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Donor dilution in D18:L8-BO organic solar cells:
visualization of morphology and effects on
device characteristics
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The increased interest in tandem solar cells and semitransparent building-integrated photovoltaics raises

the need for organic solar cells with enhanced visible light transmittance. Reducing the donor content

successfully enhances semitransparency in the visible wavelength range, however, it can introduce

issues in charge carrier separation and transport. We address this key issue and concentrate on a

detailed investigation of the nanomorphology of D18:L8-BO bulk heterojunctions with reduced donor

content to provide new insights into the morphological changes and their impact on device

performance. Scanning transmission electron microscopy combined with electron energy loss

spectroscopy based elemental ratio mapping provides good contrast between the donor and acceptor

domains and we observed that the donor phase forms a well interconnected network, which surprisingly

persists even at low donor contents down to 2%. Investigations of the solar cell characteristics align with

these findings and reveal that despite a significant reduction of the donor, the fundamental device

physics remains largely unaffected. Rather than changes in charge carrier mobility or exciton

dissociation, we identify charge carrier collection and a significant reduction in shunt resistance as

critical loss factors that have been previously underestimated. A thorough understanding of these

changes will contribute to optimizing donor-diluted organic solar cells for semitransparent applications.

1 Introduction

Organic solar cells are continually demonstrating enhance-
ments and achieving unprecedented efficiencies. They are an
intensively studied solar technology as they offer numerous
advantages including cost-efficient manufacturing processes,
excellent synthetic tunability of donor and acceptor properties,
as well as the possibility for ultrathin, light-weight or semitran-
sparent characteristics, stretchability and flexibility.1–6 Accordingly,
this solar cell technology is well suited for building-integrated
photovoltaics (BIPV), agri-photovoltaics as well as for the use in

tandem solar cells with semitransparency playing an important
role.3,7 For these applications, the absorption behavior must be
tunable to either appear transparent for the human eye or offer
suitable optical transmission for the second sub-cell in a tandem
device. The characteristic absorption of active layer material
combinations such as PM6:Y6 or D18:L8-BO is efficient over the
entire visible spectrum up to the near infrared region, but can be
influenced by changing donor to acceptor ratios (D : A ratios). With
the donor absorbing in the visible range and the acceptor using
mainly the NIR part of the solar spectrum, the average visible
transmittance (AVT) can be improved with donor reduction.3

However, questions arise regarding the influence of donor
dilution on the fundamental device physics, mode of operation,
and power conversion efficiency. Unbalanced phase morphol-
ogy, a reduced interface and, in the extreme case, the loss of
percolation paths within the donor phase are consequences of
this donor diluting approach. Exciton dissociation primarily
occurs at the donor:acceptor (D:A) interface due to the energy
level offset, therefore a reduced interfacial area results in less
exciton dissociation and hampers the generation of free charge
carriers.8 The network formation typically witnessed for the
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donor material D18 is beneficial for both, exciton dissociation and
charge transport. Such networks are also found in other bulk
heterojunction (BHJ) absorber layers (e.g. PM6:L8-BO, D18:L8-
ThCl) and their investigation is mainly based on grazing-
incidence wide-angle X-ray scattering (GIWAXS), atomic force
microscopy (AFM) and transmission electron microscopy (TEM)
in combination with electron diffraction techniques.9–11 In pre-
vious work, it was shown that electron energy loss spectroscopy
(EELS) enables efficient visualization of D:A separation in the bulk
without crystallinity dependence, thereby enhancing the illustra-
tion of defined network structures.12–15 These structures will be
investigated more closely in this study focusing on changes
resulting from gradual donor reduction in the D18:L8-BO system.
D18:L8-BO is currently among the most efficient and thoroughly
investigated material combinations that form network structures.
To obtain a comprehensive understanding on the impact of the
D : A ratios, this study investigates six weight ratios between 1 : 1.5
to 1 : 100. We correlate changes in the D:A network to photovoltaic
parameters, absorption and EQE spectra, GIWAXS data, charge
carrier mobility, Jph–Veff characteristics, light intensity depen-
dence, and luminescence data. A particular focus is thereby set
on elucidating how a systematic reduction of the donor fraction
alters the underlying device physics.

