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Abstract
Wide-band gap absorber materials are prerequisites for well-performing tandem photovoltaic devices. Especially, perovskites 
received huge attention due to their tunable band gap and outstanding optoelectronic properties. Although perovskite solar 
cells are known to be highly efficient, high-open-circuit voltage losses remain a prevalent issue for wide-band gap perovskites. 
Within this work, we have investigated the application of the cross-linkable fullerene derivative [6,6]-phenyl-C61-butyric 
styryl dendron ester (c-PCBSD) as a cathodic interlayer in wide-band gap perovskite solar cells. We could obtain increased 
open-circuit voltage compared to pristine devices, attributed to fast electron transfer between the perovskite and the inter-
layer. The changed charge carrier dynamics result in a reduction of non-radiative losses, which consequently decreases the 
open-circuit voltage loss.
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Introduction

Organic–inorganic halide perovskites (OIHPs) have attracted 
massive attention during the last decade since they are up-
and-coming candidates for many novel optoelectronic 
devices. With their outstanding properties, like long car-
rier diffusion length [1, 2], high charge mobility [3], and 

high absorption coefficient in the visible range of light [3, 
4], they are an excellent choice for absorber materials in 
solar cells. Since their debut in 2009, their power conver-
sion efficiency of single-junction OIHP-based solar cells has 
remarkably increased from 3.8% [5] to 25.7% [6], which 
is almost as high as the record for the commercially well-
established crystalline silicon solar cells (26.1%, [6]). The 
efficiency obtained from both photovoltaic technologies is 
already close to the highest possible value for single-junc-
tion solar cells. Shockley and Queisser first determined this 
limit (SQ limit) in 1961 and calculated a value of around 
30% [7]. Multiple absorber layers can enhance the overall 
device efficiency and allow to surpass the SQ limit. Typi-
cally, for double-junction solar cells, a combination of a 
high- and a low-band gap absorber is required. A prevalent 
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variety is silicon with an OIHP. Since perovskites have the 
possibility of band gap tuning, which can be conducted by 
simply changing the composition of the perovskite crystal 
[8], their band gap can be easily adjusted to match with the 
low band gap of silicon (1.12 eV [9]). The ideal band gap 
of the perovskite sub-cell in a silicon–perovskite (series-
connected) tandem configuration is 1.67–1.75 eV [10]. The 
current efficiency record for a silicon–perovskite tandem 
solar cell is 32.5% [11]. Another promising approach is the 
combination of an organic and a perovskite solar cell into 
a tandem cell. With the current development of novel non-
fullerene acceptors, materials with a spectral response up 
to 1130 nm are available [12]. For a low band gap range of 
1.1–1.25 eV, a perovskite wide-band gap absorber with a 
band gap of 1.69–1.87 eV would be required for optimum 
bang gap matching [13]. This range can be achieved with 
OIHP compositions of  Cs0.2FA0.8Pb(I1-xBrx)3 by varying the 
bromide content x from 0.2 to 0.5. For instance, in a tandem 
device with IEICO-4F:PTB7-Th as low-band gap absorber, 
a perovskite sub-cell with an optical band gap of > 1.82 eV 
is needed [14]. However, even if the suitable combination 
can potentially lead to extremely efficient devices, some 
perovskite compositions, especially those used for wide-
band gap absorbers, suffer from high-open-circuit voltage 
(VOC) losses [13, 15]. For this issue, we have investigated the 
cross-linkable fullerene derivative [6,6]-phenyl-C61-butyric 
styryl dendron ester (c-PCBSD) in wide-band gap perovskite 
solar cells. This material was reported to have passivating 
properties, which led to decreased VOC losses in organic pho-
tovoltaics. In addition, the device stability was increased 
[16]. In 2010, Hsieh et al. first synthesized this material and 
tested it as a cathodic buffer layer in organic solar cells [17]. 
They reported enhanced efficiency and device stability, sug-
gesting c-PCBSD as a possible agent to prevent interfacial 
erosion, which can occur from multiple solvent treatments in 
complex many-layer devices like tandem solar cells. Li et al. 

