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Trace Water in Lead lodide Affecting Perovskite Crystal
Nucleation Limits the Performance of Perovskite Solar Cells

Renjun Guo, Qiu Xiong, Aleksander Ulatowski, Saisai Li, Zijin Ding, Tianxiao Xiao,
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The experimental replicability of highly efficient perovskite solar cells (PSCs)
is a persistent challenge faced by laboratories worldwide. Although trace
impurities in raw materials can impact the experimental reproducibility of
high-performance PSCs, the in situ study of how trace impurities affect
perovskite film growth is never investigated. Here, light is shed on the impact
of inevitable water contamination in lead iodide (Pbl,) on the replicability of
device performance, mainly depending on the synthesis methods of Pbl,.
Through synchrotron-based structure characterization, it is uncovered that
even slight additions of water to Pbl, accelerate the crystallization process in
the perovskite layer during annealing. However, this accelerated
crystallization also results in an imbalance of charge-carrier mobilities, leading
to a degradation in device performance and reduced longevity of the solar
cells. It is also found that anhydrous Pbl, promotes a homogenous nucleation
process and improves perovskite film growth. Finally, the PSCs achieve a
remarkable certified power conversion efficiency of 24.3%. This breakthrough
demonstrates the significance of understanding and precisely managing the
water content in Pbl, to ensure the experimental replicability of
high-efficiency PSCs.

candidates for wide-range optoelectronic
applications such as solar cells, light-
emitting diodes, and photodetectors.l'-?!
Moreover, the advantage of low cost due
to solution-based processing and economi-
cally abundant materials further makes per-
ovskite solar cells (PSCs) a promising re-
newable energy technology for large-scale
applications to meet the challenge of the
energy crisis.] Through diligent research
and intensive collaboration at a world level,
PSCs have achieved performance compara-
ble to that of silicon solar cells.’] Device
engineering progress, such as the sequen-
tial solution deposition method, solvent en-
gineering, and compositional engineering,
help achieve power conversion efficiencies
(PCEs) above 20%.[5#] Furthermore, trap
management through surface/bulk pas-
sivation and interfacial engineering has
boosted the certified performance of PSCs
to 26.1%.1>1% However, the experimental
replicability in different labs for achieving
highly efficient PSCs is a nagging chal-
lenge in the field, and only a few groups

1. Introduction

A tunable bandgap, low crystal formation energy, and high
defect tolerance make metal halide perovskite materials ideal

worldwide can obtain devices with a certified PCE > 24%. Thus,
the fundamental limitations to experimental replicability during
the fabrication process of highly efficient PSCs have emerged as
one of the most pressing subjects requiring urgent investigation.
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Various parameters limit the experimental replicability of the
device fabrication process: i) material purity;*151 i) divergent
fabrication pathways, e.g., mixing methods of precursor mate-
rials (such as a mixture of raw chemicals or a mixture of per-
ovskite single-crystal powder;!* and iii) sensitive processing win-
dows, e.g., lower relative humidity atmosphere (<20%).'7) To
achieve ideal optoelectronic properties, it is necessary to con-
sider the impacts of impurities on performance. For example,
a study by Wakamiya et al. showed that a dehydration process
for lead iodide (PbI,) could double the total performance of
PSCs.I'!l Furthermore, a study found that water as a minute con-
stituentin N,N-dimethylformamide (DMF) or dimethyl sulfoxide
(DMSO) actively participates in the whole perovskite formation
scheme.l'8] Water could also exert beneficial or detrimental ef-
fects on device fabrication and stability.['*?2] However, the pri-
mary synthesis method of Pbl, (“golden rain” reaction) is water-
based and restricts the possibility of a highly dehydrated pro-
cess. All solvents, e.g., DMF, DMSO, and Iso-propanol (IPA) for
perovskite-related precursors, are highly hygroscopic. Previous
studies have confirmed that suitable water in DMF or IPA for
sequential deposition methods could be beneficial for device per-
formance due to the suppression of pinholes.[2*23] All previous
studies focus on how the humidity in the air during the annealing
process affects device performance and crystallization and over-
look the impact of intermolecular engineering through DMSO
in the sequential fabrication method.?*2%] Sequential fabrication
methods open a new avenue for improving the performance of
PSCs, leading to many world-record PCEs of PSCs.[2*3% In ad-
dition, as seen in thermodynamic calculations, water could in-
tercalate with methylammonium lead halide perovskite materi-
als and form monohydrated phases. This further causes the fa-
vorable formation of a Pbl, vacancy complex, creating a deep
charge transition level and enhance nonradiative recombination
processes.[2231:32]