2 Results and discussion

Solar cells with different D : A ratios were built in the configu-
ration glass/ITO/PEDOT:PSS/active layer/PNDIT-F3N-Br/Ag with
D18 as donor and L8-BO as acceptor material coated in form of
a bulk heterojunction in various weight ratios. Following the
idea of reducing the absorption in the visible light range,
the concentration of D18 was reduced stepwise starting from
40 weight% (D : A 1 : 1.5, w : w), to 20% (1 : 4), 11% (1 : 8), 9%

(1 : 10), 2% (1 : 50) and finally to 1% (1 : 100). Additionally, the
pristine materials were tested regarding their photovoltaic
performance in the same device architecture. The chemical
structure of D18 and L8-BO, absorption spectra, J–V curves and
the extracted photovoltaic parameters of the solar cells with
different D : A ratios are depicted in Fig. 1 and the corres-
ponding data are summarized in Table 1. Additionally, the
absorption spectra (normalized) of the samples with different
D : A ratios and the absorption spectra of the pristine materials
are shown in Fig. S1.

According to Fig. 1c, the fill factor (FF) has a high tolerance
to donor reduction across D : A weight ratios from 1 : 1.5 to 1 : 10
followed by a marked decline at ratios of 1 : 50 and 1 : 100. The
open circuit voltage (VOC) shows stable behavior over all investi-
gated ratios, however, the ratio alteration provides notable impact
on the short circuit current densities (JSC). The JSC values steadily
decrease with reduced donor content, from 24.4 mA cm�2 (1 : 1.5)
to 11.9 mA cm�2 (1 : 10) and 3.33 mA cm�2 (1 : 100). Despite a
significant reduction of the donor content from 40% (1 : 1.5) to
9% (1 : 10), it is interesting to note that only a performance decline
of about 50% is observed (15.8% to 7.5%). A similar correlation
between solar cell performance and donor content was observed
for the PM6:Y6 combination by Zhang et al.16

Significant variations depending on donor content altera-
tion are observed in the absorption spectra shown in Fig. 1e.
This graph demonstrates a substantial decline in the absorp-
tion of the visible range with decreasing donor content. The
donor absorption peak maxima located between 570 and
600 nm are significantly decreasing with reduced donor con-
tent in comparison to the L8-BO absorption peak maxima
located between 790 and 820 nm. For the 1 : 50 and 1 : 100
ratios, no significant changes are visible in the donor absorp-
tion region. However, depending on the processing conditions,
absorption spectra of these two ratios can reveal a distinct

Fig. 1 Chemical structures of (a) D18, (b) L8-BO, (c) FF, VOC, JSC and PCE plotted vs. the D : A ratio, (d) J–V curves, measured under illumination, of solar
cells with different D : A ratios and (e) their absorption spectra for the pure materials and the blends with different D18:L8-BO ratios from 1 : 1.5 to 1 : 100.
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redshift of the acceptor absorption maxima from 800 nm to
817 nm as shown in Fig. S1a. This indicates a more pronounced
crystallinity of the acceptor in these films compared to layers
with a higher donor content and thereby possibly also a
significantly changed D:A network formation.

For the J–V curves of the devices with 1 : 50 and 1 : 100 D : A
ratios, in addition to a reduced photocurrent also the photo-
voltage and in particular the FF are significantly reduced, which
demonstrates the competition between recombination and
extraction of charge carriers.17 Obviously, the series resistance
(Rseries) is also much higher for solar cells with these two ratios
(1 : 50 and 1 : 100) and even more for those with the pure donor
or acceptor. The Rseries values are increasing from 1.7 O cm2

(1 : 1.5) to 2.1 (1 : 4), 2.5 (1 : 8), 2.6 (1 : 10), 8.2 (1 : 50), 12.0
(1 : 100), 1990 (0 : 1) to 2960 O cm2 (1 : 0). For more balanced
D : A ratios (1 : 1.5, 1 : 4, 1 : 8 and 1 : 10), we believe that suffi-
ciently efficient charge transport enables higher FFs and there-
fore decent efficiencies despite the significantly reduced donor
content.

