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Controlling trace humidity is vital for both the fabrication and long-term stability of metal halide perovskite
(MHP) solar cells. Relevant humidity levels are typically below 10 ppmy, especially in glovebox-based
processing and in well-encapsulated devices. Even minute amounts during fabrication can influence
crystallization, introducing defects and lowering efficiency. Over time, humidity accelerates degradation
of the perovskite layer and internal interfaces, ultimately reducing operational lifetime. Probing these
effects at low concentrations under operando conditions is therefore essential for advancing device
performance and durability. In this work, we employed a high-precision transfer standard dew point
hygrometer to investigate humidity levels between 5 and 35 ppmy, in non-encapsulated MHP solar cells.
To permit unobstructed water migration during operation, we fabricated interdigital back contact
devices. Operando measurements revealed water transport through the perovskite layer and enabled
quantification of outgassing. Under trace-humidified conditions, devices exhibited initial charge-carrier
quenching, followed by gradual recovery. Notably, the photocurrent response to humidified nitrogen
demonstrated that the MHP layer behaves fully reversibly within the explored timescale and across the
investigated humidity levels and conditions. These findings establish a systematic operando framework
for examining extrinsic stressors in perovskites and highlight opportunities for assessing passivation

rsc.li/materials-a strategies.

Introduction

In recent years, metal halide perovskite (MHP) materials,
particularly  lead-containing = methylammonium  (MA)/
formamidinium (FA) halide perovskites, have received signifi-
cant attention for their use in cost-effective and solution-
processable optoelectronic devices, such as solar cells,' light-
emitting diodes,”** and photodetectors.’**> With continuous
improvements, the power conversion efficiency (PCE) of MHP-
based solar cells has aligned to that of silicon-based counter-
parts." However, despite these advancements, commercially
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viable MHP-based solar cells remain challenging due to their
still limited long-term operational stability.*'*'®* For many
applications, achieving a device lifetime of beyond 25 years -
comparable to silicon-based solar cells - is required."””*® This
highlights the necessity and importance of investigations into
material, interface, and device stability under operation,
considering extrinsic and intrinsic stressors.

Numerous approaches to optimize materials,
interfaces,”* and device design®**” have been reported over
time, with only a few samples discussed. For instance, studies
have demonstrated that triple-cation perovskites containing
caesium exhibit greater durability and enhanced phase
stability.»*® Incorporating functionalized interlayers has been
shown to effectively reduce defects in MHPs and restrain water
infiltration into the MHP layer, addressing key stability chal-
lenges.””*®* Our focus here is a different one. This work is put
forward to understand the effects of stressors during the
manufacture and encapsulation process. Two different types of
stressors are distinguished in this context: intrinsic stressors,
which include radiation, heat, and temperature (phase
stability), and extrinsic stressors, which are defined by the
interactions between the device/material and its gas atmo-
sphere.*?** Regarding the atmosphere, it is well known that
oxygen and humidity can affect the intrinsic MHP materials
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properties.*** It is reported that for oxygen interactions, the
generation of superoxide through electron transfer from the
photoexcited perovskite phase to molecular oxygen is causing
degradation.*>**** For humidity, however, there are differenti-
ated results. It was found that an additive of small fractions of
water to the perovskite precursor solution or a humidified
atmosphere during annealing results in an increased PCE, as
the water/humidity enhances the crystallization of the perov-
skite thin film and its surface coverage.**** In addition, it was
revealed that trace humidity exposure enhances the n-type
surface character and reduces the work function of a MHP-
based thin film.* On the other hand, there are many groups
that postulate a water-induced (humidity-induced) degradation
mechanism and the formation of non-perovskite phases.*>*
The proton affinity of the perovskite is often highlighted in this
context.’>*

However, these studies concentrate on high humidity
volume fractions, although ideally, well-encapsulated solar cells
should not experience such high amounts of humidity. The
relevant humidity thresholds for these types of studies should
be well below 30 ppmy, (parts per million per volume) and below
10 ppmy for optimal glovebox-controlled scenarios. The
threshold values are determined by the quality standard for
technical gases of grade 5.0 (99.999% purity), which specifies to
contain no more than 10 ppm of characterized impurities (e.g::
N, O,, H,0, CO, CO,).** However, based on experience with our
glove-boxes, trace humidity readings of 2 ppmy to peak readings
of 30 ppmy (at high laboratory utilization) could be quantified
using a traceable measuring device. To the best of our knowl-
edge, there are only very few publications concerning this trace
humidity range.*>*

Interdigital back contact (IBC) solar cells based on MHPs
aim to further simplify the fabrication process by placing both
the anode and cathode for charge collection on the rear side,
improving light absorption, and eliminating the need for a front
electrode.*® Nevertheless, the PCE of MHP-based IBC solar cells
is well below expectations and not competitive against
sandwich-type MHP-based solar cells, as the charge carrier
extraction is limited due to the longer diffusion lengths.>¢*°
Based on this, various alternative back contact (BC) architec-
tures have been explored. These investigations were signifi-
cantly advanced by the introduction of designs such as quasi-
IBC solar cells and honeycomb quasi-interdigitated electrode
solar cells.®*** However, the highest stabilized PCE reported
with these BC architectures is 8.6%, which does not yet justify
the costly and sophisticated lithographic fabrication of BC
electrode structures.®>*

Independent of device and design optimization, we employ
unencapsulated IBC solar cells here to allow unimpeded water
migration into the MHP layer and device during operation. For
the fabrication of the IBC solar cell, we have adopted a fabrica-
tion protocol published recently by Alsari et al., which allows for
making IBC solar cells without the extensive use of lithographic
equipment.®”*®

In a prior publication, we demonstrated that trace humidity
has a reversible quenching effect on the photoluminescence
(PL) emission of a MHP-based thin film.>> We identified the
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nature of the water-induced PL-quenching process and
described the underlying diffusion kinetics. In this study, we
expand upon this finding by showing that the photocurrent of
an unencapsulated MHP-based IBC solar cell is similarly
affected in a trace-humidified nitrogen atmosphere, in oper-
ando. Trace-humidity volume fraction measurements were
performed continuously, with full traceability to national
metrological standards. Water migration within the IBC solar
cells, carefully fabricated in a controlled, dry environment, was
observed in operation, as evidenced by trace humidity emis-
sions that were precisely quantified. Utilizing a highly precise
and accurate measurement setup, coupled with a two-site
Stern-Volmer analysis, we were able to define a trace-
humidity guideline value critical for preserving the intrinsic
properties of the MHP during fabrication and encapsulation.

Experimental section
Substrate preparation

Interdigitated pre-patterned ITO substrates with a consistent
gap of 50 pm were purchased from Ossila Ltd (product number:
S161). Prior use, the substrates were successively cleaned in
acetone, isopropanol, ethanol, and distilled water for 10
minutes in a sonic bath and then dried with clean nitrogen.

Electrically conductive adhesive (Conrad Electronic SE,
Kemo L100, product number: 1387067-62) was applied to the
contact points of a channel side with a brush, where the selec-
tive layer was to be deposited, as shown in the SI. After the
conductive adhesive was fully hardened and dried, electrical
connection legs (Ossila Ldt, product number: E242-roll) were
attached to the corresponding contact side. The connection legs
were bent as shown in Fig. S1b.

