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large-scale production is still hampered by 
rather low efficiencies in larger areas and 
also their long-term stability has yet to be 
demonstrated for devices with high-effi-
ciency absorber materials. The power con-
version efficiency of small area lab devices 
was increased significantly in the last few 
years and peaks at >18% for cells with a 
size of < 0.1 cm2 and >15% for cells with at 
least 1 cm2.[1–4]

Further advancements in efficiency 
and lifetime required for the commer-
cialization of OPV are to be realized 
through novel, further improved organic 
semiconductors in the photoactive layer 
and improved charge carrier selectivity 
in the electron and hole transport layers. 
This must be accompanied by an ever 
more detailed understanding of the fac-
tors actually limiting device performance. 
Improved understanding is in part 
achieved through advanced characteriza-
tion techniques. Among them, photo- and 

electroluminescence (PL and EL) (spectroscopy) play a crucial 
role and they already have proven to be very valuable for all 
types of crystalline inorganic solar cells.[5–27] This is because, in 
these types of devices, the luminescence signal originates from 
the radiative recombination of free electrons and holes and is, 
therefore, a direct measure of the product of their concentra-
tions within the material from where the emission stems, that 
is, usually the photoactive layer. However, in the case of organic 
solar cells, photoluminescence is not straightforward to inter-
pret as the charge generation and recombination processes 
are more complex in organic absorber materials. In the latter, 
the absorption of a photon generates a rather strongly bound 
exciton in the donor or the acceptor phase. Then, the exciton 
might diffuse to a donor/acceptor interface where it can disso-
ciate into free charge carriers, an electron in the acceptor and a 
hole in the donor, respectively. Although this works remarkably 
well as indicated by the high internal quantum efficiencies of 
high-performing organic solar cells,[28] some of these excitons 
will decay before they can form free charge carriers. And from 
those, a certain fraction will do this in a radiative manner, thus 
emitting luminescence. Important to note here is the fact that 
the probability for their decay to be radiative is much larger 
than for free charge carriers that recombine via charge transfer 
(CT) states at the donor/acceptor interface.[3,29–36] As a con-
sequence, the PL signal of an organic solar cell is dominated 

The detection of photoluminescence (PL) is an important characterization 
method for many photovoltaic technologies providing direct information 
about the separation of the quasi-Fermi levels (QFL), ΔEF. However, for 
organic solar cells, the PL is dominated by excitons, which decay radiatively 
before they form free charge carriers via dissociation at donor/acceptor 
interfaces. This (major) part of the PL signal does therefore not correlate 
with ΔEF. In contrast, electroluminescence (EL) stems from injected elec-
trons and holes, which recombine via charge transfer (CT) states. This work 
evaluates whether ΔEF can be derived directly from EL emission and whether 
this also holds true for transient measurements. To do so, ΔEF data derived 
from steady-state EL measurements of highly efficient organic solar cells are 
compared with the electrical voltage, both in the dark and under illumination 
at equal recombination currents. Furthermore, ΔEF is also, to the best of the 
authors’ knowledge for the first time, derived from transient EL experiments, 
and in all cases, an excellent agreement is found. This means that the occu-
pation of CT states is in equilibrium with the free charge carrier densities and 
can, thus, be described by the same QFL, even in the transient case.
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1. Introduction

Organic photovoltaics (OPV) is the PV technology that could 
be produced in an environmentally friendly way as it neither 
involves any critical elements, such as heavy metals or rare 
earth elements, nor does it require the use of higher tempera-
tures. Moreover, OPV modules have the benefits of being light-
weight and flexible and they can achieve a homogeneous color 
appearance even when made semitransparent. However, their 
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by the contribution from excitons in the respective material 
phases, and is therefore not directly correlated to the separation 
of the quasi-Fermi levels (QFL), ΔEF.

In contrast, in an EL experiment, electrons and holes 
are injected through the contacts and move through their 
respective material phases before they encounter for the 
recombination event. The absence of photogenerated exci-
tons facilitates the analysis significantly in this case. It was 
shown by Vandewal et al. for fullerene-based systems that the 
EL emission is proportional to the product of the free elec-
tron and hole concentrations, although radiative recombina-
tion in organic solar cells does not originate directly from 
free charge carriers but from charge-transfer excitons formed 
by free electrons and holes.[37] However, it is not yet clear 
whether this proportionality is also given for highly efficient 
absorber materials based on non-fullerene acceptors and for 
transient electroluminescence measurements, thus allowing 
for the direct determination of the QFL separation, ΔEF, also 
from transient EL intensity data. This study intends to clarify 
this open question.

