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Perovskite solar cells (PSCs) are promising for high-efficiency tandem
applications, but their long-term stability, particularly due to ion migration,
remains a challenge. Despite progress in stabilizing PSCs, they still fall short
compared to mature technologies like silicon. This study explores how
different piperazinium salt treatments using iodide, chloride, tosylate, and
bistriflimide anions affect the energetics, carrier dynamics, and stability of
1.68 eV bandgap PSCs. Chloride-based treatments achieved the highest power
conversion efficiency (21.5%) and open-circuit voltage (1.28 V), correlating
with stronger band bending and n-type character at the surface. At the same
time, they showed reduced long-term stability due to increased ionic losses.
Tosylate-treated devices offered the best balance, retaining 96.4% efficiency
after 1000 h (ISOS-LC-11). These findings suggest that targeted surface
treatments can enhance both efficiency and stability in PSCs.

1. Introduction

The efficiency gap between monocrys-
talline silicon and lead-halide perovskite
single-junction solar cells is narrowing,
with recent certified power conversion ef-
ficiencies (PCEs) of 27.3% and 26.7%,
respectively, approaching the technolo-
gies’ practical limits.'-*] Additionally,
silicon-perovskite tandem solar cells have
reached a PCE of 34.6%.1%) Yet with a the-
oretical limit of ~44%, there remains po-
tential for further improvement.!*]

In tandem technology, the so-called
“inverted” perovskite solar cell (PSC)
stack (p-i-n) is predominant due to the

higher transparency of n-type contact
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layers and low-temperature deposition processes.’] In this
configuration, recombination at the interface between the
perovskite absorber and the fullerene Cg, electron-selective
material has been identified as a major bottleneck, limiting
open-circuit voltage and thus PCE. This limitation has been
attributed to: i) a high interfacial trap density near the lowest
unoccupied molecular orbital (LUMO), resulting in Fermi-level
pinning,l®7] ii) charge-transfer states located in the middle of
the perovskite’s bandgap,l’! which could either be extrinsic
defects or iii) virtual defect states formed by mixing of materials’
wavefunctions®?! and iv) a LUMO to conduction-band (CB)
offset.[1%11] This problem becomes more severe when increasing
the bandgap from pure iodide lead perovskite with ~ 1.5 eVI'?l
to wider bandgaps, where the conduction-band to LUMO (or to
trap state) offset has been observed to further increase.[1%1314
Various strategies have been employed to overcome these lim-
itations, including chemical passivation (chemically reacting
the surface to form a layer with less defects, reduce surface
recombination or prevent further degradation), and selectivity
enhancement by gradient doping (fixed charges inside absorber)
or field effect passivation.'’] These strategies aim to reduce
defect density and minority carrier density, effectively mini-
mizing Shockley-Read-Hall recombination via traps. Recent
record efficiencies in perovskite solar cells were achieved using
surface treatments with diamine-related molecules (most re-
cently in combination with others)!1%'7] achieving a field effect
like surface passivation.!'16-18] Degpite promising efficiencies,
recent reports indicate a decrease in stability resulting from such
post-treatments.!'”] This can be seen as an outlier to the com-
mon observation that higher efficiencies correlate with greater
stability,[?] yet the recent widespread use of diammonium salts
in high-efficiency (wide-bandgap) devices underscores the need
to address the lack of long-term stability in perovskite absorbers,
particularly with focus on the interfaces.[?1:22]

Stability protocols have been discussed and partially aligned
both between research groups and in comparison to established
protocols for other device types, but standard routines of maxi-
mum power point (MPP)-tracking under constant illumination
fail to address the manifold observations specific to perovskite
solar cells, many of which are linked to high densities of (shal-
low) mobile ionic defects.?*?* Jon migration is linked to metasta-
bility phenomena (i.e., the temporal stability of non-equilibrium
states) observed under varying illumination conditions.[?>?° Un-
der operation conditions, mobile ions accumulate at the inter-
faces, which causes a redistribution of the electric field that nor-
mally acts as a driving force for charge extraction. The result-
ing interfacial charge accumulation causes PCE losses, mainly
affecting short-circuit current density (Jsc) and fill factor (FF),
which already shows in pristine devices.['*?”] With ageing, the
ion density, and hence these “ionic losses”, further increase,
especially in the initial degradation-phase.’?®] Although being
partially recoverable in the dark, irreversible degradation pro-
cesses eventually take over.?*3%] These processes are nucleated
by heterogeneities in the form of phases or composition pri-
marily at grain boundaries and interfaces, that can be the di-
rect result of ion migration, and they manifest themselves as
chemical reactions such as reduction-oxidation (redox), acid-
base, or electrochemical reactions.?!-**] Eventually, permanent
material loss occurs through the migration or out-diffusion of
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reaction products via grain boundaries into contact layers or the
environment. 33!

Designing stable interfaces by passivating chemical defects
and blocking irreversible chemical reactions and diffusion pro-
cesses is thus crucial for obtaining stable devices.’”*® Note-
worthy examples in the literature demonstrate the effectiveness
of combining different passivation approaches and diffusion-
blocking layers. For instance, Zhao et al. used aluminium ox-
ide to block unwanted reactions of their TiO, electron trans-
porting layer (ETL), coupled with a 2D surface passivation of
their all-inorganic perovskite, preventing reactions with the in-
organic CuSCN hole transporting layer (HTL) and out-diffusion,
eventually resulting in a projected stability of over five years.[*!
Despite this and other promising examples,/***] a mechanis-
tic understanding of the contribution of individual layers to
degradation is often lacking, yet such understanding would con-
tribute to designing more stable layer stacks. Especially for in-
terfacial treatments, many results show benefits for both effi-
ciency and stability.l'®#+%] In contrast, Caprioglio et. al. showed
that in wide-bandgap perovskite absorbers, despite similar per-
formance improvements resulting from either guanidinium bro-
mide (GuABr) or imidazolium bromide (ImBr) interfacial treat-
ments, the stability is reduced for the former while being in-
creased for the latter.'] They suggest that GuA* diffuses into the
bulk perovskite more quickly due to its smaller size, accelerating
the degradation process compared to the larger Imidazolium.

This example highlights the need for a deeper understand-
ing of the molecular structure-to-function relationship, especially
considering ion migration, which will aid in designing more
stable interfaces and layers. We aim to contribute to this by
investigating a model system of interfacial passivation, focus-
ing on the influence of selected anions—iodide, chloride, to-
sylate (T5O), and bistriflimide (TFSI)—in state-of-the-art piper-
azinium salt surface treatments on the efficiency and stability of
PSCs. We find a strong correlation between surface band bend-
ing, the surface dipole of the treated perovskite films (obtained
via photoemission spectroscopy), and the open-circuit voltage,
Voe, of the final device, reflected in transient surface photovolt-
age (trSPV), transient photoluminescence (trPL), and photolumi-
nescence quantum yield (PLQY) measurements. Chloride-based
treatments achieve the highest efficiencies of 21.5% with Vs
up to 1.28 V, which correlate with the strongest band bending
near the Cg, interface. We hence attribute the reduction of non-
radiative recombination losses mainly to fixed positive charges
at the interface, causing an accumulation of majority carriers
(electrons) and reduction of minority carriers (holes), thus, an
enhanced n-type character of the treated surface. Other passiva-
tion effects, for example reducing the defect density by chemi-
cal passivation, play a neglectable role for this perovskite com-
position and device-optimized surface treatments. Contrary to
other reports and in line with more recent ones we observe an in-
verse correlation between PCE, governed primarily by the open-
circuit voltage (V), and long-term stability. Fast hysteresis (FH)
measurements attribute the larger relative losses after ageing in
higher efficient devices to reduced extraction, which is caused by
accumulation of ions at the interfaces, and which is evident in
reduced FF and J values. Tosylate and bistriflimide-based treat-
ments exhibit higher resilience to these losses with only a mi-
nor reduction in PCE (3.6% and 1.6%, respectively) after 1000 h
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Figure 1. Influence of different layers and treatments on non-radiative recombination. a) Overview of the solar cell device stack employed in this study
with the four salt combinations of piperazinium (P*) with I, CI=, TsO™ and TFSI~, which were used as interface modifiers between Cgy and the perovskite
depicted on the left. b) Quasi—Fermi-Level-Splitting of different half stacks with and without the different interfacial treatments. The half stacks consist
of perovskite films coated on either quartz or glass/Indium Tin Oxide (ITO)/[2-(9H-Carbazol-9-yl)ethyl]phosphonic Acid (2PACz) substrates with and
without Cgy deposited on top. Trioctylphosphine oxide (TOPO) is used for comparison to an ideal chemical passivator, albeit featuring low charge
extraction and conductivity. I~ = iodide, CI~ = chloride, TsO~ = tosylate and TFSI~ = bistriflimide.