reported a passivation effect when implementing c-PCBSD 
into the perovskite absorber layer [18]. The efficiency and 
stability-improving impact of c-PCBSD in perovskite solar 
cells was reported in several cases [18–20]. No investiga-
tions of c-PCBSD in wide-band gap perovskite solar cells 
have been published to date. In this work, c-PCBSD was 
tested as an n-type interlayer in a p-i-n system between the 
wide-band gap perovskite  (Cs0.2FA0.8Pb(I0.5Br0.5)3) and 
[6,6]-phenyl-C61-butyric acid methyl ester (PC[60]BM). We 
have investigated the impact on the optoelectronic proper-
ties of the perovskite absorber and the device performance 
and stability.

Results and discussion

For the study of c-PCBSD as a cathodic interlayer in per-
ovskite solar cells, devices according to the layer configu-
ration shown in Fig. 1, with and without the addition of 
c-PCBSD, were fabricated. In both cases, with and without 
c-PCBSD, we were able to fabricate very well-performing 
wide-band gap solar cells with high fill factors of up to 
77% and without indication of hysteresis during the cur-
rent density–voltage measurements (j–V measurements) 
under 1  sun illumination (Fig.  2a). The concentration 
given in the graph refer to the PCBSD concentration in 
the anti-solvent chlorobenzene (CB) before cross-linking. 
We could obtain lower leakage currents from devices with 
c-PCBSD from the semi-logarithmic j–V curves in Fig. 2b, 
suggesting higher shunt resistance which is desirable in 
solar cells [21]. Figure 2c compares the external quantum 
efficiencies (EQE) of the two devices. The short-circuit 
current densities shown in the legend of this graph are 
calculated from the EQE spectra (Eq. (S10)). Due to the 
insulating properties of c-PCBSD [22], the current den-
sity in devices with cathodic interlayer was determined to 

Fig. 1  Schematic illustration of a perovskite solar cell in p-i-n con-
figuration in the following upward order: Anode|hole transport layer 
(HTL)|perovskite| c-PCBSD (interlayer)|electron transport layer 

(ETL)|buffer layer|cathode (a). Reaction equation for the cross-link-
ing of PCBSD to form c-PCBSD (b)
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be marginally lower compared to the pristine solar cells, 
which can be seen from the EQE measurements as well 
as from the j–V characteristics (Fig. 3 and Table S6). Fig-
ure 3 shows box plots of j–V parameters of solar cells 
with different concentrations of PCBSD. By incorporat-
ing c-PCBSD in the devices, the open-circuit voltage 
could be increased by 0.03 V for the best cell. On the 
contrary, the short-circuit current density was reduced. A 
lower open-circuit voltage was obtained for devices pre-
pared with very low PCBSD concentrations in the anti-
solvent (0.25–0.5 mg  mL−1), compared to devices without 
PCBSD. We presume a shortage of cross-linkable mate-
rial and, therefore, no dense film formation for PCBSD 
concentrations < 1 mg  mL−1. What can be clearly seen 
in Fig. 3b is a uniform decline of the short-circuit cur-
rent density when increasing the amount of PCBSD. We 
were particularly interested in the origin of the enhanced 
open-circuit voltage of the modified devices since reduc-
tion of VOC losses, especially in wide-band gap perovskite 
solar cells, is still a challenging and ongoing task [15]. 
Understanding the underlying physical principles at the 

interface between the perovskite and c-PCBSD could give 
indications for the development of novel, more optimized 
interlayer materials. The absorptance of perovskite sam-
ples with and without c-PCBSD on top is shown in Fig. 4a. 
The optical band gap energies εg of these perovskite films 
were derived from a Tauc plot. The method is described in 
the supplementary information. All measured perovskite 
films with c-PCBSD (0.25–2 mg  mL−1) are determined to 
have a band gap of 1.85 eV. The band gap for a pristine 
perovskite film is 1.86 eV. For the calculation of the VOC 
loss (q·εg − VOC), the mean VOC value was used.