However, the relative fundamental mechanisms have yet to
be investigated. To close this knowledge gap, we report that

S. Li, Z. Ding, M. Yuan

Department of Chemistry

Nankai University

300071 Tianjin, China

A. Chumakov, M. Schwartzkopf, S. V. Roth
Deutsches Elektronen-Synchrotron
Notkestrasse 85, 22607 Hamburg, Germany
Y. Hou

Chemical and Biomolecular Engineering
National University of Singapore

117585 Singapore, Singapore

S. V. Roth

Department of Fiber and Polymer Technology
KTH Royal Institute of Technology

10044 Stockholm, Sweden

L. M. Herz

Institute for Advanced Study

Technical University of Munich

85748 Garching, Germany

P. Miiller-Buschbaum

Heinz Maier-Leibnitz-Zentrum

Technical University of Munich

85748 Garching, Germany

E-mail: muellerb@ph.tum.de

Adv. Mater. 2024, 2310237 2310237 (2 of 10)

www.advmat.de

the water content of Pbl, is one of the most critical parameters
limiting the reproducibility and performance of PSCs. We reveal
that an increasing amount of trace water in Pbl, leads to a
heterogeneous crystallization process and worsens the texture
of Pbl, in lead halide perovskite films. The stability constants
of lead halide perovskite complexes in the precursor decrease
with an increasing amount of water in the Pbl, precursor, which
drives different crystallization and texture formation processes.
We demonstrate that the hole mobility decreases because the
scattering rate of holes from defects increases with increasing
water content in the Pbl,. The strong imbalance between the
hole and electron mobilities in high-water-content films restricts
the device performance. Finally, through fine control (<15 ppm)
of the trace-water content in Pbl,, we achieved a certified 24.3%
PCE for solar cells with an aperture area of 0.095 cm?. Moreover,
we applied the same strategy for large-aperture-area solar cells
and reached a certified PCE of 22.9% for an aperture area of 1
cm?, demonstrating the high uniformity of PSCs.

2. Results

2.1. Different Synthesis Methods of Pbl, Precursor and Relative
Performance of Perovskite Solar Cells

We first screen the effects of different synthesis methods of
Pbl, purchased from companies on the device performance. The
“golden rain reaction” is a mainstream solution-process-based
PbI, synthesis method (type I in Figure 1a-I). The water con-
tent can reach 50 ppm in this reaction due to the water-based
synthesis method (Table S1, Supporting Information).l"!l By con-
trast, direct synthesis of Pbl, at high temperatures (type II in
Figure 1a-11) could make the Pbl, an anhydrous level.[!3] As seen
in Figure 1b, the increasing water content in Pbl, harms the
device performance by reducing the open-circuit voltage (V¢),
short-circuit current (J5¢), and PCE. Through fabricating PSCs
by the one-step antisolvent method with the components of
(MAPDBr;),,,(FAPDI;)( g3, We confirm that the adverse effects
of higher water content in Pbl, on device performance are in-
dependent of perovskite components and fabrication methods
(Figure S1, Supporting Information).””] Although type II PbI,
could deliver PSCs with higher performance, the price of type
I Pbl, is much higher than that of type II (Table S1, Supporting
Information). To avoid the effects of other impurities, e.g., ac-
etate and nitrate, we design an experiment by adding deionized
(DI) water in type II PbI, prepared precursor for the following
investigations.[1+15]

