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The efficiency of organic solar cells with donor polymers and non-fullerene acceptors depends on a
complex morphology. Similar chemical and electronic structures impede generating in-depth insights in
morphological details. We visualise molecular arrangements and the nanomorphology in PBDB-T:ITIC
blends by correlating transmission electron micrographs and material distribution maps. Material phases
are identified by machine learning on hyperspectral data from electron spectroscopic imaging. We
observe a specific polymorph of ITIC after thermal annealing. During annealing, enhanced by the
presence of additives, PBDB-T acts as nucleation site for ITIC due to strong m—=n-interactions of the
electron withdrawing groups of both molecules. This leads to efficient charge transport paths in ITIC
phases with direct n—n-contact to PBDB-T at the interface. We conclude that n—n-stacking between
donor and acceptor molecules facilitates charge carrier generation within mixed interface regions.
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Broader context

A crucial step for the advancement of organic solar cells was made by introducing novel, versatile non-fullerene molecules. These materials still provide specific
advantages, such as solution processing, or strongly reduced toxicity in processing and use. However, the nanoscale structural landscape that determines
performance and understanding of photophysics is still not fully known. Elucidating this relation by applying electron microscopy (EM)—one of the major tools
offering the required resolution—is hampered by the similarity of donor and acceptor molecules regarding chemical composition and electronic structure.
We demonstrate that analytical EM enables materials phase identification at the nanometer scale. Interpretation of morphological details is augmented by
correlating phase distribution maps with high-resolution information about crystallinity. Using the system PBDB-T:ITIC we experimentally show that ITIC
acceptor molecules adopt the periodic spacing of the PBDB-T repetition units. This happens already in mixed interface regions and is facilitated by
polymorphism of ITIC. Here, we demonstrate that these visualized crystallites only form under thermal treatment in the presence of PBDB-T. We were able to
correlate these structural features to improved performance. We envision an in-depth understanding of both the influence of processing parameters and the
relation between molecular structure and photophysics.
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Complex morphologies play a significant role for performance
enhancements in solution-processed organic solar cells (OSCs)
with the objective of low-cost fabrication. The bulk hetero-
junction composed of acceptor molecules blended with donor
polymers maximizes the interfacial area for charge separation.
However, structural parameters of the so-called blend across
multiple length scales depend on the thermodynamic condi-
tions and kinetics during processing." Two factors are typically
discussed, which are polymorphic structures in donor and
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acceptor domains, and molecular arrangements around inter-
faces. For fullerene-based OSCs, acceptor polymorphism and
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its manipulation is well studied.” In comparison to fullerenes
with globular chemical structure and isotropic electron trans-
port properties, small, more planar molecules are more suscep-
tible to inefficient charge transport due to unfavourable
molecular arrangements. The overlap of m-orbitals strongly
depends on specific orientations.’ In addition, the adaption
of theories about electronic coupling between donor and
acceptor groups” is crucial to understanding charge-carrier
generation at interfaces.” Nevertheless, non-fullerene acceptors
(NFAs) have enabled an increase in power conversion efficien-
cies (PCEs) to more than 16%° in single junction cells. NFAs
based on molecular acceptor-donor-acceptor architectures, such
as ITIC,” primarily contribute to the current breakthroughs.
Underlying advantages of NFAs are the tunability of energy levels,
complementary light absorption and planarity of molecules or
sub-units.>*® The theoretical PCE limit for NFA-based single
junction cells is estimated to be around 20%."" However, to
approach this limit in PCE, it is essential to understand the
most significant performance driving factors connected to the
morphology.'**?

