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Host—-Guest Complexation in Wide Bandgap Perovskite

Solar Cells

Parnian Ferdowsi,* Gianluca Bravetti, Moritz C. Schmidt, Efrain Ochoa-Martinez,
Shanti Bijani, Aurora Rizzo, Silvia Colella, Ullrich Steiner, Bruno Ehrler,

Dominik J. Kubicki, and Jovana V. Milic*

Wide-bandgap hybrid halide perovskites are increasingly relevant in the fabri-
cation of tandem solar cells. However, their efficiency and stability during
operation are still limited by several factors, among which ion migration at the
interface with charge-selective extraction layers is one of the most detrimental
ones. Herein, a host—guest complexation strategy is employed to control
interfacial ion migration by using dibenzo-21-crown-7 in wide-bandgap hybrid
halide perovskites based on methylammonium lead bromide. The capacity of the
crown ether is demonstrated that affect the performances and stabilities of
MAPDBr; solar cells. As a result, power conversion efficiencies of up to 5.9% are
achieved with an open circuit voltage as high as 1.5 V, which is accompanied by
stability over 300 h at 85 °C under nitrogen atmosphere, as well as more than
300 h at ambient temperature, maintaining ~80% of initial performance. This
provides a versatile strategy for wide-bandgap photovoltaic devices.

1. Introduction

Metal halide perovskites have attracted attention due to their
excellent optoelectronic properties, ease of fabrication, and
low-cost processing, making them promising candidates for
the next generation of photovoltaics.’™® Within the diverse
hybrid halide perovskite materials, iodide-based compositions

have been the most widely studied due to
their narrow bandgaps between 1.5 and
1.7 eV.""*) However, their poor thermal sta-
bility, sensitivity to moisture, and limited
reproducibility of the photovoltaic metrics
obstruct their commercialization.['*~¢!
On the contrary, wide-bandgap perovskite
materials, such as methylammonium lead
tribromide (MAPDbBr;) with a bandgap of
2.3eV, can be a promising alternative
due to its excellent optoelectronic proper-
ties, good charge transport, and higher sta-
bility against air and moisture.*”'718
MAPDBr; can provide a high open-circuit
voltage (Voc) value close to 2V,[1%2%
which makes it suitable for applications in
optoelectronics, such as light-emitting
diodes, sensors, and tandem solar cells.!'”!
However, these materials also suffer from
high nonradiative losses that reduce the Voc and a limited life-
time under operating conditions of elevated temperature, voltage
bias, and light that remain unsolved.[121:22

The lifetime of perovskite solar cells (PSCs) is affected by
extrinsic and intrinsic factors. The degradation caused by extrin-
sic factors is due to the high chemical reactivity of perovskite
materials with moisture and oxygen, which can be addressed
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by encapsulation techniques and compositional engineering of
perovskite materials.”’~>*! It has been more challenging to con-
trol the intrinsic instability factors, particularly ion migration that
is accelerated under operating conditions. While compositional
tuning and encapsulation can solve some of these issues,?!27-!
ion migration is an inherent characteristic of halide perovskites
owing to their mixed conductivities.*” This is amplified in the
presence of crystal defects, formed mainly at the surface, grain
boundaries, and interfaces with the perovskite layer. The defects
provide a pathway for ion migration that is amplified during
operation. Ion migration can be detrimental to the device’s per-
formance and long-term stability, leading to the permanent deg-
radation of PSCs.’! It is demonstrated that the organic and
halide ions have low activation energy for migration in hybrid
halide perovskites, which facilitates their migration through
the grain boundaries and defects even at room temperature.’*”
However, halide anion migration was also shown to be partly
reversible in the dark, whereas metal and A cation migrations
were associated with permanent degradation pathways in perov-
skite materials and devices.’’™*? There has been an effort to
develop strategies to suppress ion migration, including passiv-
ation, controlling crystal growth, and increasing ion migration
barriers through substitution.?%3+>¢

