¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Understanding the low voltage losses in
high-performance non-fullerene acceptor-based
organic solar cells¥

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2021,
2, 4291

*3 Christoph Putz,® Felix Mayr,? Katarina Gugujonovic,®
@ and Markus C. Scharber (2 %2

Jakob Hofinger,
Dominik Wielend

Despite the rapid increase in power conversion efficiency (PCE) of non-fullerene acceptor (NFA) based
solar cells in recent years, organic photovoltaic (OPV) devices exhibit considerably larger voltage losses
compared to their highly-efficient inorganic counterparts (e.g. Si or GaAs). Further material optimizations
and strategies to reduce the voltage losses in OPV systems are required to close the gap to inorganic PV
technologies and allow for efficiencies surpassing 20%. The main focus of this study is on understanding
the voltage losses in high performance NFA-based solar cells, as furthering the knowledge in this area is
critical in promoting their recent success. In this article, the open circuit voltage losses observed in high-
performance D18:Y6 organic solar cells with a PCE of 16% are investigated in detail. The voltage losses of
D18:Y6 devices are compared to fullerene-devices consisting of D18 and PC71BM in order to highlight the
differences between non-fullerene and fullerene acceptors. A low open-circuit voltage loss of 0.51 V has
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been found for Y6-based devices suggesting a 0.29 V lower voltage loss compared to PC71BM-based
devices (0.8 V). The observed differences can be explained by the high-lying charge transfer state energy in
DOI: 10.1039/d1ma00293g Y6-based solar cells and the strong emissivity of the pristine acceptor. Both properties seem to be

prerequisites for efficient OPV systems with low voltage losses. Based on the experimental results, we
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Introduction

Over the past 20 years, the efficiencies of photovoltaic devices
based on organic semiconductors,' typically consisting of a
conjugated polymer (donor) blended with a solution-processable
fullerene derivative (acceptor), increased steadily until a plateau
of approximately 12% was reached.*” The limited performance
can be mainly attributed to the weak optical absorption and the
wide (indirect) bandgap of fullerenes. The recent development of
efficient non-fullerene acceptors (NFAs) featuring strong optical
absorption marked the beginning of a new OPV era.® In 2015 Lin
et al. reported the fused-ring (indacenodithieno[3,2-b]thiophene
core) acceptor-donor-acceptor (A-D-A) molecule ITIC with strong
near-infrared (NIR) absorption and high electron mobility.” The
reported power conversion efficiency (PCE) of 6.8% for the ITIC-
based solar cell was still inferior to its fullerene counterparts.
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suggest two design strategies to further improve the performance of OPV systems.

Due to the development of new non-fullerene acceptors with
improved NIR-light-harvesting properties and readily-tunable
electronic energy levels, the PCEs of NFA-based solar cells have
increased substantially over the last five years up to efficiencies
of 15-18%.%7"> At the beginning of 2020, Liu et al. reported a
record-breaking PCE of 18.2% (17.6% certified) for the donor
polymer D18 blended with the high-performance NFA Y6.'°

Despite the great success of NFAs, OPV devices still fall short
in some aspects compared to their inorganic counterparts. One
of the main factors limiting the efficiencies in OPV is the
relatively large total voltage loss (AVSE'), which is defined
as the difference between the bandgap of the absorber (Eg.p)
and the experimentally observed open circuit voltage (Voc). A
detailed analysis of the total voltage loss AVSE! allows to
quantify the individual loss contributions and enables a direct
comparison between different solar cell devices. According to a
paper by Rau et al.,"” it is possible to predict the Voc of a solar
cell using

Voc =T in(EQER " + 1), )
q Jo

where kg is the Boltzmann constant, T is the temperature of the
solar cell, EQEg, is the radiative external quantum efficiency,
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Jpn is the photocurrent and J, is the dark saturation current.
Eqn (1) suggests that knowledge of the EQEg;, and the photo-
voltaic external quantum efficiency (EQEpy) allows the prediction
of the V¢ of a solar cell considering the following expressions for
Jpn and Jo:'®

I = j EQEpy (E) Ban(E)dE @)

Jo = qJEQEw(E)@BBw)dE 3)

In the above equations, q is the elementary charge, while @,
and ®gg represent the AM1.5G solar spectrum and the black body
spectrum at ambient temperature (300 K), respectively. Assuming
an ideal situation, where the radiative external quantum
efficiency is equal to one it is possible to calculate the Vo of
the device in the radiative limit (V33). In this case, non-radiative
recombination is fully suppressed and solely radiative recombi-
nation is allowed, which is considered the best-case scenario for
any photovoltaic device according to detailed balance theory.
Under the assumption of EQEg;, = 1, eqn (1) allows the calculation
of the V¢ in the radiative limit for any solar cell where the EQEpy
is known. The integrand of eqn (3), which is used to determine J,
is dominated by the low-energy tail of the EQEpy spectrum due to
the exponential increase of the blackbody spectrum (@gg) towards
lower energies. Therefore, high-sensitivity EQEpy measurements
over several orders of magnitudes are necessary to perform a
reliable estimation of the V¢ in the radiative limit. The EQEpy is
the only unknown parameter in the above analysis. It is straight-
forward to calculate the V& by replacing the measured EQEpy
with the ideal step-like EQEpy as described by Shockley and
Queisser.'® Thus, the VoR is the estimated Vo in the radiative
limit (EQEg, = 1), assuming a perfect step like EQEpy, which is 1
above and 0 below the bandgap of the absorber. Consideration of
the derived quantities V32 and Va4 allows the analysis of the
voltage losses in organic solar cells, which can be expressed in
terms of three voltage loss contributions as shown in eqn (4):*°