under ISOS-L1 cycled conditions (N, ambient, 25 °C). We thus
highlight the importance of addressing ion migration to over-
come the stability limitations in perovskite photovoltaics, which
are observed especially in the early degradation phase.

2. Results

We adopted a surface treatment based on piperazinium iodide
(PI) previously used to reach 32.5% PCE in perovskite-silicon
tandem solar cells, marking a former efficiency record in the
year 2022.111] The observed reduced recombination has been at-
tributed to a combination of surface dipole and electron selec-
tivity enhancement, reducing the energetic offset to C,, and
preventing cross-interface recombination of minority carriers
(holes) in the perovskite with electrons in the Cg,. To investi-
gate the impact of the anion for this surface treatment, a smaller,
more electronegative, and less basic anion, chloride (Cl7), and
two larger ones, one with higher basicity, tosylate (IsO~), and
lower basicity, bistriflimide (TFSI™), were selected. The struc-
tures are shown in Figure 1a. Trioctylphopsphine oxide (TOPO) is
additionally listed, serving as a standard in several measurements
for its known excellent chemical passivation properties, while not
being applicable in full devices due to its insulating nature.l*!
Figure la further shows the standard stack used for solar cell
devices and for different characterization methods, comprising
a glass/indium tin oxide (ITO) substrate, a hole transporting
material consisting of self-assembled monolayer (SAM) 2PACz
(12-(9H-Carbazol-9-yl)ethyl]phosphonic Acid), a triple halide per-
ovskite absorber with composition Cs,,,FA,sPb(I,ssB15); +
5% MAPDCIL,, 1.68 eV bandgap energy and good phase stability
firstintroduced by Xu et al.,[*’! fullerene Cg, electron transporting
material combined with a tin oxide buffer layer and silver elec-
trode. The treated perovskites surface layer using the respective
target molecule will in the following be denoted as “X”. Details
about the fabrication can be found in the supporting information.

Figure 1b shows the Quasi—Fermi level splitting (QFLS) de-
rived from absolute photoluminescence measurements (Figure
S1, Supporting Information) on device stacks without (Ref) and
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with the different surface treatments as indicated. The perovskite
absorber on a quartz substrate can reach a QFLS of 1.33 eV with
a PLQY of 12.3%, further increasing up to 18.1% and 1.34 eV
using TOPO passivation, demonstrating the high quality of the
absorber bulk and the upper limit for implied V. values in
best-passivated devices. Piperazinium-based surface treatments
of quartz/perovskite films show a slight negative impact on the
QFLS, indicating that the optimized concentrations do not effec-
tively serve as chemical passivation for the perovskite composi-
tion used.!'!! We observe an increase in PL emission, which sug-
gests chemical passivation, but only at higher PCl concentrations
(Figure S2a, Supporting Information). This is consistent with
previous findings for wider bandgap perovskite absorbers.!*
Fourier transform photocurrent spectroscopy (FIPS) measure-
ments in full devices further confirm that there is no signifi-
cant reduction in sub-bandgap defect density following piper-
azinium salt treatment (Figure S2b, Supporting Information).
Switching to an ITO/2PACz substrate, the QFLS is further re-
duced by ~50 meV, except for TOPO, remaining above 1.3 eV.
The introduction of Cy, on top of the reference perovskite film
reduces the QFLS to 1.15 eV, both on quartz and ITO/2PACz
substrates, due to recombination dominated by additional chan-
nels at the Perovskite/Cy, interface.[” The thick TOPO layer effec-
tively blocks these channels, with little impact on the QFLS which
stays above 1.3 eV. For the stack ITO/2PACz/Pero/X/C,, the dif-
ferent surface treatment salts reduce the C, induced losses to a
different degree, following the trend PCl > PI > PTsO > PTFSI.
As described in our previous work, we infer a working mecha-
nism of these salts by: 1) a field-effect-like passivation, increas-
ing the n-type character of the surface (i.e., a shift of the work
function, WF, toward the conduction band, CB), due to electron
donation of the diammonium cation,®! together with 2) a sur-
face dipole (i.e., the equal shift of work function, WF, and ion-
ization energy, I*) improving the energy alignment.['!] Electron
donation and dipole of the whole salt are a sum of the cation and
anion individual contributions.[*"! For example, basicity, result-
ing from electronegativity and size, is an indicator of the interac-
tion strength with other ionic species, with the tendency of lower
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basicity anions forming salts with smaller dissociation ener-
gies or, in different terms, lower interaction with the crystal lat-
tice. Considering this and results from previous works,*! the
interaction strength with the surface would follow the order
Cl~ >I" >TsO~, with the non-coordinating anion TFSI~ expected
to show no considerable interaction with the surface and TsO~
forming the most covalent bond (see Table S1, Supporting In-
formation for anion properties). Chloride has the strongest elec-
trostatic interaction with lead, due to its low polarizability and
high electronegativity, resulting in the largest positive fix charge.
Consequently, comparing different halides, chloride was demon-
strated to show the strongest Fermi-level shift toward the conduc-
tion band.[®! A reduced hole (or minority carrier) density close
to the ETL is in line with reduced interfacial recombination and
aligns with the trends of the QFLS results.

To obtain more insight into the chemical interaction of the
different salts with the perovskite absorber and the surface mor-
phology, we performed grazing incidence wide-angle X-ray scat-
tering (GIWAXS) measurements. Figure 2a shows the angle-
integrated diffractograms at incidence angles of 0.15 and 2.00°
(for 2D diffractograms see Figure S3, Supporting Information),
with higher surface and bulk sensitivity, respectively. We see one
new feature in treated films at 11.4° when using a logarithmic
scale (linear scale Figure S4, Supporting Information), especially
in the PCl sample. Further measurements with transient absorp-
tion (TA) (Figure S5, Supporting Information), PL, of the extinc-
tion, and XRD (Figure S6a—c, Supporting Information respec-
tively) could not confirm the association with a low dimensional
phase, which when comparing with literature, would also be ex-
pected at lower angles.[!] Hence, we attribute this peak to a poly-
type defect,’?) which could result from the higher sensitivity of
chloride samples to the measurements in air. Overall, all sam-
ples feature broadened and shifted peaks for the surface-sensitive
measurements, indicating a less oriented or strongly textured
surface.[5>>%] Also, in scanning electron microscopy (SEM) top
views (Figure S7, Supporting Information), there is no indica-
tion of the presence of a morphological change, as one would ex-
pect, for example, upon the formation of a low-dimensional per-
ovskite phase.>3] UVVIS and PL measurements further confirm
this, with the only differences between the samples being sub-
tle changes of the bandgap, by no more than 50 meV (Figure S8,
Supporting Information).