TiO, deposition

The titanium dioxide layer, which was deposited first, was ob-
tained through cathodic electrochemical deposition. Titanyl
sulphate (64.0 mg, 0.040 mmol; Sigma-Aldrich, product
number: 14023-100G) and 30 vol% hydrogen peroxide (366 pL,
0.047 mmol; Sigma-Aldrich, product number: H1009-100ML)
were transferred into a small glass vial filled with 20 mL of
distilled water. The reaction mixture was mixed using a vortex
mixer for 2 minutes at 2500 rpm and then placed in a sonic bath
for 1 minute. The prepared cloudy yellow-orange solution was
stored in the fridge for 5 minutes. The solution was repeatedly
mixed and stored in the fridge until a clear peroxo-titanium
stock solution (0.002 mmol mL™"') was obtained, shown in
Fig. S2a. The peroxo-titanium stock solution had to be freshly
prepared each time and be used quickly.

1 mL of the peroxo-titanium stock solution was transferred
into 25 mL of an aqueous 0.1 M potassium nitrate solution
(Sigma-Aldrich, product number: 31263-500g). The obtained
yellow reaction solution (0.08 pmol mL ") served as deposition
bath for the cathodic electrochemical deposition and was
prepared afresh for each substrate.

The electrochemical deposition was performed using
a Keithley potentiostat 2450-EC. A three-electrode setup was

This journal is © The Royal Society of Chemistry 2026
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used, with a platinum mesh as the counter electrode and
a platinum wire as the pseudo-reference electrode. A crocodile
clip was attached to the bent connecting leg on the prepared
substrate. This served as the working electrode. The chro-
noamperometry method was used for the deposition process,
with a potential of —2.20 V applied for 10 seconds. The reaction
solution was not stirred during the deposition. A brown layer
formed on the ITO fingers (Fig. S2b). The conductive adhesive
was carefully removed using a cotton swab soaked in iso-
propanol and rinsed multiple times in water, ethanol, and
isopropanol.

Further, the treated substrate was annealed in ambient
atmosphere. First, it was dried at 150 °C for 15 minutes on
a clean hotplate (IKA C-MAG HS 7 digital). Subsequently, the
temperature of the hot plate was increased to 500 °C for 60
minutes. During the annealing procedure the formation of
anatase titanium dioxide is indicated by a colour change of the
deposited layer to a pale yellow. Once the substrate reached
ambient temperature, an ozone treatment was applied for 5
minutes. Afterwards, it was rinsed in deionized water, ethanol,
and isopropanol. Finally, the substrate was annealed a second
time at 500 °C for 20 minutes and cooled down to room
temperature on the hot plate (Fig. S2c).

Poly(3,4-ethylenedioxythiophene) deposition

The poly(3,4-ethylenedioxythiophene) (PEDOT) layer was
deposited by electrochemical polymerization. On the titanium
dioxide-coated substrate, conductive adhesive was applied on
the contact points to be coated with PEDOT, and a connecting
leg was attached as described above (Fig. S3a).

The reaction solution was prepared by dissolving lithium
perchlorate (2.12 g, 0.02 mol; Tokyo Chemical Industry
Company Limited, product number: L0379) in 20 mL of
propylene carbonate (Thermo Fisher Scientific, product
number: 131560010) by alternating ultrasonic treating and
mixing using a vortex mixer. 3,4-Ethylenedioxythiophene (21.4
pL, 0.20 mmol; Thermo Fisher Scientific, product number:
H56533.06) was then dissolved in the propylene carbonate
solution and mixed using a vortex mixer. The resulting solution
(10 pmol mL™") served as deposition bath for the electro-
chemical polymerization and was used for up to 10 substrates.

A three-electrode setup was applied, consisting of a platinum
mesh as the counter electrode, a silver wire as the pseudo-
reference electrode, and the substrate as working electrode.
The deposition was carried out using the chronoamperometry
method with a deposition time of 10 seconds and an applied
potential of +1.25 V. During the deposition, it was important to
ensure that the conductive adhesive was not in contact with the
reaction mixture, as it would have dissolved in it. The deposi-
tion bath remained unstirred throughout the process. After
deposition, the substrate was soaked in distilled water for 5
minutes. The conductive adhesive was then carefully removed
using a cotton swab soaked with isopropanol. Subsequently, the
substrate was rinsed several times, alternating between distilled
water and isopropanol, until no visible impurities were present.
The substrate underwent a final cleaning process by rinsing
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alternately in ethanol and distilled water for three cycles and
was dried with clean nitrogen (Fig. S3b).

Perovskite thin film deposition

The substrate with PEDOT and titanium dioxide layer was
carefully taped using crepe tape, as shown in Fig. S4a. The taped
substrate was then transferred into the sluice of a glove box and
vacuum dried for 15 minutes under several nitrogen flushes.

The MHP precursor solution was prepared as described in
ref. 2. Lead iodide (product number: L0279) and lead bromide
(product number: L0288) were purchased from Tokyo Chemical
Industry Company Limited. Formamidinium iodide (product
number: DN-P10-4N) and methylammonium bromide (product
number: DN-P09-4N) were obtained from Dyenamo AB.
Caesium iodide was purchased from Abcer GmbH (product
number: AB109298). Anhydrous dimethylformamide (product
number: 276855-250ML) and dimethyl sulfoxide (product
number: 227056-250ML) were purchased from Sigma-Aldrich.
50 pL of the precursor solution was deposited and evenly
spread onto the interdigitated area of the substrate. All samples
were spin-coated at 3000 rpm for 35 seconds with an accelera-
tion time of 5 seconds. 250 uL of anhydrous toluene (Sigma-
Aldrich, product number: 244511-100ML), was used as anti-
solvent after 25 seconds of the starting process. Note that ani-
sole and ethyl acetate were also tested, but toluene yielded the
highest thin-film quality. Annealing was conducted at 100 °C for
45 minutes. Once the device had cooled down, the used crepe
tape was carefully removed with care to avoid adhesive residue.
If the device was not to be measured on the same day, it was
vacuum sealed and stored in the dark in a nitrogen filled glove
box.

Current-voltage measurements

Current-voltage (J-V) sweeps were conducted with a Keithley
2450 source measuring unit in 0.05 V steps. At each voltage step,
the bias was held constant for 0.2 seconds before measuring the
current. An active area of 0.260 cm” was used for the calculation
of J-V parameters. Measurements at maximum power point
(MPP) in trace humidity experiments were performed with
a Brennstuhl EL 2050 M lamp. Otherwise, a Sciencetech SciSun-
300 solar simulator under 1 sun radiance at AM1.5G standard
was used. The power output to the IBC device was equal for both
lamps (see SI). An in-house designed sample holder was used
for trace humidity measurements (see SI). Otherwise, a push-fit
test board for 20 x 15 mm substrates (Ossila Ltd, product
number: P2008A1) was used to provide electrical connection.