AVEE' = 1/qEgp — Voc

(1/‘1Egap - V(S)%) + <V(S)% - VS‘S) + (V8¢ = Voc)

rad ad,below gap -rad
ﬁ 1% aC ﬁ V c g ﬁ Irn()cn a

The first loss term (AV&d) is a direct consequence of the detailed
balance principle described by Shockley and Queisser.'® The
principle of detailed balance postulates the equality of the rates
of generation processes and recombination processes of charge
carriers in thermal and chemical equilibrium with the radiation
of the environment. It is based on Kirchhoff’s law, stating that
any light-absorbing medium must also emit light. Therefore, any
solar cell with a distinct bandgap will exhibit an unavoidable
voltage loss due to the radiative recombination of charge carriers.
The loss is solely defined by E,;, of the absorber and is typically
in the range of 0.25-0.3 V.*' AV&S is a result of thermodynamic
losses governed by the temperature difference of sun (7s) and
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solar cell (T.), as well as the difference in étendue (¢) of incoming
and outgoing photon fluxes. The first loss term could be further
reduced by changing the operating temperature of the cell T, or
manipulating &, and &, by improving the light management in
the device or by using concentrators.?? The definition of V32 and
vEd jllustrates that the second loss term (Avgg’bel"wgaf’) is a
consequence of the difference between an ideal step-like EQEpy,
as assumed in the calculation of the Shockley Queisser limit
(SQ-limit), and the experimentally observed EQEpy. For OPV
devices, the measured EQEpy often differs substantially from
the steep absorption edges found in inorganic direct semi-
conductors or perovskite solar cells, due to CT-state absorptions
or trap states caused by impurities or molecular aggregates.
AVELPEOwEaP capy thus be identified as a combination of the
radiative recombination losses below the optical bandgap and
the difference between J53 and the experimentally observed Jsc of
the device. The contribution of the latter is rather small and will
be neglected in the following.* The third term (AVa ™) takes into
account that not every electron-hole pair recombines radiatively
(as assumed by V3J) and accounts for the open-circuit voltage
loss due to non-radiative recombination. Experiments on solar
cell devices suggest that non-radiative recombination is far more
likely than radiative recombination and accounts for the largest
part of the observed voltage loss. With eqn (1) the non-radiative
voltage loss can be related to the EQEgy, and expressed as

-ra k T
Apad — —BTln(EQEEL). (5)

Thus, improving the EQEg;, of a solar cell directly results in a
reduction of the non-radiative voltage loss. A tenfold increase of
the EQEgy, is equivalent to a voltage loss reduction of approxi-
mately 0.06 V.

As a consequence of the rapid success of NFA-based solar
cells, the fundamental understanding of these new acceptors is
lagging behind. For the design of new NFAs, it is crucial to
identify the relevant mechanisms and properties, which enable
the high performance of current NFA-based solar cells. The
described voltage analysis, based on the readily accessible
EQEpy spectrum of the solar cell, provides a reliable tool to
gain insights into the loss processes, which are an important
aspect that separates NFA-based from fullerene-based devices.
Herein, we aim to thoroughly investigate the photovoltaic perfor-
mance and optical properties of the current record-breaking
polymer:NFA system D18:Y6 reported by Liu et al.*® The study
by Liu et al. is mainly focused on device optimization and gives a
detailed analysis of the influence of processing conditions on the
photovoltaic parameters of D18:Y6 solar cells. To the best of our
knowledge, a thorough analysis of the observed voltage losses for
a better understanding of the material combination D18:Y6 has
not been reported yet and is the motivation for this work.

In order to investigate the properties that elevate D18:Y6
devices from other systems, high-performance D18:Y6 solar
cells were fabricated and compared to their fullerene counterparts
based on D18:PC71BM. For both systems, current density-voltage
(J-V) curves and the corresponding photovoltaic parameters under
AM1.5G illumination and in the dark are shown in this work.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Moreover, highly-sensitive EQEpy measurements, as well as photo-
and electroluminescence measurements of blend and pristine
devices are presented. Based on these results, the described Vo¢
loss analysis was performed to quantify the differences in radiative
and non-radiative recombination for D18:Y6 and D18:PC71BM
solar cells. The non-radiative losses were validated with EQEg,
measurements, and the solar cell performance of both devices was
evaluated by comparison to their maximal achievable performance
defined by the SQ-limit. Based on the results, two design strategies
are formulated to further improve the V¢ of NFA-based solar cells,
aiming towards efficiencies surpassing the 20% mark.

Results & discussion
Experimental results

The chemical structures of the investigated OPV materials are
presented in Fig. 1a. The D-A copolymer D18 is a wide bandgap
donor with strong absorption in the visible light spectrum,
whereas the Y6 non-fullerene acceptor has a complementary
narrow bandgap, enabling light gathering in the NIR-region as
shown in the absorbance spectra in Fig. 1b. In contrast, PC71BM
(red curve in Fig. 1b) shows high absorption only in the UV and
blue region of the visible light spectrum and exhibits only weak
absorption in the range between 600-700 nm, which can be
attributed to partly forbidden optical transitions near the band
edge observed in fullerene molecules.*** In addition to the
optical absorbance, HOMO and LUMO levels of the molecules
were measured electrochemically using electrochemical voltage
spectroscopy (EVS). The slow, stepwise variation of the applied
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potential in EVS measurements allows the system to be close to
thermodynamic equilibrium, which reduces dynamic influences
such as the scan speed in standard CV measurements. The EVS
measurements of the investigated materials are shown in Fig. S1
(ESIt). HOMO levels of —5.63 eV, —5.90 eV and —6.10 eV and
LUMO levels of —3.67 €V, —4.43 €V and —4.12 eV have been
found for D18, Y6 and PC71BM respectively and are presented in
Fig. 1c. Considering a typical error margin of +0.1 eV for
electrochemical measurements,*® the electrochemical bandgaps
are in good agreement with the optical absorption onsets.

To evaluate the photovoltaic performance of D18:Y6, solar
cell devices with the structure of ITO/PEDOT:PSS/D18:Y6/PDIN/
Ag were fabricated. The device geometry and chemical structures
of PEDOT:PSS and PDIN are presented in Fig. S2 (ESIt). Different
concentrations of the active layer solution and different spin
speeds were used to fabricate devices with various thicknesses
(see Fig. S3 and S4, ESIY). In Table S1 (ESIt) the photovoltaic
parameters of D18:Y6 devices with various thicknesses are pre-
sented. PCEs typically varied between 14-16%. Hence, a cell with
an efficiency close to 15.2% (see Table 1) was chosen as a typical
representative of the fabricated D18:Y6 solar cells, which has
been investigated and characterized in detail. Based on earlier
results, an optimized D/A ratio of 1:1.6 was used."® To keep
processing as simple as possible, no additives, post-annealing or
solvent annealing steps were performed. The best device showed
a good photovoltaic efficiency of approximately 16% with a
high open-circuit voltage of 0.87 V, a short-circuit current of
25.2 mA cm ™2 and an electrical fill factor of 73.6%. Table 1
shows that our results are in good agreement with the National
Institute of Metrology (NIM) certified photovoltaic parameters
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Fig. 1 Chemical structure, optical and electrochemical characterizations. (a) Molecular structure of the used OPV materials. (b) UV-vis-NIR absorbance
spectra of D18, Y6 and PC71BM thin films on glass. (c) Electrochemical estimations of HOMO and LUMO levels of the used OPV materials.
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Table 1 Measured and earlier reported photovoltaic parameters of D18:Y6 and D18:PC71BM solar cells. Eqn (2) was used to calculate the short circuit
current density (Jsc_gqe) from the measured EQEpy spectrum. The values of Jsc_gqe are presented in parentheses. Average values and standard deviations

