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1. Introduction

Organic solar cells (OSCs) are a promising solar energy conversion
technology, due to their potential for fast processing via roll-to-roll
manufacture, their usage of earth abundant materials, their small
environmental footprint, and last but not least their flexibility and
general freedom in design. By today there are already several
examples of notably high performances because the power conver-
sion efficiencies of OSCs surpassed 15% since the year 2019.[1]

The most commonly used design today for solution-processed

OSCs is the bulk-heterojunction,[2] where
an active layer, which is a blend of an
organic semiconductor acting as donor
and one acting as acceptor, is sandwiched
between two charge transport (CTL) or
charge extraction layers (CEL), which them-
selves are adjacent to electrodes, whereby
one of these electrodes has to be transparent.

These CELs have a strong impact on both
performance and stability of OSCs.[3] They,
thereby, have to possess an array of qualities
such as high transparency, easy processabil-
ity, a suitable work function (WF)/energy
levels, high abundance, and a low price.[3e]

There are many different classes of CTLs/
CELs; these include metal oxides, inorganic
and organic semiconductors, organic mole-
cules with high dipole moments, and
hybrids of the aforementioned categories.[3e]

From the standpoint of solution processability and high abun-
dance, organic CTLs/CELs are in particular interesting and have
been extensively studied.[3c,e,4] Two well-known organic polymers
used as electron extraction layer (EEL) in organic solar cells are
poly(ethylene imine) (PEI) and ethoxylated poly(ethylene imine)
(PEIE).[4a,e,5] Both of these polymers are insulators and are used
to modify the WF of the adjacent electrode through their large
dipole moment.[4a] It was shown that they do so in inverted
OSCs by chemisorption to substrates such as indium tin oxide
or zinc oxide and, thereby, align their dipole moment properly to
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Charge extraction and transport layers represent an important component of
organic solar cells. Many different material groups are reported for these layers.
Two important classes are metal oxides and organic materials. Many of these
organic materials which are used as electron extraction layers (EELs) are nitrogen
containing. Therefore, it has been decided to study a broad array of—to the
largest part so far not reported—amine and imine containing organic materials as
EELs in organic solar cells and compare them with an archetypical metal oxide
electron transport layer (ETL). It enables certain structure–property relationships
to be obtained for the EELs and to understand what determines their performance
to a large part. Furthermore, their effect on the stability of organic solar cells is
studied and they are found to be reasonable replacements as a cheap, quickly
processable, environmentally friendly, biocompatible, and biodegradable
alternative as compared with ETLs.

FULL PAPER
www.entechnol.de

Energy Technol. 2020, 8, 2000117 2000117 (1 of 9) © 2020 The Authors. Published by Wiley-VCH GmbH

mailto:rico.meitzner@uni-jena.de
mailto:harald.hoppe@uni-jena.de
https://doi.org/10.1002/ente.202000117
http://creativecommons.org/licenses/by/4.0/
http://www.entechnol.de


adjust the WF of the electrode to enable an improved contact and
efficient charge carrier extraction.[4a]

Recently, α-poly-L-lysine[4c] was reported as an efficient EEL in
conjunction with different active layer blends, fullerene- and
nonfullerene-based alike. In this study, the materials derived
from an amino acid outperformed other organic electron trans-
port materials such as PDINO (3,3 0-(1,3,8,10-tetraoxo-1,3,8,
10-tetrahydroanthra[2,1,9-def:6,5,10-d 0e 0f 0]diisoquinoline-2,9-diyl)
bis(N,N-dimethylpropan-1-amine oxide)), PFN (poly[(9,9-bis
(3 0-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dio-
ctylfluorene)]), and PFN-Br (poly[(9,9-bis(3 0-((N,N-dimethyl)-
N-ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-
fluorene)]). Also, the amino acid serine[6] was reported as an EEL
and resulted in a good performance. More recently, the use of a
simple amino acid (glycine) for modification of the EEL ZnO has
been demonstrated. Indeed, the WF shifted slightly upward
(–4.11! –4.02 eV), improving the performance.[7]

