Calorimetry (DSC). DSC was
conducted at a heating/cooling rate of 10 °C min~! with a Mettler
Toledo DSC2 equipped with a high-sensitivity sensor (HSS9+).
Mettler 20 uL Al crucible light sample pans were used. Around 6 mg
of material was used for each measurement and collected from films
cast at room temperature from chlorobenzene solutions (20 g L™").

4.3. Fast Scanning Calorimetry (FSC). FSC was conducted with
a Mettler Toledo Flash DSC 1 equipped with an intracooler and
nitrogen purge. Thin films were deposited directly on the backside of
the FSC chip from 20 g L™' chlorobenzene solutions. The
measurement protocol is shown in Figure 2a.

4.4. Dynamic Mechanical Analysis (DMA). Measurements were
performed under nitrogen flow (60 mL min™") in a strain-controlled
mode (maximum strain <0.1%) at a frequency of 1 Hz and a heating
rate of 3 °C min™" using a TA Instruments Q800 DMA. The materials
were embedded in a glass fiber mesh (E-glass supplied by Hexcel) by
casting from a 20 g L™ chlorobenzene solution followed by drying
under vacuum at room temperature overnight. The glass mesh was cut
into strips at a 45° angle with respect to the fiber elongation to avoid
any continuous fibers crossing the length of the sample and
contributing to the DMA response (see ref 20 for details).

4.5. Plasmonic Nanospectroscopy. Measurements were done
under argon at a heating rate of 5 °C min™" using sensors comprised

of 170 X 20 nm (diameter X height) Au nanodisk arrays, encapsulated
with a conformal 10 nm SiO, film, as described previously.”® Materials
were deposited onto the sensors by spin coating from a 20 g L™
chlorobenzene solution. The sensors were illuminated using a fiber-
coupled halogen lamp (AvaLight-HAL-S, Avantes) while the
extinction spectra were continuously recorded by a fiber-coupled
fixed grating spectrometer (AvaSpec-1024, Avantes). The shift of the
localized surface plasmon resonance (LSPR) peak Adpeqc was
obtained by fitting the measured extinction spectra to a 20°
polynomial.

4.6. Polarized Optical Microscopy. Images were recorded in a
reflecting mode with a Zeiss Axio Scope Al equipped with a pair of
crossed polarizers. Samples were spin coated from a 20 g L'
chlorobenzene solution on silicon wafers. The microscopies are
taken with a Zeiss EC Epiplan 100X length with a numerical aperture
of 0.85, a condenser with a numerical aperture of 0.9, and an
AxioCam MRc S camera. The estimated resolution is 380 nm at a
wavelength of 550 nm.

4.7. Atomic Force Microscopy (AFM). Atomic force microscopy
was performed with a Bruker Dimension ICON atomic force
microscope in the PeakForce KPFM mode using a PFTUNA tip (k,
~0.4 N m™") on samples spin coated on silicon wafers.

4.8. Scanning Electron Microscopy (SEM). SEM was
conducted on areas without top electrodes on the solar cell samples
with a Leo Ultra 55 SEM at 3 kV using an InLens detector at a
working distance of 9.7 mm.

4.9. Grazing Incidence Wide-Angle X-ray Scattering
(GIWAXS). Measurements were performed at the D-line, Cornell
High Energy Synchrotron Source (CHESS) at Cornell University.
The X-ray beam with a wavelength of 1.162 A and size of about 0.5
mm was directed onto the samples at an incident angle of 0.15°.
Measurements were done on either the areas without top electrodes
on the solar cell samples discussed in this work (Figure 1 and Figure
S14) or films deposited on silicon wafers (Figure S3). An optical
microscope, located vertically above the sample, was used to monitor
the beam and sample location so that only areas free of Al top
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electrodes were irradiated. A Pilatus 200K detector located 177.2 mm
from the sample was used with an exposure time of 3 s.

4.10. Photoluminescence Spectroscopy. Spectra were re-
corded on thin films as prepared for the solar cells with an Andor
spectrometer (Shamrock sr-303i-B, coupled to a Newton EMCCD Si
array detector cooled to —60 °C). A 670 nm laser was used as a
pumping light source.

4.11. Organic Solar Cell Devices. Solar cell devices were
fabricated on glass substrates with indium tin oxide (ITO) as a
conductive coating. Poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) was spin coated onto the substrates
and dried at 150 °C for 10 min. Then, ITIC:PBDB-T with a 1:1
weight ratio (unless otherwise specified) was spin coated under
nitrogen at 2500 rpm for 60 s from a 20 g L™' chlorobenzene solution
containing 0.5 vol % 1,8-diiodooctane (DIO). Annealing was done
under nitrogen followed by deposition of LiF and the Al top electrode
by thermal evaporation through a mask, which defined an active area
of 7 mm® Devices were measured in air without encapsulation. -V
curves (measured in the forward direction with a scan step of 0.04 V)
were collected using a Keithley 2400 source meter under AMIL.S
illumination provided by a solar simulator (LSH-7320 ABA LED solar
simulator) with an intensity equivalent to 1000 W m™2 after a spectral
mismatch correction.

4.12. Sensitive External Quantum Efficiency (sEQE). Meas-
urements were conducted on solar cell devices, which were
encapsulated by gluing glass slides on the top of the active area.
The light of a quartz halogen lamp (50 W) was chopped at 141 Hz
and coupled into a monochromator (Newport Cornerstone 260 1/4
m). The resulting monochromatic light is focused onto the organic
solar cell; its short-circuit current is fed to a current—voltage
preamplifier and then analyzed with a lock-in amplifier (Signal
Recovery 7280 DSP). The time constant of the lock-in amplifier was
chosen to be 1 s, and the amplification of the preamplifier was
increased to resolve low photocurrents. The sEQE is determined by
dividing the photocurrent of the organic solar cell by the flux of
incoming photons, which was obtained with a calibrated silicon (Si)
and indium—gallium—arsenide (InGaAs) photodiode.
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