were calculated from at least 10 cells

Material Voc (V) Jsc Usc_eqe) (MA cm™?) FF (%) PCE (%) Source
D18:Y6 0.84 26.67 78.4 17.6 Ref. 16 (NIM)
D18:Y6 (best) 0.87 25.24 (24.70) 73.6 16.1 This work
D18:Y6 (average) 0.87 + 0.01 24.46 + 0.92 (23.48) 70.5 + 0.63 15.2 + 0.51 This work
D18:PC71BM (average) 0.98 + 0.01 11.26 + 0.49 (11.15) 71.4 + 1.52 8.0 + 0.49 This work

reported earlier.'® The difference in PCE is mainly caused by the
reduced FF, which might be related to minor differences in the
fabrication process and solar cell geometry. Interestingly, for
some devices a, Vo as high as 0.88 V was measured, suggesting
that the full PCE potential of the D18:Y6 system might not have
been reached yet.

Following the successful fabrication of high-performance,
state-of-the-art solar cells with PCE >15%, the devices were
compared to fullerene-based solar cells with the same device
structure (ITO/PEDOT:PSS/D18:PC71BM/PDIN/Ag) and D/A
ratio (1:1.6). Throughout this report, the results measured
for two representative solar cells, one for the Y6-based and
one for the PC71BM-based devices, are presented and compared
in detail. J-V-curves were recorded under AM1.5G illumination

and in the dark for both devices and are presented in Fig. 2a,
while the corresponding photovoltaic parameters are highlighted
in Table 1. The fullerene device shows a superior Vo, but at the
same time, its J¢ is approximately 50% lower compared to the Y6
device. Both solar cells exhibit a high FF of more than 70%,
indicating efficient charge transport through the device.
High-sensitivity EQEpy measurements were performed for
both solar cells and are shown in Fig. 2b and c on a linear and
logarithmic scale, respectively. The EQEpy comparison on the
linear scale indicates an almost identical behavior of fullerene
and non-fullerene devices in the region of strong light absorption
of the donor polymer D18 between 425-600 nm. EQEpy values
>75% suggest good charge generation and high collection
efficiency for both acceptors. Due to the strong absorption of

a 30— T T . . T T : :
o~ —— D18:PC71BM
§ 20{ —— D18:PC71BM dark ]
2 —— D18:Y6
& 104 — D18:Y6 dark |
>
g o 1
(0]
o
E -10- .
3 -20- ]
-30+— : T T T T : r -
-04-02 0 02 04 06 08 1 12
Voltage (V)
b 11— : . . & 108 T T . T :
0.9 = D18:PC71BM ] 1024 —— D18:PC71BM]
’ —— D18:Y6 101 A —— D18:Y6 R
0.8 1001 | A 3
0.7 1 104 %
06 ] > 18:21 £
i ] w 1 =
g 9o g 10%; 2
0.4+ 1 1051 3
0.3 ] 104 3
0.2 1074 uf
.21 _PCT1BM 1 1084 Lo 3 8
0.1 B 10'91 Y L 1
01— — ; ; 1010 +— ; —— ; *
400 600 800 1000 1200 400 600 800 1000 1200 1400

Wavelength (nm)

Wavelength (nm)

Fig. 2 Photovoltaic characterization. (a) Current density—voltage (J-V) curves of typical D18:Y6 and D18:PC71BM solar cells in the dark and under
AML5G illumination (100 mW cm™2). (b) High-sensitivity EQEpy spectra of typical D18:Y6 and D18:PC71BM solar cells on a linear scale. The black circle
highlights the EQE contribution of the low absorption of PC71BM. (c) High-sensitivity EQEpy spectra of typical D18:Y6, and D18:PC71BM solar cells
presented on a semi-logarithmic plot (left axis). The dotted curves represent the (linearly extended) EQEpy spectra of pristine D18, Y6 and PC71BM
devices in arbitrary units (right axis). The small black triangles indicate the band edge of pristine D18 and PC71BM. The grey area under the D18:PC71BM
curve (solid red line) illustrates the additional CT-absorption observed in fullerene-based devices.
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PC71BM below 425 nm, the EQEpy, of the fullerene device is larger
in comparison to the NFA device in this region. Similarly, the
shoulder in the D18:PC71BM EQEpy spectrum at 675 nm can be
attributed to the pristine PC71BM absorption (see Fig. 1b).
Furthermore, the EQEpy spectra clearly illustrate the big advan-
tage of the Y6 acceptor, namely its strong absorption in the NIR
region, enabling efficient light-harvesting until approximately
920 nm. The semi-logarithmic plot of the high-sensitivity EQEpy
measurements reveals the sub-bandgap EQEpy behavior over
several orders of magnitude, which plays a critical role in
determining the photovoltaic performance of the solar cells. As
described in the methods, combining a monochromator, addi-
tional long-pass filters, and an external preamplifier with a phase-
sensitive lock-in measurement technique allows us to reliably
determine the EQEpy of the solar cells over a range of 6-7 orders
of magnitude. For both solar cells, the EQEpy values >1000 nm
for the fullerene device and >1200 nm for the NFA device are
considered as limited by the sensitivity of the measurement. To
calculate the dark saturation current J, using eqn (3), a linear
function was fitted to the tail of the EQEpy spectrum (dashed
lines in Fig. 2c) to avoid distortion of the determined J, values by
measurement noise. For this method we assume that the main
physical behavior of the system is already described by the
measured EQEpy, and no physically relevant contributions are
hidden below the sensitivity limit of the experimental setup. In
addition to the EQEpy spectra of the investigated organic solar
cells, Fig. 2c shows the EQEpy of the pristine materials (dotted
curves). An active layer of pure D18, PC71BM or Y6 was used for
the pristine devices, while the contacts and interlayers were
identical to the ones from fullerene and non-fullerene solar cell
devices (ITO/PEDOT:PSS and PDIN/Ag). The EQEpy spectra of the
neat materials are presented in arbitrary units and scaled to fit
the EQEpy spectra of the blend devices. For the sake of visibility,
only the linearly extended EQEpy spectra of the pristine devices
are depicted in Fig. 2c. A comparison of the measured and linear
extended EQEpy of the pristine devices is presented in Fig. S5a
(ESIt). The EQEpy spectrum of the D18:PC71BM solar cell
exhibits two distinct kinks at approximately 600 and 700 nm
highlighted by small black triangles, which correspond to the

a
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absorption edges of the pristine materials. Fig. 2c shows a pro-
nounced deviation of the sub-bandgap EQEpy, behavior (>800 nm)
of D18:PC71BM from the EQEpy of the pristine PC71BM device (red
dotted curve). The deviation is highlighted by the grey area under
the EQEpy spectrum of D18:PC71BM. This additional absorption
below the bandgap of the pristine materials is typical for polymer:
fullerene solar cells and can be attributed to CT-state absorption.
In contrast, no such additional absorption is found for D18:Y6
solar cells, suggesting a high-lying CT state close to the energy
levels of the pure Y6 acceptor.