On the contrary, such amine/imine compounds are also able
to improve the contact by reducing surface recombination at the
interface between active layer and electrode. Between organic
semiconductors and reactive metals like aluminum, interfacial
states can be formed; these states can help to form an ohmic
contact between the semiconductor and the metal.[8] These inter-
facial states can result in injection of charge carriers from the
electrode into the organic semiconductor; this can limit the
achievable fill factor of such devices.[9] Also, surface recombina-
tion has a pronounced impact on the open-circuit voltage.[10] For
nonconducting materials such as poly(methyl methacrylate)
(PMMA), Hu et al. reported no change in WF upon metal
deposition, which they interpreted as no interaction between
metal and polymer, but for polymers such as polyethylene oxide
(PEO) and polyvinylpyrrolidone (PVP) they observed a change
in WF, which they explained with coordinative interactions
between these polymers and the electrode.[11] Kim et al.[12]

described several strategies used in the field of perovskite solar
cells used to passivate defect states based on the Lewis basicity of
materials, for example, nitrogen atoms in pyridine were used to
passivate defects. They also described the usage of PVP for both

defect passivation and reduction of interfacial recombination due
to the Lewis base nature of PVP.[12]

Another important factor is the stability of devices built with
such interfacial layers. Courtright et al.[5d] used PEI with different
molar masses as part of a double-layer ETL in conjunction with
ZnO and obtained a stability improvement over only ZnO, which
was dependent on the molar mass of the PEI and improved with
the same. Kim et al.[5a] reported the stability of inverted OSCs con-
taining PEIE as the sole EEL and retained above 80% of the initial
performance after 30 days of storage under ambient conditions.
This indicates potential for nitrogen containing organic materials
as efficient electrode modifiers for organic solar cells.

We investigated several amine and/or imine containing
organic molecules and polymers in CELs, to learn about
structure–property relations. The organic compounds used
as EELs and the layer stack used for all devices used for the
experiments are shown in Figure 1. Furthermore, we investi-
gated the stability of solar cells processed with the same and
compared this with our reference material for the ETL, which
is sol–gel-processed TiOx.

[13]

2. Results and Discussion

First, a layer thickness optimization for the EELs was performed.
The results of this optimization are shown in Figure S1,
Supporting Information. Some of the materials showed only
a weak dependence on the spin frequency, such as L-lysine
and L-arginine, which may indicate low film thickness in general.
However, others revealed a strong dependence such as L-histidine
and especially the amine-rich polyoxazoline copolymer. The high-
est performance could be achieved with L-arginine, even in com-
parison with various differently processed TiOx layers, as shown in
Table 1. Due to the relatively large device area of 0.42 cm2, the
devices showed in general a performance distribution at the inter-
mediate range of the values reported for this material system.[14]

The devices with L-arginine as EEL showed an open-circuit
voltage which got closest to the maximum reported for this

Figure 1. Schematic representation of organic materials used as EELs: a) L-histidine, b) L-lysine, c) L-arginine, d) poly-L-lysine, e) P(MeOx40-stat-AmOx10),
f ) P(MeOx30-stat-AmOx20) and g) PMeOx20. h) The active layer stack used for the devices used for the experiments, which was a conventional layer stack.
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system, which is around 900mV for all of the devices.[15] The
short-circuit current density of most devices was between 10
and 11mA cm�2, which is close to the maximum for this
system, which is around 12mA cm�2. Only if devices were
processed with TiOx photocurrent densities were lower, which
might be due to induced aggregation of the PC71BM.[16] The fill
factor of the L-arginine-based device reaches above 50% and the
overall performance of these devices is close to 5%, which is a
good performance for this photoactive layer (PAL). The series
resistance is close to 10Ω, which is a decent result for devices
with an area of 0.42 cm2, whereas the shunt resistance is clearly
above 1 kΩ, which is a good result for an organic solar cell.

While the device without any EEL showed a pronounced
S-shape—corresponding to a blocking contact—at the open-
circuit voltage (VOC),

[17] a simple overcast with methanol via
solvent dripping and spin casting resulted in an ohmic contact
and an improved performance.[18] The I–V curves of these
devices are shown in Figure 2.