2.2. Effect of Water Content in Lead lodide Precursor on the
Growth of MA,FA,_,Pbl, (x < 0.05) Perovskite Films

Synchrotron-based grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS) is utilized to explore the effects of water con-
tent in Pbl, on perovskite crystallization.[***] We actively intro-
duced different amounts of deionized water into the type II PbI,
prepared precursor because of its anhydrous feature. Then, we
used a sequential deposition method to fabricate the perovskite
layer and monitored the annealing process of the perovskite layer
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Figure 1. Different synthesis methods of Pbl, precursor and relative performance of perovskite solar cells. a) Schematic diagram of water solution-based
Pbl, synthesis (labeled “Type I") for which potassium iodide and lead(ll) nitrate are dissolved in water separately, and these two transport solvents are
mixed in the vessel with a heating process. After cooling down at room temperature, the yellow precipitate of lead iodide appears. For the direct synthesis
(labeled “Type 11"), an ampule made from quartz glass is divided into two parts, with the elements separately placed in the solid phase, iodine in small
balls and lead in small wire pieces. Then, the ampule is inserted in a resistance furnace with two temperature regions; the iodide part is heated to
150 °C and the lead part to 700 °C. Lead diffuses slowly in the lead part and reacts with the melted lead. b) Performance statistics of solar cells with the
perovskite component of MA,FA,_,Pbl; (x < 0.05) as active layer fabricated by type | (<100 ppm) and type Il Pbl, (<15 ppm), shown in box-and-whisker

Pbl, precipitate

Solution synthesis

plots (center line, average; box limit, standard deviation; whiskers, outliers of 11 devices).

at 150 °C with relative humidity (35 + 1%) in air.?% The time
evolution of 2D GIWAXS data is plotted as a line profile in-
tegration in which the crystallization process can be analyzed
(Figure 2a and Figure S2-S5 (Supporting Information)). We ob-
served that the perovskite phase forms before annealing with un-
reacted perovskite intermediate phases. An additional amount
of water (from 0 to 7000 ppm, Note S1, Supporting Informa-
tion) in the perovskite films consumes orthorhombic complexes
(MA,FA,_,),(Pb;Ig) -2DMSO (space group Cmc2,) (q = 4.7, 5.1,
6.5 nm~!) much faster during the annealing process.3¢8 We
note that 0 ppm only refers to the water content we add to the
Pbl, precursor, which does not mean the actual water content
in the precursor. Furthermore, the reaction time of these com-
plexes during the annealing process decreased from 600 to 50 s
with an increasing amount of water, which causes both the re-
action of the complexes and faster formation of the Pbl, phase
(g9 = 9.0 nm™!) in the perovskite films. Through a detailed analy-
sis of the perovskite intermediate phase (g = 6.5 nm™") using the
Jeziorny equation (Figure 2b and Figure S6, Note S2, and Table
S4 (Supporting Information)), the lower » values extracted from
perovskite films fabricated by Pbl, precursors with higher water
contents indicate that the increasing water content may cause the
heterogeneous dominated nucleation of the perovskite interme-
diate phases as abovementioned.!3*!]

Scanning electron microscopy (SEM) images offer direct
evidence for nucleation. The obtained SEM images confirm the
appearance of heterogeneous-dominated nucleation (Figure 2c).
The increasing water content leads to a competing mechanism
between heterogeneous and homogenous nucleation for per-
ovskite intermediate phases due to the binding competition
between DMSO and H,O. Also, we notice that the heteroge-
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neous dominated nucleation also causes an absence of a Pbl,
phase at the surface of the perovskite layer, which could be detri-
mental given that previous reports have indicated that excess
PbI, aids performance (Figure S7, Supporting Information).4?
The surface area that contributes to the growth of the nucleus is
high in homogeneous nucleation, leading to a higher possibility
for the decomposition of perovskite films to PbI,.[*}l We also
investigated the azimuthal integration of the 2D GIWAXS data
for the PbI, phase (space group P63mc) at ¢ = 17.9 nm™, and
we noted a noticeable decrease in the intensity of the PbI,
texture (Figure 2d and Figure S8 (Supporting Information)).
This finding implies the formation of weaker textures for Pbl,.
This texture could affect the device performance, according to
previous studies.*!] Furthermore, it is essential to note that vary-
ing amounts of water content in Pbl, precursors substantially
influence the morphology of Pbl, films. All Pbl, precursors are
filtered before the preparation of Pbl, films. As water content
increases, we observe that the grain size of films increases,
which might be related to the weaker coordination process
with DMSO (as shown in Figures S9,S10 in the Supporting
Information).