We performed X-ray photoelectron spectroscopy (XPS) to find
chemical signatures and investigate the molecules’ chemical in-
teraction with the surface (Figure 2b). Focusing on the finger-
prints for piperazinium (N 1s, ~#403 eV for C-N*-C / =401 eV
for C-N-C), we confirm the presence of its ammonium group
for all treated films, while in PTsO no additional component at-
tributed to the amine group was necessary for a good fit. This
might point toward differences in the protonation state of the
piperazinium on the surface in dependence of the anion, which
is in line with previous considerations on acidity. A clear sul-
fur signal (S 2p, ~169 eV) could confirm the presence of TsO
(S 2p, 2169 eV), while neither sulfur nor fluorine (F 1s, ~685 eV)
was detected for TFSI. We further confirmed the absence of
TFSI signatures expected in N 1s, C 1s, S 2p, and F 1s in sam-
ples using higher salt concentrations (Figure S9a, Supporting In-
formation). The high dissociation of the TFSI anion due to its
strong acidity may result in the easy desorption from the surface
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during annealing or under vacuum during the measurement,
with the organic ligand remaining anchored to the surface.[>¢>7]
Looking at the peak ratios relative to lead for the different per-
ovskite components (Table S2, Supporting Information), we find
a Cs depleted (except for TFSI, being enriched) and Br/Cl en-
riched surface for all treated films. The amount of piperazinium-
based perovskite (piperazinium)Pbl, (assumed 1D Dion Jacob-
son compound)®®>?] relative to lead, as well as Br/Pb and Cl/Pb
ratios, follow the trend PCl >PI >PTsO ~PTFSI >Reference,
identical with the one of the QFLS values. Since the voltage can
be adjusted with the piperazinium salt concentration,['!! and as-
suming the main working mechanism to be the change of the
n-type character on the surface, a higher piperazinium incorpo-
ration fits to a stronger down-ward band bending on the surface.
Similarly, a widening of the bandgap by higher chloride and bro-
mide content could result in better energy alignment with the
ETL and better hole blocking, depending on the exact shift of con-
duction and valence band, both being influenced by the halide
composition.[*?] Finally, in line with previous considerations on
n-type character and localized positive charge at the interface, we
find the largest shift of the Pb 4f signal to higher binding ener-
gies for chloride, followed by iodide, with no shift for TESI~ and a
shift to lower binding energies for TsO~ (Figure S9b, Supporting
Information).

To confirm the presence of TFSI anions, which could not di-
rectly be detected by XPS, we performed additional time-of-flight
secondary ion mass spectrometry (ToF-SIMS) measurements,
providing higher sensitivity. Additionally, the depth profiling en-
ables to investigate the potential diffusion of the different species
into the bulk. Figure 2c) shows the depth profile with positive
polarity, with the topmost panel showing the approximate po-
sition in the device stack using the averaged signals of the dif-
ferent layer stacks (Figure S10a, Supporting Information: indi-
vidual profiles). We selected mass-to-charge ratios (m/z) specific
for the different possible ionization products from the different
layers.*¥] The signal of C;H;N,* (m/z = 87.14), a representa-
tive for piperazinium, is slightly increased for all treatments at
the interface between fullerene C, and the perovskite, indicat-
ing no evident diffusion of the cation into the bulk. In the bot-
tom panel, the presence of a signal at m/z = 284.81, as expected
for Cs,F* also suggests the presence of the TFSI anion at this
interface. The difference in results from SIMS compared to XPS
might result from the interface being initially buried in the SIMS
samples, reducing the exposure of the treated surface to vacuum.
Figure 2d shows the depth profile with negative polarity, again
with the top panel indicating the position in the stack (individual
profiles: Figure S10b, Supporting Information). Sulfur and fluo-
ride anions (S~ and F~) further confirm the presence of the an-
ions at the interface. The anions chloride and iodide from the sur-
face treatment cannot be detected effectively since Cl~ and I~ are
also part of the perovskite composition, and they are not show a
considerable enrichment on the surface in these measurements.

We continued to investigate the impact of the different surface
treatments on the energetic band positions at the surface using
high-sensitivity ultraviolet photoemission spectroscopy (UPS)
with near-UV excitation. A schematic of the band line-ups is de-
picted in Figure 3a), as derived from the secondary electron cut-
offs (UPS, excitation photon energy of 6.5 eV, Figure S11a, Sup-
porting Information) and the valence band maxima (Constant
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Figure 2. Surface chemistry and structural property changes resulting from interfacial treatments. a) XRD patterns of differently treated perovskite films
on glass/ITO/2PACz substrates, recorded by using grazing-incidence wide-angle X-ray scattering (GIWAXS) at incident angles of 0.15° and 2.00°. '#’,
" and ‘&’ indicate lead iodide, ITO and hexagonal defect phase, respectively. The perovskite 200 peak overlaps with the graphite 002 peak from the
N,- atmosphere measurement stage. b) N 1s, C 1s, F 1s, and S 2p core level features by X-ray photoelectron spectroscopy (XPS) of the same samples.
Secondary ion mass spectrometry (SIMS) measurement results with positive (c) and negative (d) polarity on complete device stacks using the different
surface treatments. Top panel: averaged depth profiles over the different samples showing selected species to indicate the position in the stack. Lower
panels: count rate for mass ratios (m/z) assigned to fingerprint species from ionization of piperazininum (= C4H,;N, ™), bistriflimide (= Cs2F* / F7),
and tosylate (= S7). The red dashed lines indicate the peak of fluoride, sulfide, and piperazine due to the presence of the passivation layer in the transition
region between the Cg, and perovskite layers.
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Figure 3. Energy levels and carrier dynamics with different interfacial treatments. a) Influence of the surface treatments on the vacuum level and band
positions measured by ultraviolet photon spectroscopy (UPS). The measurements are referenced and aligned to the surface Fermi-Level being set to
0 eV (Eg*=0). The E¢ (conduction band energy) is calculated relative to the Ey (valence band energy) using the perovskite’s optical bandgap. For the
precise determination of the work function (WF), an excitation energy of 6.5 eV was used. The ionization energy (I*) is calculated via I* = WF + (Eg*-Ey).
b) top panel: trPL measurements of perovskite on quartz treated with the different molecules. Bottom panel: extracted differential decay times. c) Same
measurement on the identical stacks after C¢ deposition on top. d) and e) trSPV measurements of (un)treated perovskite films on quartz without and
with Cgq. All surface treatments lead to a surface photovoltage even in the absence of the ETL, indicating charge separation induced by an enhanced
n-type character on the surface. In the case of stacks with Cg, the SPV amplitude is enhanced by the surface treatments (except for TOPO) by enhanced
charge carrier separation.
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Final State Yield Spectroscopy, CFSYS, measurements depicted
in Figure S11b, Supporting Information respectively). On solar
cell-like layer stacks, especially with perovskite absorber, it has
been observed that the incident photons for photoelectron spec-
troscopy (PES) measurements can lead to a substantial build-up
of surface photovoltage during the measurement.[! The ener-
getic positions here are corrected by directly observing the Fermi
edge in the spectra and considering this—thus, the Fermi level at
the surface—as the origin of the binding energy axis. The surface
dipole, being a shift of the work function (WF) and ionization
energy (I*) in equal amounts, is most significant for PTsO with
0.22 eV, followed by PCl with 0.16 eV, PI with 0.14 eV and PTFSI
with 0.02 eV. On the other hand, the n-type character, being the
relative shift of the work function toward the conduction band
with respect to the reference, is largest for PCl, followed by PI,
while there are negligible changes for PTFSI and a more p-type
surface for PTsO. Overall, this is in line with the QFLS trends,
where a higher dipole in combination with a more significant n-
type character coincides with a higher implied voltage. The simi-
larity of the TFSI sample to the reference might point to another
working mechanism that additionally plays a role, for example
with the physical separation of C, and perovskite, resulting in
the separation of the wavefunctions and thus a depinning of the
Fermi level at the interface, as a possible explanation for the ben-
eficial effects.’] We excluded the degradation of the surface dur-
ing the CFSYS measurements by performing several sequential
scans and XPS measurements of the Pb4f region after the CF-
SYS measurements. Furthermore, the degradation due to X-rays
was monitored by a second Pb4f measurement at the end of the
sequence, showing a slight increase in Pb® only for the reference
(Figure S9b, Supporting Information). In accordance, as CFSYS
can probe the density of occupied states over a very high dynamic
range, we also directly assessed the occupied defect states in the
bandgap and found that as compared to the reference sample,
all surface treatments reduce the occupied states in the bandgap.
This reduction indicates chemical passivation of surface defects.