For devices without and with 1 mg  mL−1 PCBSD, we 
could determine a VOC loss of 0.69 V and 0.66 V, respec-
tively, which are typical values for wide-band gap perovs-
kite solar cells [13]. V rad

OC
 refers to the open-circuit voltage 

when only radiative recombination occurs and is, there-
fore, higher than the measured VOC [23]. V rad

OC
 can be calcu-

lated with the classical diode equation by determining the 
photocurrent and the dark current with the solar spectrum 
AM1.5G and the black body radiation spectrum, respec-
tively. The method is described in the following: V rad

OC
 is 
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Fig. 2  Current density–voltage curves of perovskite solar cells, one 
without and one with 1 mg   mL−1 c-PCBSD layer, measured in for-
ward (fwd) and reversed (rvs) direction: measured under 1 sun illumi-

nation (a); measured in the dark (b). External quantum efficiency of 
solar cells and short-circuit current determined from these spectra (c)
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Fig. 3  Box plots of characteristic solar cell parameters extracted from current–voltage curves of cells with different PCBSD concentrations: a 
open-circuit voltage (VOC), b short-circuit current (JSC), c fill factor (FF), d power conversion efficiency (PCE)
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related to the open-circuit voltage (VOC) via the electro-
luminescence quantum efficiency (ELQE) of the device 
(Eq. (S4)) [23]. If ELQE equals unity, then V rad

OC
 = VOC.

V rad
OC

 is calculated using Shockley’s diode equation and 
assuming an ideality factor of 1 [24].

JPH refers to the photocurrent of the device, and J0 to the 
current measured in the dark. Both can be determined using 
Eqs. (S6) and (S7), respectively.

ΦSUN(E) is the photon flux from the sun measured on 
earth (AM1.5G) and was downloaded from [25]. ΦBB(E) is 
the black body radiation at 300 K, determined from Planck’s 
law [26].

The difference between V rad
OC

 and VOC is the open-circuit 
voltage lost due to non-radiative recombination ΔV non-rad

OC
 . 

The values calculated for the voltage loss analysis are sum-
marized in Table 1. With these calculations, we could deter-
mine a non-radiative voltage loss of 0.35 and 0.32 for solar 
cells without and with c-PCBSD, respectively. The VOC loss 
caused by non-radiative recombination is, therefore, lower 
with c-PCBSD as interlayer. Suppression of non-radiative 
recombination is a prerequisite for the fabrication of effi-
cient solar cells with high VOC (compare with Eq. (S4)). To 

(1)V rad
OC

= VOC −
kT

q
ln(ELQE).

(2)V rad
OC

=
kT

q
ln

(

JPH

J0
+ 1

)

.

(3)JPH = q∫
∞

�g

EQE(E)ΦSUN(E)dE,

(4)J0 = q∫
∞

�g

EQE(E)ΦBB(E)dE.

investigate the impact of the addition of c-PCBSD on the 
charge carrier dynamics in the perovskite absorber layer, 
time-resolved photoluminescence measurements were per-
formed by means of time-resolved single photon counting 
(TCSPC). The measurements were carried out on perovskite 
films on glass|ITO|MeO-2PACz without and with c-PCBSD 
deposited on the perovskite from solutions with concen-
trations of 0.25–2 mg  mL−1 PCBSD. For the same films 
without c-PCBSD and with the material deposited from a 
1 mg  mL−1 solution, additional measurements were per-
formed after deposition of the PC[60]BM electron transport 
layer. The normalized PL decay curves in Fig. 4b show a 
non-monoexponential behavior. Fitting of the curves was, 
thus, carried out with a biexponential function according to 
Eq. (1) in the range of the first several nanoseconds. The rel-
evant processes occur within this time frame, as reflected by 
the decay of the vast majority of photoexcited states. For all 
transient PL curves, the transition into weak-intensity long-
lived decay processes can be observed towards longer decay 
times. Due to their low contribution to the PL decay and, 
thus, negligible impact on the total excited state dynamics, 
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Fig. 4  Optical characterization of perovskite films on MeO-2PACz 
without and with different concentrations of PCBSD: absorptance 
(a); time-resolved photoluminescence (two additional films were 
measured with PC[60BM] on top) (b); steady-state photolumines-