To examine the intrinsic driving force of the immediate con-
sumption of perovskite-related complexes in the perovskite film,
we used the continuous variation method for signifying the
stability constant of the Pbl,-DMSO complex (Figure S11 and
Note S3, Supporting Information).”) The increasing amount
of water in the Pbl, precursor can dramatically decrease the
stability constant of complexes, resulting in a suspension of
Pbl, particles (Figure 2e). This phenomenon suggests that wa-
ter has a lower hydrogen-bond accepting ability than DMF or
DMSO in perovskite intermediate complexes. The decreasing

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Effect of water content in lead iodide precursor on the growth of MA,FA,_,Pbl; (x < 0.05) perovskite films. a) Time evolution of synchrotron-
radiation-based GIWAXS data plotted as radially integrated line profiles of 2D GIWAXS data during the annealing process of perovskite films with different
water contents: 0 ppm water (black frame), 70 ppm water (red frame), 700 ppm water (blue frame), 7000 ppm water (green frame). b) The transformed
ratio of orthorhombic complexes (MA,FA;_,), (Pb;l5)-2DMSO at g = 6.5 nm™~" for static perovskite films after annealing with different water contents
and the initial peak density of this complex at the beginning of annealing process is defined as the zero-fraction transformation point. c) SEM images
for MA,FA,_,Pbl; (x < 0.05) perovskite films with 0 ppm water (black frame), 70 ppm water (red frame), 700 ppm water (blue frame), 7000 ppm water
(green frame), and the scale bar is 200 um. d) Texture changes of the Pbl, phase at g = 18.4 nm~" in perovskite films with different water contents. e)
The stability constant of Pbl, solutions for different amounts of water and the inset photos are Pbl, solution in DMF and DMSO (volume ratio = 9.5:0.5)
with varying amounts of water. f) Schematic diagram of how other water contents in the Pbl, precursor affect the perovskite crystal formation. The gray,
red, blue, and green circles indicate 0, 70, 700, and 7000 ppm water. An increasing amount of water in wet film breaks the coordination bonding between
Pbl, and DMSO, which could cause a heterogeneous dominated nucleation area for the dry perovskite film after the annealing process.

amount of perovskite-related complexes is related to the loss By contrast, increasing water content breaks the coordination
of PbI,-DMSO in the films and causes a fast reaction of bonding between the Pbl,-DMSO complexes owing to a lower

the complexes during the annealing process of the perovskite
films."® As shown in Figure 2f, the coordination bonding of
Pbl,-DMSO complexes is stable when the PbI, film’s water con-
tent is low. This leads to a slower crystallization for the Pbl,
phase, which develops a stronger texture during the annealing
process.
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stability constant. The weaker coordination causes faster crystal-
lization and randomly oriented PbI, phases. The in situ GIWAXS
experiments of annealing PbI, films with different amounts of
water confirm our assumptions (Figure S12, Supporting Infor-
mation). Pseudo-X-ray-diffraction (XRD) results obtained from
2D GIWAXS data demonstrate that, without adding water to the