Now, we turn our focus to the carrier dynamics to obtain a bet-
ter understanding on the correlation of the carrier recombina-
tion (from photoluminescence) and energetics (from photoelec-
tron spectroscopy) as already discussed, with carrier extraction
observed by transient techniques, specifically, transient photolu-
minescence (trPL) and transient surface photovoltage (trSPV).
Figure 3b,c show trPL measurements (top panel) together with
the derived differential lifetimes, for stacks with and without Cy,,
respectively. Without Cg,, there are only minor differences ob-
servable, with a continuously increasing differential lifetime for
all sample stacks, reaching several tens of microseconds and the
highest values for TOPO passivated samples. An initial short de-
cay time with a fast increase is observed for PCl and PTFSI, in-
dicating a faster separation of charge carriers.”] Upon adding
Cq, (Figure 3c), the PL signal in all cases shows quenching, with
a fast initial decay, followed by a longer one which we associate
with carrier separation/extraction and recombination. While the
extraction is faster with PTsO than for bare Cy, it is slowed down
to a small degree for PCl, PI, and more considerably for PTFSI.
On the other hand, the fast recombination and decay observed
for reference samples is effectively slowed down with the differ-
ent surface treatments, with a trend following the previously ob-
served QFLS values, thatis, (PCl > PI > PTsO > PTFSI). To obtain
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single-value lifetimes, the differential lifetimes were computed
against the QFLS (Figure S12a,b, Supporting Information). Pre-
vious reports discussed the difficulty to use averaged lifetimes or
such obtained from multiexponential fits for comparing differ-
ent samples.[®) Instead, the differential lifetimes at the measured
steady state QFLS represents the closest approximation to the re-
combination behavior in a device under V. The values ob-
tained for samples previously discussed are summarized in Table
S3 (Supporting Information). Samples with C, ETL show a trend
in line with the QFLS values, with the highest lifetime obtained
for PCl with 8 us and the lowest for the reference, with 1.75 ps.

In addition, trSPV measurements were conducted on the same
samples without and with C,, as presented in (Figure 3d,e) re-
spectively. Our interpretation follows previous works on buried
interface modifications.[®) Compared to the non-treated per-
ovskite film, samples with surface treatments and without
charge-selective contacts already show an SPV. Thus, as already
indicated by trPL measurements, the molecular treatment re-
sults in a carrier separation and preferable electron accumula-
tion at the interface (i.e., enhanced n-type character). While ini-
tial fast charge build-up is similar for all piperazinium-based sur-
face treatments, a slower build-up (or plateau) following the or-
der PTFSI > PI > PCl is observable, pointing to a charge trap-
ping mechanism or capacitance from ion accumulation on the
longer time scales. This is not observable for PTsO-treated sam-
ples. Adding C,, ETL, the signal is amplified with a trend of PCl »~
PTsO > PI > PTFSI > Ref, in line with a reduced recombina-
tion. The faster rise of the photovoltage when using PTsO fits
well to fast extraction indicated also by the initial decay in trPL
measurements. Again, a small shoulder at longer times is ob-
servable for PI and PCIl, while being less pronounced and shifted
to earlier times for PTSO. For PTFSI such shoulder is absent, fol-
lowing closely the pristine C,, sample track. This secondary rise
could indicate a fast extraction into the piperazinium-rich per-
ovskite surface, followed by delayed extraction into the C¢, ETL.
The magnitude of this effect would directly correlate with the
amount of piperazinium in the surface layer, being less for PTsO
and PTFSI. For the TFSI-treated surface, this effect could be en-
tirely missing due to the additional lower dipole and the mostly
negligible impact of the surface treatment in terms of energet-
ics and reduced recombination. Upon switching the substrate to
glass/ITO/2PACz, the same trends can be observed (Figure S13,
Supporting Information). In summary, the measurements show
a qualitative relation of the charge-build-up and extraction (mea-
sured under high injection) and the bend bending (measured
under equilibrium). The molecular treatments induce an n-type
surface layer, resulting in 1) fast charge separation and voltage
build-up followed by 2) trapping of the carriers for highly doped
surface layers (PCl and PI).

To correlate the structural and electro-optical analysis with
device efficiency, we built complete solar cell devices with
the stack ITO/2PACz/Cs,,,FA, ;sPb(I, ssB1y15); + 5%6MAPbLCI,;/
X/Cq,/SnO, /Ag (Figure 4a). Their trends in PCE and V. values
match well the ones previously shown for respective half-stacks
in QFLS measurements. A maximum PCE of 21.5% was ob-
tained for a PCl-treated device in the reverse scan (see Figure S14,
Supporting Information for comparison), with a V. of 1.28 V,
FF of 83.1%, and J,c of 20.2 mA cm™ compared to the reference
only reaching 17.6% (Voc: 1.18 V, FF: 74.6%, Jsc: 20.1 mA cm™2).
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Figure 4. Performance, stability, and ionic losses of solar cell devices. a) Overview of the figure of merit for the different surface treatments compared
to the reference device. b) Normalized PCE over 1000h cycled (12h dark, 12h light) illumination ageing at 25 °C in N, atmosphere for the cells shown
in a). c) Relative PCE of the different devices before and after ageing shows the ion-frozen efficiency measured by fast hysteresis (FH) measurements
(d) before and (e) after the ageing experiment. The lightly colored areas in c) show the ionic PCE losses obtained from the difference of steady-state
and ion-frozen )V scans in FH measurements, the stars show the efficiencies recorded by conventional )V at the start and end of the cycled MPP ageing
experiment. The left and right columns relate to the initial (d) and degraded (e) PCE values before and after the cycled stability experiment respectively.
f) Carrier density obtained from dark bias assisted charge extraction (BACE) measurements.