A particularly versatile strategy that has recently been used to
control the properties of hybrid halide perovskites relies on
host-guest (HG) complexation employing various macrocyclic
host (H) molecules that can selectively bind and deliver geomet-
rically compatible guest (G) species through different noncova-
lent interactions.”**”~*! This approach could control ion
migration phenomena, as cations can be effectively bound by
H moieties using HG complexation. Such HG interactions could
affect the perovskite crystal structure and the resulting properties
of materials and devices, increasing long-term stability.***~%
For instance, crown ethers (CEs) are one the most exploited
H molecules that have been shown to feature a selectivity to dif-
ferent cations due to a highly electronegative cavity even within
hybrid perovskite photovoltaic devices, showing beneficial effects
to improving their efficiencies and stabilities.>***"*¥ Despite
their potential, there has been limited use of CEs and their
HG complexes with metal halide perovskites in solar cells,*’!
with no examples of this strategy being applied to control the
properties of wide-bandgap materials or devices to date.
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Herein, we demonstrate the utility of dibenzo-21-crown-[7]
(DB21C7) in wide-bandgap hybrid PSCs based on MAPDbBr;.
We show that interfacial modulation yields an open circuit voltage
as high as 1.5V with competitive solar cell performances and
enhanced operational stabilities, and provide mechanistic
insights into the role of the CE in hybrid PSCs. This represents
a promising strategy to control the chemistry of the perovskite pre-
cursors and materials, as well as the performances of the resulting
devices.

2. Results and Discussion

To assess the effect of HG complexation in wide-bandgap perov-
skites, we examine three perovskite compositions, namely
MAPbBI’3, FA0‘75MA0.25P]JBI'3, and CS()_()S(FA0_75MA0.25)0.95P])BI'3.
These materials were prepared through a conventional solution
processing method and deposited onto the mesoporous TiO, layer
by a one-step method using chlorobenzene (CB) as an antisolvent
Dby the procedure detailed in the Experimental Section. For some of
the test substrates, DB21C7 solution was deposited on top of the
perovskite film as a prospective passivation agent, whereas others
were deposited onto the spinning substrate as antisolvent
(i.e., mixed into the CB) during film deposition (Figure 1).
These approaches are referred to as passivation (P) and antisolvent
(AS) methods, respectively, whereas control samples did not con-
tain any CE moieties. While the CE as a passivation agent (P) was
applied onto an already formed perovskite film, its use in the AS
was assumed to affect the perovskite growth, featuring a more pro-
nounced effect on its properties.

It was found that MAPbBr; devices exhibit better photovoltaic
performances compared to the double- and triple-cation wide-
bandgap solar cells. While CE allowed the incorporation of
otherwise insoluble CsBr into the composition for wide-bandgap
devices (Figure S1-S2, Supporting Information), it did not
yield higher photovoltaic performance under these conditions
(Table S1, Supporting Information). Therefore, MAPbBr; was
selected as a model system to assess the effects of DB21C7. The
results for other compositions are provided in the Supporting
Information (Figure S1-S2 and Table S1, Supporting Information).

The capacity of the DB21C7 to form HG complexes on the
surface was evidenced by solid-state nuclear magnetic resonance

Figure 1. Schematic representation of the MAPbBr; film treatment using CE moieties (DB21C7) in CB as either P (on top of the perovskite films, i.e.,

passivation) or AS (i.e., antisolvent) for perovskite film casting.
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(NMR) spectroscopy (Figure S3, Supporting Information). As
complexation of Pb?" and A cations (e.g., FA and Cs cations)
has been reported previously,*”! we recorded magic angle spin-
ning (MAS) solid-state *C and °Li NMR spectra of MAPbBr;
powders with and without the DB21C7, as well as in the presence
of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), a dopant
found to contribute to the instabilities of PSCs.?'*! While there
were no substantial changes to the '*C signals of CE when
combined with MAPDbBr; and LiTFSI (Figure S3b, Supporting
Information), we found that %Li NMR is highly sensitive to the
speciation of this ion (Figure S3a, Supporting Information).
Specifically, the °Li NMR spectrum of neat LiTFSI shows a single
intense peak at 0.25 ppm (full width at half maximum (FWHM)
~0.1 ppm) corresponding to the solid LiTFSI, and a much
smaller and narrower (FWHM: ~0.04 ppm) peak at 0.70 ppm,
which can be attributed to trace amounts of hydrated LiTFSI.
Upon treatment of MAPbBr; with CE and LiTFSI, a new substan-
tially broader (FWHM ~0.6 ppm) peak appears at 0.8 ppm. Since
second-order quadrupolar broadening is negligible in °Li NMR
spectra, we attribute the large linewidth to a distribution of local
Li* environments corresponding to an interaction with Li*. This
reveals the capacity for interaction with the Li* ions in the sam-
ple, which is expected to affect their structural properties and
photovoltaic performances.