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Effect of water content in Pbl, precursor on the performance of solar cells. a) The version of MA FA,_,Pbl; (x < 0.05) solar cells with 0,
70, 70, and 7000 ppm water in Pbl, precursors. b) Electron—hole sum mobilities, trap-assistant recombination rates, and bimolecular recombination
rate constants extracted from modeling OPTP and TRPL spectra for different amounts of water in the perovskite layer. c) Simulated J-V curves with
modifying recombination rates subtracted from the perovskite films fabricated by different amounts of water in the Pbl, precursor: 0 (solid black line)
and 7000 (green dashed line). d) Schemes of applied hole-only and electron-only devices for measuring hole and electron mobilities separately obtained
from space-charge limited current measurements. e) Modeled dependence of PCE for solar cells with different electron and hole mobilities extracted
from “drift—diffusion” simulations, suggesting that increasing water contents leads to a decrease in hole mobilities and associated worsening device
performance. f) Schematic indicating increasing scattering rates of holes arising from an increased density of defects deriving from rising water content
in the perovskite films: 0 (gray), 70 ppm (red), 700 ppm (blue), 7000 ppm (green).

Pbl, film, the annealed PbI, film presents the pure phase for-
mation of Pbl,-DMSO (space group, Pnam). Water addition at
70 and 700 ppm to the lead iodide precursors suppresses the
construction of such a phase (Figure S13, Supporting Informa-
tion). Water addition at 7000 ppm even drives Pbl,-DMF (space
group, Pnam) formation, which causes the heterogeneous dom-
inated growth of perovskite films (Figure S7, Supporting Infor-
mation). To validate the general applicability of our assumption
to mainstream perovskite fabrication methods, we conducted
further investigations on the effects of water content in one-
step perovskite fabrication using different solvents by adding the
same amount of DI water in perovskite precursors (DMSO and
N-methyl-2-pyrrolidone). This study targeted world-record effi-
ciency and upscaling fabrication processes (Figure S14, Support-
ing Information). Our findings revealed that similar to the two-
step method, the perovskite intermediate complexes also disap-
pear in the wet perovskite films as water content increases. This
consistency in results across different fabrication methods sup-
ports the validity of our assumption. Finally, weaker perovskite
intermediate complexes result in a more pronounced delta per-
ovskite phase and a diminished face-on perovskite (100) orien-
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tation, potentially influencing charge transfer processes in the
PSCs.

2.3. Effect of Water Content in Pbl, Precursor on the Performance

of Solar Cells

To assess the effects of water content in Pbl,, we fabricated de-
vices with different water contents in Pbl, precursors. Figure 3a
shows that the device performance declines with increasing wa-
ter in the PbI, precursor. Increasing the water concentration in
the PDI, precursor causes a decrease in the average PCE of 18.2%
from the original PCE of 24.0%. By using the anhydrous Pbl,,
we achieved a certified PCE of 24.3% with a small aperture area
and a certified PCE of 22.9% with a large aperture area (Figures
S15,S16, Supporting Information). The certified processes are
similar to recent published results. The detailed device statis-
tics and the external quantum efficiency spectra are shown in
Figures S17,518 (Supporting Information). The stabilized PCE is
one critical evaluation of PSCs, and we achieve a stabilized PCE
of 24.48% with a 400 s maximum-power-point tracking (MPPT)
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scan (Figure S19, Supporting Information). A previous study has
shown that the water content in Pbl, may affect the optoelec-
tronic properties of the Pbl, film. Thus, the optoelectronic prop-
erties of perovskite films made of Pbl, with different water con-
tents must be investigated.

We revealed the charge-carrier dynamics of MA FA,_ PbI,
(% < 0.05) perovskite layers fabricated with different amounts of
water in the PbI, precursor through optical-pump THz-probe
(OPTP) spectroscopy and time-resolved photoluminescence
(TRPL) spectra.**#’] Figure 3b demonstrates clearly that the
optoelectronic properties of the films decline substantially as
the water content in the Pbl, precursor increases. The charge-
carrier sum mobility reduces from 44.84 cm? V=! s7! (0 ppm)
to 39.88 cm? V! s7! (700 ppm), which will worsen the device
performance (Note S4 and Figure S20, Supporting Information).
Meanwhile, we observed a reduced bimolecular recombination
rate constant with the higher water content film (a decrease
from 3.45 x 107! to 2.62 x 107!! 57! cm?) from 0 to 700 ppm
owing to changes in photon recycling effects induced by the mor-
phological changes which will impact light outcoupling (Note
S5, Supporting Information). In addition, TRPL transients de-
rived from the time-correlated single-photon counting (TCSPC)
technique demonstrate more robust trap-assisted charge-carrier
recombination rates in case of higher water contents in the
perovskite films (Figure S21, Supporting Information), which
increases from 1.31 X 10° to 1.83 x 10° s~! (Note S5, Supporting
Information). We found that the high roughness of the perovskite
film with 7000 ppm water yielded an undetectable signal for
the OPTP spectroscopy (Figure S22, Supporting Information);
therefore, the lines in Figure 3b indicate linear extrapolation to
predict the evolution for the highest water-content level.