To better understand these results, we focused on the
analysis of morphological changes induced by the variations in
the D : A ratio, with particular attention on the investigation of
the presence of percolation pathways for charge transport.
Morphology investigations are typically done with techniques
like TEM, AFM and PiFM (photo-induced force microscopy).18,19

However, with STEM-EELS elemental mapping, which is used in
this study, it is possible to distinguish between donor and
acceptor materials based on their chemical composition.20

Elemental ratio maps for nitrogen, present in higher amount
in the acceptor (L8-BO (C84H90F4N8O2S5)), and for sulfur, present
in higher amount in the donor material (D18 (C76H92F2N2S9)n),
allow the visualization of the different phases, shown in Fig. 2.
Since 7.77% N atoms are present in the acceptor molecule and
2.25% N atoms (H excluded) are present in the donor, there are
3.5 times more nitrogen atoms in the acceptor material. For the
donor material, the sulfur content is 2.1 times higher than the
one of the acceptor molecules with 4.85% sulfur in the acceptor
vs. 10.11% sulfur in the donor. This enables the representation
in elemental ratio maps, separating areas with different atomic
ratios of a specific element, in this case nitrogen and sulfur.
STEM-EELS data for D18 and L8-BO are shown in Fig. S2a. The
mean relative thicknesses (t/l) of the measured areas are 0.59
(1 : 1.5), 0.44 (1 : 4), 0.47 (1 : 8), 0.56 (1 : 10), 0.44 (1 : 50) and 0.54
(1 : 100) with l representing the inelastic mean free path of
electrons in the material and therefore (t/l) representing the
average number of inelastic scattering events per electron.
Thickness estimation is done with a low-loss spectrum, compar-
ing the intensity I0 of the zero-loss peak with the total intensity It

of the whole spectrum (t/l = ln(It/I0)).21 At constant experimental
parameters, the mean free path l depends mostly on the effective
atomic number, which is similar for donor and acceptor, so it can
be concluded that all samples have a similar thickness.

For the 1 : 1.5 ratio, a dense network structure with irregular
sulfur- and nitrogen-rich areas are detected as shown in Fig. 2.
The sulfur-rich donor material forms strand structures with a
thickness of 15–20 nm. Regions used to estimate the diameterT
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of the network strands are shown in Fig. S2b. Overall,
an interpenetrating network on the nanoscale was clearly
obtained, providing a large D:A interface for charge dissocia-
tion and a percolating structure for efficient charge transport.22

The 1 : 4 sample shows a distinct sulfur content reduction, but
nevertheless, a dense and regular network structure with poly-
mer fibrils having a diameter between 15 and 27 nm. For the
1 : 8 and 1 : 10 ratios, the network density gets further reduced
with 15–20 nm thick strands but also an increased appearance
of 6–10 nm thin strands, especially for the 1 : 10 ratio. However,
due to the elongated fibrils of D18, a percolating network
can be assumed, enabling the relatively high FF obtained for
solar cells with this ratio. Smaller photocurrents of the 1 : 10
compared to the 1 : 1.5 or 1 : 4 D : A ratio samples, can be
explained with D : A interface reduction. For the 1 : 50 ratio,
a very leaky network is still observed consisting of a few very
thin donor threads, which measured approximately 10–15 nm.
The presence of fibrils is heavily reduced, which hinders the
charge transport in the donor phase due to the lack of percolat-
ing pathways. No donor network structure can be recognized in
the 1 : 100 layer. Indeed, the solar cells based on these two
D : A ratios show significantly higher series resistance and lower
FF compared to the devices with higher donor content and
prominent network structures.