Devices with polyoxazoline polymers as ETL show an improv-
ing performance with increasing amine content with respect to

the amine groups in the side chain (with PMeOx20 having 0%
content, P(MeOx40-stat-AmOx10) having 20% amine content,
and P(MeOx30-stat-AmOx20) having 40% amine content). The
correlations between amine content and the photovoltaic param-
eters are shown in Figure 3. All photovoltaic parameters are
roughly improved by about 10% for increased amine content,
leading to a performance improvement by one-third. This is
accompanied by a 40% drop in the series resistance and an
increase by nearly 40% of the parallel resistance, demonstrating
the effect coming from the CEL and its impact on selectivity and
ease of charge extraction. Indeed, a further increase in the amine
content does promise even higher performance parameters
because no saturation was visible so far.

It was especially attractive that the amino acids performed
so well, as they are low cost and show no issue with reproduc-
ibility, unlike polymers, which can vary from batch to batch.
We investigated more in depth in how far the structural differ-
ences between the amino acids affected their performance. It is
well established that the dipole moment of nitrogen containing
organic molecules impacts performance in organic solar cells.[4a]

Table 1. Photovoltaic parameters of the solar cells with different layer stacks. All values are averages with the respective standard deviation.

EEL VOC [mV] JSC [mA cm�2] FF [%] PCE [%] RS [Ω] RSh [kΩ]

L-Histidine 832� 19 11.12� 0.33 48.3� 0.5 4.46� 0.23 16.0� 1.8 1.05� 0.06

L-Lysine 858� 12 11.27� 0.15 49.0� 0.8 4.73� 0.09 15.3� 3.2 0.90� 0.25

L-Arginine 869� 7 10.99� 0.34 51.3� 1.0 4.89� 0.12 12.0� 0.0 1.30� 0.09

Poly-L-lysine 850� 22 11.06� 0.37 49.8� 1.7 4.68� 0.42 13.3� 1.5 1.26� 0.06

P(MeOx40-stat-AmOx10) 857� 9 10.11� 0.20 46.5� 2.4 4.02� 0.17 13.8� 1.5 0.98� 0.13

P(MeOx30-stat-AmOx20) 854� 18 10.65� 0.50 50.0� 0.0 4.55� 0.26 14.0� 3.6 1.22� 0.06

PMeOx20 795� 16 10.20� 0.12 44.8� 0.5 3.62� 0.03 16.3� 1.3 0.92� 0.05

No EEL 656� 18 10.53� 0.24 43.8� 0.5 2.94� 0.16 184.5� 72.9 0.68� 0.03

Methanol overcast on PAL (no EEL) 772� 9 10.80� 0.20 45.8� 0.5 3.81� 0.14 10.3� 0.5 0.98� 0.05

TiOx, reference 670� 315 9.75� 0.73 41.0� 10.7 3.00� 1.77 11.3� 1.0 0.69� 0.49

TiOx, diluted 842� 5 9.14� 0.08 44.5� 1.0 3.45� 0.07 17.5� 1.3 0.97� 0.05

TiOx, unannealed 784� 12 10.45� 0.26 47.8� 1.3 3.92� 0.13 9.8� 1.0 1.04� 0.08
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Figure 2. a) I–V curves for all solar cells before degradation and b) specifically again for the devices without EEL. The device without methanol
overcast shows a severe S-shape around the open-circuit voltage, while that S-shape is entirely suppressed for the device with the methanol being
overcast on the active layer before electrode deposition.
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All of the polar groups in these amino acids are proton donors or
proton acceptors. Therefore, special attention was paid to the
dissociation constants of the amine/imine and carboxylic groups
within the amino acids.

In Figure 4, the correlation between dissociation constants of
the different polar groups with respect to their position in the
molecule and open-circuit voltage, fill factor, power conversion
efficiency, and series resistance is shown. Figure 4a shows a
clear direct proportionality between the dissociation constant of
the amine/imine group in the side chain and the open-circuit
voltage; the same is observed in Figure 4b,c for fill factor and
power conversion efficiency. However, Figure 4d shows an
inverse proportionality between dissociation constant and series
resistance.