We then measured the stability of these devices under cycled
ISOS-LC-1I (ambient, inert), surprisingly showing the opposite
trend to the efficiencies, with the lowest degradation losses for
PTFSI, followed by PTsO, the reference, PI and PCl (Figure 4b;
absolute values Figure S15, Supporting Information, individ-
ual tracks Figure S16, Supporting Information). Current—voltage
measurements performed at the beginning and end of each light
cycle show mainly losses of FF and Ji. (Figure S17, Support-
ing Information), also in line with Uypp and Jy,pp data (Figure
S18, Supporting Information), hinting at an ion-induced loss
mechanism.[?”l When looking at selected light cycles, a difference
in behavior for the devices featuring different treatments, as well
as a change over time of this behavior is observable (Figure S19,
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Supporting Information). Overall, the light cycles can be sepa-
rated into two phases: i) an initial, short, positive light-soaking
phase (i.e., PCE increases), which is sometimes missing, and
ii) a second, long phase either showing positive, negative or no
light-soaking. The reference sample initially positively light soaks
for the whole cycle, while toward the end of the measurement
it separates into an elongated light soaking phase and a second
phase that changes from a weaker light soaking to a stabilized
PCE value toward the end of the measurement. This metastabil-
ity of continuously increasing light soaking time was reported for
measurements under real-world conditions and has been associ-
ated with the migration of mobile ions.[?>2%] Since the metasta-
bility negatively influences the energy yield over time, our results
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further emphasize the necessity for cycled light experiments.
The treated devices show a strong burn-in in the first 12h un-
der light and a recovery in the dark, following the trends in sta-
bility observed over the whole measurement: While the burn-
in is similar for PTsO and PTFSI, it is stronger for PI and
the strongest for PCl. Also, PTFSI shows a strong recovery in
the dark together with a rise in efficiency over the first 100h.
PTsO and PI moderately recover, while for PCl almost no re-
covery is observable. While PTsO always shows a pronounced
secondary decay phase, it recovers almost entirely in the dark.
The experiment shows, how initial metastability can provide in-
sights into long-term stability and the importance of healing
in the dark for perovskite solar cells, being in line with other
studies.!?]

To gain more insights into the origin of these losses, we mea-
sured fast hysteresis (i.e., JV measurements over a wide scan
speed range)??8] before and after the prolonged ageing to ob-
tain insights on the ionic contribution to the losses, with a sum-
mary shown in Figure 4c and the individual fast hysteresis (FH)
measurements in Figure 4d,e (absolute values: Figure S21a,b,
Supporting Information; relative values Figure S20, Supporting
Information). The plot shows the PCE before and after the cy-
cled ageing of nearly 1000h (left (full) and right (striped) bar re-
spectively), with the ionic losses as greyed-out areas. Here, ionic
losses refer to the difference of steady-state (slowest scan rate)
and ion-frozen (fastest scan rate) PCE values from FH measure-
ments. The largest ionic losses are observed for PCI followed by
PI, giving the overall trend Cl=> I~ > Ref > TsO~ > TFSI". No-
tably, these losses are primarily driven by ] losses as shown in
the supporting information, while the FF losses partially transfer
into permanent ageing losses (Figure S21a, Supporting Informa-
tion). For comparison, the efficiencies recorded by conventional
JV measurements at the start and end of the cycled MPP ageing
experiment are shown as stars, which match the FH result rea-
sonably well (while the small uncertainties between the steady-
state PCE obtained by conventional JV and FH is attributed to
the meta-stable behavior of the cells). Respective values of the
ion-frozen and steady-state-efficiency were taken from JV mea-
surements with the fastest (2800 Vs™!) and slowest (140 mVs™!)
scan rates. Only minor changes of the ion-frozen efficiency can
be observed during ageing. At the same time, the main contri-
bution to the ageing losses is ionic in nature, mainly impacting
FF and [y (see also JVs recorded before and after the ageing in
Figure S20, Supporting Information). This is in line with the JV
measurements recorded during the ageing experiment, with the
retrieved parameters of Ji., Vqc, FF, and PCE shown in Figure
S17 (Supporting Information). Using the ion transit time, previ-
ously demonstrated to correspond to the scan time at maximum
hysteresis in FH measurements (=30 Vs~ for all samples), we
calculate a diffusion coefficient of 1.51 10~ cm? s~! for the mo-
bile ion species in our samples (see Note 1 in the SI). This value
aligns well with those reported in the literature for iodide ions in
metal halide perovskite films.[%) Additional bias-assisted charge
extraction (BACE) measurements (Figure S21c, Supporting In-
formation) show the highest increase in mobile ion density after
the ageing by a factor of 5 for PCL. We note the trends observed in
the ion density obtained from BACE after ageing (Device PCl >
PI > Ref > PTsO > PTFSI) match the stability trends observed
as well as the fast-hysteresis measurements, yet alone they are
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not sufficient to explain the observed trends fully. Previous works
showed that ion densities tend to have a negative influence when
changing over orders of magnitude, whereas in the conducted
measurements, they remain within the range of 10'® cm=3. We
note that BACE was measured after keeping the device in the
dark for a short time after the MPP measurements. This will dis-
place the ions to the contacts by the built-in field, or lead to recov-
ery (reduction) of the ion density.?®] Hence, we consider the ion
densities obtained after ageing as a lower limit of the ion density
that is present under illumination. Overall, we see that except for
PTSO and PTFSI the ionic losses are magnified by the surface
treatments.

We attribute the ionic losses to field screening caused by the
movement of mobile ions to the transport layers, as previously
discussed in more detail, which effectively reduces the FF and
Jsc by lowering the driving force for drift and extraction. While
diffusion lengths and lifetimes are long in perovskite absorbers,
the employed undoped transport layers necessitate to have a field
(throughout the bulk) for effective extraction.”] Moreover, the
absence of a field would lead to reverse fields in forward bias
which greatly amplifies interfacial and other non-radiative re-
combination losses.

We speculate that the increase in ionic losses observed for
several passivation layers (PI, PCI) may be attributed to the fol-
lowing mechanism: A thin perovskite surface layer of enhanced
n-type character leads to the formation of an electron accumu-
lation layer. Photogenerated electrons are thus driven toward
this accumulation layer, and then extracted efficiently to the
Cq layer. This is in line with the trSPV measurements con-
ducted. The driving force for extraction to achieve maximum
FF and Jq values is the gradient of the electron Quasi-Fermi
level (Ayqpis)- Given (1) A.qp s between perovskite and Cg, de-
creases in dependence of the n-type character enhancement
and (2) increasing field redistribution by the growing mobile
ion densities, the extraction will be influenced negatively more
quickly with increasing n-type character on the surface (smaller
Acqrrs)-

To test these assumptions, we conducted drift-diffusion sim-
ulations incorporating mobile ions using the software SETFOS
from FLUXIM.[®®] Following previous research, we assumed an
increase in ion density with ageing, contributing to elevated ionic
losses.[?8] The parameters used for the calculations are summa-
rized in Table S4 (Supporting Information). In our model, we
parameterize the accumulation layer by a 2 nm thin perovskite
layer with varying doping densities n, to reflect the variations
in band bending observed in photoelectron spectroscopy mea-
surements. While a true ionisation process, as known from in-
organic semiconductors, is unlikely, this approach accounts for
additional positive fix charges and increased electron density. We
justify this by assuming that the cation and anion of the salt are
incorporated into the A and X sites of the ABX; perovskite crystal
structure, respectively. With the cation electrostatically bound via
the ammonium moiety at the A site position, the opposite amine
group, possessing a free electron pair, can contribute to the con-
duction band’s electron density. This can occur either through
a ligand-like bonding to lead, hydrogen bonding to other A-site
cations, or partial ionization, which leaves the amine electron-
deficient while increasing the electron density in the conduction
band.
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Figure 5. Numerical simulation of solar cell devices with different n-type surfaces. Overview of simulated performance parameters against increasing
mobile ion defect densities in solar cell stacks of ITO/2PACz/Perovskite (1.63 eV)/X/Cq/BCP/Ag obtained from numerical simulation. X refers to a
2 nm interlayers with different degrees of n-type doping density (legend). b) Absolute PCE of these devices before (left) and after (right) ageing (i.e.
using lowest and highest mobile ion densities of 10" and 10" cm™3 respectively): The more lightly colored parts of the bars show the ionic PCE losses
obtained from the difference between steady-state and ion-frozen )V scans in FH measurements. c) Simulated band diagrams at Js¢ using mobile ion

densities of 10'° (pristine) and 10" cm™3 (aged) for reference devices and such with n-doped interlayer “X” using a doping density of 3x10° cm™3.