In addition to the STEM-EELS analysis, AFM measurements
were conducted and are depicted in Fig. S3 for all ratios. The
films with D : A ratios of 1 : 1.5, 1 : 4 and 1 : 8 show fibrillar
structures on the sample surface and for the 1 : 10 ratio, their
visibility is significantly reduced, while for the films with 1 : 50
and 1 : 100 D : A ratios no similar network-like structures are
detectable. The surface roughness values, shown in Table S1,
significantly increase with the reduction of the donor material
since the polymer does not flatten the film and larger acceptor
domains are formed.

These results indicate that dense network structures of the
donor are beneficial for obtaining a good fill factor with overall
decreasing donor content, but do not prevent JSC losses. Thus,
the photocurrent generation was investigated in detail with
external quantum efficiency (EQE) measurements. The EQE
spectra in Fig. 3a also indicate the overall decreasing current
generation and the peak maxima correlate with the maxima of
the donor absorption peaks in the range of 500–600 nm. For the
1 : 1.5 ratio, the EQE spectrum in the donor absorbing region
between 500 and 600 nm is slightly higher than in the acceptor
absorbing area around 800 nm, which equalizes for higher
ratios but never reverses to higher EQE values at around
800 nm despite increased L8-BO content. This might be caused
by the formation of larger L8-BO aggregates between the donor

Fig. 3 (a) EQE spectra of solar cells with different D : A ratios in the active layer and (b) additional high sensitivity EQE measurements recorded between
895–1000 nm.

Fig. 2 Elemental ratio maps of N (blue) and S (red) based on STEM-EELS measurements of thin films with D : A ratios from 1 : 1.5 to 1 : 1 : 100 (w : w).
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fibrils, which is also revealed by the EELS-based elemental ratio
maps and known from literature.19 The observation that the
L8-BO in the larger aggregates is not efficiently contributing to
the photocurrent generation could be caused by increased
recombination within the large L8-BO domains exceeding the
exciton diffusion length of approx. 14 nm (in pure L8-BO).23,24

This is additionally supported by the enhanced photolumines-
cence (PL) of these devices (see below). The comparison of the
calculated short circuit current densities from the EQE data
with the measured JSC values is given in Table S2.

The observations in the EQE spectra reveal that the donor
material contributes significantly to photocurrent generation,
even for absorber layers with lower donor content, but the
donor reduction does not have a linear relationship with the
JSC values. Comparing the 1 : 1.5 (40% donor) and 1 : 100
(1% donor) D : A ratios, the donor content decreases by a factor
of 40, while the short circuit current density is only reduced by a
factor of 7.3 (1 : 1.5 ratio: 24.4 mA cm�2; 1 : 10 ratio: 3.33 mA cm�2).
However, with regard to processability, the presence of a certain
donor content is of considerable significance, because for pristine
L8-BO, processing of homogeneous layers with reasonable thick-
ness is very challenging. Therefore, the concentrations of the
precursor solutions are increased from 4 mg ml�1 (1 : 0) to 8
(1 : 1.5), 14 (1 : 4), 16 (1 : 8 and 1 : 10) and 20 mg ml�1 (1 : 50, 1 : 100
and 0 : 1). The layer thicknesses were checked with a profilometer
and the spin coating parameters adjusted accordingly to obtain
layers of similar thickness.

Furthermore, the EQE spectra at the absorption edge between
895 and 1000 nm were analyzed in more detail to detect charge
transfer states, but as it is shown in Fig. 3b, the curves for all
ratios follow a linear decline with no visible appearance of the
signature of charge transfer states. This is typical for D18:Y6 or
other comparable absorber materials as the acceptor exciton and
the charge transfer state show a very small energy offset.25