The dissociation constant of the different amine/imine
groups is a direct proxy for the polarity of the respective groups,
i.e., how willingly the nitrogen of the amine group will share its
nonbinding electron pair and, therefore potentially, for their
dipole moment. This correlation can be understood, if the amino
acids are forming a mostly ordered layer on top of the active layer
with the dipole moment of the amine/imine group in the side
chain facing toward the active layer, which was reported in
the past for PEI and PEIE by Zhou et al.[4a]

To yield a better understanding for the effect of the EELs,
Kelvin probe measurements were performed on samples consist-
ing of layer stacks as sketched in the inset of Figure 5b. These
measurements have been performed either in the dark or in
under illumination, with a corresponding excitation density of
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Figure 3. Correlations between amine content in the polyoxazoline polymer and statistical copolymers with the photovoltaic parameters of the solar cells
containing the respective polymers as EEL.
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about 1 sun, yielding WF values that can be seen in the following
schemes (Figure 5a,b). Intriguingly, the results displayed—if any
at all—rather show an anticorrelation between the WF and
the open-circuit voltage. In case of the nonilluminated layer
stacks, increasing WFs do roughly correspond to increased pho-
tovoltages (Figure 5a); this seems at first glance contradictive;
however, if we assume that WF changes are a result of interfacial

dipoles, which face with their positively charged part downward
to the photoactive layer (and thus do attract electrons from
within), the negatively charged part should face up to the outside
or upper side of the layer stack. The latter situation is known for
PEDOT:PSS to result in higher WFs too; however, the photoac-
tive layer would then be processed on top of the PEDOT:PSS,
enabling hole extraction, whereas in our case the photoactive
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Figure 4. a) Dependence of the open-circuit voltage, b) fill factor, c) PCE, and d) RS on the dissociation constant of the amine/imine group in side chain
and α-amine group. There is a clear increase in VOC with increasing pK of the side chain amine/imine group.
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Figure 5. WF over open circuit voltage in a) dark and b) under illumination. Inset in (b) is the layer stack on which the WF was measured.
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layer is buried below the CEL yielding an extraction for the
opposite sign of charge—i.e., electrons. In addition, once the
layer stack is illuminated, most of the applied EELs yield a
WF at the upper end (compare with Figure 5b) of the values
found for the dark case, thus confirming that rather high WFs
measured on top of the layer stack are in correspondence of elec-
tron accumulation below the dipolar EEL. In addition, it should
be considered here that the application of a metal electrode
deposited from the gas phase (physical vapor deposition
[PVD]) may result in a different electronic environment, and then
the abrupt termination by the molecular dipoles of the EELs: the
negative charge facing toward the metal may be well compen-
sated for by the high electron density of the metal itself. Apart
from these considerations of dipolar effects on charge extraction,
there are several reports[19] indicating the positive impact of CTLs

on reducing surface recombination at the electrode. The pK-value
is also an indication for the readiness of the respective nitrogen
of the different amine/imine groups to share one of its free elec-
tron pairs in a coordinative bond, or in other words, the pK indi-
cates the strength of the Lewis basicity. As a consequence, an
amine/imine group with a higher pK may more easily passivate
defects at the interface between active layer and electrode,
and therefore yield reduced surface recombination. This is also
in good agreement with the trend seen for the polyoxazolines, as
there is a direct proportionality between the open-circuit voltage
and the amine content of these polymers, specifically.

Apart from the performance, the stability of organic solar cells
is a decisive parameter for their applicability. Therefore, we stud-
ied the stability for accelerated aging under ISOS-L1 conditions
using LED illumination without UV contents.[20]
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Figure 6. Aging curves for the best performing devices.
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In Figure 6, the aging curves for the most stable devices
for each EEL are shown. The decay curves generally follow a
biexponential decay dynamic with a fast-initial decay, generally
characterized as the burn-in and followed by a much slower
decay. In Figure 6, the aging curves for all solar cell parameters
for the longest living solar cells can be seen. For the open-circuit
voltage, it can be seen that thicker TiOx ETLs show no or a negli-
gible burn-in, the thin TiOx layer shows some burn-in, and all of
the organic EELs reveal a clear burn-in. Interestingly, that burn-
in was even stronger for L-lysine, poly-L-lysine, and PMeOx20
than for no interfacial layer. The simple overcast of the active
layer with methanol considerably reduces the burn-in depth,
whereas the long-term decay proceeds with a similar rate than
the solar cell without overcast. The long-term decay rate of the
thin TiOx layer is similar to the solar cell without any interlayer,
suggesting a similar interface and thereby only partial coverage
or diffusion of Al toward the PAL through pinholes in the
TiOx layer.