3

Devices with an n-doped interlayer “X” show reduced extraction due to reduced electric fields.

The simulated Fast-Hysteresis measurements are presented in
Figures S24-S27 (Supporting Information), with a summary of
steady-state (i.e., low scan speeds) performance metrics shown
in Figure 5a (see Figure S28, Supporting Information for nor-
malized data). An increase in simulated absolute efficiency was
observed in pristine devices with low ion densities, with satura-
tion occurring at ~#107'? cm~3, primarily due to enhanced Vi
and Fill Factor. In agreement with our experimental observa-
tions, higher bend bending, achieved with doping levels above
10718 cm~3, leads to a more pronounced decline in performance
as ion density increases. Figure 5b summarizes the compari-
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son between pristine and aged devices across different simulated
doping densities of the interlayer (see Figure S29, Supporting In-
formation for normalized data), which aligns well with the data
previously discussed for the different treatments (Figure 4c—f).
Comparing the simulated band diagrams at J. for pristine and
aged devices with no interlayer and X interlayer with doping den-
sity of 107 e¢m=3 (Figure 5c), the latter shows a stronger field
redistribution and thus lower driving force for extraction with
increased ion densities. Figure S30 (Supporting Information)
gives an overview of the simulated band diagrams for different
conditions. We consider the amplification of ionic losses due to
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surface treatments a plausible explanation for the observed
trends, though other mechanisms, such as surface reactions, can-
not be entirely ruled out.

Previous results demonstrated improved stability upon intro-
ducing related surface treatments based on diamines.'8¢] The
discrepancy to our results could be attributed to: 1) the use of
lower salt concentrations, likely due to better initial energy align-
ment (e.g., for narrower bandgap absorbers), 2) potentially by ac-
cepting a trade-off in V. or 3) by a higher stability against ionic
losses.

3. Conclusion

We have investigated the impact of the anion type in piper-
azinium salt surface treatments on the efficiency and stability of
1.68 eV perovskite solar cells.

We find a strong correlation between surface band bending,
the surface dipole of the treated perovskite films (obtained via
photoemission spectroscopy), and the open-circuit voltage of
the final device, which correlates with data from transient sur-
face photovoltage (trSPV), transient photoluminescence (trPL),
and photoluminescence quantum yield (PLQY) measurements.
Chloride-based treatments achieve the highest power conver-
sion efficiencies of 21.5% with voltages up to 1.28V, which cor-
relate with the most substantial band bending at the interface
with Cg,. Contrary to other reports, our findings indicate that
higher PCE does not necessarily correlate with increased stabil-
ity. Fast-Hysteresis measurements show that the redistribution
of the electric field by ion accumulation causes extraction losses,
which reduces Js. and FF and has a significant impact on the
operational stability of the devices. In this regard, we find that
small halide anions, such as iodide and chloride, result in higher
voltages and efficiencies due to enhanced electron accumula-
tion at the perovskite/Cg, interface; however, these devices ex-
hibit faster degradation. Piperazinium tosylate (PTsO) and piper-
azinium bistriflimide (PTFSI) on the other hand have a more
negligible impact on perovskite surface energetics and carrier dy-
namics, however, do not achieve comparable voltages. Yet, they
offer potentially the best trade-off between efficiency and stabil-
ity. We speculate that the observed trends are a result of an ad-
ditional surface-junction between perovskite and fullerene C,,
slowing down electron extraction faster with increasing ion den-
sities. This was further verified by numerical simulation, show-
ing that ionic losses are magnified for perovskite surfaces with
strong n-type character.

Mitigating ion-induced losses through strategies such as in-
creasing the activation energy for ion migration via bulk modifi-
cations, accelerating self-healing in the dark, or designing more
resilient interfaces and contact materials, needs further attention
in the future.

4. Experimental Section

Materials:  Indium-tin-oxide (ITO) coated glass substrates (15
Ohm sq~") were purchased from Automated Research GmbH. Dimethyl
sulfoxide (DMSO, >99.9%), dimethylformamide (DMF, 99.8%), Anisole
(99.7%), and lIsopropanol (IPA, 99.5%) were purchased from Sigma
Aldrich. Formamidinium iodide (FAl, 99.99%) and methylammo-
nium chloride (MACI, 99.99%) were purchased from Dyenamo. Pbl,
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(99.99%), PbBr, (>98.0%), PbCl, (>99.0%), and [2-(9H-Carbazol-9-
yl)ethyl]phosphonic Acid (2PACz), >98.0%) were purchased from TCI.
Csl (99.999%) was purchased from abcr GmbH. Ethanol (EtOH, anhy-
drous) was obtained from VWR. C60 (sublimed; 99.95%) was obtained
from CreaPhys GmbH. The ceramic 4-inch 1ZO target (In,O3 with
10%wt. ZnO) was purchased from robeko GmbH & Co. KG. TDMASn
(tetrakis (dimethylamino)tin(IV), 99% (99.99%-Sn)) was purchased from
STREM CHEMICALS, INC. All the materials were used as received without
any purification.

Piperazinium iodide (PI), piperazinium chloride (PCl), piperazinium to-
sylate (PTsO), and piperazinium bistriflimide (PTFSI) were synthesized by
Dr. Mantione at POLYMAT according to literature.[3%70] Briefly, for PI, PCI,
and PTsO: piperazine (1 eq) was dissolved in ethanol (15 ml g~') and
placed in an ice-water bath. The conjugated acid HX (2 eq) was diluted
and added dropwise under rigorous stirring. After 30 min of additional
stirring, the solvent was evaporated, and the resulting solid, was filtered
and washed with ethyl acetate several times before being dried under vac-
uum. For PTFSI: Pl has been dissolved in water (5 mL g~') and 2 eq of
LiTFSI has been added in one shot, using a water solution 2 m. The result-
ing solid has been filtered, washed with water and dried.1H and 19F NMR
were according to the literature.

Triple Halide Perovskite (3Hal) Solution:  First, 1.4M “FACs” perovskite
(Csg.22FAg.78Pb(lg.g5Brg 15)3) solution in 3:1 DMF:DMSO was shaken at
room temperature (RT) overnight. 1h prior the layer deposition, the whole
solution was transferred to a vial containing 5mol% of MAPbCl; and then
shaken 10min at 60 °C followed by 50 min at RT. Directly before use, the
solution was filtered using a 0.22um polytetrafluoroethylene membrane.
Exemplary amounts of chemicals for T ml of 1.4 M solution are: 500 mg
Pbl,, 116 mg PbBr,, 188 mg FAI, 80 mg Csl (weighed into one vial) +
4.7 mg MACI, 19.5 mg PbCl, (in another vial).