As already discussed above, the absorption spectra in
Fig. S1a reveal a redshift for the acceptor peaks in the films with
1 : 50 and 1 : 100 D : A ratios. The redshift for ratios exceeding 1 : 10
could be caused by a closer packing and increased crystallinity of
L8-BO resulting in pronounced inter-molecular electronic cou-
plings as it is shown for Y6.26 A denser p–p stacking typically
results in enhanced charge transfer, charge separation and
reduced energy losses.27 But the significantly reduced D : A inter-
face area in the samples with 1 : 50 and 1 : 100 D : A ratio, in
combination with increased L8-BO domain sizes, might diminish
these advantages. To investigate this in more detail, we character-
ized the films with grazing incidence wide-angle X-ray scattering
(GIWAXS). The obtained GIWAXS images as well as the in-plane
and out-of-plane cuts are shown in Fig. 4. It can be well observed
that L8-BO has a lower p–p stacking distance compared to D18.
The maximum of the p–p stacking peak of D18 is at 16.5 nm�1

(stacking distance: 0.38 nm), whereas the L8-BO reveals a max-
imum at 17.4 nm�1, which corresponds to a p–p stacking distance
of 0.36 nm. While the shape of the 1 : 10 sample is still similar to
the samples with 1 : 4 and 1 : 8 ratios (with maxima of the p–p
stacking peaks between 16.85 and 17.15 nm�1), the 1 : 100 sample
resembles the shape of the pristine L8-BO film very well and the
maximum of the p–p stacking peak is very similar to the value of
the pristine L8-BO film. Moreover, it can be observed that the
L8:BO lamellar stacking distance in the blends remains
unchanged compared to the pristine L8-BO film as indicated by
the in-plane peak at 4.6 nm�1 corresponding to a lamellar
stacking distance of 1.36 nm.

Furthermore, SCLC measurements of hole and electron only
devices were performed (Fig. S4) and the obtained mobility
values are summarized in Table 1 and Fig. 5a. We observed very
comparable hole mobilities in the investigated D18:L8-BO
blend films and even for pristine acceptor devices. This can
be attributed to the ambipolar nature of L8-BO providing

Fig. 4 (a) 2D-GIWAXS images of the pristine L8-BO and D18 films as well as the blends with different weight ratios (the blend with 1 : 50 ratio was not
measured) and (b) the corresponding in-plane (IP) and out-of-plane (OOP) cuts.
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multiple charge-hopping channels and strong electronic
coupling.28 Also the electron mobilities have only a small
correlation with varying the D : A ratios, except for pristine
D18 devices, where a pronounced decrease in electron mobility
is observed. For acceptor contents above 89% (1 : 8), the elec-
tron mobilities are decreasing. This trend was also found in
PM6:Y6 cells with decreasing donor content.16 It is assumed
that the domain interconnectivity is reduced by increasing
acceptor aggregation and thus has a significant negative effect
on electron mobility29 and is supported by the found increasing
serial resistance. While these experiments reveal that the donor
material is not a prerequisite for sufficient charge carrier
mobilities, the loss of separate pathways for hole and electron
transport enhances recombination in the active layers with low
donor content.

Furthermore, Jph–Veff characteristics, as shown in Fig. 5b,
were collected. The ratio of JSC and Jsat (Veff = 2 V) gives insight
into the efficiency of exciton dissociation, while the ratio of the
current density at the maximum power point (JMPP) to Jsat

provides information about the charge collection efficiency,
both shown in Fig. 5c. The corresponding values are given in
Table 1 and Table S3. Exciton dissociation stays above 0.88 for
ratios up to 1 : 10, with a significant drop for the 1 : 50 and
1 : 100 ratios down to 0.54 and 0.43, respectively. In contrast,
the charge collection efficiency in comparison to the exciton
dissociation efficiency is decreasing more rapidly from 0.83 for
1 : 1.5 to 0.19 for 1 : 100. These results are in line with the
reduction of the JSC in these devices (cf. Table 1) and leads to

the conclusion that approximately half of the losses in the
1 : 100 devices are caused by the fact that only half of the
excitons (compared to the 1 : 1.5 device) dissociate and 80%
of the generated charges are lost via nongeminate recombina-
tion due to insufficient charge transport.