Trace humidity generation and quantification

Trace humidified nitrogen was continuously generated by
applying dynamic dilution using an in-house developed gas
mixing system equipped with Bronkhorst EL FLOW Prestige
thermal bypass mass flow controllers (MFC). The nitrogen used
was purchased from Linde GmbH in a quality grade of 5.0
(99.999% purity). Trace humidity quantification was conducted
after the measuring cell with the transfer standard dew point
hygrometer MBW 373LX (Ser. No.: 19 0416), which has a valid
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accredited calibration according to ISO/IEC 17025 (Cert. No.:
7122MBW2019). Readings of the dew point hygrometer were
generated every 10 seconds with the software Gecko R2. The
measured frost point temperatures were derived to the water
vapor partial pressure using the ITS-90 Sonntag equation.®
Trace humidity concentrations were calculated according to ISO
14912:2025 using a truncated, linear virial equation (second-
virial-coefficient approximation).®® Additional information on
the virial coefficients of water vapour is summarized in ref. 67.

Temperature measurements

Surface temperature measurement of the measuring cell was
conducted by applying PT1000 surface sensors, purchased from
otom Group GmbH. Readings were recorded using a Fluke
Calibration 2638A digital multimeter.

Results and discussion
Experimental setup

A simplified pipe and instrumentation diagram (P&ID) of the
experimental setup is depicted in Fig. 1. Grade 5.0 nitrogen was
fed into a molecular sieve trap at 5.0 bar(a) to reduce the trace
humidity blank value from <5 ppmy to approximately 1 ppmy
before entering the gas mixing system. In the gas mixing
system, dynamic dilution is applied: a continuous dry partial
gas flow is combined with a continuous humid partial gas flow
to generate a defined trace-humidified nitrogen output. The
humid partial gas flow is generated using the saturation
method.®® Further details on the humidification unit can be

5.0 bar(a) —\ 3.0 bar(a)
« _r
Molecular sieve
trap (3 A)
A\ 4
Gas mixing
system
Nitrogen 5.0 1.0 bar(a)
Dew point
mirror
2 Temperature chamber
4 \
v Lamp
Exhaust ®
A

"‘ “ i
? ( ) P
1.0 bar(a)
Source measure unit 0

Measuring cell

\ J

Fig. 1 Schematic representation of the P&ID of the experimental
setup. Clean, dry nitrogen was fed into a gas mixing system that
enabled trace humidification. The trace-humidified gas was subse-
quently fed into the measurement cell, which housed the IBC solar cell
and was maintained under constant illumination. Therefore, dynami-
cally generated sample gases were applied to quantify humidity-
induced effects.
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found in the supplement of ref. 69. The trace-humidified
nitrogen is then fed into a measuring cell, consisting of a CF
cube equipped with a sample holder for the IBC solar cell and
a borosilicate viewport to permit light transmission into the
measuring cell (see SI). The measuring cell and lamp were
placed in a temperature chamber to ensure a constant envi-
ronmental temperature. Measurements were conducted at
approximately 1 sun with illumination on the front side of the
IBC solar cells. The sample holder of the IBC solar cell was
electrically connected to a source measure unit. The gas output
of the measuring cell was connected to the transfer standard
dew point hygrometer to quantify continuously the trace-
humidity volume fractions in operando and in situ. The gas
flow through the measuring cell was 2700 mL, min~ ', with
approximately 1700 mL, min~"' being fed into the dew point
hygrometer (mL, min~" = flow unit at standard conditions of
0 °C and 1013.25 mbar(a)). Further details on the experimental
setup and dynamically generated trace-humidity sample gases
are provided in the SI.

Interdigital back contact solar cells - fabrication and basic
characterization

Fig. 2a presents a schematic sketch of the IBC solar cell fabri-
cated following a recipe described in literature.”””*® An inter-
digitated, pre-patterned indium tin oxide (ITO) glass substrate
was used, on which selective electron and hole contacts were
electrochemically deposited. Here, titanium dioxide was
cathodically deposited to serve as the electron-selective contact
(depicted in red), while PEDOT was deposited via electro-
chemical polymerization on the opposite ITO finger to function
as the hole-selective contact (depicted in blue). The selective
interdigitated electrodes (50 pm spacing and 100 um width)
were coated with an average thickness of (66 & 14) nm titanium
dioxide and an average thickness of (37 & 8) nm PEDOT (see SI).
The MHP layer, consisting of
CS0.05(MAg 17FA¢ 83)0.05Pb(Io.83Bro.17)3, was spin-coated onto the
interdigitated electrode area, represented in brown, with an
average thickness of (237 & 45) nm (see SI). The total active area
of the device was 0.260 cm? (5 x 0.052 cm?). Further, a detailed
topographical characterization of the device and of each fabri-
cation step is provided in the SI. In Fig. 2b a picture of an IBC
solar cell is presented (after trace humidity measurements), and
Fig. 2c shows typical /-V measurements of an IBC solar cell. In
the first sweep after fabrication, a linear J-V characteristic is
observed, while both short-circuit current (Jsc) and open-circuit
voltage (Voc) are very low. The performance of the IBC solar cells
gradually improves with the number of conducted j-V sweeps.
For this specific device, after 70 sweeps a maximum Jsc of 0.05
mA cm 2 and V¢ of 0.53 V was achieved. Please note that we
made very similar observations for all working devices, regard-
less of sweeping the device in forward or reverse bias direction,
as depicted in the SI. All observations are also consistent with
earlier literature reports of similar IBC solar cells.”” Based on
these observations all tested cells have been preconditioned
with this J-V procedure. For all working cells we observed PCEs
of around 10%.

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic sketch of the structure and dimensions of the IBC solar cells. Above as top view and below a cross-section through the

interdigital interface. (b) Top view of a manufactured IBC solar cell (after trace-humidity measurements). (c) Several J-V characteristics of an IBC
solar cell measured in sequence. The characteristics gradually improved with the number of conducted J-V sweeps.

Even though the solar cells demonstrate very low photocur-
rent with good photovoltage, the photocurrent is in a range in
which reliable measurements with very low uncertainties are
possible. Moreover, after preconditioning, all devices showed
good stability and moderate degradation during the performed
measurements, as discussed below.

Water outgassing

During J-V pretreatments and under constant illumination,
traces of water emerged from the solar cell in the form of trace
humidity over a period of 80 minutes (see Fig. S17). Interest-
ingly, literature indicates that water outgassing is observed only
at temperatures around 60 °C for MHP thin films.”” Our
observations show that water outgassing started with the
beginning of the J-V pretreatment, although the IBC solar cell
was already continuously illuminated (for two hours) and sur-
rounded by a clean, dry nitrogen environment (less than 1.8
ppmy trace humidity, decreasing). It is important to note that
great care was taken in the manufacture of the IBC solar cells to
avoid traces of water. For instance, the substrate with deposited
selective layers was vacuum dried for 15 minutes under several
nitrogen flushes before being transferred into the glovebox. In
addition, the IBC cell was annealed in clean dry nitrogen at
100 °C for 45 minutes. Thus, to the best of our knowledge, these
cells have been manufactured and tested under controlled,
inert, and dry conditions on a laboratory scale. Therefore, out-
gassing of water suggests that local temperatures of 60 °C or
higher occurred within the active areas of the MHP layer during
device operation. It should be noted that the analytical method
used for quantifying water outgassing at this trace level was
highly specific and free of interference from potentially out-
gassing MHP degradation products, as explained in detail in the

This journal is © The Royal Society of Chemistry 2026

SI. As a result, the emission of water from the depicted IBC solar
cell at the onset of j-V pretreatments was quantified with
approximately 8.7 nug (calculation presented in the SI), showing
that the source of emission is not related to water monolayers
adsorbed on the MHP surface. Further, the temperature
increase within the material was attributed to heat generation
from Joule heating, which may facilitate the diffusion of water
molecules trapped in the MHP crystal lattices, interfaces, or
electrodes.