The triple halide perovskite was adapted due to its phase stability,
better film quality, and higher voltage potential (comparing PLQY of
the film on quartz to commonly employed triple cation (3Cat) or FACs
perovskites).[11:47]

Single Junction Solar Cell Fabrication: The solar cell configuration is
ITO/2PACz/3Hal/(PX) /Cgo(16nm)/SnO, (15nm)/Ag(100nm). Glass/ITO
substrates were cleaned by ultra-sonication in detergent (Hellmanex, 2%
in Dl-water), water, acetone, and IPA for 15 min each. Dried substrates
were then treated by UV/Ozone for 15 min before being transferred into
the nitrogen glovebox. All following processing steps were conducted in
inert atmosphere with oxygen and water levels maintained below 0.5 ppm.

For the HTL, 3mm 2PACz solution (~1 mg mL™" in ethanol) was spin-
coated at 3000 rpm for 30 sec and annealed at 100 °C for 10 min. There-
after, 70uL of perovskite solution was spread on the substrate and spin-
coated at 3500 rpm for 40 s with an acceleration of 700 rpm s~'. 300uL of
anisole was applied as the antisolvent 25s after the start of the process.
The film was then annealed for 20min at 100 °C.

For the molecular surface treatment using PX salts, a 1.4 mm solu-
tion of the respective salt (Pl: 0.3 mg mL~", PCl: 0.172 mg mL~", PTsO:
0.362 mg mL~!, PTFSI: 0.515 mg mL~") in IPA was dynamically spin-
coated at 5000 rpm for 20 s. The films were annealed for 2min at 100 °C,
followed by, repeating the same spin-coating and annealing procedure
with pure IPA to remove excess powder.

Substrates were transferred to the evaporation system and 16nm Cgq
were subsequently deposited by thermal evaporation using an increas-
ing rate of 0.01-0.16 As~'. After finishing the C¢, deposition, the sub-
strates were transferred to the atomic layer deposition (ALD) system (Ar-
radiance GEMStar) to deposit 15nm of SnO2 at 80 °C using the precursor
tetrakis (dimethylamino)tin (V) and deionized water as oxidant. Finally, the
100nm Ag electrode was evaporated at an increasing rate of 0.1-1As™ by
thermal evaporation using a shadow mask. The active area was defined to
0.16cm?.

Absolute Photoluminescence (PL): Absolute photoluminescence was
measured with a prototype of the “LuQY Pro” setup by QYB. The PL signal
was collected with a fiber connected to a CCD-array spectrometer (Ocean
Optics). Samples were excited with a continuous-wave laser by Insaneware
at 532 nm emission wavelength, a photon flux of ~1.2E16 photons s™"
and a spot size on the sample of 0.12 cm? (~1-sun-equivalent excitation
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fluence, calibrated with a certified silicon reference cell). The Quasi—Fermi
level splitting (QLFS)was then calculated via:

QOFLSp, = kg T-In <PLQY- o > m

’0, rad

with Jo .4 being the radiative thermal recombination current density in
the dark, kg the Boltzmann constant, T the temperature and J the gen-
eration current density. The generation current density |5 was approxi-
mated with the short-circuit current density of the complete solar cell de-
vice (%20mAcm=2). Similarly, J, .4 was calculated by integrating the over-
lap of the external quantum efficiency of the device (EQE) with the black
body spectrum ¢ at 300 K over the energy.

Jormi = [ EQE - tugde @)
with
1 E2
PBE= 535 ®3)
42p3¢ exp (é) -1

This resulted in a J ,4 value of 9.8 X 10722 Am=2,

Transient Photoluminescence (trPL): Measurements were performed
with a home-built confocal PL setup in air on epoxy/glass encapsulated
samples. The setup featured a “80:20"- “transmission:reflection”-beam
splitter to separate the excitation and detection paths. A 700 nm diode
laser (IB-705-B laser head with Taiko driver, Picoquant) with a pulse du-
ration of ~100 ps and a repetition rate of 10 kHz was used for excitation
from the substrate side. The laser beam was passed through a cleanup
filter (FF01-700/13-25, Semrock) and the energy of the laser beam was
tuned by a linear-gradient neutral density filter to ~0.2uW (~0.8uW read-
out on powermeter).

An off-axis parabolic mirror with 5 cm focal length has been used for the
focus and PL collection. The laser spot size is a circle with 2250 um diame-
ter. A silicon single-photon avalanche diode (Laser Components COUNT-
50) has been employed for the PL detection, and the signal was cut by
a 715nm long-pass filter (FF01-715/LP-25, Semrock). The PL count and
decay histogram were recorded by a TimeHarp260 Nano time-correlated
single photon counting module (Picoquant).

The decay curve was fitted by an arbitrary sum of instantaneous expo-
nential slopes (usually 3-5) to compute the differential lifetime.

-1
()

where ¢ (t) is the time-dependent photon flux. This representation allows
to access the “lifetime” at each point of time.l8371] To obtain single life-
time values, it was assumed that at t = 0 the carrier concentration was
the same in all samples, depending on the absorption coefficient at the
laser wavelength (a(700 nm) = 4.5E5 cm™"), the thickness of the sample
(d =450 nm), the power and repetition rate of the laser (P=0.802 uW, k =
10 000 Hz), the laser spot size and the bandgap. The carrier concentration
was further used to calculate the QFLS.[64]

Transient Photovoltage (trSPV): Measurements were performed on a
home-built setup in the air on epoxy/glass encapsulated samples. The
samples were excited from the substrate side by 563 nm laser light from
a diode pumped pulse laser (Nd:YAG, EKSPLA, NT230-50, duration time
of laser pulses ~3ns) with a spectral cleaning unit. The laser intensity was
set to ~0.1-sun-equivalent excitation fluence by a set of neutral density fil-
ters. The SPV transients were measured at a sampling frequency of 2 Hz
averaging over 20 measurements using an oscilloscope card (Gage, CSE
1622- 4GS, 200 MS s~ together with an in-house developed software for
logarithmic read-out.[7?]

Transient Absorption (TA): A Ti:Sapphire amplifier system (Coherent
Libra) operating at 1 kHz generated ~46fs pulses and an Opera Solo OPO
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was used to generate the white light probe beam and the pump beam
pulses respectively. The pump pulses were chopped with a mechanical
chopper at 500 Hz. Generation of the broad band white light probe beam
was done in a home-built noncollinear optical parametric amplifier with
a 3mm thick YAG crystal. The probe pulse was delayed with a 1.5 m long
home built mechanical delay stage with a moving retro reflector and then
split into a reference beam and the actual probe beam through the sam-
ple. Pump and probe overlap was optimized at the position of the sam-
ple. The transmitted probe light was detected with an home built ultrafast
prism spectrometer and the dispersed light was collected with a VIS CMOS
dual-line array detector driven and read out by a custom-built board from
Entwicklungsbiiro Stresing. For all measurements, the pump intensity was
fixed to 8 u) cm~2 at 400nm.

Current-Voltage Curves (JV): Measurements were recorded inside a
nitrogen-filled glovebox. Prior the measurements, the solar simulator
(Oriel LCS-100) intensity was calibrated to AM1.5G 1-sun-equivalent with
a filtered KG3 Silicon reference solar cell. The scans were performed with
a Keithley 2400 source-measure unit controlled via a custom LabView pro-
gram. The individual contacts were measured by a 2-point-probe method
and the following parameters were used: voltage range —0.01-1.30V, step
size 0.02V, integration and settling time 20ms. The boxes in the PV param-
eter boxplots indicate the 25/75 percentiles and the line indicates respec-
tive mean values.