To quantify the effects of charge-carrier dynamics on device
performance, we use the “drift—diffusion” model through Solar
Cell Capacitance Simulator-One Dimension (SCAPS-1D) to
simulate the efficiency of solar cells.*®! We first assess the
effects of increasing trap-assisted recombination rates related
to higher trap densities and decreasing radiative bimolecular
recombination rates associated with lower photon retention
(Note S7, Supporting Information). Then, by quantifying charge-
carrier and trap densities, we modify the trap densities, radiative
recombination coefficients, and charge-carrier mobilities in the
“drift-diffusion” model (Note S8 and Tables S5-S8, Supporting
Information). The results show a minor reduction in device
performance with increased trap-assisted recombination rates
and decreased bimolecular recombination rates (Figure 3c).
Due to the substantial mismatches between experiment and
simulation results, we propose that a severe reduction of device
performance with increasing water content in the perovskite
may arise from the introduction of imbalanced hole and electron
mobilities, which cannot be directly disentangled by OPTP
spectroscopy owing to its limitation of measuring combined
sum-electron-hole mobilities.*] Also, Solanki et al. reported
that a proper amount of heavy water could boost the device per-
formance using one-step antisolvent methods due to enhanced
charge carrier diffusion lengths and water presenting a different
interaction mechanism than D,0.5% These results motivate us
to figure out the detailed charge-carrier dynamics.

We use space-charge limited current measurements to con-
firm this proposed efficiency loss mechanism to separate the
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hole and electron mobilities (Note S8, Figure S23, and Table S8,
Supporting Information).>*!] Through the application of hole-
only and electron-only architectures for the devices, as shown in
Figure 3d, we indeed find that the hole mobilities decrease from
22.64 to 0.23 cm? V=1 s7! for the fabricated perovskite devices
with an increasing amount of water in Pbl, precursors from 0 to
7000 ppm. In comparison, the electron mobilities increase from
17.95 to 12.59 cm? V~! s71. Furthermore, by simulating the array
among different hole and electron mobilities for device perfor-
mance (Figure 3e and Figure S24 (Supporting Information)), we
demonstrate how the imbalanced hole and electron mobilities in
perovskite films fabricated from PbI, precursors with higher wa-
ter content lead to severe reduction in device performance. Thus,
the lower hole mobility strongly restricts the optoelectronic prop-
erties of the perovskite layer, caused by increased scattering rates
of holes from defects, as evident from the rising trap-related re-
combination rate k, (Figure 3f).’?] The dramatic decrease of hole
mobility might correlate to an absence of a Pbl, phase at the
surface of the perovskite layer (Figure S7, Supporting Informa-
tion) and the weaker Pbl, texture at ¢ = 17.9 nm™' (Figure 2d
and Figure S8 (Supporting Information)). In addition, we em-
ployed thermal admittance spectroscopy (TAS) analysis to quan-
tify the reduction of trap states in perovskite films (Figure S25,
Supporting Information). Our findings consistently demonstrate
amarked increase in the trap density of states, affecting both shal-
low and deep trap states, as a result of the rising water content in
Pbl,. This enhancement in trap density of states within the per-
ovskite materials underscores the critical role of water content in
influencing the electronic properties of the perovskite film.[>*!