X-Ray diffraction (XRD) measurements were performed to
further investigate the structural properties of perovskite films.
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The XRD spectra exhibited typical perovskite peaks at ~15° and
~30° for all concentrations and preparation methods, corre-
sponding to the (100) and (200) perovskite lattice orientations,
respectively (Figure 2a,b). This suggests that DB21C7 does not
change the perovskite structure, although evidencing its
presence on the surface by X-Ray photoelectron spectroscopy
through the corresponding O 1s and C 2s binding energies
at 533 and 286eV, respectively (Figure S4, Supporting
Information). However, the concentrations of 5 mgmL™" (AS)
and 2.5mgmL"" (P) were found to increase the intensities of
XRD signals, suggesting a possible effect on the crystallinity.
The average crystalline size was estimated by resolving the char-
acteristic of (100) and (200) peaks using Scherrer’s formula and
comparing the FWHM (Table S2, Supporting Information).>”!
The analysis suggests a lower FWHM for 5mgmL ™" (AS) and
1 and 2.5 mgmL~" (P; Table S2, Supporting Information), in
accordance with an increase in the crystal sizes.

These effects on the surface morphology were assessed by
scanning electron microscopy (SEM). The treated films exhibited
a compact and pinhole-free surface coverage with grains
smaller than the control samples (Figure 2c,d and Figure S5,
Supporting Information). It has been previously suggested that
increasing the average grain size can benefit photovoltaic
performances.”*~>* Moreover, ion migration is often assumed
to occur across grain boundaries where the CE has been
previously suggested to assemble;? hence, it was expected that

©

T
g

o »
Sg*

»

©)

Figure 2. Structural characterization and morphology of the CE-treated MAPbBr; films. XRD patterns of samples that are treated by CE as a) AS and b) P
agent (the green stars mark the substrate). SEM images of c) treated sample by 2.5 mg mL~" CE as and d) control with regular CB antisolvent treatment.
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Figure 3. Optical characterization of the MAPbBr; casted films treated with CE (in concentrations of 1, 2.5, and 5 mg mL™"). Steady-state PL spectra of
treated samples using CE by a) AS and b) P method. UV-vis absorption spectra using CE by c) AS and d) P method.

the unique capacity of the CE to bind A and metal cations would
induce changes in the morphology reflected in the opto(electro)
ionic properties and photovoltaic characteristics.

The optoelectronic properties were investigated by steady-state
UV-vis absorption and photoluminescence (PL) spectroscopy
of thin films and the solar cell models with the fluorine-doped
tin oxide (FTO)/compact (c-)TiO,/mesoporous (mp)-TiO,/
MAPbBr;/DB21C7 and FTO/c-TiO,/mp-TiO,/MAPDBr; archi-
tectures (Figure 3). The PL spectra of the samples containing
1 or 2.5mgmL™" of CE prepared by either AS or P method,
respectively, display higher PL intensities compared to the
others. This is in accordance with the improvements in the crys-
tallinity observed by XRD. However, there is a minor difference
in the UV-vis absorption and the corresponding PL spectra, sug-
gesting that the presence of the CE does not substantially affect
the film thickness and composition, which are relevant to pho-
tovoltaic performances.

To evaluate the effect on the photovoltaic performance when
CE is applied at the interface between the perovskite and hole-
transport layer (HTL), we prepared cells with and without CE
(2.5 mgmL™") and compared the performances of these devices.
The Vo and PCE of the solar cells improved from 1.42 £ 0.03 to
1.50+£0.01V and from 4.16 £0.53 to 5.21 +0.39 on average,
respectively (Figure 4a). We noted improvements in all device
parameters using CE treatment as AS during film casting.
Based on these results, PSCs were fabricated using CE as AS,
resulting in a champion cell with a PCE of 5.9%, Voc=1.5V,

Sol. RRL 2024, 8, 2300655 2300655 (4 of 9)