The NFA molecule ITIC receives special attention because
of its relatively high charge-carrier mobility, and thermal and
mechanical stability."*"> A widely studied donor:acceptor pair
is PBDB-T:ITIC™ and can thus serve as model system for
morphological analyses. Fig. 1a and Fig. S1 (ESIt) show the
chemical structures and Fig. 1b illustrates the most important
charge transfer and transport processes within an NFA-based
OSC. However, molecular arrangements at the interface and
within the acceptor phase have been elusive because direct or
experimental evidence is lacking. Clear distinction between
donor and acceptor with existing microscope techniques is
aggravated by the similar electronic structures. In this work,
we determine the molecular arrangement of ITIC and PBDB-T
in photovoltaic blends by analytical transmission electron
microscopy (ATEM). Material distribution maps from nano-
scale analytical imaging were correlated with bright-field infor-
mation on ordered domains with a spatial resolution of up to
1.45 nm. We show that additive assisted processing leads to
moderate increase in domain sizes. In addition, ITIC molecules
adapt a single backbone-to-backbone spacing after thermal
annealing similar to the length of the repeating unit of PBDB-T,
which was predicted by molecular dynamics simulations.®
We infer that an ITIC polymorph with chain-like conformation
is present after thermal annealing, favouring docking to PBDB-T by
arrangement of the electron withdrawing groups of both molecules
at the interface."” This ITIC reorganization leads to higher short-
circuit current densities. Our results suggest that optimal r-orbital
overlapping is crucial for charge-carrier generation. This contrasts
with most polymer:fullerene BHJs.'®"

Results and discussion
Molecular organization in pure ITIC thin films

Efficient charge transport is typically attributed to the existence
of crystals within a photoactive film. For ITIC, it was shown
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Fig. 1 Schematic illustration of a bulk hetero junction absorber layer of an
organic solar cell. (@) Chemical structures of the polymer PBDB-T and
the non-fullerene acceptor ITIC overlaid by a schematic representation
indicating the IT backbone and the IC end groups of ITIC. Similarly, the
BDT and BDD moieties are illustrated to discern the electron donating
and withdrawing unit of PBDB-T, respectively. (b) Most important opto-
electronic processes within different material phases (1: photon absorption
and exciton formation, 2: exciton diffusion, 3: exciton dissociation and
4: charge transport). The donor phase is represented by the blue area
corresponding to PBDB-T polymers absorbing high energy photons.
Similarly, the acceptor phase is represented by the brown area corres-
ponding to ITIC molecules absorbing low energy photons. Additionally, a
mixed phase is represented by the grey coloured area.

i

through molecular dynamics simulations that the molecular
packing within a thin film might be different from an ITIC
crystal in bulk.'® Therefore, we investigated pure ITIC films of
ca. 30 nm thickness with intermediate-resolution TEM and
electron diffraction (ED). Well oriented crystals are visible in
bright-field TEM images due to phase contrast. Fig. 2 and
Fig. S2 (ESIt) show that ITIC forms crystallites within the thin
films. TEM images and corresponding power spectra of crystal-
line regions suggest a broad range of possible crystallographic
spacings for ITIC from 1.4-2.2 nm (Fig. 2a-c). The lattice
parameters of ITIC, as determined from single crystal X-ray
diffraction,'® are @ = 1.49 nm, » = 1.55 nm and ¢ = 1.81 nm.
ED patterns in Fig. 2g and h show several sharp reflections at a
lattice distance of 1.45 nm, which we assign to the (100) plane

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ee03535d

Open Access Article. Published on 21 February 2020. Downloaded on 5/6/2026 1:52:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

View Article Online

Paper

Fig. 2 Bright-field TEM images and electron diffraction (ED) patterns of 30 nm thin ITIC films show a large range of periodic spacings. (a) Bright-field
TEM image of ITIC with the inserted power spectrum and a frame indicating the area enlarged in (b). (b) Enlarged area from (a) with its inserted power
spectrum. The arrows mark regions of ordered packed ITIC molecules. (c) Magnified region of the power spectrum in (b) showing the spatial frequency
range from 1.45-2.15 nm of different periodic structures in the image. (d—f) The corresponding images as in (a—c) for a 30 nm thin ITIC film processed
with DIO in combination with thermal annealing. (g) ED pattern of the same ITIC sample as in (a) at another sample position with diffraction signals
consistent with the results from (a—f). Additional rings at 0.63 nm and 0.44 nm arising from n—n-stacking are indicated. (h) Centre region of the ED
pattern in (g) showing strong reflections (indicated by circles) arising from small crystallites of different lattice spacing within the range of 1.45 nm to

2.2 nm. Scalebars in (a and d) represent 100 nm, in (b and e) 30 nm.