cence of perovskite films (c). In panel (b), the solid lines represent 
the biexponential fitting curves of the decay graphs, while the dashed 
line indicates the value of 1/e of the normalized PL used for the 
determination of τ1/e

Table 1  Voltage loss analysis of a solar cell with and without 
c-PCBSD, where ρPCBSD is the mass concentration of PCBSD in the 
anti-solvent, εg refers to the optical band gap determined from the 
absorption coefficient, (q·εg  −  VOC) is the open-circuit voltage loss, 
V

rad
OC

 the open-circuit voltage if only radiative recombination occur 
and ΔV non-rad

OC
 the open-circuit voltage loss due to non-radiative 

recombination

ρPCBSD/mg  mL−1 εg/eV (q· εg − VOC)/V V rad

OC
/V �V non-rad

OC
/V

w/o 1.86 0.69 1.52 0.35
1 1.85 0.66 1.51 0.32
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these longer decay components were not considered for the 
curve fitting.

From the time constants τ1 and τ2 determined from the 
fitting function, the average time constant τavg for the decay 
was calculated according to Eq. (2).

The results of the biexponential fitting of the PL decay 
curves are listed in Table 2. Comparison of the perovs-
kite films with and without c-PCBSD shows a significant 
decrease in the decay time upon addition of a c-PCBSD 
layer. Results of the biexponential fitting show that the 
initial fast decay component has an almost identical time 
constant (τ1) for the samples with and without c-PCBSD, 
while the time constant of the second decay component 
(τ2) is considerably lower for the perovskite films with 
c-PCBSD. For the samples with c-PCBSD deposited from 
solutions of 0.25–2 mg  mL−1, the decay curves could be 
fitted well by functions with identical time constants τ1 
and τ2 suggesting the same decay processes occurring in 
the samples. For increasing concentrations of PCBSD a 
larger contribution of the fast decay component (increas-
ing A1) and smaller contribution of the slower component 
(decreasing A2) can be observed, resulting in a faster 
average decay. This trend peaks for a PCBSD concen-
tration of 1 mg   mL−1, while for 2 mg   mL−1 the decay 
time slightly increases again. In accordance with the pre-
vious reports, the fast decay process (τ1) can be attrib-
uted to a charge transfer process at the perovskite–hole/
electron transport layer interface, while the slower com-
ponent (τ2) can be attributed to carrier recombination in 
the perovskite bulk [27, 28]. For the pristine perovskite 
films, the fast decay component can, thus, be ascribed to 

(5)y = y
0
+ A

1
e
−

t

τ1 + A
2
e
−

t

τ2 .

(6)�avg =
A1�

2
1
+ A2�

2
2

A1�1 + A2�2

.