Jsc=5.5mAcm % and fill factor (FF)=73% (Figure 4b). In
contrast, the MAPbBr; champion cell without CE achieved a
PCE of 5.0%, Voc=14V, Jsc=49mAcm 2 and FF =71%.
The integrated Jsc obtained by the integration of the incident
photon-to-current efficiency (IPCE) spectra for the CE-treated
device (2.5mgmL™") of 5.1 mA cm ™2 was in good agreement
with the Jsc value obtained from the J-V characteristics
(Figure S6, Supporting Information), excluding any spectral mis-
matches related to the measurement. The passivated champion
device resulted in a PCE of 4.8%, Voc =14V,
Jsc=5.1mA cm™?, and FF = 67%, with a considerable hystere-
sis (Figure S6, Supporting Information). These results suggest
that using CE in CB (at 2.5mgmL™" concentration) by AS
method is optimal for wide-bandgap perovskites treatment. To
further scrutinize the optimized concentration of CE in CB,
PSCs were made by AS method using several concentrations
(1, 2.5, and 5mg mL_l), and the resulting photovoltaic metrics
confirmed 2.5mgmL™" as an optimal concentration in CB
(Table S3, Supporting Information).

Having demonstrated the effects of HG complexation on
photovoltaic performance, we assessed the long-term thermal
stability of devices, including CE-treated (AS) and MAPbBr; con-
trol samples, in a nitrogen atmosphere at 85 °C upon continuous
irradiation (1 sun) for a period of 300h. A J-V scan was taken
frequently to extract the observed device parameters
(Figure 5). CE-treated (2.5 mgmL™") devices were more stable
and demonstrated a lower degradation rate than control devices.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. Photovoltaic characteristics. a) Statistical distribution of the photovoltaic parameters for control and CE-treated devices. b) Current—voltage

scans for the best-performing device with photovoltaic parameters.
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Figure 5. Thermal stability. Evolution of main photovoltaic parameters: a) Jsc, b) Voc, ¢) FF, and d) PCE average of control (red) and CE-treated (yellow)
devices. The devices were continuously operated under a nitrogen atmosphere for 300 h at 85 °C in an LED-based solar simulator under 1 sun. Further
details are provided in the Methods section. The evolution of key parameters, PCE and Vo, under ambient temperature, is provided in Figure S7 of the

Supporting Information.

The thermal stability data highlights CE’s significant role
through HG complexation with the perovskite in long-term sta-
bility. The long-term operational stability of the PSCs was further
assessed at room temperature by maximum power point tracking
of key parameters, PCE and Vo, in a nitrogen atmosphere under
continuous LED simulated illumination of 1sun for

Sol. RRL 2024, 8, 2300655 2300655 (5 of 9)

unencapsulated devices. Under these conditions, CE-treated
devices maintained over 80% of their PCE after 300 h of contin-
uous measurement, whereas the control devices showed a more
significant loss in performance (Figure S7, Supporting
Information). The variation of V¢ had a similar trend to perfor-
mance and degradation in both treated and control devices.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 6. Factors determining the operational stability. a,b) Hydrophobicity comparison by contact angle measurements performed with a water droplet
on a) pristine and b) CE-treated perovskite thin films deposited on FTO/c-TiO,/meso-TiO, substrate. ¢,d) lon distribution assessment by Li (left)
and Au (right) elemental depth profile analysis of MAPbBr; by SNMS for control (red line) and treated samples by using AS (green line) and P method
(yellow line). Further analysis is provided in the Figure S8-S12 (Supporting Information).

Enhanced thermal stability and low degradation rate of CE-
treated devices under operating conditions were attributed to
the CE interactions at the interface with the hole-transport mate-
rial that could be related to the changes in hydrophobicity and the
effect on ion migration.

The changes in hydrophobicity were assessed by measuring
the contact angle of a water droplet on top of the perovskite film
on FTO/c-TiO,/mesoporous-TiO, substrates with and without
CE. This angle increased from 44° to 71° after depositing CE solu-
tion onto the spinning substrate (as AS) during perovskite film
preparation, which suggests that CE can contribute to an increase
in hydrophobicity (Figure 6). A more hydrophobic layer is
relevant to the improvements in the contacts with the HTL
and potentially in blocking water ingression.>*>°!