As the charge transfer excitons are formed from free electrons 
and holes also in the transient case, it finally boils down to the 
following questions: Are the charge carriers in the CT states dis-
tributed according to Fermi–Dirac statistics? Are they in equilib-
rium with the free-charge carriers? And further, is there a differ-
ence between steady-state and transient cases? To evaluate these 
important questions, we chose the following approach: from EL 
intensity data, the QFL separation ΔEF is derived, assuming the 
radiative recombination is proportional to the product of the free 
charge carrier densities. Next, these ΔEF values are compared 
with two different voltages measured between the terminals of 
the solar cells: i) the voltage applied during the electrolumines-
cence measurements and, ii) the open-circuit voltage under var-
ious illumination intensities (Suns-VOC measurement).

Riley et  al. have determined the steady-state ΔEF in organic 
solar cells from the change of electro- and photoluminescence 
by a periodic variation of the externally applied voltage using 
lock-in amplification methods.[38] In their study, the absolute 
value of ΔEF is quantified from measurements of the external 
voltage under steady-state conditions, similar to our approach. 
However, in our work, the direct measurement of the elec-
troluminescence using single-photon counting allows for a 
simultaneous determination of ΔEF and the voltage between 
the electrodes also in the transient case. A different approach 
was followed by Phuong et al. who used photoinduced absorp-
tion measurements to determine the excess density of holes in 
organic solar cells under different illumination intensities and 
derive the steady-state ΔEF from it.[39] Their results are very rea-
sonable, however, the method cannot be used to investigate the 
transient behavior of the devices.

2. Luminescence and Implied Voltage

In the following, a derivation of the conversion of the electrolu-
minescence signal to an implied voltage will be presented. The 
total recombination rate, Rtot, of charge carriers in solar cells 
can in general be expressed by the sum of radiative and non-
radiative recombination rates.

tot rad nrR R R= + 	 (1)

In the case of crystalline inorganic solar cells, radiative 
recombination is proportional to the product of electron and 
hole densities ne and nh, respectively.

rad rad e hR k n n= 	 (2)

Therein, krad is the radiative recombination coefficient. In 
contrast, in organic solar cells, (radiative) recombination occurs 
via CT excitonic states at donor/acceptor interfaces (nCT), or 
for recently published high-efficiency materials with strong 
electronic coupling,[40] through local excitonic (Ex) states in the 
acceptor (nLE), and therefore, Equation (2) becomes

rad rad,CT rad,LE rad,CT CT rad,LE LER R R k n k n= + = + 	 (3)

Note that for the two high-efficiency blends used in our 
study, that is, D18:Y6 and PV-X plus, the electroluminescence 
is dominated by the second term whereas for P3HT:PC60BM, it 
originates solely from the CT states due to a rather large offset 
between the lowest unoccupied molecular orbital levels of the 
donor and acceptor beyond 0.5 eV.

In crystalline inorganic solar cells, the measurement of 
the luminescence (as the product of radiative recombination) 
can be used to directly derive the QFL separation ΔEF in the 
absorber material. As mentioned above, the central question 
we intend to answer with this study is whether this is also pos-
sible for organic solar cells despite the somewhat more com-
plex origin of the luminescence in these devices. To do so, we 
determine ΔEF from EL intensity data in the very same manner 
as it is done for crystalline inorganic solar cells, and compare 
the results with the voltage simultaneously measured between 
the terminals and with illumination intensity-dependent open-
circuit voltages, respectively. In order to cover a broad range 
of potential applications, we use both steady-state, as well as 
transient EL measurements, and investigate organic solar cells 
based on three different absorber materials.