Considering that water emission occurs only in the active
areas, two hypotheses can be concluded. First, the outgassing
process from the MHP layer is not limited to the active area,
suggesting a migration of water into the active areas. This
migration is likely driven by a moisture gradient within the
MHP layer, which is induced by the water emission at the active
areas. The deposited mass of MHP on the active areas was
determined to be approximately 26 pg (see Section S4.1).
Consequently, it is improbable that about 30% of the MHP
mass at the active areas would have consisted of water, espe-
cially given that it underwent annealing. Second, moisture
trapped within the ITO/PEDOT/TiO, or at their interfaces in the
active areas migrates out of the system and through the perov-
skite layer. Due to the long diffusion time, we tend to assume
a dominant contribution of the first hypothesis. However,
regardless of the interpretation, trapped water, irrespective of
its origin, migrates through the perovskite layer and is removed
from the system.

If this observation is applied to classic perovskite solar cells,
the migration of water through the whole device could trigger
corrosion processes at metal electrodes or water-sensitive
interfaces, as described in the literature.”»”*”* Additionally,
water can act as a catalyst, reducing the formation energy of
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halide defects, the activation energy for halide ion migration,
and the potential barriers for phase transformation.”*7®
Consequently, the experimentally observed outgassing of water
suggest that trapped water most likely migrates through the
device and alters intrinsic properties of the MHP, such as its
phase stability.

Reversible response behaviour of the photocurrent

Fig. 3 shows a time series of a conducted measurement with
a Csg.05(MAg 17FAo.83)0.95Pb(I0.83Br0.17)3 IBC solar cell in trace-
humidified nitrogen. This MHP composition was selected
because Cs-containing triple-cation perovskites have been re-
ported to exhibit enhanced thermal stability, suppressed phase
impurity formation, and improved tolerance to processing
variations compared with simpler MA- or FA-based formula-
tions.?® Accordingly, this composition represents a stable and
well-established benchmark absorber for the present study. In
layer 5 and 4, the time series shows a stepwise increase in
amounts of trace humidity generated by the gas mixing system,
measured as frost point temperatures (condensation tempera-
ture) and volume fractions in ppmy, rising from a low of
approximately 5 ppmy (around —65.5 °C) to a peak of around 34
ppmy (around —51.3 °C). Subsequently, the trace humidity
volume fractions are shown to decrease stepwise, returning
from the peak value back down to around 5 ppmy. All trace
humidity sample gases are characterized as frost point
temperatures, volume fractions, and concentrations in the SI
(see Table S1). Between each trace humidity level, a drying
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phase was conducted, allowing the MHP to regain its properties.
Each humidification phase was conducted over a period of 90
minutes, while the subsequent drying phase lasted 180
minutes, resulting in a total experimental duration exceeding
2.5 days. The temperature at the outer surface of the measuring
cell is presented in layer 3, where a stable thermal environment
with slightly varying temperatures around 21 °C was observed.
Layers 2 and 1 present the current density of the IBC solar cell in
trace humidified conditions. The current density was measured
with a constant applied voltage of 0.35 V at the MPP (V¢ of
0.73 V for the depicted IBC solar cell). Due to the global non-
linear degradation behaviour, a single non-linear baseline
function was fitted to the entire data set. The baseline was
determined using data points recorded sufficiently before and
after the trace humidity injection as anchor points and subse-
quently subtracted from the raw current density data shown in
layer 1 (further details on the baseline methodology are
provided in the SI). Consequently, a positive baseline-corrected
current density in layer 2 corresponds to a deterioration in
device performance, arising from a shift of the raw current
density toward less negative values. However, it was observed
that each trace humidity phase led to a significant charge-
carrier quenching. Remarkably, while the trace-humidified
nitrogen was still flowing through the measuring cell, it was
observed that the current density recovers and slowly increases
over time again. Switching back from humidified nitrogen to
dry nitrogen, a further restoration of the current density to
baseline level was observed.

-10.0
Raw current  -20.0
density
(WAcm?) -30.0 A
-400 ) 1 1 1 1 1
3.0
Baseline 204
corrected 10 1
current density )
(uA/cmz) 0.0 1
10 . L L 1 1
21.2
Temperature  21.0
(€ 20.8
20.6
Trace humidity 100
volume fraction )
(ppmy)
10 1 1 1 1 1 1
-45.0 4
Frost point
temperature 600 7 1 m ﬂ M (5)
(*C) 75.0 1
00:00:00 00:12:00 01:00:00 01:12:00 02:00:00 02:12:00

Process time (dd:hh:mm)

Fig.3 Time series of increasing and decreasing amounts of trace humidity investigated at MPP with a constant applied voltage of 0.35 V. Layer (1)
depicts the raw measured current density while layer (2) presents the baseline-corrected current density. Layer (3) illustrates the temperature
directly measured on the measuring cell. Layer (4) demonstrates the trace humidity volume fraction in ppmy, derived from the measured frost
point temperature (direct proportional to the water vapor partial pressure) and the pipe pressure at the mirror. Layer (5) presents the
condensation temperatures, expressed as frost point temperatures (condensation as ice), determined with a reference dew point hygrometer.
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Additionally, readings of the current density for the first two
trace-humidified phases showed a significant noise of unknown
origin. Importantly, this noise was already present under dry
conditions and did not correlate with the humidity-induced
response. Comparable noise was not observed when using
a fully shielded commercial IBC sample holder (push-fit test
board). However, this holder could not be integrated into the
trace humidity setup due to geometric constraints. These
observations indicate that the noise does not originate from the
device, the MHP material, or from humidity-induced interac-
tions. The source of the noise could not be assigned unambig-
uously, as it appeared randomly and could not be correlated
with any specific measurement parameter or laboratory event,
suggesting that it was likely caused by external influences
affecting the experimental setup.

In Fig. 4a, the current density readings for each humidified
phase, extracted from the data set of Fig. 3 with pre- and post-
conditioning periods, are presented as stacked, baseline-
corrected data sets. Generally, a baseline correction was
necessary due to the degradation behaviour occurring imme-
diately after reaching a maximum optoelectronic power output
after the conducted J-V pretreatments (see SI). It is evident that
at the beginning of the experiment and under dry nitrogen
conditions, prior to any humidification, a pronounced global
degradation mechanism is already observable. Furthermore,
within the investigated trace humidity volume fractions that
followed a pyramid-shaped measurement program, no acceler-
ation of degradation is observed. Instead, the degradation rate
progressively flattens over time.