of the triclinic single crystal structure. The absence of the (010)
reflection can be explained by its weak structure factor (data
not shown). The broad ring at 1.7-2.2 nm contains sharp
reflections from the (001) plane of the single crystal structure
but also indicates the existence of amorphous structures with
varying distances. These distances correspond to the varying
backbone-to-backbone spacings of ITIC molecules in thin
films, as predicted from molecular dynamics."® The ED pattern
in Fig. 2g further shows two broader rings below distances of
0.75 nm, which can be attributed to the n-n-stacking distance
of the IC units. For an ITIC film fabricated with 0.5 vol%
diiodooctane (DIO) as solvent additive and thermal annealing
at 140 °C for 15 min the order is increased but similar lattice
distances are observed (Fig. 2d-f). This indicates that these

This journal is © The Royal Society of Chemistry 2020

processing conditions do not significantly alter the molecular
arrangement in a pure ITIC film.

Ordering and phase arrangements in a non-annealed blend

The analysis for ITIC discussed in Fig. 2 implies that the
acceptor structures show spacings that are very similar to the
lattice spacings of the donor polymer PBDB-T*® (see Fig. S3,
ESIt). Consequently, observation of phase contrast with
spacings between 2.0-2.2 nm in bright-field images of a blend
of both materials cannot be used to unambiguously identify
the underlying material or phase. Therefore, we combined
bright-field TEM with analytical TEM (ATEM) to obtain
a comprehensive view of the morphological features. ATEM
has been successfully applied to reveal the material phase
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distribution of fullerene-based 0SCs.'>**>* Nanoscale phase
distribution maps of the photoactive layers can be obtained
from machine learning algorithms for non-linear manifold
learning.'®*® We apply electron spectroscopic imaging (ESI)
by recording inelastic images within the low-energy loss range
using a stable imaging spectrometer. This allows detection of
subtle, fingerprint-like differences in optical excitations of the
different phases. Fundamentally, phases within a blend that
show varying plasmon excitation signatures generate material
contrast in specific inelastic images. So far it has not been
obvious whether this imaging approach yields contrast at the
required resolution between semiconducting polymers and
small molecules. For instance, NFA acceptors are—unlike
fullerenes'®'®—close in electronic structure to their donor
partner molecule. However, as shown in the normalized elec-
tron energy-loss spectra in Fig. S4 (ESIt), a shift of the o + =
plasmon peak is observed between PBDB-T and ITIC even after
initial damage by the primary electrons. An ESI data set in this
energy range yields inverted contrasts and thus enables phase
identification (Fig. S4 and Video S1, ESIt). Furthermore, the 7
plasmon signal of ITIC is much stronger than that for PBDB-T.
This signal at around 6.5 eV disappears through beam damage
but can be used in a first image of a series to unambiguously
verify the contrast obtained from the irradiation-stable ¢ + &
plasmon signals between 10-30 eV.

To substantiate the outcomes of the imaging approach,
we applied ESI imaging to a blend of PTB7-Th:ITIC-DM. The
corresponding devices show low performance (Fig. S5, ESIT),
which is addressed to a pronounced phase separation (Fig. S6,
ESIT). This poor performance is in contrast to solar cells based
on PBDB-T:ITIC-DM?*® and PTB7-Th:ITIC-Th blends (see Fig. S5,
ESIt) suggesting that specifically the PTB7-Th:ITIC-DM blend
shows low miscibility. In-depth analysis of the observed mor-
phology and low performance values goes beyond the scope of
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this work. Nevertheless, the pronounced phase separation
enables straightforward interpretation of ATEM results. For
evidence of correct qualitative material phase assignments,
we recorded elemental maps for sulphur and carbon from
the excitation of their L-edge at 165 and K-edge at 285 eV,
respectively, since the ratio of both elements varies between the
donor and acceptor molecules. Typically, elemental mapping is
not the preferred choice as source of material contrast due to its
inferior signal to noise ratio compared to low-energy loss ESL.>”
However, for PTB7-Th:ITIC-DM in Fig. S6 and S7 (ESIt) the ratio
of sulphur and carbon maps confirms the results obtained
from low-energy loss features.