Complementary to the EQEp, measurements, electrolumines-
cence (EL) and photoluminescence (PL) spectra of the pristine and
blend devices were recorded and are presented in Fig. 3a and b. For
the non-fullerene devices (Fig. 3a), there is no observable difference
between EL and PL spectra, suggesting that the recombination
process upon charge injection or light stimulation involves the
same energetic states. Moreover, the close resemblance of the
luminescence spectra of the D18:Y6 device and the pristine Y6
device indicates that in highly-efficient D18:Y6 solar cells, the
radiative recombination process is dominated by the energy
levels of the pure Y6 acceptor. In addition to EL and PL spectra,
the emissivity of the solar cell (EMgqg) is shown (yellow line in
Fig. 3a and b). The EMgqr can be calculated as the product of
the measured EQEpy spectrum and the black body spectrum at
300 K. Excellent agreement of the calculated EMgqg with the
measured EL and PL spectra is found for both Y6-based devices.
The PL spectra (light red curves) of both fullerene-containing
devices (pristine PC71BM and D18:PC71BM) in Fig. 3b are
similar in shape, with the exception of an additional peak at
625 nm for the D18:PC71BM device. During PL measurements
the high-energy laser light, which is used to excite the sample
(4 = 488 nm), predominantly leads to localized excitons on the
pure donor or acceptor molecules. Thus, the PL spectrum of the
D18:PC71BM blend device resembles the PL emission peaks of
pure D18 (625 nm) and PC71BM (715 and 780 nm). The
emission spectra of the pristine D18 device is presented in
Fig. S6 (ESIT). In contrast, the EL spectra (red curves) of both
fullerene-containing devices vary clearly in position and shape.
Direct comparison of the EL maxima of the pure and blend
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Fig. 3 Photo- and electroluminescence characterizations. (a) EL (blue) and PL (light blue) spectra of non-fullerene based devices (pristine Y6 and
D18:Y6). (b) EL (red) and PL (light red) spectra of fullerene-based devices (pristine PC71BM and D18:PC71BM). Additionally, the EMgqe spectra (calculated
from the EQEpy) for all devices is presented (yellow curves) and compared to the measured EL and PL spectra.
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device indicates a significant redshift from 828 nm to 966 nm.
In polymer:fullerene solar cells, this behavior can be assigned to
the formation of a pronounced CT-state, which is in good
agreement with the previously presented EQEpy data. In the
top graph in Fig. 3b, the EMgqg of the pristine PC71BM device
resembles the observed PL spectrum. The EL spectrum exhibits
peaks at the same spectral positions, but with different relative
intensities. PL & EL measurements are used to analyze the light
emitted due to radiative recombination of either electrically
injected (EL) or optically excited (PL) charge carriers. Optically
excited charge carriers usually recombine within the typical
exciton diffusion length of the organic materials, while electri-
cally injected charge carriers can recombine anywhere within
the organic thin film, depending on the injection properties
of the electrodes and the hole and electron mobilities of
the materials. Thus, the observed differences in intensity of
EL and PL measurements could be caused by interference
effects, resulting from different recombination positions within
the film. In the bottom graph in Fig. 3b, the EMgqg of the
D18:PC71BM blend resembles the measured EL spectrum of the
CT-state, which can be attributed to light emission from the CT
state and suggests that the electrically injected charge carriers
recombine predominantly via the CT state.

CT-state and voltage loss analysis

The measured EQEpy and EL spectra of the pure donor and
acceptor materials can be used to identify their optical
bandgaps.”” The high-energy EL and low-energy EQEpy peaks
were normalized, and the intersection point of EQEpy, and EL
spectra was used to estimate the optical bandgap. As presented
in Fig. S7 (ESIT), the bandgap energies of D18, Y6 and PC71BM
are 2.02, 1.38, and 1.78 eV, respectively.

As discussed earlier, the presented EL and EQEpy measure-
ment data suggest a strong influence of the CT-state in the
fullerene-based device. Thus, a method based on the reduced
emission and reduced absorption spectrum suggested by
vandewal et al.>’ was performed to determine the CT-state
energy. In organic thin films, optical transitions between the
vibrationally relaxed ground and excited states (E,_o) are usually
broadened by low-frequency vibrations and can be described by
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mirror image Gaussian absorption A(E) and emission N(E) line
shapes:

1 (E — Ey_o — 2)?
EA(E ) ~ exp <7413CBOT ) (6)
. 2
e e e

Hereby, E represents the energy, kg is the Boltzmann constant,
T is the temperature and 4 is the reorganization energy. For
OPV donor-acceptor blends the energy E,_, corresponds to the
CT state energy Ecr. The reduced emission spectrum can be
calculated by dividing the measured EL spectrum by E>. It has
been shown that the absorption and EQEpy spectrum for
organic solar cells are interchangeable due to their rather
constant internal quantum efficiency (IQEpy) in the low-energy
region.”® The reduced absorption spectrum can be obtained by
dividing the measured EQEpy spectrum by E. The reduced EL
and reduced EQEpy spectra of the D18:Y6 and D18:PC71BM
solar cells are presented in Fig. 4. According to eqn (7), values
for Ecr and 4 were determined for the two blends by performing
a two-parameter fit in the high-energy region of the reduced EL
spectrum using a Levenberg-Marquardt iteration algorithm.
The fitting interval is set to match the high-energy tail of the
relevant electronic state with the lowest energy. Therefore, the
high-energy tail of the CT-state emission of the D18:PC71BM
device has to be considered for the fit, as shown in Fig. 4b. The
absence of a pronounced CT-emission of the D18:Y6 device
suggests to fit the Gaussian curves to the high-energy tail of the
emission spectrum, as presented in Fig. 4a. The corresponding
fit results are shown in the insets in Fig. 4 and were used to
calculate the Gaussian curves (dashed parabolas) using eqn (6)
and (7). The EQEpy spectra were scaled to fit the calculated
Gaussian curves for the reduced absorption. The Ecr analysis
quantitatively confirms the previously described assumption of
a high-lying CT state for the D18:Y6 solar cell, since the derived
Ecr value of 1.38 eV is essentially identical to the observed
optical bandgap of the neat Y6 absorber. Furthermore, the
analysis of the fullerene-based solar cell suggests an Ecr value

T — red.EL D18:PC71BM |
k| b |

05 1 15 2 25
Energy (ev)

Fig. 4 Analysis of the CT-state energy. (a) Reduced EL and reduced EQEpy spectra of the D18:Y6 device. (b) Reduced EL and reduced EQEpy spectra of
the D18:PC71BM. Egn (7) was used to fit the reduced EL spectrum. The fitted parameters for Ect and 4 are presented in the small insets. The dashed
parabolas were calculated via egn (6) and (7) using the derived fit parameters.
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of 1.56 eV, which is lower than the optical gap of PC71BM (Egy;, =
1.78 eV) and is expected to significantly influence the observed
optical and photovoltaic parameters of the solar cell.