In the following, we will, therefore, make use of Equation (2) 
for establishing the relationship between the detected lumines-
cence and ΔEF. The intensity of the luminescence signal Ilum is 
proportional to the spatially integrated radiative recombination 
rate and to the sensitivity of the setup used for its detection
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Here, EQEdet is the external quantum efficiency of the setup 
for detecting an emitted photon, Ω is the solid angle corre-
sponding to the acceptance angle of the detector, and d is the 
thickness of the absorber. It was assumed here that the product 
of electron and hole densities is homogeneous/constant 
throughout the photoactive layer, which is a reasonable assump-
tion as confirmed by numerical device simulations in previous 
work.[41] The proportionality constant, C, is introduced to sum-
marize all constant factors that do not depend on the opera-
tional state of the device. Since the luminescence is directly 
proportional to the product of the charge carrier densities, 
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it can be linked to the separation of the QFL ΔEF inside the 
absorber, which is given by

lnFC FV F B
e h

i
2E E E k T

n n

n
− = ∆ = 	 (5)

Here, EFC and EFV are the QFL of the conduction band (or 
LUMO of the acceptor) and the valence band (or HOMO of the 
donor), respectively, kB is Boltzmann’s constant, T the tempera-
ture, and ni is the intrinsic charge carrier density. Instead of 
ΔEF, we will rather use the term “implied voltage,” Vimp, which 
is defined by

/eimp F 0V E= ∆ 	 (6)

with e0 being the elementary charge. Combining 
Equations (4)–(6) yields the implied voltage as a function of the 
luminescence intensity Ilum
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∗  to summarize all those terms 

which are constant for a given temperature. Given the com-
plexity of the constant C*, it is difficult to derive its exact value. 
However, the value can be approximated from experimental 
data as described in the following section. It is important to 
note that once the constant C* is determined for a given tem-
perature, the implied voltage can be directly calculated from the 
natural logarithm of the luminescence intensity.

2.1. Transport Resistance

Assuming ideally selective contacts, the implied voltage can be 
written as

imp ext SV V JR= − 	 (8)

Therein, Vext is the (external) voltage measured between the 
terminals of the device, J is the current density, and RS is the 
total (area-related) series resistance, comprising both the resist-
ance of the circuitry, as well as the transport resistance of the 
charge carriers within the active layer.[41–43]

In an electroluminescence experiment at low current, the 
voltage loss due to the series resistance is negligible, and thus, 
the QFL can be considered as flat. Under these circumstances, 
Vimp and Vext are (almost) the same, and the offset C* from 
Equation  (7) can be determined. For larger values of Vext and 
thus larger J, the implied voltage deviates from the external 
one due to the voltage drop over the series resistance RS, thus 
causing gradients of the QFL which drive the electron and hole 
currents.[43]

2.2. Steady-State EL and the Implied Voltage

In the following, we present experimental data of three dif-
ferent organic solar cells, which will be referred to using their 

respective photoactive material name; D18:Y6, PV-X plus, and 
P3HT:PC60BM (for chemical names and device architecture, 
see the Experimental Section). Figure 1a shows the spectrally 
resolved, normalized EL spectra of the three different organic 
solar cells for a range of applied current densities JEL, expressed 
in multiples of the short circuit current density under “1 sun” 
illumination (simulated AM1.5G, corrected for spectral mis-
match), in short JSC,1 sun. The set of non-normalized EL spectra 
is plotted in Figure S1, Supporting Information. As can be seen 
from Figure  1a, the spectral shape of the EL is consistent for 
each solar cell and for all applied current densities. This indi-
cates that the main radiative recombination mechanism for 
each solar cell remains unchanged for the entire current den-
sity range measured.

Figure  1b shows the luminescence intensity Ilum of each 
solar cell. Note that the intensities here are measured in the 
transient setup using a single photon counting photomultiplier 
(see Transient Electroluminescence, Experimental Section). By 
using Equation  (7), the intensity is converted into an implied 
voltage. The voltage offset C* is determined using the lowest 
resolvable EL intensity corresponding to a very low current 
where the influence of the transport resistance can thus be 
neglected. As a result, the offset values yield: 0.419 VD18:Y6C =∗ , 
C 0.423VPV–X plus =∗ , and 0.428 VP3HT:PC BM60C =∗ . The resulting Vimp 
values are plotted in Figure  1c together with the external volt-
ages Vext. Figure  1d further depicts the difference in the volt-
ages ΔV = Vext − Vimp as a function of the applied current. For 
all investigated absorber materials, an excellent agreement 
between Vimp and Vext is observed, that is, ΔV < 10 mV for small 
injection current densities of / 0.01SC,1sunJ J < . This validates our 
assumption that the influence of the series resistance is neg-
ligible at those current densities, that is, in particular, also at 
the current density used to determine the value of C*. Toward 
higher current densities, the impact of the series resistance 
becomes more prominent, and as a result, the driving forces 
for electrons and holes and thus ΔV increase toward higher cur-
rent densities.[43]