To gain additional insight into the impact of the HG complex-
ation on the bulk device characteristics and their ion migration,
we carried out impedance spectroscopy in the frequency range
from 0.5Hz to 500kHz at temperatures between 210 and
330K (as detailed in the Experimental Section and the
Supporting Information). We fitted the impedance spectra with
the equivalent circuit (Figure S8, Supporting Information)
consisting of the series resistance (R,) and two elements with
a resistance parallel to a constant phase element (Rp1||Qp1 and
Rp||Op1). We extracted the parallel resistances corresponding
to the high-frequency (Rp) and low-frequency (Ry,) signatures
of the impedance (Figure S9, Supporting Information) and
compared them for control and treated devices. Both devices
show a similar evolution of Ry and R;, as a function of
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temperature. This comparable behavior is likely in accordance
with the treatment not affecting bulk materials’ properties.
We thereby further performed secondary neutral mass spectros-
copy (SNMS) measurements to assess CE’s role in interfacial ion
migration. SNMS profiles of control and CE-treated devices
through AS and P show the distribution of constituent elements
(Figure S10-S12, Supporting Information), namely, Li, C, O, Si,
Ti, Br, Sn, Au, and Pb, which are ordered in terms of their atomic
weight. The analysis of the control sample (Figure S10,
Supporting Information and Figure 6¢,d) demonstrates that
the initially high concentration of Au is followed by a decrease
in the Au signal and an increase in the C signal, which could be
mainly attributed to the hole-transport material (Spiro-
OMeTAD). Whereas control and CE-treated devices (P) show
similar spectral characteristics, CE devices treated by the
AS method display a distinct behavior. This is in accordance
with the differences in their morphologies evidenced by
XRD and SEM analysis. Specifically, traces of Li are found
in both perovskite and TiO, layers for control and
CE-treated samples by the P method. In contrast, lower diffusion
of Li ions was observed in the perovskite layer for CE-treated by
AS method (Figure 6¢c and S10a, Supporting Information),
evidencing the effect of HG complexation on the ion distribution
at the interface that corroborates beneficial changes in the mate-
rial and device characteristics. The versatility of this strategy pro-
vides opportunities for extending its scope across perovskite
compositions and device architectures toward further advance-
ment and optimization in the future.

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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3. Conclusion

In summary, we demonstrate the role of HG complexation by a
crown ether (dibenzo-21-crown-[7], DB21C7) on wide-bandgap
perovskite devices and reveal the mechanistic origins of the
effects. The presence of DB21C7 does not substantially affect
the structural or optoelectronic properties of the perovskite mate-
rial, yet it alters the morphology while increasing the hydropho-
bicity of the MAPDbBr;. Moreover, although ion migration
through the bulk of the perovskite remains comparable to the
untreated devices, we find a lower diffusion of ions across the
interface (especially Au and Li) for the CE-treated sample, sug-
gesting an interfacial effect of HG complexation on the ion
migration. As a result, we obtained wide-bandgap perovskite with
improved photovoltaic performance (PCE of 5.9% and Voc of
1.5 V) compared to the nontreated perovskite devices (PCE of
5.0% and Vo of 1.4 V). While these photovoltaic characteristics
are competitive compared to some of the other MAPbBr3 n-i-p
perovskite device architectures reported to date,®® they can be
further improved. For instance, the record-performing state-of-
the-art wide-bandgap MAPDbBr; PSCs of p-i-n architectures fea-
ture power conversion efficiencies that exceed 10% with open
circuit voltages beyond 1.6 V, which was achieved using e-beam
processing, vacuum annealing, and atomic layer deposition.!!
However, the corresponding operational stabilities remain to
be assessed.[**®) In this regard, the versatile HG complexation
provides an opportunity for further optimization. This is partic-
ularly due to the desirable increase in the Vo for tandem solar
cells and other optoelectronic devices that require a wide
bandgap. Moreover, this is accompanied by high stability at ele-
vated temperatures of 85°C in a nitrogen atmosphere and
enhanced operational stability during irradiation. The HG com-
plexation thereby offers a promising strategy to extend the scope
and better control ion migration, improving operational stability
without compromising the performances of wide-bandgap PSCs.

4. Experimental Section

Materials: The materials used were commercially available. All solvents
and chemicals were used without further purification.

Perovskite solution preparation relied on the molar ratios for MABr:
PbBr,, FABr: PbBr,, CsBr: PbBr,, and CsBr: DB21C7 were fixed at 1:1,
1:1.09, 1:1 and 1:1, respectively. The solutions were prepared from precur-
sor solutions in the mixture of anhydrous N,N-dimethylformamide (DMF),
and dimethylsulfoxide (DMSO) 4:1 (v:v) to obtain the final perovskite sol-
utions (1.3 m). Double cation perovskite solution was obtained by mixing
75:25 ratios of MA: FA solutions. Similarly, a triple cation solution was
prepared using DB21C7 to solubilize 5% of CsBr. MAPbBr; precursor solu-
tion was prepared from a solution containing MABr and PbBr, (1.5 M) in
anhydrous DMF: DMSO 4:1 (v:v). The PbBr; solution was added to MABr
powder with a 1:1 molar ratio to obtain the final perovskite solution
(1.3 m). CE precursor solution was prepared by dissolving 1, 2.5, or
5mg DB21C7 (as indicated in the manuscript discussion and figure cap-
tions) in 1 mL CB. The prepared solutions were spin-coated dynamically
onto a rotating substrate at 4000 rpm for 30 s on top of the perovskite layer
or deposited onto the spinning substrate as antisolvent approximately 10's
before the end of the program during perovskite film deposition.