Moreover, the recombination behavior was investigated with
experiments on light intensity dependence of the JSC shown in
Fig. 6a and the VOC (Fig. 6b). Alpha values derived from JSC vs.
light intensity measurements (JSC p Ia, with I for intensity)
reveal information about recombination.30 Interestingly, the
alpha values derived from the linear fits, shown in Table S4,
reveal values close to 1 for all the different ratios, validating
balanced charge transport also shown in the SCLC measure-
ments. However, VOC measurements at different light intensi-
ties vary significantly for different D : A ratios. With decreasing
light intensities, the VOC of cells with ratios of 1 : 1.5 and 1 : 4
decreases quite linearly, while the voltage values for solar cells
with lower donor content do not follow a linear trend. This
could be caused by increased leakage currents with less donor
content. The net current is comprised of the diode current,
leakage current and the photogenerated current whereas all of
them are voltage-dependent but only the latter scales with light
intensity. As a consequence, the leakage current is of particular
significance at lower light intensities.31 The extent of leakage
currents is predominantly influenced by the shunt resistances,
which were determined from the dark curves for all different
ratios. Shunt resistances decrease from 30.9 kO cm2 (1 : 1.5) to
7.7 (1 : 4), 3.1 (1 : 8), 3.4 (1 : 10), 2.4 (1 : 50) and 2.1 kO cm2

Fig. 5 Charge carrier mobilities for different D : A ratios (a), Jph–Veff characteristics (b) and the JSC/Jsat and JMPP/Jsat of the different ratios (c).

Fig. 6 Light intensity dependency of (a) JSC and (b) VOC of solar cells with different D18:L8-BO ratios and (c) shunt resistance (Rsh) and ideality factors n
of the solar cells with different D : A ratios.
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(1 : 100), as shown in Fig. 6c, which could therefore confirm the
problem with leakage currents. This makes it tricky to extract
exact ideality factors, but an attempt was made to estimate the
ideality factors from the data points at light intensities between
approx. 100 and 30 mW cm�2, as the VOC dependence in this
range shows a linear behavior and the results are shown in
Fig. 6c and Table S4. For the 1 : 1.5 and 1 : 4 ratios, ideality
factors close to 1 indicate that primarily bimolecular recombi-
nation occurs, while for the residual ratios, trap-assisted recom-
bination gets increasing prominence, possibly caused by
isolated donor island structures.32

The exciton recombination is further investigated with
photoluminescence (PL) measurements. The different ratios
are tested at open circuit and short circuit conditions plotted
in Fig. 7a with the raw (not normalized) data in Fig. S5. The
same energetic position of the photoluminescence peak in all
samples suggests that the radiative recombination stems from
the singlet exciton of the L8-BO. Minimal variation of the PL
spectra recorded at Voc and Jsc shows that only a fraction of
charge carriers extracted under short circuit conditions recom-
bine radiatively when the device is operated at open circuit. The
observed emission origins from regions in the absorber layer
where no charge generation is taking place and thus the
photoluminescence increases with decreasing donor concen-
tration (see Fig. S5), as larger L8-BO domains are formed. In
these larger domains, photoexcitation predominantly leads to
the formation of excitons, which recombine before they can be
split at a D:A interface.

In addition to PL measurements, where laser excitation of
charge carriers is used, electroluminescence (EL) measure-
ments are performed with applied currents changing in the
range from 100 to 1300 mA for the ratios 1 : 1.5, 1 : 4, 1 : 8 and
1 : 10 and 200 to 1300 mA for the ratios 1 : 50 and 1 : 100, shown
in Fig. 7b. The electroluminescence matched the energetic
position of the photoluminescence and increases exponentially
in intensity with increasing injection currents.25

Reducing the donor concentration leads to higher EL inten-
sities. In solar cells with a D : A ratio of 1 : 1.5, holes are
predominately injected into the donor polymer and electrons

are injected into the acceptor phase. Charge carriers recombine
across the D:A interface mostly non-radiatively.