a charge transfer to the MeO-PACz hole transport layer. 
The reduced decay time and larger contribution of the τ1 
decay process of the c-PCBSD modified films may con-
sequently be attributed to an additional electron transfer 
from the perovskite layer to c-PCBSD. The charge carri-
ers transferred to the respective charge transporting layers 
are not available for recombining with opposite charges 
in the perovskite bulk, which leads to quenching of the 
photoluminescence and a reduced time constant. Quench-
ing of the perovskite PL for the films with c-PCBSD can 
be clearly observed from the steady-state PL spectra of 
the glass|ITO|MeO-2PACz|perovskite(|c-PCBSD) samples 
shown in Fig. 4c. For the films measured upon addition 
of the PC[60]BM electron transport layer on top of the 
perovskite or perovskite|c-PCBSD, respectively, a strongly 
accelerated PL decay can be observed in Fig. 4b. This 
can be attributed to an electron transfer to PC[60]BM. 
The decay curves with and without PCBSD indicate that 
the c-PCBSD interlayer facilitates the charge transfer, 
as shown by the decreased decay time. Improved charge 
extraction behavior probably originates from proper film 
formation of c-PCBSD on the perovskite, thus building up 
a good contact between perovskite and PC[60]BM. How-
ever, there is no enhanced electrical driving force since 
the LUMO of c-PCBSD is on the same level as the LUMO 
of PC[60]BM [17]. We propose that the improved charge 
extraction through c-PCBSD may reduce the non-radiative 
recombination via trap states and, thus, enable a decrease 
of the non-radiative VOC loss in the solar cells.

In contrast to earlier reports [18–20], the lifetime of a 
device with c-PCBSD drastically decreased under continu-
ous illumination. As measured by maximum power point 
tracking (Fig. S5), a solar cell with c-PCBSD reached 80% 
of the initial efficiency after 6 h. Contrarily, a pristine solar 
cell reached its t80 after 39 h. To the best of our knowl-
edge, c-PCBSD was never used in combination with bro-
mide salt-containing perovskites. We suppose chemical 
interaction with bromide and the cross-linkable additive 
might cause faster degradation of the solar cell. Additional 

Table 2  Parameters obtained 
from biexponential fitting of 
time-correlated single photon 
counting measurements 
of perovskite films on 
glass|ITO|MeO-2PACz 
without and with different 
concentrations of PCBSD. A 
PC[60]BM layer was deposited 
on top of two additional films. 
τavg refers to the average time 
constant and τ1/e is the time 
constant at 1/e

ρPCBSD/mg  mL−1 A1 τ1/ns A2 τ2/ns y0 τavg/ns τ1/e/ns R2

w/o 0.369 1.13 0.397 16.97 0.244 16.05 19.59 0.9954
0.25 0.391 1.12 0.431 10.42 0.065 9.59 4.04 0.9972
0.5 0.513 1.12 0.392 10.42 0.047 9.27 3.14 0.9985
1 0.687 1.12 0.335 10.42 0.016 8.73 2.70 0.9972
2 0.654 1.12 0.369 10.42 0.021 8.92 2.40 0.9977
w/o + PC[60]BM 0.939 0.81 0.438 4.15 0.020 3.17 2.00 0.9992
1 + PC[60]BM 0.985 0.81 0.392 4.05 0.012 2.97 1.81 0.9996
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experiments to gain a better understanding of the degrada-
tion mechanism are subject of further studies.

Conclusion

In this work, we fabricated wide-band gap perovskite solar 
cells without and with c-PCBSD as cathodic interlayer. The 
devices with the additional interlayer showed an improved 
open-circuit voltage as compared to pristine devices. Voltage 
loss analysis suggests a decreased non-radiative VOC loss 
for cells with c-PCBSD. Spectroscopic measurements were 
conducted to study the origin of the lower VOC loss. There 
is clear evidence of faster electron transfer in perovskite 
films modified with c-PCBSD as shown by transient and 
steady-state photoluminescence spectroscopy. The lower 
short-circuit current density obtained from solar cells with 
c-PCBSD is considered to occur due to the low charge car-
rier mobility of this material. A major drawback of the inter-
layer is the significantly reduced device stability of the wide-
band gap perovskite solar cell. Due to promising results for 
VOC improvement and encouraging works reported in the 
past, the application of c-PCBSD in perovskite solar cells 
deserves further investigation. A fundamental understand-
ing of the interaction between the cross-linkable fullerene 
derivative and the bromide-containing perovskite layer is 
required to build a bridge between performance improve-
ment and device’s lifetime.