Solar Cell Device Fabrication: FTO preetched substrates (Sigma-Aldrich,
TEC-7) were cleaned by ultrasonication in 2% Hellmanex water solution,
isopropyl alcohol, and ethanol, respectively. All substrates were further
plasma washed for 3min in a Zepto plasma system from Diener
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Electronic in an oxygen atmosphere at a pressure of around 0.4-0.6 mbar
and using 20-30 W of plasma power. A compact TiO, layer was deposited
on FTO through spray pyrolysis, using oxygen as a carrier gas, at 450 °C
from a precursor of titanium diisopropoxide bis(acetylacetonate) stock
solution (75 wt% in isopropanol) and acetylacetone in anhydrous ethanol.
In the next step, a mesoporous TiO, layer was deposited by spin coating
using a 30nm particle paste (Dyesol 30 NR-D) diluted in ethanol
(100 mg mL™"). After that, the substrates were sintered with a ramped
temperature profile, keeping the temperature at 125, 225, 375, 450,
and 25°C for 5, 5, 5, and 30 min, respectively, with 5, 15, 5, and 5 min
ramp duration between each temperature. The mesoporous TiO, film
was further Li-doped by spin coating of Li-TFSI (Aldrich) solution in ace-
tonitrile (10 mg mL™"). The substrates were then transferred to deposit the
perovskite films in a nitrogen atmosphere glove box.’”! The perovskite
layer was deposited from solution by spin-coating at 3000 rpm and accel-
eration of 2000 rpm s~ for 22.5s. About 10's before the end of the pro-
gram, 100 pL of CB or CE solution in CB was deposited onto the spinning
substrate. The film immediately changed to a yellow appearance. After spin
coating, the films were annealed at 100 °C for 45 min in a nitrogen-filled
glove box. The substrates were cooled down for a couple of minutes, and
CE solution was deposited on a rotating substrate at 4000 rpm for 30 s for
those samples using CB as an antisolvent, followed by annealing the
substrates at 80 °C for 10 min. Thereafter, HTM was deposited by using
2,2',7,7 tetrakis-(N,  N-di-4-methoxyphenylamino)-9,9'-spirobifluorene
(Spiro-OMeTAD, Lumtec) solution (70mM in CB) spin-coated at
4000 rpm for 20s. Spiro-OMeTAD was doped with Li-TFSI and
4-tert-Butylpyridine (TBP, Sigma-Aldrich). The molar ratio was 0.5 and
3.3 for Li-TFSI and TBP, respectively. Finally, 80 nm of gold top electrode
was thermally evaporated under a high vacuum (at 2 x 10~® Torr).

Photovoltaic devices were tested under simulated solar irradiation
(100mWcem™2, AM 1.5G) using a solar simulator from ABET
Technologies (Model Sun 2000) with a xenon arc lamp, and the solar cell
response was recorded using an EmStat3 Blue potentiostat from
PalmSens. The light intensity was calibrated using a silicon reference cell
from ReRa Solutions (KGS5 filtered). Current-voltage curves were mea-
sured with a scan rate of 20 mV s™". The device area was 0.16 cm? (0.4 cm
x 0.4 cm). The cells were masked with a black metal mask (0.10cm?),
which determines the active area and reduces the influence of the scat-
tered light.

UV—-vis measurements were performed using a Shimadzu UV-2401PC
spectrophotometer.

PL measurements on perovskite films were performed using a Horiba
Fluorolog FL 3-22 (short-arc xenon discharge lamps) spectrometer.

SEM images were carried out with a Scios 2 DualBeam FIB-SEM from
FEI operated at an acceleration voltage of 5kV. Optical microscopy was
done using a ZEISS Axio Scope.Al microscope.