Consequently, degradation effects were always observed in
long-term measurements, even with control samples in dry
nitrogen without humidification (see SI). This behaviour
strongly suggests that the primary cause of degradation is light-
and heat-induced, leading to the decomposition of the organic
cations FA" and MA", well documented in the literature.”®”7-8°
For example, the reduction of methylammonium by free
electrons

2CH31\IH3+ +2e — 2CH3NH2T + HzT (1)
or the heat-induced dissociation of MAPbI;

MAPbDI; 24 Pbl, + CH;NH, 1 + HI1 )

show very clearly the formation of gaseous products.”>*
However, we did not observe that the MHP layer turned yellow
after the measurements, as exemplary shown in Fig. 2b. This
leads us to conclude, in agreement with the literature, that Pbl,
decomposes into Pb and I, under long-term white light illu-
mination (as performed here), resulting in the formation of
metallic Pb°.#* The unencapsulated and unembedded nature of
the IBC device, combined with a continuous flow of clean
nitrogen, likely accelerated the light- and heat-induced degra-
dation, as gaseous reaction products were continuously
removed from the system, thereby shifting any existing chem-
ical equilibrium reactions towards the degradation products.
Although a global degradation trend is present in the long-
term measurements, it does not compromise the
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Fig. 4 Visualization of the response behaviour to trace-humidified
nitrogen. (a) Stacked baseline-corrected current density with pre- and
post-period in dry nitrogen. The trace-humidified phase is illustrated in
blue. (b) Magnification of the trace humidity phase with linear fits in
red. (c) Correlation of the determined charge-carrier quenching rate in
normalized form (slope of the linear fit) with the investigated trace-
humidity concentrations/volume fractions for increasing (in black) and
decreasing (in blue) amounts. The fit of the pseudo-rate equation is
presented in black.

comparability of the humidity-induced effects. The humidity-
related changes in current density are evaluated relative to
a global non-linear baseline. This approach explicitly separates
humidity-induced effects from long-term degradation. Conse-
quently, the extracted signals reflect raw responses to trace
humidity rather than degradation artifacts. It is important to
note that all subsequent data analyses refer always to baseline-
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corrected signals and therefore explicitly represent humidity-
induced effects.

Continuing, our previously published experimental results
on MHP-based thin films under varying trace-humidified argon
conditions showed that the PL emission recovered to its base-
line level on a timescale of about 5 minutes.”® In contrast, at
a timescale of 90 minutes, the recovered current density in
trace-humidified nitrogen still shows a trend towards regener-
ation. This indicates that the MHP has not yet reached an
equilibrium state in the humidified conditions. However,
preliminary measurements under trace-humidified nitrogen
conditions showed that recovery to the baseline level does occur
within 90 minutes of humidification. Therefore, the time for
a complete recovery from the trace humidity interaction of the
current density seems to be device-dependent, probably related
to the crystallinity and grain size of the MHP layer.

The response behaviour to the investigated trace humidity
sample gases demonstrates high sensitivity, as evidenced by the
sharp transition in current density that occurs when switching
from dry to trace-humidified nitrogen. To better describe the
response behaviour, the transition in current density - from the
point of trace humidity injection into the system to the point of
maximum charge-carrier quenching — was fitted linearly, as
shown in Fig. 4b. The slopes of the linear fits were observed to
rise with increasing trace-humidity volume fractions and fall
back in a similar manner as the volume fractions decreased.
This is particularly evident when the slopes are correlated with
the investigated trace humidity concentrations/volume frac-
tions, as shown in normalized form in Fig. 4c. Here, the ob-
tained slopes are interpreted as charge-carrier quenching rates.
It is evident that the rates for increasing trace humidity levels
(black) match those for decreasing trace humidity levels (blue).
These results show that, although degradation is present, the
current-density response and sensitivity of the MHP-based IBC
solar cell to trace-humidified nitrogen are fully reversible within
the explored timescale and conditions, providing independent
evidence that the degradation process does not affect the
charge-carrier kinetics (in this study).

To gain deeper insight into the charge-carrier quenching
rates, a pseudo-reaction-rate approach was adopted.®® With this
simplified model, the interaction of water vapor with the MHP-
based material is described by assuming an effective adsorption
or accommodation of water at quenching-relevant surface sites,
schematically represented by eqn (3):

MHP-SitC + Hzo(g) i MHP*HzO(ad) (3)

Accordingly, MHP-sites interacting with water are assumed
to be initially inactive with respect to charge-carrier participa-
tion, thereby reducing the effective charge carrier population
that contributes to current density. Further microscopic
processes like defect-mediated interactions, surface diffusion or
recrystallization cannot be resolved individually within the
measurements.

However, based on this simplified assumption, the pseudo-
rate expression can be written in logarithmic form as

J. Mater. Chem. A

View Article Online

Paper

In(r) = In(k’) + m x In([H2Oy)]) (4)

which is shown as the black fit in Fig. 4c. For clarity, the pseudo-
rate relationship is displayed in linear rather than logarithmic
scaling. In this expression, r denotes the charge-carrier
quenching rates, while the slope m corresponds to the
apparent reaction order with respect to water vapor.

The parameter k' was determined to be 0.64 + 0.02 (nor-
malised units) and represents a dimensionless, device-specific
parameter. However, k' is not further discussed here, as no
directly comparable data sets are available and the time-
dependent reaction dynamics are, as outlined above, strongly
device-dependent.

In contrast, the apparent reaction order was determined to
be 1.43 £ 0.05, indicating a fractional reaction order with
respect to water vapor. Such a non-integer order suggests that
the charge-carrier quenching rate increases disproportionately
with the trace-humidity concentration (r o« [H,Og)]"***%%),
implying that more than one water molecule is effectively
involved in the charge-carrier quenching-relevant process.

Such measurement results are consistent with cooperative
adsorption processes and suggest the formation of water-
induced clusters, either as MHP-water complexes or as island-
like water aggregates on the MHP surface.®®** As a result, the
pseudo-reaction-rate analysis indicates that charge-carrier
quenching under trace humidity conditions is governed by
cooperative, water-mediated interactions, rather than by
a simple, single-site adsorption process.

To contextualize this kinetic characterization of the
humidity-induced quenching process, it is instructive to place
the observed photocurrent response into a broader experi-
mental and literature context. Therefore, we would like to
briefly highlight a related study by Howard et al., who investi-
gated MHP-based thin films using PL spectroscopy under
varying humidity conditions.** Their findings revealed
a pronounced hysteresis during humidity cycles between >1000
ppmy and higher levels, leading to irreversible and humidity-
induced degradation of the perovskite films.?*

In contrast, our measurements did not show similar
hysteresis or enhanced degradation under trace-humidified
conditions. This observation is encouraging, as it suggests
that under the low humidity levels investigated in our study, the
MHP interacts reversible, enabling a degree of tolerance toward
unintended, low-level humidity exposure during device
fabrication.