Fig. 3a shows a correlative overlay of a bright-field TEM
image for a 30 nm thin PBTB-T:ITIC film and a map of
segmented phases obtained from processing a low-energy loss
ESI data set. The blend was not annealed but fabricated with
DIO. As for fullerene-based blends,"'®** functional phases are
identified including a mixed phase (white in Fig. 3a-d) con-
necting pure domains (brown for ITIC and blue for PBDB-T).
Fig. 3b-d shows three enlarged crystalline areas from Fig. 3a
with different material phase assignments. From the corres-
ponding power spectra in Fig. 3e-g the spacings of the periodic
structures in the bright-field TEM image are determined.
Ordered structures in donor and acceptor phases show
spacings of 2.1 nm and 1.9 nm, respectively. Measurements
of several crystalline areas (20 for ITIC and 6 for PBDB-T)
consistently show similar values for the domains assigned to
ITIC (Table S1, ESIY). In Fig. 3d, ignoring the material distribu-
tion map in the correlative overlay, one single crystallite would
be assigned to this area. However, the power spectrum in
Fig. 3g reveals the existence of two different periodic structures
within the same area. An exact investigation of the subareas
(Fig. S8, ESIt) implies that indeed Fig. 3d does not show a
unique crystal but two adjacent PBDB-T and ITIC crystals.

Fig. 3 Correlative analysis shows effects on crystallinity and materials phase distribution of ITIC when blended with PBDB-T using the additive DIO.
(a) Correlative overlay of a bright-field TEM image and an analytical TEM (ATEM) material distribution map acquired from a 30 nm thin PBDB-T:ITIC layer
with additive DIO processed without additional thermal annealing. (b—d) Images of crystalline areas assigned to donor (marked in blue) or acceptor
(marked in brown) areas by ATEM. (e—g) Power spectra of the according areas in (b—d). Scalebars in (a) represents 200 nm, in (b—d) 10 nm.

1262 | Energy Environ. Sci., 2020, 13, 1259-1268

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ee03535d

Open Access Article. Published on 21 February 2020. Downloaded on 5/6/2026 1:52:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

In addition, the material phase assignment allows to exclude
that variations in texture, ie. crystal orientation, induce the
differences in the observed lattice spacings in Fig. 3g.
Molecular dynamics simulations'® indicated that ITIC mole-
cules can take up several molecular arrangements, driven by
strong m-n-interaction of the terminal IC groups. Backbone-to-
backbone distances from 0.75-2.25 nm were predicted to be
possible. The aggregates with short backbone-to-backbone dis-
tances are best described as cluster-like, whereas those with
long backbone-to-backbone distances as chain-like. In ED, we
observe a broad scattering background with various discrete
reflections in the range of 1.7-2.2 nm in pure ITIC films and of
1.9-2.2 nm when blended with PBDB-T using DIO. We can infer
that a chain-like orientation of ITIC molecules is preferred and
several polymorphic crystal structures with varying backbone-
to-backbone distance form within the thins films. In this sense,
the centre of mass distances from backbone-to-backbone also
induce variations of the n-n-stacking distances of the terminal
IC groups.'® The single crystal (100) reflection could neither
be observed in the bright-field images nor in the diffraction
patterns of any blend. This implies the complete absence of the
single crystal structure of ITIC when blended in thin films.