At low donor concentrations, electrons and holes are
injected into the acceptor phase. As L8-BO supports the trans-
port of electrons and holes, recombination of charges in the
acceptor phase leads to the formation of L8-BO excitons. This is
also supported by the bias-dependence of the electrolumines-
cence (Fig. S6). While devices with D : A ratios between 1 : 1.5
and 1 : 10 show a steep increase of the EL between 0.8 and 0.9 V,
much larger voltages are required to achieve similar EL inten-
sities for lower donor concentrations.

3 Conclusion

To enable an in-depth investigation of donor diluted organic
solar cells, D18:L8-BO bulk heterojunction solar cells were
fabricated with six different donor to acceptor ratios. We
focused thereby on the morphological changes in the active
layer and its impact on device performance. Elemental ratio
maps based on STEM-EELS measurements revealed the for-
mation of donor networks down to donor contents of 2%, with
decreasing extent but also alternating diameter of the donor
fibrils with decreasing donor contents. These findings explain
the less pronounced loss of power conversion efficiency
with decreasing donor content compared to the significant
reduction of visible light absorption in the donor absorption
region between 400 and 600 nm. Charge carrier mobilities are
nearly unaffected by donor content alteration thanks to the
ambipolar nature of the L8-BO molecule. Down to a donor
content to 9%, exciton dissociation efficiencies are stabilized by
donor fibril thickness reduction preserving sufficient donor–
acceptor interfacial area. The associated appearance of larger
acceptor domains was reflected in the EQE spectra, as these
domains are not contributing to photocurrent generation as
expected. This assumption was supported by PL measure-
ments, showing an increase in intensity with larger L8-BO
domain sizes, but with minimal variation of the shape of the
spectra recorded at Voc and Jsc. Charge collection, on the other
hand, showed higher sensitivity to donor content alterations

Fig. 7 Photoluminescence (PL) measurements of D18:L8-BO solar cells with different D : A ratios (a) and electroluminescence (EL) measurements with
different applied currents (b).
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with trap-assisted recombination getting increased prominence
with decreasing donor contents. Additionally, decreasing shunt
resistances causing leakage currents were found to significantly
impact the performance and therefore offering great potential
for the improvement of solar cells with low donor content. This
work serves as a foundation for understanding and addressing
the challenges of donor-diluted organic solar cells, to enable
targeted improvements and to optimize them for use in tandem
solar cells or BIPV.

4 Experimental section/methods
4.1 Materials

The glass/ITO substrates were obtained from Luminescence
Technology Corp., PEDOT:PSS (P VP AI 4083) was purchased
from Heraeus Group and PNDIT-F3N-Br was purchased from
1-material. The conjugated polymers D18 as well as the NFA L8-
BO were obtained from 1-material. Ag pellets were received
from Kurt C. Lesker Company. The other materials and solvents
used were obtained from VWR or Sigma-Aldrich/Merck.

4.2 Solar cell preparation

Glass substrates with a patterned ITO layer, the dimensions of
15 � 15 � 1.1 mm3 and a sheet resistance of 15 O sq�1 were
used. With tissues (Kimwipes, Kimberly-Clark) and acetone the
cleaning of the substrates was done followed by sonication in a
2-propanol bath for 50 min at 40 1C. After blow-drying with
nitrogen, oxygen plasma etching was done for 3 min at 99 W
(FEMTO, Diener electronic). For solar cells built in the conven-
tional architecture (ITO/PEDOT:PSS/donor:acceptor/PNDIT-
F3N-Br/Ag), an aqueous PEDOT:PSS suspension was filtered
through a syringe filter (0.45 mm PVDF). 50 ml of this solution
were spin coated as the hole transport layer on the freshly
plasma etched glass/ITO substrates with 3500 rpm (ramp:
1500 rpm) for 30 s. The films were thermally annealed in a
glovebox under nitrogen atmosphere for 15 min at 150 1C. An
average film thickness of 30 nm for the HTL was achieved.
Solutions for the active layer were prepared by dissolving the
donor and acceptor materials in chloroform (CF). The solutions
were stirred overnight at room temperature and heated to 40 1C
for 30 min in case of solubility problems, which was necessary,
especially when working with D18. The active layers were applied
with varying spin coating parameters (1000–5000 rpm; ramp:
2500 rpm), followed by thermal annealing under nitrogen atmo-
sphere. The annealing temperature was 80 1C for 5 min. The
electron transport layer was deposited on the absorber layer also
in a glovebox under nitrogen atmosphere. Therefore, a PNDIT-
F3N-Br layer was spin coated from a 0.5 mg ml�1 methanol
solution with 2000 rpm (ramp: 1500 rpm) for 30 s. In the last
step, the silver electrode was deposited via thermal evaporation
also in a glovebox in a vacuum chamber. An electrode with
100 nm thickness was deposited with a deposition rate of 1 Å s�1