Experimental

Perovskite thin film and solar cell fabrication

Substrate preparation

Glass|ITO slices were patterned by partially covering them 
with PVC tape (1.5 cm of the 2.5 cm broad slice) and etching 
them in concentrated hydrochloric acid. After rinsing with 
water, the PVC tape was removed, and the slices were cut 
into pieces of 2.5 × 2.5  cm2. The final glass|ITO substrate 
pattern is shown in Fig. S2 (a). After patterning, the sub-
strates were cleaned by sequential ultrasonication in a 2% 
(v/v) aqueous solution of Hellmanex II (Hellma), deionized 
water, acetone and isopropanol, respectively.

Solution preparation

The following solutions were prepared one day 
before starting with spin-coating deposition and 
stirred at room temperature overnight: 0.3  mg   mL−1 

[2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid 
(MeO-2PACz) in anhydrous ethanol; 1.08 M perovskite 
precursor solution (details below); 100 mg  mL−1 thiourea 
in dimethylformamide (DMF); 0.25–2 mg  mL−1 PCBSD 
in chlorobenzene (CB); 20 mg  mL−1 PC[60]BM in chlo-
roform/CB = 3:1; 0.5 mg  mL−1 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline (BCP) in anhydrous ethanol. For 1 mL 
of a 1.08 M perovskite precursor solution, 345.76 mg lead 
iodide, 91.75 mg lead bromide, 42.56 mg cesium bromide, 
and 99.98 mg formamidinium bromide were dissolved in a 
mixture of DMF/N-methyl-2-pyrrolidinone (NMP) = 70:30 
(v/v). Before use, the precursor solution was filtered (45 µm 
PTFE filter, Fisher Scientific); then, 10 µL of the thiourea 
solution was added to 1 mL of the filtered precursor solution.

Spin coating

All spin-coating steps were performed under a nitrogen 
glove box atmosphere  (H2O < 0.1  ppm;  O2 < 10  ppm). 
Before spin coating, the substrates were treated with oxy-
gen plasma (100 W, 10 min). The solar cells were fabricated 
in a p-i-n configuration in the sequence glass|ITO|MeO-
2PACz|Perovskite(|c-PCBSD)|PC[60]BM|BCP|Ag. For the 
first layer, MeO-2PACz, the spin speed was 3000 rpm for 
30 min (1500 rpm  s−1), followed by annealing at 100 °C 
for 10 min. Patterning of substrate edges (see Fig. S2(b)) 
was always done after 5 min of annealing (if annealing was 
required) by using a cotton bud and 40 µL of the same sol-
vent as it was used for dissolving the respective material. 
MeO-2PACz was wetted during spinning with 200 µL meth-
anol (210 µL  s−1) at a spin speed of 4000 rpm to achieve a 
monolayer. The substrate spun for another 20 s. Right after 
the end of the spin program, 200 µL perovskite precursor 
solution was applied to the substrate. After approximately 
10 s, the spin-coating program was initiated (480 rpm for 8 s 
with 480 rpm  s−1, then 4000 rpm for 58 s with 2000 rpm  s−1) 
followed by dropping 200 µL of the anti-solvent at 40 to 
38 s before the end of the spinning program. Either CB or 
a solution of PCBSD in CB was used as an anti-solvent. 
Immediately after spinning, the substrate was annealed at 
65 °C for 2 min, followed by annealing at 100 °C overnight. 
Extensive heat treatment is required to initiate cross-link-
ing of PCBSD to form c-PCBSD [18]. For perovskite films 
without PCBSD, 10 min of annealing is sufficient. In this 
work, all solar cells were treated the same; therefore, all 
cells were annealed overnight after perovskite (and PCBSD) 
deposition. PC[60]BM was spin-coated at 1320 rpm for 16 s 
(660 rpm  s−1), followed by 1980 rpm for 15 s (990 rpm  s−1). 
BCP was deposited at a spin speed of 4000 rpm for 30 s, 
with an acceleration of 2000 rpm  s−1. For PC[60]BM and 
BCP, no annealing is required.
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Top contact evaporation and encapsulation

100 nm top contacts (Ag) were evaporated in UNIVEX ther-
mal evaporator (Leybold). The solar cells were encapsulated 
using E131 epoxy resin for EQE measurements, photolumi-
nescence, and MPP tracking.