2.4. Effects of Water Content on the Operational Stability of Solar
Cells

To assess performance under real-world conditions, evaluating
PSCs’ operational stability under MPPT conditions is critical.
Thus, we explored the effects of water contents in PbI, on the
long-term operational stability of the perovskite solar cells (Figure
4). We aged PSCs fabricated with Pbl, precursors of different
water contents, as shown in Figure 4a—d, with the International
Summit on Organic Photovoltaci Stability (ISOS)-L-2 (1 sun,
55 °C, nitrogen) protocol under MPPT conditions. The PSCs fab-
ricated with more water content in the Pbl, precursor suffered
a much more rapid performance loss within the 390 h opera-
tion. Interestingly, the excess PbI, in the perovskite film causes
all PSCs to show a performance loss at the beginning stage of
MPPT, after which performance remains relatively stable.[’! We
also examine that different water contents in Pbl, do not affect
the intrinsic moisture stability of perovskite films (Figure S26,
Supporting Information).

To accurately evaluate the intrinsic device operational stabil-
ity fabricated by the daily used Pbl, in the lab. We also man-
ufacture PSCs with type I (solution synthesis) and type II PbI,
(high-temperature synthesis) to investigate their intrinsic opera-
tional stability by avoiding temperature effects and age them with
the ISOS-L-1 (1 sun, 25 °C, encapsulation) protocol under MPPT
conditions. Devices fabricated from the type I Pbl, show a 60%
relative efficiency decrease after 350 h of continuous operation
(Figure 4e), while those manufactured from type II Pbl, present
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Figure 4. Effects of water content on the operational stability of solar cells. Operational stability of PSCs with MA,FA,_,Pbl; (x < 0.05) active layers
fabricated with Pbl, precursors containing different water contents, a) 0 ppm, b) 70 ppm, c) 700 ppm, and d) 7000 ppm. All PSCs were recorded under
the ISOS-L-2 protocol by the maximum power point tracking method for encapsulated devices in air and continuous one-sun illumination at ~55 °C.
Operational stability of perovskite solar cells fabricated with e) type | and f) type Il Pbl, under the ISOS-L-1 protocol (maximum power point tracking,
in N, continuous one-sun illumination at ~25 °C). A total of six individual pixels are connected in series for all MPPT measurements.

only about 20% relative performance loss after a 350 h procedure
(Figure 4f). These results highlight that trace water contamina-
tion in the Pbl, precursor not only deteriorates performance but
also worsens the operational stability of photovoltaic devices.

3. Conclusion

Overall, our findings thus reveal that paying close attention to
unintended water contamination in Pbl, precursors is vital to
reliable, high-efficiency device performance and, most impor-
tantly, the operational stability of perovskite-based solar cells.
Anhydrous reagents, solvents, and materials could enhance de-
vice performance. However, a careful analysis from perspectives
of cost-benefit analysis, industrialization potential, and technical
advancements should be conducted before applying different fab-
rication technologies of PSCs. Furthermore, we should develop
potential strategies or alternative approaches to mitigate the cost
increase and make the perovskite preparation more economically
competitive, which could balance the fabrication cost, device per-
formance, and longevity.
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4. Experimental Section