The lifetime data of the devices are shown in Table 2. From the
aging data shown in Figure 6 and in Figure 31–42, Supporting
Information, the burn-in time was estimated to be around 100 h;
we than calculated the lifetime from the slope of between 333 and
1000 h. The lifetime energy yield (LEY)[20b] for these devices was
also determined, which is also shown in Table 2. For the amino
acids EELs, there is some quite clear trend, which shows a reduc-
tion of lifetime with increasing pKA. Poly-L-lysine has a similar
lifetime and LEY to L-lysine, whereas for the polyoxazolines there
is no clear trend with additional amine content. For the devices,
without a transport layer the overcast with methanol alone results
in an increase in the LEY by roughly 50%, which is quite a
remarkable improvement. Solar cells with TiOx as ETL show a
reduction of lifetime and LEY upon thinning out the TiOx layer

as well as without annealing of the TiOx layer. It can be expected
that for a thinned out layer there should be more pinholes in that
layer and a less complete interface between metal electrode and
active layer, which seems to effect lifetime negatively. For the
nonannealed device, condensation and densification are to be
less sufficient than for the annealed TiOx, resulting in a more
permeable interface layer, with also a higher content of remain-
ing organic residues.

3. Conclusion

In this work, we have presented a wide variety of organic inter-
layer materials that work sufficiently well as EEL. It was possible
to obtain an improved understanding of their structure–property
relationships. Following insights were gained based on this
study: with increasing pK of the second amine group of amino
acids, organic solar cell performance improved, which could be
either due to dipolar effects at the interface between photoactive
layer and metal electrode or tied to a reduction in surface recom-
bination, originating from an interplay of their different func-
tional proton donating/electron pair accepting and proton
accepting/electron pair donating groups. For the subgroup of
polyoxazolines, an increase in performance with an increasing
content of amine groups was found. While exceptionally high
stabilities remain an exclusive domain for optimally processed
titanium oxides, the amino acid L-lysine resulted in a comparable
stability to the metal oxide-based ETLs in this study and thereby
presents an attractive, cheap, easy-processable, biocompatible,
and biodegradable alternative to these.

4. Experimental Section

Polyoxazoline Preparation: 5-Aminovaleric (Alfa Aesar), acetic acid
(Sigma-Aldrich), and triethylamine (Sigma-Aldrich) were used as purchased.
Acetonitrile was obtained from a solvent purification system (SPS; Pure
solv EN, InnovativeTechnology) and stored under argon. Methyloxazoline
(Sigma-Aldrich) was dried over barium oxide (ACROS) overnight, distilled
to dryness, and stored under argon (or “inert conditions”). Methyltosylate
(Sigma-Aldrich) was stirred over calcium hydride (Sigma-Aldrich) overnight
at 27 �C, distilled to dryness, and stored under argon. All other chemicals
were obtained from commercial sources and used without further purifica-
tion unless otherwise noticed. The synthesis of 2-(4-((tert-butoxycarbonyl)
amino)butyl)-2-oxazoline (BocOx), the copolymerization of BocOx and
MeOx as well as the deprotection of the polymer were done as reported
in the literature with slight modification (endcapping with acetic acid
and triethylamine instead of sodium azide).[21]

Solution Preparation for EELs and ETLs: L-Histidine, L-lysine, L-arginine,
PMeOx20, P(MeOx40-stat-AmOx10), and P(MeOx30-stat-AmOx20) were dis-
solved in methanol at a concentration of 0.5 mgmL�1 and 0.25 vol% of
acetic acid was added.[4c] Poly-L-lysine was used as a solution of 1 wt%
in deionized water, which was diluted by the same volume of methanol
to achieve a concentration of 0.5 wt% in a solvent ratio of water:mmetha-
nol 1:1 to these solutions also 0.25 vol% of acetic acid was added. TiOx was
processed as previously reported;[3d,22] only in the case of the diluted
TiOx, the precursor solution was diluted to 1/10 of the usual concentration
by dilution with isopropanol.