Impact of additives and thermal annealing on molecular
orientation

For an in-depth understanding of processing parameters on
molecular orientation in different phases, we investigate effects
of thermal annealing in combination with additives. One layer
was processed without and two layers with either the additive
DIO or chloronaphthalene (CN). Solar cell parameters of the
three corresponding devices (averages of n = 6-10) are shown in
Table 1 and current density-voltage curves for best cells in
Fig. S9 (ESIt). Thermal annealing leads to an increase in both
fill factor and short-circuit current whereas additive assisted
processing induces higher fill factors. Thereby the effect of
additives is enhanced by annealing. Since annealing and appli-
cation of additives are steps designed to change the morphology,
visualization is essential to establish structure-property relations.
We note that for solar cell characterization active layer thicknesses
of around 100 nm were used whereas TEM analyses were per-
formed on 30 nm layers. The latter allows unambiguous assign-
ment of materials phases as we thus minimize the volume, which
is projected in a 2D image.”® Although domain distributions and
sizes may differ as a function of layer thickness, the focus of this
work lies in the visualization of general structural features that
can be expected to be identical in thicker layers. Each layer type
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was investigated by intermediate-resolution bright-field TEM, ED
and ESI. Raw results are shown in Fig. S4 (ESIt). ED patterns for
sizes smaller than or equal to 1 nm appear to be a superposition
of the reference patterns. This is not the case for values larger
than 1 nm. In this range only two rings in the ED patterns are
visible, around 1 nm and 2.2 nm. Features at 1.0 nm are generated
by PBDB-T. However, it is not possible to unequivocally assign
features at 2.2 nm to either donor or acceptor. This distance
roughly corresponds to the PBDB-T (100) spacing”®?® as well as to
possible backbone-to-backbone distances of ITIC'®'” as shown in
Fig. 2 and 3. In Fig. 4a, f and k we show material distribution
maps obtained from ESI data sets for the cases of layers processed
without additive, DIO or CN, respectively. The maps are overlaid
with bright-field TEM images, which reveals material assignhments
to crystallites. Fig. 4b-e provides enlargements of selected crystal-
lites with corresponding power spectra for the additive-free layer.
Likewise, crystallites are selected for the layer with DIO (Fig. 4g-j)
and CN (l-o). Irrespective of the material assignment, all periodic
distances are determined to be between 2.1-2.2 nm. However,
the correlative results from ATEM enable identification of the
material generating a specific crystallite. The unique occurrence
of a spacing of 2.1-2.2 nm after thermal annealing suggests that
the molecular arrangements of ITIC entirely adapts to the repeti-
tion unit distance of PBDB-T. This leads to a restriction to chain-
like orientations of acceptor molecules,'® which would provide
isotropic charge transport through n-n-stacking of the IC domains
in amorphous domain regions. The impact of reorganization of
ITIC through thermal annealing is reflected in an increase in
short-circuit current. The fill factor is not affected (examples 1
and 3 in Table 1). In contrast, blends show an additional increase
in fill factor when thermal annealing is combined with applica-
tion of additives (examples 2, 4 and 5 in Table 1).

The overlays in Fig. 4 show distributions and sizes of
PBDB-T, ITIC, and intermixed phases. In fullerene-based blends,
additives can have a major impact on morphology and perfor-
mance, in particular through interaction with fullerene
molecules.’*> Here, in combination with thermal annealing
additives induce moderate enlargements of pure material
domains for the PBDB-T:ITIC blends (see Fig. 4). Characteristic
domain sizes as determined from the material distribution
maps increase from a range of 5-67 nm to 14-67 nm or
33-67 nm with DIO or CN, respectively (see Fig. S10, ESIf).
Another impact of additive assisted processing on the NFA
phase in the blends is the improvement of the degree of
crystallinity in the ITIC phase (see Fig. 4 and Fig. S3, ESIf).
Both additive induced processes might be related to increased

Table 1 Influence of thermal annealing and solvent additives on performance. Photoelectric parameters are provided for PBDB-T:ITIC based OSCs
under optimized fabrication conditions under illumination

#: Blend (additive) Vo [V] Jse [MA cm™?] FF PCEpax [%] PCE,yg [%] (# cells) Annealed
1: PBDB-T:ITIC (without) 0.89 12.80 0.50 5.68 5.61 & 0.05 (3) No

2: PBDB-T:ITIC (DIO) 0.89 13.44 0.53 6.44 6.34 £ 0.07 (6) No

3: PBDB-T:TIC (without) 0.85 15.30 0.50 7.19 6.57 £ 0.32 (6) Yes

4: PBDB-T:ITIC (DIO) 0.86 15.00 0.65 8.65 8.57 + 0.21 (10) Yes

5: PBDB-T:ITIC (CN) 0.88 14.40 0.61 8.08 7.70 £ 0.30 (6) Yes

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Correlative analysis reveals molecular arrangements of ITIC at interfaces to PBDB-T and in acceptor domains after thermal annealing. (a—e) Blend
fabricated without solvent additive. (b) and (d) show enlarged regions marked in (a). (c) and (e) show the calculated power spectra from the crystalline
regions marked in (b) and (d), respectively. In both power spectra a periodic structure with a lattice spacing of more than 2.1 nm is indicated.
(f=j) Corresponding images for a PBDB-T:ITIC blend processed with DIO showing a crystalline acceptor area and donor area in (g) and (i), respectively.
(k—0) Corresponding images for a PBDB-T:ITIC blend processed with additive CN. Scalebars in (a, f and k) represent 100 nm and 10 nm in enlarged

overlay images.