2.3. Comparison to Suns-VOC Data

As seen above, the implied voltage derived from the EL data 
is in excellent agreement with the external voltage for low cur-
rents. And the observed behavior of an increasing deviation of 
both voltages with increasing current is expected due to the 
growing impact of the series resistance. However, this means 
that another measurement technique is required to compare 
the obtained values of Vimp for larger currents in order to vali-
date our approach. To achieve this goal, we identified Suns-VOC, 
that is, the measurement of the open-circuit voltage, VOC, under 
different illumination intensities as an appropriate method 
as it is not at all impacted by the series resistance. As a light 
source, a green LED is used, and the intensity is altered using 
color-neutral optical density filters. In order to plot VOC (from 
the Suns-VOC measurement) together with Vimp (from the EL 
experiment) over a common axis, we first introduce the recom-
bination current density e ( ) dRec 0 tot

0
J R x x

d

∫= . Although there 
is no current flow under open-circuit conditions, the recom-
bination current density can still be defined in a meaningful 
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manner this way. Now it is assumed that, for a given intensity 
in the Suns-VOC measurement, the recombination current den-
sity (almost) equals the corresponding short circuit current 
density, JRec ≈ JSC. This approximation is reasonable as the JV 
curves for all three solar cells are almost completely flat at 0 V 
and toward negative bias voltages (see Figure S2, Supporting 
Information). Note that if this condition is not fulfilled, JSC may 
actually underestimate JGen, the generated current density. In 
this case, optical simulations can be used to determine JGen 
(and therefore, JRrec) more accurately. This way, Vimp from the 
EL experiment and VOC from the Suns-VOC measurement can 
be plotted together as a function of the recombination current 
density. The results are shown in Figure 2.

It can clearly be seen that the open-circuit voltage agrees 
almost perfectly with the implied voltage for all measured 
intensities. This proves that our approach of deriving the 
implied voltage from the electroluminescence intensity (by 
adjusting a single offset value C* at low currents) is fully jus-
tified. Furthermore, this also proves that the relation Vimp∝ 
Rrad∝ nenh holds true, even if the dominant recombination 
process is not proportional to the product of the electron and 
hole densities, that is, if the ideality factor nid ≠ 1, as usually 
found in organic solar cells.[41,44–50] This can also be nicely 
seen in Figure S3a, Supporting Information, where results 
from numerical simulations are plotted. For these, we used 
the parameters listed in Table S1, Supporting Information, 
including two exponential trap distributions, as proposed by 
Kirchartz et al.[44]

The necessary requirement for the validity of our approach 
is merely that the detected luminescence is proportional to 
the product of the electron and hole concentrations. It should 
be emphasized that this does not imply that free charge car-
riers recombine directly, but only, that all subsequent steps 

Adv. Optical Mater. 2022, 2200909

Figure 2.  Open-circuit voltage VOC (from the Suns-VOC measurement) 
and implied voltage Vimp (from EL experiment) versus the recombination 
current density expressed in multiples of JSC at “1 sun.”

(a) (b)

(c) (d)

Figure 1.  a) Spectral luminescence intensity for a range of applied currents (expressed in multiples of JSC at “1 sun”). b) Integrated luminescence 
intensity as a function of the applied current measured with a photomultiplier. c) Applied external voltage Vext and implied voltage Vimp derived from 
the luminescence intensity (see text). d) Difference between external and implied voltage as a function of current density.
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(i.e., formation of CT states, electronic coupling to local exciton 
states in the acceptor) are in equilibrium with the product of 
the free charge carrier densities.

This important result has two aspects: on the one hand, it 
confirms for OPV what is, for a long time common knowledge 
for most, if not all, other photovoltaic technologies such as c-Si, 
III-V multijunction solar cells, CIGS, CdTe, and perovskites. On 
the other hand, it is nevertheless remarkable, as in particular 
for the D18:Y6 and PV-X plus absorber materials, the lumines-
cence itself originates mainly from local excitonic states within 
the non-fullerene acceptor phase, as has been reported by 
Eisner et al.[40] This phenomenon is due to a strong electronic 
coupling between the charge transfer states (CT states) at the 
donor–acceptor interfaces and the (local) excitonic states within 
the Y6, a process often referred to as intensity borrowing.[51] But 
despite this, somewhat more complicated situation (especially 
when compared to the above-mentioned established inorganic 
crystalline PV technologies), we can clearly state on the basis of 
our data for three different absorber materials, that the electro-
luminescence is proportional to the product of the free carrier 
densities. This correlation is the crucial “ingredient” that allows 
for the direct derivation of the implied voltage from lumines-
cence data for organic solar cells.