Solution Preparation for Active Layer: PCDTBT (1 M) and PC71BM
(Solenne) were dissolved in a solvent mixture of CB:CF ratio 1:1. The
concentration of PCDTBT was 5mgmL�1 and the ratio of PCDTBT to
PCBM was 1:2. The solution was stirred for 2 weeks at 50 �C at 700 rpm.

Processing: Prestructured substrates of ITO on glass (Xinyan
Technology Ltd., 10 Ohm sq�1) were cleaned by ultrasonication for

Table 2. Lifetime data of the solar cells aged under ISOS-L1 conditions.
Some devices show a large standard deviation as there occurred ingress of
oxygen and moisture, which accelerated degradation for individual cells.

ETL/EEL Burn-in
time [h]

Lifetime,
tS,80 [h]

Standard
deviation [h]

LEY
[kWhm�2]

Standard deviation
[kWhm�2]

L-Histidine �100 1966 847 59.8 34.7

L-Lysine �100 1614 614 49.6 17.6

L-Arginine �100 1187 162 38.5 6.7

Poly-L-lysine �100 1434 188 45.8 4.9

P(MeOx40-stat-
AmOx10)

�100 1084 184 25.7 5.9

P(MeOx30-stat-
AmOx20)

�100 1546 270 45.3 6.5

PMeOx20 �100 1409 291 36.4 8.5

No EEL �100 1347 257 29.4 5.2

Methanol
overcast on
PAL (no EEL)

�100 1542 284 42.8 8.4

TiOx, reference �100 2703 1235 81.9 31.1

TiOx, diluted �100 1812 434 44.6 9.8

TiOx,
unannealed

�100 1226 398 39.4 12.6
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15min in toluene, followed by sonication for 15min in isopropanol. Before
coating, each substrate was individually dried with an air gun using dry N2.
Afterward PEDOT:PSS (Clevios PH) was spin-cast at 3000 rpm for 35 s and
structured with a moist cotton tip; then they were transferred on a hot
plate at 50 �C. All PEDOT:PSS samples were then annealed at 178 �C
for 15min and immediately after annealing transferred to a nitrogen glove
box. PCDTBT:PC71BM was spin-cast on the PEDOT:PSS at 1200 rpm for
45 s. Afterward the different EELs and ETLs were processed. For the
organic EELs, multiple spin frequencies were used to vary the thickness.
The chosen spin frequencies were 800, 1000, 1500, 2500, and 4000 rpm.
The organic EEL solutions were spin-cast as prepared at the aforemen-
tioned spin frequencies. For the solar cells with the methanol, overcast
1 mL of methanol was dropped on the active layer, followed by spinning
at 3000 rpm for 30 s to remove the Methanol. The TiOx layers were
processed according to the same procedure as earlier reported;[3d] only
in the cast of the nonannealed samples, no annealing was performed after
deposition. Following the samples were placed into a mask and aluminum
was evaporated at a pressure of below 5E–5mbar. After deposition of the
electrode, the size of the solar cells was determined by the overlap of
patterned top and bottom electrode and resulted in 0.42 cm2 devices;
the solar cells were sealed with glass slides using a UV curable epoxy glue.

Characterization: Samples were characterized under a LED solar
simulator (Wavelabs Sinus 70) calibrated to 1 sun intensity and with an
AM1.5G spectrum. The solar cells were measured from �2 to 2 V with
a NPLC of 1, a wait time of 10ms, and a step size of 10mV. External quan-
tum efficiency (EQE) was characterized using a BENTHAM PVE300. The
EQE was measured in a range from 300 to 900 nm in 10 nm steps; this
measurement was performed without and with a light bias. To investigate
the WF of different CELs, a single-point Kelvin probe system from Anfatec
Instruments AG was used. All the measurements were performed in ambi-
ent air. Highly oriented pyrolytic graphite (HOPG–WF¼ 4.46 eV) which is
chemically stable in the ambient atmosphere was used for the calibration
of the Kelvin probe system. The measurements were carried out at 22 �C
and 20–30% relative humidity conditions.

Degradation: Degradation experiments were performed on a self-built
aging setup. The light source was white light LEDs and the temperature
in the setup was set to 45 �C with the temperature sensor being shaded.
The conditions were kept in accordance to ISOS-L1 protocol. Light inten-
sity of the LED was set to an excitation density of 1 sun for these cells.
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the author.
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