average domain purity, which was shown to occur in some NFA
based blends upon additive use and is related to lower gemi-
nate and non-geminate recombination and hence to enhanced
fill factors.®® Although the amount of mixed phase calculated
from the material distribution maps could provide indications
to average purity, here resonant soft X-ray scattering would
aid to obtain a complete view.** Nevertheless, the observed
domain enlargement and increased ordering indicates improved
charge-carrier transport with less accumulation of charge-carriers
and hence less recombination for a given external voltage.>*

Fig. 4 shows that intermixed materials at the interfaces
between donor and acceptor domains are found to extent to a
few nanometers. Furthermore, we observe for PBDB-T:ITIC
blends that after thermal annealing the crystals with 2.1-
2.2 nm spacing emanate from the (mixed) donor:acceptor
interface into the ITIC phase (see Fig. 41). This indicates that
blends of polymers and ITIC derivatives behave differently from
fullerene-based blends, in which amorphous mixed phases
were repeatedly found to be larger and advantageous in providing
energy cascades for charge-carrier generation.”>**>” Han and
co-workers performed atomistic simulations of the PBDB-T:
ITIC interface blend.'” They predicted that the combination
of using the additive DIO and thermal annealing favours a
docking of the IC moieties to the electron withdrawing BDD

1264 | Energy Environ. Sci., 2020, 13, 1259-1268

unit of the polymer. Thus, thermal annealing under the use of
DIO or CN induces the nucleation of ITIC crystals at PBDB-T.
In this way chains of ITIC molecules in face-on orientation can
start growing from the BDD unit of the polymer into the pure
acceptor phase, which promotes exciton dissociation'” through
n-m-interactions. This suggests that charge-carrier generation
in ITIC-based OSCs is facilitated by dissociation through hot
state charge delocalization®® in conjunction with energy
cascade effects from mixed towards pure phases. The impact
of additives and thermal annealing on molecular arrangement
that were deciphered for PBDB-T:ITIC are schematically sum-
marized in Fig. 5. The crystalline domain corresponds to the
here observed polymorph of ITIC, which is unique to thin films
and the presence of PBDB-T as nucleation site and promoted by
thermal annealing and the process additives.

Direct visualization of donor acceptor domains in annealed
blends has been achieved together with unequivocal assign-
ment of crystallites with lattice spacings of around 2.15 nm to
ITIC. Since PBDB-T forms crystals with similar lattice spacing,
an assignment of the materials based on the observed crystallites
is ambiguous. Bulk measurements such as X-ray diffraction are
essential in deciphering structural properties*”* but the assign-
ment of crystalline features to the correct material is not straight-
forward. With respect to the diffraction results alone in Fig. 2,

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Schematic illustration of the optimal morphology of an organic
solar cell based on the system PBDB-T:ITIC. The rearrangement of the ITIC
molecules from a polymorphic (lattice spacings from 1.90 nm to 2.15 nm)
to a semi crystalline structure (lattice spacing of around 2.15 nm) adapting
the PBDB-T structural spacing through thermal annealing yields a
morphology for efficient exciton dissociation and isotropic charge
transport. The schematic representation of both PBDB-T polymer and
ITIC molecules is adapted from Fig. 1.

X-ray measurements> by Liang et al. appear to confirm the results
of Fig. 3. Here, we observe a similar crystallinity of PBDB-T:ITIC
blends, which would be expected from the combined reference
measurements of the pure materials. However, interpretations
from the non-annealed layer in Fig. 3 as well as the X-ray
diffraction®® would lead to contradictory conclusions about
the narrow range of spacings found in Fig. 4 after thermal
annealing.

Adding the capabilities of spatially resolved ATEM in the
low-energy-loss range and machine learning methods enables
unequivocal assignments of material phases to crystalline and
amorphous structures. Thereby, we expect that these material
assignments are not significantly influenced by overlapping
signals in two-dimensional TEM and ATEM projections from
the three-dimensional material distribution. Although noise
and outliers for single pixels cannot be excluded, as shown
for P3BHT:PCBM, the algorithm evaluating spectral differences
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primarily detects interface regions encircling pure and enriched
domains.*