Now that we have proven that the implied voltage can be 
derived with our method in a straightforward manner from the 
EL intensity, we apply our approach to transient measurements 
with high temporal resolution.

But before we do so, it shall be discussed which are the nec-
essary requirements for our approach to deliver meaningful 
results. Although they are of course all fulfilled for the devices 
presented here, there might be cases where this is different. The 
first necessary precondition is that the EL spectra do not change 
within the range of currents/voltages applied in the experiments. 
While this is perfectly fulfilled for the three different absorber 
materials used in our study as can be seen from Figure  1a, it 
should be mentioned that there are also other absorber mate-
rials where the emitted spectrum clearly contains two contribu-
tions, that is, the emission from the CT states and the emission 
from the LE states. And, more importantly, the relative contribu-
tions from these two emission pathways may vary as a function 
of, for example, temperature and/or applied bias. In such a case, 
the method we present here cannot be applied in a straightfor-
ward manner rather the spectrum has to be deconvoluted. This 

is, however, beyond the scope of this work. Another note is on 
surface recombination: our solar cells investigated here are not 
limited by this non-radiative recombination pathway. As we have 
shown in the past,[52] organic solar cells with significant sur-
face recombination show a decoupling of implied and external 
voltage when illuminated under open-circuit conditions. This is 
clearly not the case as can be seen in Figure  2. The third and 
last precondition is that the solar cell under investigation has 
a decent fill factor. If this is not the case due to, for example, 
strongly unbalanced mobilities and the lower carrier mobility 
being very small, it will lead to a pronounced spatial inhomo-
geneity of the recombination, and hence, the QFL. In this case, 
representing it by a single value, that is, the implied voltage is 
still meaningful but becomes somewhat less accurate.

2.4. Transient EL

To obtain the time-resolved electroluminescence signal, charge 
carriers are injected by a rectangular current pulse with a dura-
tion ton (between 100 µs and 1 ms), which is chosen long enough 
to ensure quasi steady-state conditions, validated by a constant 
EL signal and a constant voltage measured at the terminals. 
Then, the cell is rapidly disconnected from the current source 
and switched to open-circuit conditions. Subsequently, the tran-
sient decay of the luminescence signal is detected for a period toff 
of 1  ms (for details see Experimental Section). The experiment 
is repeated periodically, and the signal is integrated over several 
minutes, that is, roughly 106 repetitions. Finally, the background 
count rate is subtracted from the signal. The results for the dif-
ferent recombination currents are shown in Figure 3a–c. Here, 
the raw signals corrected for background noise are depicted as 
solid lines. The varying signal floor is due to different optical fil-
ters used at higher currents, as well as varying integration times. 
The signal is then smoothed in a custom process, using a loga-
rithmic interpolation process for data points at times >100  ns. 
This is depicted as symbols. Due to the constant time bin size 
during acquisition (i.e., 40 ns for D18:Y6, 80 ns for PV-X plus, 
and P3HT:PC60BM), this custom smoothing process allows to 
resolve the EL decay down to nearly one order of magnitude 
below the apparent signal floor on this logarithmic time scale.

Similar to the steady-state data presented above, the transient 
EL signal can now be converted into an implied voltage using 
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Figure 3.  Temporal evolution of the detected electroluminescence signal for different recombination current densities (expressed in multiples of JSC at 
“1 sun”) switched to open-circuit conditions at t = 0, for a) D18:Y6, b) PV-X plus, and c) P3HT:PC60BM.
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the same offset value C*. The results are shown in Figure 4a–c 
as open symbols with the respective external voltages plotted as 
solid lines.