External Quantum Efficiency (EQE): Spectra were measured using
an Oriel Instruments QEPVSI-b system equipped with a Newport 300
W xenon arc lamp, all controlled by TracQ-Basic software. Prior to
each measurement, the system was calibrated using a silicon refer-
ence cell with a known spectral response. The electrical response of
the test device was recorded using a Stanford Research SR830 Lock-In
amplifier, with a time constant of 0.3 s, and analyzed in TracQ. Typi-
cally, the short-circuit current mismatch between the integrated exter-
nal quantum efficiency (EQE) multiplied by AM1.5G irradiance and the
values obtained from |-V scans was ~1%, assuming accurate knowl-
edge of the cell area and accounting for shadowing effects during metal
evaporation.

Fourier Transform Photocurrent Spectroscopy (FTPS): Spectra were
measured in the air using the Enlitech PECT-600 system with encapsu-
lated samples. Calibration was performed beforehand using a silicon cell
with a known spectral response. Measurements were taken with a step
size of 5 nm.

Time-of-Flight Secondary-lon-Mass-Spectrometry (ToF-SIMS): Depth
profiles were measured with an ion-ToF ToF-SIMS Spectrometer follow-
ing previously developed protocols.[’3] The setup featured a 30keV BiMn
primary ion gun for analysis. A primary ion beam of 30KeV Bi;* (0.8pA
pulsed beam current) was employed for high mass resolution depth pro-
files of 50 x 50um size analyzed with a 128:128 primary beam raster. For
sputter depth profiling a 600eV Cs* ion beam (2.6nA sputter current) with
a raster of 150 x 150um was used.

X-Ray Diffraction (XRD): Patterns were obtained using a Bruker D8
diffractometer configured in Bragg—Brentano geometry. All measurements
employed Cu K-alpha radiation generated by an X-ray tube operating at 40
mA and 40 kV. Data were collected with a step size of 0.02° 20 and an
integration time of 0.8 s.

Grazing-Incidence Wide-Angle X-Ray Scattering (GIWAXS): Measure-
ments were performed at mySpot beamline, BESSY 11174l The samples
were measured in reflection mode with incidence angles from 0.1 to 2°
(39 scans, 0.05° interval), using radiation energy of 9 keV (1 = 1.378 A).
The size of the beam was ~100um. The 2D images were plotted and inte-
grated using Dpdak and GIXSGUI software.[”3]

Scanning Electron Microscopy (SEM):  Micrographs were recorded with
a Zeiss Merlin Gemini 2 microscope using an acceleration voltage of 3 kV.

Photoelectron Spectroscopy (PES) Measurements with Near UV Excita-
tion: Measurements were conducted in UHV with a base pressure of
<1072 mbar. Samples were transferred in an N,-filled unit, avoiding air
exposure, and contacted via metal fingers on the conductive ITO sub-
strate. A xenon XBO lamp with a double grating monochromator provided
a photon flux >10"" s'cm=2 up to a photon energy of ~7 eV. The ac-
tual photon flux was monitored by a calibrated photodiode, allowing for
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the determination of photoelectron yield. Photoelectrons were collected
in a hemispheric electron analyzer EA10P (SPECS) with energy resolu-
tions of 125 and 250 meV.Two near-UV PES variants were used: i) UPS
with fixed excitation (6.5 eV), ii) Photoelectron yield measurements in
constant final state mode (CFSYS) with varying photon energy (3.7 - 7.3
eV). The work function was determined by fitting a Boltzmann function
to the secondary electron cut-off in the near-UV UPS spectra. The CF-
SYS spectra enable to determine the density of occupied states up to the
Fermi edge E;”. Due to surface photovoltage, induced by the measure-
ment illumination itself, the surface Fermi level Ef* might shift with re-
spect to the contacted Fermi level of the ITO substrate.l8 With a very
high S/N ratio and the direct observation of the Fermi edge in the spectra,
it was corrected for this and the energetic positions relative to the actual
Fermi level at the sample front surface are provided. The valence band
maxima were determined using a previously presented model including a
parabolic band edge and an exponential band tail.[’"®"l The conduction
band energies were calculated by adding the bandgap energy (determined
from EQE) to the obtained valence band energy levels. Given the differ-
ences in the chemical composition of the surface, which might have re-
sulted in a bandgap widening, the CBM values were more qualitative than
quantitative.

X-Ray Photoelectron Spectroscopy (XPS): Measurements were per-
formed with Al-Ka excitation (1486.6 eV, 14kV, 300W) in a different UHV
System (base presser <1071 mbar, with equally fully inert sample transfer
to protect the sample surface from contaminations. A hemispheric PHOI-
BOS 150 1D-DLD analyzer (SPECS) was used in medium area lens mode
with a pass energy of 30eV and averaging over several scans for each core
level. For all samples, the same measurement protocol was applied with
an initial and final detailed measurement of the Pb4f and N 1s core level. A
minor shift of <0.1eV toward lower binding energies was observed for the
Pb4f peak position. A formation of Pb® was mostly not observed, besides
the reference sample with a small shoulder in the Pb4f core level appearing
toward lower binding energy.

Long-Term Stability: Measurements were recorded with a custom-
built high-throughput ageing setup following previous protocols.[7¢] A
perturb-and-observe-algorithm!”’] with a delay time of 1s and a volt-
age step-width of 0.01V was applied to each cell individually and the
MPP merits updated every 2min. 1-sun-equivalent illumination was pro-
vided by a metal-halide lamp using a H6 filter,'"] with the intensity ac-
tively controlled with an irradiation-sensor calibrated with a KG3-filtered
silicon reference cell. The device temperature was maintained by ac-
tively controlled Peltier-elements using heat pads for direct thermal
coupling.

The light-cycling experiment according to ISOS-LC-11 (12 h/12h
light/dark, N, atmosphere, 25 °C) used a shutter system for fully shading
the cells while simultaneously disconnecting the MPP-trackers. Addition-
ally, JV measurements were done at the beginning and end of each cycle.

Fast-Hysteresis (FH): Measurement curves were obtained using a tri-
angular voltage pulse starting from open-circuit (Vo¢), followed by a re-
verse sweep to —0.1 V and a forward sweep back to V¢, with variable
scan speeds (V s7') using a FastChar UG system. The hold time at VOC
was five times longer than the total scan time. The voltage response was
measured with an oscilloscope and an external load resistance of <10 Q,
using a function generator and a home-built power amplifier (4x). Testing
conditions matched those of standard J-V measurements.

Bias Assisted Charge Extraction (BACE): Measurements were per-
formed by recording the current transients with a Keithley 2400 source
meter, controlled by a custom LabView program. The device was initially
held at a voltage near open-circuit voltage (VOC) to balance the injected
charge with the short-circuit current. After a preset delay, a bias of 0 V was
applied to extract the injected and capacitive charge. The delay times were
~5x longer than the extraction time (x5-10 s) to allow ionic charges to dis-
tribute in the active layer. The extracted charge was obtained by integrating
the current transient.

Numerical = Simulation: The simulations were performed using
SETFOS.[%8] The program numerically solves a system of three coupled
equations, namely the Poisson equation, the continuity equation, and the
drift—diffusion equation.78]
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