Conclusions

In most fullerene-based cells, efficient charge separation of excitons
at the donor:acceptor interface requires substantial driving forces,
ie. an energetic difference between the LUMO levels of donor
and acceptor, which lower the achievable open-circuit voltages.
Reducing the driving forces by optimizing energy level alignment
increases the attainable voltage but typically leads to strong losses
in fill factor and short-circuit current density because of elevated
geminate recombination. In the case of non-fullerene acceptors,
there are several studies reporting high photocurrent densities
despite low driving forces.**™** Optimal molecular arrangements
might primarily contribute to this behaviour. Non-fullerene accep-
tors are versatile but challenging molecules with regards to the
morphological parameter space.””> However, we have shown by
correlative imaging at the nanoscale that this versatility is one of
their significant advantages. In PBDB-T:ITIC, previously unexpected
polymorphic and interfacial structures lead to enhanced perfor-
mance related to efficient charge-carrier generation and extraction.
Owing to the relatively large LUMO level offset of 0.86 eV and the
existence of mixed interface regions of several nanometers, we
expect that charge-carrier generation is still supported by energy
cascade processes. A crucial step towards understanding the
different ways of efficient charge separation in relation to the
morphology will be the in-depth and nanoscale visualisation of
the low driving force systems.

To reach 20% efficiency and beyond, it is essential to find novel
matching donor:acceptor pairs, in terms of energy level alignment
but also in terms of miscibility’ and potential for optimal mole-
cular alignment. Solving the latter has been a demand in most
recent works on NFAs to support rational design of the involved
materials. Furthermore, research is aiming for a fabrication of
OSCs by straightforward large-scale processing steps. This includes
avoiding solvent additives. It was shown for PBDB-T:ITIC that
efficiencies of >10% can be obtained by thermal and solvent
vapour annealing.”® Moreover, more recent material systems such
as PM6:Y6 have demonstrated high efficiency of more than 15%
without additives.** Correlative, high-resolution imaging analyses
of such systems will provide valuable insights into morphological
factors in combination to the results presented in the work at
hand. Notably, material distribution maps can be applied to
extract quantitative measures describing domain sizes, domain
connectivity or domain shapes. However, correlative TEM/ATEM
imaging will reveal more detailed insights into the relation of
solution fabrication processes and post-treatment procedures such
as domain interface or ordering characteristics.

Methods

Fabrication of the solar cells

First, ITO substrates (purchased from LUMTEC, 15 Ohm sq )
were thoroughly cleaned by sonication in acetone and ethanol
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followed by rinsing with water and sonication in isopropanol
and applying ultraviolet-ozone for 10 min. A thin layer of poly-
(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
(CLEVIOS™” AI 4083) was spin-coated on the cleaned ITO precoated
glass substrate inside of argon-filled glove box at a speed of
3500 rpm for 60 s followed by heating on a hot-plate at 140 °C
for 15 min. Three different blend solutions of PBDB-T:ITIC
(materials purchased from 1-Material) for the photoactive layer
were used: (i) 10: 10 mg ml~" in chlorobenzene without additives,
(ii) 10:10 mg ml™" in 99% vol chlorobenzene and 1% vol 1,8-
diiodooctane (DIO) (iii) 10: 10 mg ml~" in 97% vol chlorobenzene
and 3% vol 1-chloronaphthalene (CN). The PTB7-Th:ITIC-DM
(1-Material) blend solution was prepared with 10:10 mg ml™*
ratio in chlorobenzene with 1% DIO. The PBDB-T:ITIC and PTB7-
Th:ITIC-DM active blend layers, with a nominal thickness of
100 nm, were prepared by spin-coating at 2200 rpm for 2 min.
After that, some layers were thermally annealed at 140 °C for
15 min and the other part was used as-cast without annealing.
A more detailed description of the used materials PBDB-T,
PTB7-Th, ITIC and ITIC-DM can be found in Fig. S1 (ESIT). After
active layer deposition, ZnO nanoparticles in isopropanol and
0.2% (v/v) ethanol amine were spin-coated on the top of active
layers at 3000 rpm for 1 min and dried on a hot plate at 140 °C
for 5 min. All processes were performed inside a glove box.
For processing the cathode, Al metal electrodes (100 nm) were
thermally evaporated at 1 x 10”7 mbar through a shadow mask to
obtain a device area of 0.27 cm”.