A substantial drawback of organic solar cells compared to
other photovoltaic technologies is the high voltage loss (AVie),
resulting in moderate Voc values. The total voltage loss is
defined as the difference between the optical bandgap (Egap/q)
and the measured Vo of the photovoltaic device. In this study,
the optical bandgap of the small bandgap absorber is defined
as the resulting optical gap of the D/A blend. The measured Voc
values presented in Table 1 and the obtained optical gaps of
pristine Y6 and PC71BM from Fig. S7 (ESIf) allow us to
calculate a total voltage loss of 0.51 and 0.80 V for the Y6-
based and fullerene-based device, respectively.

In the following, we will perform a detailed analysis
(described above) to quantify the contributions of the indivi-
dual loss terms (as shown in eqn (4)) to the observed total
voltage losses and to emphasize the differences between
D18:Y6 and D18:PC71BM devices. The highly-sensitive EQEpy
measurements presented in Fig. 2c were used to calculate Vg
by substituting eqn (2) and (3) into eqn (1) and assuming EQEg;, = 1.
The V&2 was determined using the same set of equations but
replacing the measured EQEpy with an ideal step-function EQE,
solely defined by the optical gaps of pure Y6 (Eg.p, = 1.38 €V)
and PC71BM (Egap = 1.78 eV). The results of the voltage loss
analysis based on eqn (4) are summarized in Table 2 and
presented graphically in Fig. 5a. The data shows that the
increased total voltage loss in the fullerene-based device is
results from an increased Aviad-belowsap (0.17 V), as well as an
increased AV3X™4 (0.33 V) compared to the Y6-based device
(0.04 and 0.20 V). The comparatively high voltage loss due to
radiative recombination below the bandgap in D18:PC71BM
solar cells is a result of the pronounced CT-state absorption
below the PC71BM bandgap as highlighted in Fig. 2c (grey area).
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On the contrary, the absence of a clear CT-state absorption
feature in the EQEpy and a steep absorption edge (resembling
the one of pure Y6) of the D18:Y6 solar cell translates to a small
AVEGPelowsap of g 04 V. It should be emphasized that this result
is comparable to the values reported for solar cells based on
inorganic semiconductors like ¢-Si (0.01 V)*° or GaAs (0.008 V).>°
The enhanced non-radiative recombination loss in the D18:
PC71BM device can be related to the formation of a prominent
CT-state. As seen from the EL measurements (Fig. 3b), the weak
CT-state emission dominates the luminescence spectrum,
whereas the emission of the D18:Y6 device is almost identical
to the EL of the pure Y6 acceptor device. To the best of our
knowledge, a AVAZ™ value of 0.20 V for the D18:Y6 device is
one of the lowest ever reported for organic solar cells, closing
the gap to c-Si solar cells (AVA2™¢ = 0.18 V).?

In order to validate the voltage loss analysis, EQEgy
measurements of D18:Y6, D18:PC71BM and pristine Y6 were
performed. The EQEg;, values measured at different applied
voltages are presented in Fig. 5b. The non-radiative voltage
losses for D18:Y6 and D18:PC71BM were used to calculate the
respective EQEg,, values using eqn (5). The calculated EQEg,
values are indicated by the dashed lines in Fig. 5b. The good
agreement of measured and calculated EQEg;, data indicates
the validity of the performed analysis.

In addition, the presented results are in excellent agreement
with the findings reported by Qian et al.,*" which highlight the
importance of a high-lying CT state for low non-radiative
voltage losses. As a consequence of the high-lying CT state,
the widely used two-state Mulliken-Hush model has to be
adapted to a three-state model, including the influence of the
strongly absorbing local-exciton (LE) state.®” A sketch of the
three-state model for D18:Y6 and D18:PC71BM solar cells
is presented in Fig. 6. According to the three-state model,
small energy offsets between the lowest energy LE and CT states

Table 2 Comparison of the voltage losses of D18:Y6 and D18:PC71BM solar cells

Material Egaplq (V) AVES (V) Va2 (V) AVEdbelowgap (y7) vaEd (V) AvEITad (v Voc (V) AVSE! (V)
D18:Y6 1.38 0.27 1.11 0.04 1.07 0.20 0.87 0.51
D18:PC71BM 1.78 0.30 1.48 0.17 1.31 0.33 0.98 0.80
a 2 b 10° , . . ;
181 __Eap/a] B —aD18:Y6
_ w 1074 —=— D18:PC71BM 1
L6 q 0.04 R B £ 102 16 1
1.4 788 0N 0.17 1 oy
% 1.2] VOCSQ — 0.27 - \\Vocrad 1 gd e B \_ S IR oo ) SR (R
— i ]
E 14 Vocmd o 0.20 = j\v 1 w . AVOQnon'radZO.ZOV
S 08] vy = oc 1084500 - ==Y e an-a- -]
] © = ] -6 1
0.6 ; E 1074 Avocnon-rad:0_33v
0.4 5 & 1 1074 1
0.2 o ] 108 . . . .
0.7 0.8 0.9 1 1.1 1.2

0
:I Avocrad :l Avocrad. below gap ‘:] Avocnon-rad

Voltage (V)

Fig. 5 Voltage loss diagram and EQEg. measurements: (a) lllustration of the voltage losses derived for D18:Y6 and D18:PC71BM solar cells. The data is
presented in Table 2. (b) EQEg, measurements of D18:PC71BM, D18:Y6 and pristine Y6 devices. The dashed lines represent the EQEg, values calculated
via eqn (5), assuming a non-radiative voltage loss of 0.20 V and 0.33 V, respectively.
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Fig. 6 Schematic sketch of the three-state model for D18:Y6 and D18:PC71BM solar cells. (a) The relevant electronic states of D18:Y6 solar cells
according to the three-state model. The high-lying CT state leads to an increased hybridization with the LE-state of the Y6 molecule. Due to the
contribution of the high-emissive local exciton (LE) state of Y6 the radiative recombination rate (k,aq4) is increased. (b) The pronounced CT-state in
D18:PC71BM solar cells leads to a larger AE g-ct offset and reduces the hybridization. Due to the weakly-emissive LE-state of PC71BM and the reduced

hybridization, an increased non-radiative voltage loss is observed.