®Li, 3C, and "H-*C cross-polarization (CP) MAS NMR spectra were
recorded on a Bruker Avance Neo 11.7 T spectrometer equipped with a
3.2 mm CPMAS probe and referenced to the '*C CH, peak of adamantane
(38.48 ppm). 86 kHz 'H decoupling was used. Recycle delays of 260's
(°Li), 10—0.5s (*3C, neat LiTFSI), 10 s ("3C, neat MAPbI;), 7s ("H-"*C
CP, neat CE), and 15 s ("H-">C CP, MAPbBr; + CE + LiTFSI) were used.
The rotors were spun using dry nitrogen.

XRD measurements of thin films were performed on a Rigaku Ultima-1V
diffractometer using Cu K, radiation in a Bragg-Brentano configuration.

X-Ray photoelectron spectroscopy measurements were carried out on an
Axis Supra (Kratos Analytical) using the monochromated Ka X-Ray line of
an aluminum anode. The pass energy was set to 20 eV with a step size of
0.1 eV. The samples were electrically grounded to limit charging effects.

The impedance spectra were recorded using a Zurich Instruments MFIA.
During the measurements, the devices were located in a Janis VPF-100
liquid nitrogen cryostat at a pressure below 5 x 10® mbar. The tempera-
ture was controlled with a Lakeshore 335 temperature controller and was
swept from 210 to 330K in steps of 6 K. At each temperature step; the
temperature was stabilized for 10 min. The impedance spectra were
recorded in a frequency range from 0.5 Hz to 500 kHz with an AC voltage
amplitude of 20 mV. We carry out impedance spectroscopy in the fre-
quency range from 0.5Hz to 500kHz at temperatures between 210

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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and 330 K. The impedance spectra were fitted with the equivalent circuit
(Figure S8, Supporting Information), consisting of the series resistance
(Rs) and two elements with a resistance parallel to a constant phase ele-
ment (Ry1||Qp1 and Ry;||Qp1). Example fits of a reference device at 216.0,
270.0, and 330.0 K are shown in Figure S8 (Supporting Information). The
parallel resistances corresponding to the high-frequency (R,;) and
low-frequency (Rp2) signatures of the impedance were then extracted.
The reference and the target devices show a similar evolution of Ry,
and Ry, as a function of temperature. The high-frequency resistance
Rp1 decreases with increasing temperature. For Ry, we can identify
two thermally activated regions where the resistance decreases between
210 and 260K and 280 and 330 K. A broad distribution of values across
samples did not permit a more quantitative comparison.

The IPCE spectra were measured in an Arkeo system from CICCI
Research. The excitation was provided with a 300 W Xenon lamp. The mea-
surement is performed in the range between 300 and 900 nm with a step
size of 10 nm, no supplemental illumination or bias has been used during
the measurement. The spot for the measurement was approximately
3 mm wide.

The operational stability of the cells was measured with Litos, advanced
solar cell and LED lifetime stability measurement system under a white
light-emitting diode illumination (1 sun). It was performed under a con-
tinuous nitrogen flow at room temperature or 85 °C (as indicated in the
manuscript and figure captions) for unencapsulated devices. The light
intensity was adjusted using the current matching of a Si reference diode.

SNMS depth profiles of the samples were recorded by an SNMS equip-
ment type INA-X (SPECS, GmbH, Berlin, Germany). The samples were
analyzed in high-frequency bombardment mode using a Kr plasma. The
radio frequency discharge conditions were 300 kHz and 80% duty cycle.
The Kr pressure was about 2.3 x 107> mbar. The Kr ions were extracted
from the plasma using high-frequency negative bias at 1000 V for the sam-
ple sputtering to achieve high-depth resolution. Samples were mounted
on a Cu sample holder with a Ta mask pressing the sample to the support.
The sputtered sample area was given by the circular Ta mask opening of
3 mm, coinciding almost with the full area of the evaporated pixel. All
experiments were run with a 7.5mm Mo aperture as the entrance to
the plasma chamber with a distance between this aperture and the surface
sample of 2.9 mm.

Contact angle measurements were performed using the contact
angle system OCA 15Pro for nontreated and CE-treated samples.
Small drops of water~2 pL were released on the surface of the perovskite
film on FTO/c-TiO,/mesoporous-TiO, substrates without/with CE
treatment. High-resolution images of water droplets on the surface
of the samples were collected using IDS UI-222xSE-M R3 camera
and SCA20 software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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