Characterization

The current density-voltage (/-V) characteristics of the devices
were measured using a Keithley 238 Source Measure Unit inside
the glove box. Solar cell performance was measured using a
Newport class AAA 1.5 Global solar simulator (Oriel SO13ATM-
model no 94043A) with an irradiation intensity of 100 mW cm 2.
The light intensity was determined with a Si reference cell
(Newport Company, Oriel no 94043A) calibrated by the National

Renewable Energy Laboratory (NREL).

Fabrication of the layers for ATEM

The ITO substrates were cleaned and covered with PEDOT in an
identical way described in the section of the fabrication of the
solar cells. Thin layers of the different blend and pure material
solutions with a nominal thickness of 30 nm were prepared by
spin-coating at 9500 rpm for 2 min and—where indicated—
thermally annealed at 140 °C for 15 min. When fabricating
layers with additives, ITIC solutions were prepared with 1% vol
DIO or CN before spin-coating.

Sample preparation and morphological analysis

The photoactive layers and pure material layers (PBDB-T, PTB7-Th,
ITIC and ITIC-DM) were floated upon demineralized water by
dissolving the PEDOT:PSS layer and collected with holey carbon
grids (QUANTIFOIL®™). TEM measurements (bright-field TEM,
ESI, EELS) were performed with a Cs aberration corrected Libra
200 MC (Carl Zeiss Microscopy GmbH, Germany) at 200 kV
equipped with an in-column energy filter and a monochromator
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providing an energy resolution of better than 150 meV. Images
were recorded at about Scherzer defocus with spherical aberration
corrected to about 10 um. EEL spectra were recorded from pure
layers PBDB-T, PTB7-Th, ITIC and ITIC-DM with a thickness of
around 30 nm and an energy resolution of 120 meV. The EEL
spectra were normalized by the integral from 5 to 40 eV using
HyperSpy.** For first EELS acquisition a total electron dose
of 1500 electrons per nm? was applied. After a total dose of
150000 electrons per nm” the signals below 10 eV changed
through irradiation damage whereas the plasmon signals
>10 eV show only minor shifts for much higher doses. Details
on resulting spectra can be found in Fig. S4 (ESIf). ESI stacks were
acquired from one layer of PTB7-Th:ITIC-DM and four layers of
PBDB-T:ITIC. For ESI acquisition, image series were recorded
from 5-40 eV in steps of 1 eV and a defocus between 0 to maximal
—50 nm. As shown in eqn (S1) (ESIt), the signal delocalisation at
spatial frequencies interpreted in this work - due to defocus,
spherical aberration, and electron wavelength - is negligible
(would amount to about —0.06 nm). Hence, locations of diffrac-
tion fringes in bright-field TEM images can be directly correlated
with the material phase information. The slit aperture for inelastic
images was set to a width of 1 eV. The total dose for each series
was approximately 10 x 10° electrons per nm’. The first image of
a series was recorded at 0 eV to acquire a bright-field image for
correlative analysis of crystallites. Preceding to data analysis, this
bright-field image and inelastic images from the ESI series were
aligned by affine image registration. The ESI series were normal-
ized by the sum of all inelastic images in the series, ie. the
resulting integral equals 1, to remove the thickness and density
contrast in the images and to reveal material contrasts. For noise
reduction of the normalized ESI series principal component
analysis was applied using Hyperspy.** Using ilastik, an open
source software for image classification and segmentation based
on statistical analysis and supervised machine learning,** the ESI
spectra were classified into distinct classes. In the first step the
dimensionality of the data is reduced by the application of locally
linear embedding (LLE). In the second step, a random forest
classifier is trained on the same label subsets to subsequently
classify all remaining pixels or spectra yielding maps showing
PBDB-T and ITIC domains as well as mixed or interface phases.
The same procedure was applied to the PTB-7-Th:ITIC-DM data-
set. Further details about this method are described elsewhere."’
The elemental maps of the PTB-7-Th:ITIC-DM blends from sulphur
and carbon ionization signals were generated using the three
window method.>” We note that although we used LLE within a
custom software, several implementations exist for free-of-charge
use, e.g., for Matlab (MathWorks, USA) or for Python with the
scikit-learn package. Thickness measurements were performed by
the Fourier-log-ratio-method in the TEM*” and structure-factors
were assessed by JEMS-SAAS, a commercially available simulation
software for electron microscopy by Pierre Stadelmann.
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