(AELg-cr) can result in hybridization between LE and CT states.
For small AEy g cr systems, transitions from the CT state back to
the LE state are allowed and provide an additional radiative
recombination pathway. Due to the typically high-emissive
nature of the LE state an increased radiative, and a decreased
non-radiative recombination rate are expected, resulting in a
relatively large EQEg; (reduced AVAZ™%). In the fullerene-based
device the hybridization is reduced due to an increased AE;g.cr
offset of 0.22 eV. The lowest energy LE state in the D18:PC71BM
device is defined by the LE state of the fullerene. The resulting
CT-state shows very moderate emissivity due to the low oscillator
strength of the partly forbidden optical transitions in fullerene
molecules. Therefore, the EQEgy, is expected to be severely reduced
in comparison to the Y6-based solar cell, which is confirmed by the
increased non-radiative voltage loss shown in Table 2 and the
significantly lower EQEg;, values presented in Fig. 5.

Efficiency limit and optimization potential of D18:Y6 solar cells

In the following, we try to estimate upper-efficiency limits for
D18:Y6 solar cells and discuss potential optimization strategies
to further improve the performance of this material combi-
nation. The fundamental limit for any solar cell with a defined
bandgap is the Shockley Queisser limit."® Knowledge of the
optical bandgaps of D18:Y6 and D18:PC71BM blends allows the
determination of power conversion efficiencies in the SQ-limit
PCE’Q of 33.1% and 27.2%, respectively. To compare the
performance of the solar cells regarding their fundamental
limit, the measured photovoltaic parameters were normalized
by the respective photovoltaic parameters in the SQ-limit (see
Table S2, ESIt). Fig. 7 presents the measured photovoltaic
parameters (Voc, Jsc, FF, PCE) in % of the SQ-limit. The reduced
voltage loss in Y6-based devices leads to an impressive value of
80% of its V&g, while the fullerene-based device barely reaches
65%. Moreover, Fig. 7 shows that the Jsc is comparatively
higher for D18:Y6. The low Jsc for D18:PC71BM is a result of

4298 | Mater. Adv, 2021, 2, 4291-4302
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Fig. 7 Relative photovoltaic performance with respect to the SQ limit.
The relative photovoltaic parameters of D18:Y6 and D18:PC71BM in % of
their respective values in the SQ-limit.

the limited optical absorption of the fullerene, which severely limits
the EQEpy beyond the absorption of D18. Both devices reach
approximately 80% of their FF°?, For D18:Y6 solar cells, this leads
to a relative PCE of almost 50% of its SQ-limit. The fullerene-
containing device is limited to approximately 30% of its PCES<,

While Jsc and FF of D18:Y6 solar cells can be improved by
optimizing the fabrication process to improve parameters such as
film thickness, morphology, domain sizes, light management,
etc., the Vp¢ is mainly limited by the previously discussed voltage
losses, which are a result of fundamental properties of the
investigated materials. Reducing the total voltage loss in OPV
will be critical to push organic solar cell efficiencies beyond 20%.
To achieve higher V¢’s, further improvements in the synthesis of
high-performance donor and acceptor materials are needed.
Based on the presented results, two strategies to improve the
Voc of D18:Y6 solar cells are suggested in the following.

Several reports have shown high-efficiency OPV material
combinations where the measured HOMO, — HOMO, offset
(Atiomo) between donor and acceptor is almost zero.**”°

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Considering the presented HOMO levels for D18 and Y6 sug-
gests a Agomo offset of 0.27 eV. Carefully reducing the Agomo
offset (without affecting the bandgaps) results in a larger
HOMOp, — LUMO, difference, which could potentially result in a
higher Voc. Minor chemical modifications to either reduce the
HOMO level of D18 or to increase the LUMO level of Y6 (without
changing E,,,) could help to increase the Vo of solar cells based on
D18 and Y6 derivatives. An optimum balance has to be found since
the Apomo offset is considered as the driving force for charge
separation. A too low offset could result in a reduced IQEpy,. A
recent study by Karuthedath et al® on several OPV materials
showed a strong correlation between the Ayomo offset and the
observed IQEpy. Their results suggest high IQEp,’s of almost 100%
for D/A blends with a Agomo offset > 0.5 eV. Below this value, the
IQEpy is reduced rapidly to values lower than 50%. A minimal
Anomo offset of 0.5 eV is contradicting the high-performance
systems reported earlier with a Ayomo offset close to 0 eV.>*° 1t
should be noted that the HOMO levels reported by Karuthedath
et al. were measured with ultraviolet photoelectron spectroscopy
(UPS), while for the reports with Agomo & 0 eV, the energy levels
were determined using cyclic voltammetry (CV). Various reports
point out large discrepancies between HOMO levels derived by
UPS and CV,*”*® while others claim excellent conformity.**>>3¢
The correct determination of HOMO and LUMO levels remains
controversial but the contradicting reports suggest that both
methods are prone to measurement, and most notably, evaluation
errors of several tenths of eV. Despite the difficulties accompanied
when comparing different methods, the statement that the IQEpy is
reduced significantly below a critical Agonmo offset holds true. Minor
chemical modifications, such as incorporating different heteroa-
toms or blending of similar components with slightly different
energy levels, to gradually shift the energy levels of the acceptor (or
donor) would be necessary to find the lowest Agonmo offset without
reducing the IQEpy of the solar cell.

A second possible strategy to improve the Ve of D18:Y6
solar cells is to further reduce the non-radiative voltage losses.
The high-lying CT state in D18:Y6 solar cells and the associated
hybridization of the LE and CT state, as discussed above,*'
underlines the importance of the LE state of the small bandgap
component. As seen from Fig. 5, the measured EQEg;, of D18:Y6 is
almost identical to the one of Yé. This result raises the question if
the observed EQEg,, in the blend is limited by the EQEg; of the
pure Y6. Thus, modifying the chemical structure of Y6 to increase
its EQEg;, might lead to a higher Vo of D18:Y6 solar cells. Based
on the NIM-certified Jsc and FF values from Table 1, a tenfold
increase of the EQEg; would boost the PCE of D18:Y6 to 19.3%
(Voc = 0.93 V), while a hundredfold increase would break the 20%
efficiency mark by delivering a PCE of 20.5% (Voc = 0.99 V).