Nonetheless, reversibility observed on our experimental time
scales should not be equated with long-term material stability.
As discussed above, the pronounced water sensitivity of the
MHP, combined with the high mobility of water molecules,
implies that even trace amounts of water can repeatedly interact
with the material. Over extended operational periods relevant
to photovoltaic devices with target lifetimes of approximately
20 years, recurring water-mediated interactions may cumula-
tively alter intrinsic material properties. Such processes can
facilitate corrosion and ultimately compromise device
longevity.>>7'-7¢
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Therefore, while the process appears reversible in the short
term, it does not preclude the possibility of cumulative water-
induced degradation over long time scales.

Quenching dynamics based on Stern-Volmer model

In the previous sections, the sensitivity and response behaviour
of the MHP to trace humidity were discussed in detail. In the
following, we focus on the quenching dynamics, which are
analysed in terms of charge-carrier populations. For this
purpose, first, the classic Stern-Volmer (SV) model®

Iy
7= 1 + Ksv x [Q] (5)

was employed, where I, and I denote the emission intensity in
the absence and presence of the quencher, respectively, Ksy is
the Stern-Volmer constant, and [Q] represents the quencher
concentration (humidity). In the context of this study, charge-
carrier quenching is understood as an effective reduction of
the carrier population contributing to (PL-)emission and
current density, rather than being restricted to non-radiative
recombination alone. While it is not possible to distinguish
between carrier losses caused by non-radiative recombination
and those arising from transport-related effects, both mecha-
nisms reduce the population of charge carriers contributing to
device operation and are therefore treated equivalently within
the Stern-Volmer framework. Moreover, under the low current
density (low-injection) conditions investigated here, space-
charge effects and strong transport nonlinearities are ex-
pected to be negligible. Therefore, variations in both the PL
intensity and the current density primarily reflect changes in
the effective charge-carrier population contributing to radiative
emission and charge extraction. Accordingly, PL and current
density are used as experimental proxies for the relative carrier
population (n),

An « APL (6)
and
An o AJ )

This approximation provides the physical and methodolog-
ical basis for applying the Stern-Volmer framework to the
current response:

Dacl + Ko x [Q) ©)

In addition to the classical SV model, the two-site SV model
was applied, which has already proved to be more effective in
characterizing the PL-quenching behaviour of a MHP thin
film.>>®*® An equivalent assumption regarding the charge-carrier
population was applied here as well:

Jo 1
g% Jor N Joo ©)
1+ Kgy x [Q] ' 1+ Kgy, x [Q]

with

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

1 = for + fo2 (10)

Here, fo; and fo, are the fractional contributions to the
unquenched steady state emission from two components of
different accessibility and K, and Ky, are effective quenching
constants.®

Fig. 5a presents the J,/J ratios (see Table S2) in relation to the
trace humidity concentrations investigated from Fig. 3. The

a) Trace humidity volume fraction (ppm,)
0.00 6.85 13.70 20.55 27.40 34.25
112 N L L L
=== Classic SV
= Two-site SV o
© JJJ - Increasing amounts of trace humidity ot
1.104 O JJ/J - Decreasing amounts of trace humidity ‘,'
2 99% Confidence band i
o 99% Prediction band Lo
.
jo2)
£ 1.08 C
< g
3] e
c L
g -
& 1.061
o .
(0] e
E R
)3 1.04 4 R
[ e
= / .
© e
< x4
© 1.021
L
1.00 £ T T T T
0.00 0.30 0.60 0.90 1.20 1.50
Trace humidity concentration (umol/L)
b)
2.00
== Two-site SV — raw PL H,0 (Nandayapa et al.)
== Two-site SV — PL Ar (Nandayapa et al.)
== Two-site SV — PL 100 ppm H,O in Ar (Nandayapafet al.)
» 1804 — Two-site SV — IBC H,O (extrapolated)
o Q© I/I-H,0 (Nandayapa et al.)
® @ /J//-Ar (Nandayapa et al.)
o @ //I-100 ppm H,0 in Ar (Nandayapa et al.)
£ J,/J - 1BC H,0
160 O ¥
3]
c
[
=]
o
@ 1.40
gr
o
=
£
2 1.20 H
n
1.00 =
T T T T T T T
10¢  10° 10* 10° 107 107 10° 10°

Partial pressure quencher (mbar(a))

Fig. 5 In (a) are the IBC charge-carrier quenching ratios presented as
a function of the investigated trace humidity concentrations (volume
fractions), considering both increasing and decreasing amounts of
humidity. The charge-carrier quenching ratios obtained for decreasing
trace humidity concentrations (high-to-low amounts) were used for
the classic SV model fit (dashed blue line). The two-site SV model
(black) was applied to all data points expect for the two noisy points
shown as more transparent blue dots (low-to-high amounts). Addi-
tionally, 99% confidence and prediction bands are shown for the two-
site SV fit. (b) Provides a comparative summary of the charge-carrier
quenching ratios obtained in this study with our previously reported
PL-quenching ratios. For clarity, please note that the x-axis displays
only a maximum partial pressure of 15 mbar(a). The PL-quenching
ratios acquired under dry argon and trace-humidified argon were used
to extract the raw PL response to water vapor. This response is directly
compared to the IBC charge-carrier quenching ratios, facilitating
a deeper understanding of the quenching behaviour across different
measurement techniques.
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ratios for both increasing and decreasing trace humidity
concentrations show excellent agreement, further confirming
that the charge-carrier quenching is fully reversible within the
explored timescale and conditions, despite degradation behav-
iour. Due to the noise observed in the first two phases from low-
to-high trace-humidity volume fractions, the readings from
high-to-low trace-humidity volume fractions were analysed
using the classic SV analysis. For the two-site SV analysis, all
data points from both trace-humidity measurement directions
were included, except for the two noisy points from the low-to-
high trace-humidity series (shown as more transparent blue
dots). Consequently, a total of 11 data points were used for the
two-site SV analysis. The classic SV plot is shown in blue
(dashed line) and the two-site SV plot in black, with the corre-
sponding 99% confidence and prediction bands (displayed in
red). The two-site model provides a significantly better fit to the
experimental data.

Generally, the classical SV model assumes homogeneous
quenching with a single quenching constant, implying
a constant quenching efficiency per quencher molecule over the
entire concentration range. However, the measured current
density ratios exhibit a pronounced non-linear dependence,
characterized by an enhanced quenching response at low
humidity levels followed by a gradual increase at higher
concentrations. This behaviour cannot be captured by a linear
SV description and indicates the presence of at least two
kinetically distinct quenching pathways with different accessi-
bility to water.