at a vacuum below 1 � 10�5 mbar (thickness monitor: Inficon
SQM-160 rate/thickness monitor) through a 3 � 3 mm2 shadow
mask. Prior to EL, PL and EQE measurements, the solar cells

were encapsulated to ensure stability under atmospheric condi-
tions. For the encapsulation, the epoxy resin DELOs KATIO-
BONDs LP655 was applied onto 0.8 cm � 1.1 cm clean glass
slides, which were then placed on the devices after approxi-
mately 50 seconds in an inert environment. The resin was cured
for 4 min under 365 nm UV light.

4.3 TEM sample preparation and measurements

For investigations with the electron microscope the bulk het-
erojunction layer was spin coated on a sodium chloride crystal.
The crystal was dissolved in deionized water and the floating
films were washed several times and placed on a TEM Cu-grid.
For the investigations with STEM-EELS, a probe-corrected FEI
Titan3 G2 60–300 equipped with a Gatan Imaging Filter (GIF)
Quantum was used, operated at 300 kV. The beam current was
B100 pA and the collection semi-angle and convergence semi-
angle were 25 and 19.6 mrad, respectively. The dispersion was
set to 0.5 eV per ch to cover the L edge of sulfur at 165 eV and
also the K edge of fluorine at 685 eV using the spectrometer
in dual-EELS mode, with the core-loss spectrum covering the
range of 120 to 1050 eV, roughly. Spectrum images have 300 �
300 pixels and were treated with simple denoise with PCA and
component limiting. After PCA treatment, the ionization K-
edges of the carbon (284 eV), nitrogen (402 eV), oxygen (532 eV),
fluorine (685 eV) and the L-edge for sulfur (165 eV) are clearly
visible. For the EELS edge setup, plural scattering was included
correcting alterations in the edge shape and intensity caused by
multiple scattering events with the low loss spectrum. For each
pixel the signals are extracted and 2D elemental ratio maps are
provided.

4.4 GIWAXS characterizations

These measurements were performed at the Austrian SAXS
beamline 5.2L at the synchrotron ELETTRA (Trieste, Italy).33

The setup uses a photon energy of 8 keV, a Dectris Pilatus3 1 M
detector at a sample distance of 260 mm and an incident angle
of 0.21. The angular calibration was carried out using silver
behenate powder (d-spacing of 58.38 Å) and p-bromo benzoic
acid. The 1D line-cuts were calculated with the software
SAXSDOG.34 For the measurements, the compound films were
prepared via spin coating on silicon substrates (grade: prime,
thickness: 625 � 20 mm, from Siegert Wafer) coated with a
25 nm PEDOT:PSS film. As background, the scattering pattern
of a Si wafer with a PEDOT:PSS film was subtracted from the
corresponding sample pattern.
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been included as part of the SI. Supplementary information is
available containing additional information to measurement
procedures, absorption spectra, AFM measurements and addi-
tional PL data as well as EL-V and J–V plots. See DOI: https://
doi.org/10.1039/d5tc02251g
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