Conclusion

In summary, optical and electrochemical measurements on the
high-performance OPV materials D18, Y6 and PC71BM have
been shown. Furthermore, we report the fabrication of high-
performance D18:Y6 solar cells with a PCE of 16% and
fullerene-based solar cells (D18:PC71BM) with a PCE of 8%.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Two representative devices of the fabricated fullerene- and
non-fullerene-based solar cells were analyzed and compared
in detail. High-sensitivity EQEpy and luminescence (EL, PL)
measurements strongly suggest the formation of a pronounced
charge transfer (CT) state in the fullerene-based device. In
contrast to this observation, the EQEpy and luminescence
spectra of the D18:Y6 device essentially coincide with the
spectra of pristine Y6, suggesting a high-lying CT state, which
cannot be distinguished from the local exciton (LE) state of
pristine Y6. CT-state energy levels of 1.38 eV and 1.56 eV have
been found for D18:Y6 and D18:PC71BM devices, respectively.
The results from EQEpy and electroluminescence measurements
were used to quantify the observed Vo losses of D18:Y6 and
D18:PC71BM solar cell devices. The non-fullerene device exhibits
a decreased radiative and decreased non-radiative voltage loss
compared to the fullerene device. A AVESPOVEP of 0,04 V and a
AvierTad o 020 V for the D18:Y6 device are among the lowest
values ever reported for OPV devices. The CT-absorption below
the PC71BM bandgap of the D18:PC71BM device leads to a
substantially higher AVESP9o"&%P of 0,17 V. The weak PC71BM
oscillator strength leads to a low emissivity of the formed
CT-state, which can be attributed to the high AyponTad - of
0.33 V. For both devices, the measured non-radiative voltage
losses are in good agreement with the calculated AV 2™ values
from EQEg; measurements. The three-state model was used to
describe the observed experimental results successfully.

To conclude, a high-lying CT-state appears to be a prerequi-
site to achieve low voltage losses. Furthermore, the three-state
model and the experimental results highlight the importance of
a strongly emissive LE-state of the small bandgap component,
which seems to significantly reduce the non-radiative voltage
loss in low AE; g cr systems. Based on the experimental results
two possible strategies to improve the Vo of D18:Y6 solar cells
are proposed. The EVS measurements of D18 and Y6 (Axomo =
0.27 eV) supports the idea to reduce the Ayopo Offset between
donor and acceptor without affecting the IQEpy of the solar cell.
As a result, the increased energetic difference between HOMOy,
and LUMO, could potentially lead to a higher Voc. Another
approach to improve the Vo is to reduce the non-radiative
voltage losses of D18:Y6 solar cells by enhancing the EQEg;. As
suggested by the experimental results, this may be achieved by
improving the luminescence properties of Y6. The proposed
optimization strategies might be of paramount importance to
further reduce the observed voltage losses and allow for OPV
efficiencies to exceed the 20% mark.

Methods

Materials & device preparation

The materials used for D18:Y6 solar cell preparation (D18, Y6,
and PDIN) were purchased from 1-materials, while the PC71BM
was purchased from Solenne BV. Pre-patterned ITO glass was
thoroughly cleaned by wiping it with toluene followed by
subsequent ultrasonication in Hellmanex (2% v/v solution in
deionized water, approx. 50 °C), 2x Milli-Q water, acetone and
isopropanol for 15 min each. After blow-drying with N,, the
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cleaned substrates were plasma treated for 5 min (O,, 100 W).
Next, 0.45 pm filtered PEDOT:PSS (Clevios Al4083) was spin-
coated onto the substrates for 45 s with 3000 rps in ambient
conditions resulting in films with a thickness of 30-40 nm. The
thickness was determined with a DekTak profilometer. The
active layer solutions D18:Y6 and D18:PC71BM were prepared
in chloroform with a D/A ratio of 1:1.6. The concentration of
D18:Y6 was 7-11 mg ml~* while the concentration of D18:PC71BM
was 9 mg ml ', The active layer was spin-coated in a glovebox
under a dry nitrogen atmosphere using various spin speeds
ranging from 1000-5000 rps resulting in active layer film
thicknesses from 55 nm to 190 nm. As a next step, a thin
(<10 nm) PDIN layer was spin-coated on top of the active layer
with 5000 rps for 30 s. The PDIN solution was dissolved in a mix of
methanol and acetic acid (100%) with a volume ratio of 1000: 3 and
a concentration of 2 mg ml ™. As the last step, 100 nm Ag electrodes
were thermally evaporated at a pressure <10~ ° mbar. A home-made
shadow mask was used to define the evaporated electrodes resulting
in an active device area of 0.173 cm?>. All cells were encapsulated in
the glovebox using a UV-curable epoxy sealant. The UV-exposure
time was approximately 5 minutes.

Sun-simulator

J-V-measurements of the solar cell devices were performed with
a LOT-QD solar simulator (LS0821) and a Keithley 2401 Source-
Meter unit. The intensity was calibrated using a reference Si-diode
and set to 100 mW c¢cm™> (= AM1.5G). The current response
of the solar cell upon external bias voltages under AM1.5G
illumination and in the dark was recorded using a custom built
LabVIEW software.

EQEpy

All the EQEpy spectra presented in this study are the super-
position of several EQEpy measurements from two different
setups. The first setup is optimized for EQEpy measurements at
wavelengths <1000 nm (EQEs1) while the second setup allows
for highly-sensitive EQEpy measurements up to wavelengths of
1600 nm (EQEs2). The first EQEpy setup (EQEs1) consists of a
xenon lamp, a monochromator (Oriel Cornerstone), a Jaissle 1002
potentiostat and a lock-in amplifier (SR830, Stanford Research
Systems). The light from the xenon lamp was modulated by a
mechanical chopper and coupled into the monochromator. A
mechanical filter wheel equipped with long pass (LP) filters was
used to avoid higher-order contributions and guarantees mono-
chromatic illumination of the device. The potentiostat was used
in a two-electrode configuration and serves as a current to voltage
converter and as a high-performance preamplifier with variable
gain ranging from 10 to 10° V A~ . The preamplifier, in combination
with a phase-sensitive lock-in measurement technique (chopping
frequency 173 Hz) enables highly-sensitive EQEpy measurements
over several orders of magnitude. A calibrated silicon diode
(Hamamatsu S2281) was used as a reference to correct for the
xenon lamp spectrum. To extend the measurement range up to
1600 nm, a similar setup but equipped with a different light
source was used (Tungsten-Halogen light source TS-428S, Prin-
ceton Instruments). The monochromator in this setup was a
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SpectraPro-300i from ARC. Furthermore, a DLPCA-200 Variable
Gain Low Noise Current Amplifier from Femto was used as a
preamplifier instead of the potentiostat. The rest of the setup is
similar to the previously described EQEs1 setup featuring an
optical chopper, mechanical filter wheel, and an SR830 lock-in
amplifier. In addition to the calibrated silicon diode (Hamamatsu
S2281), a calibrated InGaAs diode (Hamamatsu G12180) was used
as a reference in the spectral region above 1100 nm. For any given
device, typically 4 measurements were performed (with different
amplification factors) form 350-1000 nm (x10%*), 600-1000 nm
(x10%), 900-1200 nm (x10°) and 1010-1400 nm (x10°). During
measurements with high amplification (10°-10°) either a 800 nm
LP or a combination of 800 nm LP and 1000 nm LP-filter were
used to reduce stray light and improve the signal/noise ratio of
the setup. As shown in Fig. S5b (ESIf) the individual EQEpy
measurements coincide well and their large spectral overlaps
allow to reliably combine the individual measurements.