Regarding the temporal evolution of Vimp and Vext, D18:Y6 
and P3HT:PC60BM demonstrate similar trends. For injection 
currents corresponding to the JSC at 0.1 suns (and also to 0.01 
suns for D18:Y6), the implied voltages of both cells match with 
the respective external voltage over the entire measurement 
range, indicating that the QFL are flat under these conditions. 
At “1 sun” and “10 suns” equivalent current, the transport resist-
ance is clearly visible for t   <   200 ns, indicating a significant 
bending of the QFL. Beyond about 300  ns, the QFL become 
flat, and external and implied voltage coincide. Comparing 
this to the results of PV-X plus, a significant difference can be 
observed. First, only for the lowest injection current density 
(0.001 suns), an almost perfect alignment of Vimp and Vext can 
be observed. At a current density corresponding to 0.1 suns, ΔV 
initially already reads 25 mV. The second noticeable difference 
is the time until Vimp and Vext coincide. This is observed here 
to be in the range of 100 µs, thus significantly longer than for 
P3HT:PC60BM and D18:Y6. Nevertheless, this is in accordance 
with the increased series resistance, and thus, the persisting 
ΔV was also observed at low currents for this device under 
steady-state conditions. The numerical simulations reproduce 
the curves for D18:Y6 well as can be seen from Figure S3, Sup-
porting Information. Therein, Figure S4, Supporting Informa-
tion, shows the corresponding band diagrams at different times 
during the transient decay.

3. Conclusion

In this work, we have successfully demonstrated that the QFL 
separation or implied voltage in the absorber layer of an organic 
solar cell can be derived from electroluminescence measure-
ments in a straightforward manner, that is, without measuring 
the external quantum efficiency. The obtained results are in excel-
lent agreement with the (external) voltage measured simulta-
neously between the terminals of the solar cell for low currents 
as then no significant voltage drop occurs over the series resist-
ance. The series resistance limitation for comparison of implied 
and external voltage for larger currents can be overcome by using 
Suns-VOC (i.e., illumination intensity-dependent VOC) data. For the 

whole range of investigated currents in the EL experiments, the 
implied voltages are in very good agreement with the VOC values 
for organic solar cells based on three different absorber materials. 
In the next step, we investigated whether this agreement can also 
be found in transient EL experiments. With our approach, we were 
able to detect the transient luminescence decay and the decay of 
the external voltage simultaneously. Again, an excellent agreement 
was observed between the implied and the external voltage. This is 
remarkable and proves that the states involved in radiative recom-
bination in organic solar cells, that is, the CT states at the donor/
acceptor interface, and in the case of electronic coupling, the local 
excitonic states in the Y6 acceptor, i) are occupied according to 
Fermi–Dirac statistics with the temperature of the device, and  
ii) are in equilibrium with the free electron and hole densities and 
can thus be described with the same QFL.

4. Experimental Section
Steady-State Electroluminescence: The electroluminescence spectra 

were acquired using a Czerny-Turner spectrograph (Andor Shamrock 
193i) in combination with a cooled (−70 °C) InGaAs photodiode array 
(Andor iDus DU490A). The OSC was connected to a Keithley 2400 
sourcemeter controlling the constant bias current and imaged onto the 
1 mm wide entrance slit using a combination of two parabolic mirrors. 
The spectra were recorded for integration times ranging from 1–30  s 
and corrected for the background count rate. All recorded spectra were 
further corrected for spectral sensitivity using a reference tungsten 
halogen lamp (calibrated by Fraunhofer ISE Callab).

Transient Electroluminescence: For the experiment, the solar cell was 
placed into a light-sealed box as indicated in Figure 5a. The cell was 
connected to a custom-built electronic switch, which allowed it to 
connect and disconnect the solar cell to a sourcemeter (Keithley 2400). 
The switch was triggered using a function generator. The voltage Vext at 
the terminals of the solar cell was monitored simultaneously with an 
oscilloscope using a high input impedance buffer amplifier (Rin > 1012 Ω) 
to minimize external leakage current when the switch was opened, that 
is, under open-circuit conditions. For the detection of the time-resolved 
luminescence, a Hamamatsu photomultiplier was used in combination 
with a PicoQuant Time Harp 260 time-correlated single-photon counting 
card. The quantum efficiency of detection (EQE) of the photomultiplier 
is shown as the magenta curve in Figure 5b together with the normalized 
EL intensities of the investigated solar cells.