Absorptance, absorption coefficient, and band gap 
determination

Transmittance and reflectance spectra of glass|ITO|MeO-
2PACz|Perovskite(|c-PCBSD) samples were recorded with 
a double-beam spectrometer (Perkin Elmer UV–Vis–NIR 
Lambda 1050) equipped with a 150 mm integrating sphere. 
For the reflectance R, a silicon wafer sample was used as 
a reference. Absorptance A was determined from transmit-
tance T and reflectance R using Eq. (S8). For calculating 
the absorption coefficient α, Eq. (S9) was used. The layer 
thicknesses were determined with a Dektak profilometer. 
The optical band gaps of the perovskite films were deter-
mined from a Tauc plot (for the method, see supplementary 
information).

Current–voltage measurements

I–V characteristics were measured using a source measure 
unit (Keithley Source Meter 2401) in a voltage range from 
− 0.5–1 V (forward bias) and reversed with voltage steps of 
0.05 V, under 1 ± 0.02 sun(s) illumination (AM1.5G, LOT-
Quantum Design Xenon arc lamp, Mencke & Tegtmeyer 
GmBH silicon solar cell for calibration). The pixel area was 
estimated with a caliper.

External quantum efficiency

The external quantum efficiency of the fabricated solar 
cells was measured using a potentiostat (Jaissle, Model 
1002  T-NC) and a lock-in amplifier (173  Hz, Stanford 
Research Systems, Model SR 830 DSP). The sample was 
illuminated with monochromatic light from an Oriel Instru-
ments monochromator with a xenon arc lamp (LOT-Quan-
tum Design) as the source. Light intensity was calibrated 
with a silicon photodiode (Hamamatsu S2281).

Photoluminescence

Glass|ITO|MeO-2PACz|Perovskite|c-PCBSD samples 
(c-PCBSD is optional) were illuminated from the glass 

side using a Coherent Obis LX 405 nm laser, powered with 
3.48 mW. The sample emission is directed with a glass fiber 
over two LP 420 optical filters to the CCD sensor (Andor 
CD420A-OE). The shown photoluminescence spectra are 
background corrected.

Time‑resolved photoluminescence

Time-correlated single photon counting (TCSPC) measure-
ments were performed on a setup consisting of a Becker & 
Hickl SPC 150 TCSPC module and a PMC-100-1 photo-
multiplier. For emission wavelength selection, a DeltaNu 
DNS-300 monochromator (slit widths: 3 mm) was used. 
Pulsed excitation light was provided by an NKT Photonics 
SuperK FIANIUM FIU-15 supercontinuum white light laser 
equipped with a pulse picker and a fiber-coupled Photon 
Etc LLTF Contrast VIS unit for wavelength selection. For 
all measurements, an excitation wavelength of 480 nm was 
used. The emission was detected at the emission maximum 
of the respective samples as determined by steady-state PL 
measurements. The full-width at half-maximum (FWHM) of 
the instrument response function of the used TCSPC setup 
is 0.22 ns. PL decay curves were fitted with a biexponential 
function, shown in Eq. (1). Average decay time constants 
were calculated according to Eq. (2). The fitting range for 
Glass|ITO|MeO-2PACz|Perovskite(|c-PCBSD) films was 
0–30 ns and for films with an additional PC[60]BM layer 
on top 0–15 ns.
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