In contrast, the non-linear two-site SV model accounts for
heterogeneous quenching by covering two contributions with
different quenching accessibilities. The relatively narrow 99%
confidence and prediction bands indicate that the two-site SV
model provides an excellent description of the experimental
data over the investigated volume fraction range. Moreover, the
use of data obtained from both measurement directions
suggests that the parameter estimation is reasonably robust.
Including the two noisy data points would primarily increase
the uncertainty of the estimated model parameters, without
affecting the conclusions derived from these parameters (di-
scussed in the following). In addition, the confidence and
prediction bands obtained from the fit based on 11 data points
indicate their treatment as outliers. Therefore, the excellent
agreement obtained using this model suggests that the charge-
carrier quenching in MHP-based IBC solar cells is characterized
by heterogeneous and site-dependent interactions with trace
humidity, analogous to the non-linear PL-quenching behaviour
previously reported for MHP thin films.>

Fig. 5b presents a direct, comparative analysis of SV
quenching ratios derived from two distinct but complementary
data sets. The charge-carrier quenching ratios observed in this
study are shown alongside previously reported PL quenching
ratios (ref. 55), which were obtained by setting static partial
pressures starting from high vacuum. Please note that the x-axis
(quencher partial pressure) is shown on a logarithmic scale and
restricted to the relevant range. Further, all data points were
evaluated using only the two-site SV model.
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The grey data points represent the charge-carrier quenching
ratios obtained in this study, including an extrapolation to
higher water vapor partial pressures. The remaining data sets,
shown in blue, green, and red, correspond to our previously
reported PL quenching measurements.> Specifically, the red
data set shows PL-quenching ratios measured in dry argon
(quencher = Ar), while the green data set represents PL-
quenching ratios obtained in an argon gas mixture containing
100 ppm trace humidity (quencher = Ar + H,0).

The blue data set represents the PL-quenching contribution
attributed only to water vapor. These values were obtained by
comparing PL-quenching ratios measured in dry argon and
humidified argon, with the resulting differences plotted on the
y-axis. The corresponding water vapor partial pressures were
calculated from the partial pressures of the humid argon gas
standard by applying Dalton's law, yielding the partial pressure
of water vapor alone (i.e., excluding the argon contribution).

In contrast, for the IBC measurements, the water vapor
partial pressure was directly derived from the measured frost
point temperatures, providing a highly precise and traceable
thermodynamic determination.®® Additionally, it is important
to note that the IBC measurements were conducted under
a continuous gas flow of clean and dry nitrogen, with trace
humidity phases. As a result, the obtained charge-carrier
quenching ratios are entirely independent of the surrounding
nitrogen gas matrix. This independence arises because nitrogen
consistently induces a background charge-carrier quenching
effect on the MHP, ensuring that any additional quenching is
solely attributed to the introduced quencher - water.

Table 1 summarizes the two-site SV parameters obtained for
the IBC solar cell, including the uncertainties of the fit param-
eters and the coefficient of determination (R*), and compares
them with our previously reported PL results (ref. 55). A direct
comparison between row 1 (IBC charge-carrier quenching ratios
from Fig. 5a) and row 2 (PL-quenching ratios of humidity in
argon; ref. 55) reveals pronounced differences in the relative
contributions of the two quenching sites.

In the IBC solar cell, the fraction of so-called “easy-to-quench
sites” (f1), which within this model are typically associated with
surface-related quenching processes, account to only 7%. In
contrast, PL measurements exhibit a substantially larger
contribution of these sites, with f,; = 44%. At this point, we
would like to emphasize that these interpretations are model-
based and do not represent direct structural identification.

Nevertheless, this discrepancy can be attributed primarily to
the different gas environments used in the two experiments. In
the PL measurements, argon—with a molar fraction of 99.99
cmol mol '—acts as a dominant background quencher, despite
water being intrinsically the stronger quencher.> Consequently,
surface-related quenching is more prominently reflected in the
PL response (argon-like quenching behaviour).

By contrast, charge-carrier quenching in the IBC solar cell is
dominated by “hard-to-quench sites” (fp, = 92%), whose phys-
ical interpretation within the two-site SV model is discussed in
more detail below. As a result, we conclude that the quenching
constants between these two measurements are not directly
comparable.

This journal is © The Royal Society of Chemistry 2026
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Table 1 An overview of the two-site SV parameters from Fig. 5. Uncertainties are reported at a 95% confidence interval

for Ky, (L mol™) foz Kgy, (L mol ™) R?

1 IBC (Fig. 5a) 0.078 £ 0.006 3240070.8 £ 383 0.922 + 0.006 13789.4 + 2867.5 0.9982
727.2
2 PL - ref. 55 0.44 17 303.2 0.56 6.5 —
(H,O in Ar)
, 1 , -1

Jox Ky (mbar(a)™) Joz Ky, (mbar(a) ™) R
3 Raw PL of H,0O 0.278 £ 0.011 2645.1 £+ 596.4 0.722 £ 0.011 2.67 £ 0.28 0.9925
4 IBC H,0 0.080 + 0.005 356.1 £+ 56.0 0.920 + 0.005 0.87 + 0.13 0.9977

To overcome this comparability limitation, the PL data were
reprocessed as discussed above (row 3 of Table 1) to ensure that
water vapor is treated as the only effective quencher in the PL
analysis. Also, as discussed above, charge-carrier quenching in
the IBC measurements is solely attributed to water vapor (row 4
of Table 1).

This harmonized treatment enables a direct comparison of
the two SV analyses, despite the measurements being per-
formed at different timelines, by different operators, and using
two fundamentally different methods - both in terms of
quenching dynamics (PL-quenching vs. charge-carrier quench-
ing) and experimental setup (static partial pressures vs.
continuous dynamic dilution).

A comparison of the quenching site distributions reveals
that “hard-to-quench sites” dominate in both measurement
approaches, accounting for 92% for the IBC charge-carrier
quenching and 72% for PL-quenching. The larger contribu-
tion of “hard-to-quench sites” observed in the IBC measure-
ments is attributed to the fundamentally different probing
depths of the two analytical techniques.

PL spectroscopy can be regarded as a predominantly two-
dimensional (2D) probe, as it is primarily sensitive to the
surface and near-surface regions of the perovskite layer and
thus mainly provide information about the recombination
mechanisms of charge carriers and defect states.*”*® In contrast,
current density measurements describe the extraction of charge
carriers at the electrodes, representing not only the perovskite
surface but also the bulk and interface-near regions. As a result,
IBC charge-carrier quenching provides a more comprehensive,
three-dimensional (3D) perspective on quenching processes
within the device. This difference in measurement dimension-
ality explains why surface-related quenching contributes 28% to
the PL response, whereas it accounts for only 8% in the IBC
measurements.

Based on these results, the model-based definition of the
“hard-to-quench” sites requires further contextualization. In
our previous PL-based publication, these sites were primarily
associated with grain boundaries.®® In the present case,
however, such a direct assignment is less appropriate for the
charge-carrier quenching response measured at the device level,
since the current-density response represents an integrated
signal comprising charge transport, recombination, and

This journal is © The Royal Society of Chemistry 2026

extraction across the entire device. Accordingly, the measured
response may be influenced not only by grain boundaries, but
also by bulk traps, buried interfaces, transport barriers, and
contact-limited extraction processes. Within the framework of
the two-site SV model, the f;, parameter describes the fractional
contribution of sites with lower accessibility in the unquenched
steady-state response. Thus, in the context of the current
density measurements, f,, is more appropriately interpreted as
representing less directly accessible quenching sites within the
device, reflecting the distinct transport and extraction pathways
probed by J-V measurements.

Beyond the qualitative interpretation of f,, comparing the
ratios of Ky, to Kg, provides an additional quantitative
perspective and reveals that surface crystallites exhibit 2.4-times
higher quenching sensitivity in PL measurements than in j-V
measurements. This discrepancy is most likely attributed to the
above-discussed differences in analytical measurement tech-
niques, as well as variations in MHP surface properties (see SI
for IBC surface topography).