The time-resolved luminescence data were acquired with a time 
resolution of 40  ns (D18:Y6) or 80  ns (PV-X plus and P3HT:PC60BM), 
respectively. The injection time for EL was chosen such that the solar cell 
reached a steady state, whereas the off-time was set to monitor the entire 
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Figure 4.  Implied voltage Vimp derived from the EL signal plotted in Figure 3a–c together with the external voltage Vext, for a) D18:Y6, b) PV-X plus, 
and c) P3HT:PC60BM.
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resolvable EL decay. Using this measurement, the initial steady-state EL 
intensity, as well as the transient EL decay as a function of the injected 
current and external voltage, could be obtained as depicted in Figure 5c.

Solar Cell Preparation: All solar cells used for the experiments were 
produced on glass substrates (2.5 × 2.5  cm2) with ITO sputtered on 
top. The substrates were successively cleaned in ultrasonic baths of 
acetone (2 times), isopropanol (2 times), and finally deionized water, 
for 5 min each and UV-ozone treated for 20  min. The cell stacks of 
the used solar cells were: glass/ITO/PEDOT:PSS/P3HT:PC60BM/LiF/
Al, glass/ITO/PEDOT:PSS/D18:Y6/PDIN/Ag, and glass/ITO/PFN-Br/
PV-X  plus/HTL-X/Ag. Poly(3,4-ethylenedioxythiophene) polystyrene 
sulfonate (PEDOT:PSS, Ai4083 from Heraeus) was deposited via 
spin-coating under air at 3000  rpm and annealed at 130 °C for 10  min 
under nitrogen. Poly(9,9-bis(3′-(N,N-dimethyl)-N-ethylammonium-
propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide (PFN-Br, 
purchased from Organtec Ltd) was dissolved in methanol (0.5 mg mL−1)  
and spin-coated under nitrogen at 2000  rpm. The absorber materials 
were deposited via dynamic spin coating under nitrogen. Poly(3-
hexylthiophene-2,5-diyl (P3HT, purchased from BASF) and [6,6-]Phenyl-
C61-butyric acid methyl ester (PC61BM, purchased from Solenne) 
were mixed in o-xylene using a donor/acceptor ratio of 1.43:1 and a 
concentration of 42.5 mg mL−1. It was spin-coated at 550 rpm yielding a 
thickness of 250 nm and annealed at 150 °C for 10 min. Poly[(2,6-(4,8-bis 
(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b′]dithiophene))-
alt-5,5′-(5,8-bis(4.(2-butyloctyl)thiophen-2yl)dithieno[3′,2′:3,4;2′′,3′′:5,6]
benzo[1,2-c][1,2,5]thiadazole)] (D18) and 2,2′-[[12,13-Bis(2-ethylhexyl)-
12,13-dihydro-3,9-diundecylbisthieno[2′′,3′′:4′,5′]thieno[2′,3′:4,5]
pyrrolo[3,2-e:2′,3′-g][2,1,3]benzothiadazaole-2,10-diyl]bis[methylidyne(5,6-
difluoro-3-oxo-1H-indene-2,1(3H)-diylidene)]]bis[propanedinitrile] (Y6) 
were both purchased from 1-Material and dissolved in chloroform using 

a donor/acceptor ratio of 1:1.6 and a concentration of 11 mg mL−1. It was 
deposited at 2550  rpm yielding a thickness of 125  nm. PV-X plus was 
mixed using the donor material PV2300 and the acceptor materials PV-A-3 
and N1100 (all purchased from Raynergy Tek, no further information 
about chemical structure available). The ingredients were dissolved in 
o-xylene (22 mg mL−1) in a ratio of 1:1:0.2. The solution was spin-coated 
at 1200 rpm leading to a thickness of 120 nm. N,N′-Bis[3-(dimethylamino)
propyl]perylene-3,4,9,10-tetracarboxylic diimide (PDIN, from 1-Material) 
was dissolved in methanol using a concentration of 2  mg mL−1, adding 
0.27 vol% acetic acid (p.a. grade from Sigma Aldrich). It was spin-coated 
at 5000 rpm producing a 5 nm thick layer. The PEDOT-formulation HTL-X 
(HTL-XC and HTL-XD mixed in ratio 1:4, both purchased from Raynergy 
Tek) was spin-coated at 4000  rpm and annealed at 110 °C for 10  min 
under nitrogen. Lithium fluoride, aluminum, and silver were deposited via 
thermal evaporation at a pressure of < 5 × 10−5 mbar. The thicknesses of 
the respective coatings were 0.5 nm (LiF) and 100 nm (Ag and Al).
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