Optical absorbance

Optical transmission (7) measurements were performed with a
double-beam UV-vis-NIR spectrometer from PerkinElmer (Lambda
1050). The optical absorbance (4) was calculated using the negative
decadic logarithm of the transmission (4 = —log;(7)).

Electrochemistry

Electrochemical voltage spectroscopy (EVS) measurements
of D18, Y6 and PC71BM were performed to determine their
respective HOMO-LUMO energy levels using a Jaissle Potentiostat-
Galvanostat IMP 88 PC-100. A three-electrode setup was used
where an Ag/AgCl wire served as a quasi-reference electrode
and two Pt-plates served as working and counter electrodes,
respectively. The investigated organic materials were deposited
onto the working electrode via drop-casting from chloroform
solution in an N, atmosphere. All EVS measurements were
performed in a nitrogen filled glovebox using 0.1 M tetrabuty-
lammonium hexafluorophosphate (TBAPF¢) in acetonitrile
(MeCN) as the electrolyte solution. All EVS measurements were
started at a potential of 0 V followed by a stepwise increase/
decrease of the applied potential by 10 mV. At each potential
step, the resulting current was measured for 20 s and integrated
to obtain the amount of charge (AQ) passing through the
system for each voltage step. In the absence of an electro-
chemical reaction, no net current is observed leading to a
constant baseline of AQ. The oxidation and reduction onsets
of the materials were determined at the position where AQ
starts to deviate from the baseline. Two separate measurements
on freshly drop-casted materials were carried out to determine the
oxidation and reduction onset respectively. Every measurement
was externally calibrated by measuring the half-wave potential of a
ferrocene/ferrocenium (Fe/Fe')redox couple. The measured Fe/Fc'
half-wave potential was used to correct the RE and plot the measured
data referring to the normal hydrogen electrode (NHE). An oxidation
potential for Fe/Fc” vs normal hydrogen electrode (NHE) of 400 mv>®
was used. To convert the onset potentials vs. NHE into HOMO/
LUMO levels in electron volt vs vacuum, the Fermi level of NHE vs.
vacuum was taken as —4.75 eV."’

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00293g

Open Access Article. Published on 25 May 2021. Downloaded on 7/23/2025 8:21:41 PM.

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

(cc)

Materials Advances

Photoluminescence and electroluminescence

Photoluminescence and electroluminescence measurements of
all the devices were acquired using a Shamrock SR-303i mono-
chromator and an Andor Peltier-cooled iDus Si-CCD (420-OE)
and InGaAs detector array (DU420A). A calibrated tungsten
halogen source (Ocean Optics HL-2000) was used to determine
the overall spectral response of the monochromator/detector
systems. A 550 nm LP-filter was used for luminescence spectra
recorded with the Si-CCD and a 795 nm LP-filter was used for
measurements with the InGaAs detector array.

For PL measurements the devices were excited with a solid-
state laser (OBIS 488 nm LX 150 mW) with a wavelength of 488 nm
and optical output power of 1 mW. The LP-filters in front of the
monochromator successfully suppressed the 488 nm laser light
and allowed the acquisition of a PL spectrum without the
influence of the excitation light.

For EL measurements different potentials were applied to the
solar cell using a Keithley 2401SourceMeter unit. The injection
currents were kept low and typically did not, or just barely exceed
the observed photocurrents under AM1.5G illumination.

E(IEEL

Measurements to estimate the EQEg;, were performed using a
calibrated, large area Si-photodiode (Hamamatsu S2281). The
organic solar cell (0.173 cm?) was positioned in the center and
directly in front of the large area Si photodiode (1 cm?). A
Keithley 2401SourceMeter was used to operate the solar cell as a
LED, while another Keithley 2401SourceMeter unit was used to
measure the photocurrent of the Si-photodiode. When operated
in the dark, photocurrent measured on the Si-diode results
from the absorption of photons which were emitted by the
organic solar cell. The photocurrent can be transformed into
the equivalent light power using the spectral responsivity
(A W) of the calibrated Si-diode. From EL measurements of
the organic solar cell as described above, the relative spectral
distribution of the photons is known. Under the assumption
that all light emitted from the solar cell is collected by the large
area Si-diode, integration of the EL-spectrum has to match the
total absorbed light power at the photodiode. Thus, the
absorbed light power at the photodiode can be used to appro-
priately scale the measured relative EL-spectrum. The resulting
absolute EL-spectrum represents the amount of emitted photons
per second at each wavelength. The EQEg,, (#photons/#electrons)
can be estimated by comparing the injection current (oc #elec-
trons per s) with the integral of the absolute EL-spectrum over all
wavelengths (#photons per s). This procedure only considers
photons that can escape the device. Due to the device geometry
of organic solar cells consisting of layers of materials with
different refractive indices this is not the case and outcoupling
losses due to total reflection and light-guiding must be considered.
The main outcoupling loss is caused by total reflection at the glass—
air interface where the change of the refractive index is most
significant. Calculating the escape cone based on the refractive
indices of air(n = 1.00) and glass (n = 1.51) and assuming a fully
reflective back surface (Ag-electrode) leads to a correction factor of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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4.00, which was multiplied to the experimentally derived EQEgy,
values. Y6-based devices had to be corrected additionally due to their
extended NIR emission. Typically, a minor part of the EL-spectrum
was extending beyond 1100 nm. In this spectral region, the radiation
does not contribute to the photocurrent measured on the Si-photo-
diode and had to be considered in the calculation of the EQEg;.
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