Further support for these interpretations is provided by our
water outgassing results, which demonstrate that water is
highly mobile within the perovskite layer. In this context,
however, the perovskite behaves like a sponge, accommodating
water not only at the surface but also in the near-surface region
and other less directly accessible regions of the MHP, thereby
enhancing quenching contributions from “hard-to-quench
sites” in device-level measurements. Notably, the interpreta-
tion of the experimental observations based on the corre-
sponding two-site SV analyses are in close agreement with
theoretical predictions reported in the literature,® further
supporting both the conclusions drawn in this study and our
previously reported findings.

These insights highlight the quality of grain-boundary
junctions and device interfaces as a critical factor for device
stability and the preservation of intrinsic material properties.
Consequently, targeted passivation strategies aimed at stabi-
lizing grain boundaries and buried interfaces represent
a promising route to enhance long-term operational
stability.”*** In particular, embedding passivation materials
within the MHP that are capable of adsorbing and temporarily
storing water, or facilitating material recovery upon water out-
gassing, can mitigate humidity-induced degradation. Such
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approaches include, for example, polymeric epoxy curing reac-
tions®® or the incorporation of hindered urea-based Lewis acid
materials®” to protect grain-boundary junctions against
extrinsic stressors.

Trace humidity guideline value determination

A trace-humidity guideline value derived from our study must
be interpreted as a material-intrinsic sensitivity limit, rather
than a device-performance metric. The investigated IBC solar
cells exhibit low charge extraction and are fully unencapsulated.
This configuration minimizes secondary effects such as inter-
face corrosion, and water accumulation, thereby isolating the
direct interaction between water vapor and the MHP under low-
injection conditions. Moreover, the open IBC architecture was
deliberately chosen to permit unobstructed water migration
and to use the photocurrent primarily as a sensitive probe of
humidity-induced charge-carrier quenching rather than as
a representative photovoltaic performance metric.

The two-site SV analysis was applied as a model system and
demonstrates that cooperative, water-mediated charge-carrier
quenching already occurs at trace humidity levels well below
10 ppmy and is dominated by interactions at less directly
accessible quenching sites within the device. These quenching
sites are intrinsic to polycrystalline MHP and are therefore ex-
pected to be present in all device architectures.

In contrast to the open IBC configuration, conventional
sandwich-type perovskite solar cells feature embedded archi-
tectures with multiple water-sensitive interfaces and signifi-
cantly higher internal electric fields. Under such conditions,
incorporated water may interact more persistently with the
MHP and its interfaces, potentially amplifying both quenching
and cumulative degradation processes. Accordingly, the present
IBC devices should be regarded as a simplified model system for
identifying an intrinsic lower-bound indicator of water—perov-
skite interactions, rather than a universally transferable pro-
cessing criterion for all solar cell architectures.

At the same time, however, the pronounced sensitivity of
MHPs to trace humidity implies that even low water vapor
volume fractions can lead to measurable uptake of water by the
material. Under realistic fabrication conditions, the perovskite
layer is expected to establish a dynamic equilibrium between
water associated with the perovskite and water molecules in the
surrounding gas atmosphere. Consequently, even when devices
are fabricated in environments with low humidity levels, a finite
amount of water can become incorporated within the perovskite
layer. Once incorporated, these water molecules may repeatedly
interact with the perovskite lattice and its interfaces, potentially
leading to cumulative effects over extended operational times.

The experimentally observed quenching response at trace
humidity levels therefore highlights that even very low water
vapor volume fractions in the fabrication atmosphere and
during encapsulation can already lead to water incorporation
and subsequent interactions within the device. Based on this
consideration, trace humidity levels of =<5 ppmy substantially
reduce, but do not fully suppress, water-induced interactions,
while a further reduction to sub-ppm levels leads to a significant
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weakening of cooperative water interactions. According to the
two-site SV analysis, humidity levels around (0.96 + 0.12) ppmy
(expanded measurement uncertainty at 95%) correspond to
a charge-carrier quenching of 1%. This level is not interpreted
as a strict physical threshold, but rather as a practically mean-
ingful lower-bound guideline associated with only a minor
residual interaction, acknowledging that completely water-free
processing conditions are neither experimentally nor techno-
logically achievable due to the omnipresence of water in gases,
materials, and processing environments. A residual interaction
on the order of =1% therefore represents a realistic lower limit
and is reliably met by nitrogen of quality grade 6.0, which is
technically well established and readily implementable in both
laboratory and industrial fabrication environments. Further-
more, based on our experience of routinely quantifying trace
humidity volume fractions of approximately 0.3 ppmy in
nitrogen 6.0, the use of this purity grade can be assumed to
provide a practical buffer to our specified intrinsic limit.
Furthermore, commercially available and well-established gas
purification systems enable the reduction of trace humidity in
nitrogen from grade 5.0 or lower to the identified guideline level
and under controlled conditions, to even substantially lower
trace-humidity levels (0.3 ppmy).

Therefore, a humidity level of approximately (0.96 £+ 0.12)
ppmy should be regarded as a physically justified and techno-
logically meaningful model-based lower-bound guideline value
for minimizing water uptake during fabrication and encapsu-
lation and, consequently, for reducing cumulative water-
induced degradation processes within the device under real-
istic operation.

Conclusions

In this study, we investigated the impact of trace humidity on
unencapsulated, fully unembedded MHP-based IBC solar cells
during operation. We probed trace humidity volume fractions
ranging from approximately 5 ppmy to 34 ppmy, whereby the
trace humidity quantification was traced back to national
standards using a transfer standard dew point hygrometer. Our
observation of water outgassing from the perovskite layer
indicates a significant Joule heating process during operation. A
notable charge-carrier quenching was observed, even at a low
trace humidity volume fraction of about 5 ppmy. Moreover, we
observed that 92% of the charge-carrier quenching occurs at
less directly accessible quenching sites within the device and
that the photocurrent recovers in trace-humidified condition.
Although the quenching and response behaviour of the perov-
skite is determined to be reversible within the explored time-
scale, the material exhibited a very high sensitivity to humidity
changes. Despite the reversible nature of these effects in the
short term, we discussed intrinsic changes in the material
properties. In addition, water migration through the MHP layer
was identified, which may lead to corrosion processes at the
metal electrode interfaces in traditional embedded device
architectures and/or to decreasing MHP phase stability.
Moreover, the two-site Stern-Volmer model was applied to
describe how strongly trace humidity influences the charge

This journal is © The Royal Society of Chemistry 2026
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carrier population. Based on this model-based interpretation
we were able to quantify an intrinsic lower-bound guideline
value of water-perovskite interactions relevant to the fabrica-
tion and encapsulation of perovskite solar cells. Our results
suggest that maintaining trace-humidity volume fractions at
around (0.96 £ 0.12) ppmy during fabrication and encapsula-
tion is required for preserving the intrinsic properties of the
MHP. This clearly demonstrates the sensitivity of MHP to trace
humidity and underlines the necessity of controlling and
minimizing trace humidity volume fractions in the gas atmo-
sphere during the fabrication and encapsulation process of
perovskite solar cells.
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