Materials: ~ Patterned Indium Tin Oxide (ITO) glass substrates were
purchased from Yingkou Shangneng Photoelectric Material Co., Ltd.,
China. Fluoride Tin Oxide (FTO) glass substrates (T18VU70, 12-13 Q
O, 10-20% Haze for small area devices, and A22-8A, 8 Q (]!, 11%
Haze for large area devices, respectively) were provided from Asahi,
China. The tin(lV) oxide 15% in H,0O colloidal dispersion was pur-
chased from Alfa Aesar (product number: 44592). Methylammonium
iodide (MAI, anhydrous, product number: MI-0-99-9), formamidinium
iodide (FAI, anhydrous, product number: FI-0-99-9), methylammonium
chloride (MACI, anhydrous, MC-0-99-9) were purchase Greatcellsolar Italy
as the anhydrous level. Lead iodides were purchased from two differ-
ent companies separately. Hellmanex |1l (product number: Z805939-1EA),
DMF (anhydrous, product number: 227056), DMSO (anhydrous, prod-
uct number: 276855), 2-propanol (anhydrous, product number: 278475),
chlorobenzene (CB, anhydrous, product number: 284513), Lithum
bis(trifluoromethanesulfonyl)imide (Li-TFSI) (product number: 544094),
acetonitrile (product number: 2710004), 4-tert-butylpyridine (product
number: 142379), 2,2’,7,7'-Tetrakis[N,N-di (4-methoxyphenyl)amino]-9,9'-
spirobifluorenen (spiro-OMeTAD) (product number: 902500), poly[bis (4-
phenyl) (2,4,6-trimethylphenyl)amine], poly(triaryl amine) (PTAA, product
number: 702471) were purchased from Sigma-Aldrich. Phenyl-C61-butyric
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acid methyl ester (PCBM, product number: 060995) was purchased from
Solenne BV (stop production).

Device Fabrication: FTO or ITO glass substrates were cleaned sequen-
tially through a diluted Hellmanex I1l (2:98 volume ratio in the DI water),
DI water, acetone, isopropanol, and ethanol for 15 min under an ultra-
sonic bath. Then, a diluted SnO, solution (1:4 volume ratio in DI water)
was spin-coated (3000 rpm for 30 s) on oxygen-plasma cleaned substrates
(160 W, 15 min) with a postannealing at 150 °C for 30 min. Next, substrates
were transferred to a nitrogen-filled glove box.

Two-Step Fabrication: 691.5 mg Pbl, was stirred in a mixed
DMF:DMSO (950:50 L) solution at 70 °Cfor 6 h. Then, 0.1, 1, and 10 uL DI
water was added to the Pbl, solution. After that, different Pbl, solutions
were spin-coated at 1500 rpm for 30 s on substrates. Then, substrates
were placed on the hot plate for 30 s, annealing at 70 °C. Next, a mixed
solution was prepared by FAI:MAI:MACI (60:6:6 mg) power dissolved in
1 mL of 2-propanol spin-coated on Pbl, films with a 1500 rpm with a mini-
mum 20 min storage in a nitrogen-filled glove box before annealing. Then,
the obtained films were annealed at 150 °C for 15 min under an air atmo-
sphere (relative humidity with 30-40%). A polytetrafluoroethylene (PTFE)
filter filtered all precursors before use.

One-Step Fabrication: The perovskite solution was prepared by mix-
ing the powders methylammonium bromide (22.4 mg), lead bromide
(73.4 mg), formamidinium iodide (172 mg), and lead iodide (485 mg).
Then, 640 uL DMF and 160 uL DMSO or 80 uL N-methyl-2-pyrrolidone
(NMP) were added to the mixed powders. The obtained mixture was dis-
solved and stirred at 25 °C for 30 min. The perovskite precursor was spin-
coated on ITO/SnO, substrates at 6000 rpm (800 rpm s~') for 30's, and
70 ulL chlorobenzene was rapidly added into the center of the substrates
under a vertical angle and 5 s before ending the spin-coating process, fol-
lowed by 40 min annealing at 100 °C. A PTFE filter filtered all precursors
before use.

The spiro-OMeTAD solution was prepared by mixing 72.3 mg spiro-
OMeTAD, 1 mL CB, 17.5 pL Li-TFSI (520 mg mL’]) in acetonitrile, and
28.8 pL 4-tert-butylpyridine. A PTFE filter filtered the solution before use.
Then, the answer was dynamically spin-coated on top of the perovskite
layer with a speed of 3000 rpm for 30 s. Next, all the devices were stored
inside a desiccator (relative humidity < 10%) in a dark environment for 12
h before the gold evaporation under a high vacuum (<107 Pa) with a rate
of 0.6 As~. Finally, the devices were measured frequently before reaching
the maximum PCE.

Device Characterization: The J-V curves of two-step fabricated solar
cells were tested with a solar simulator (3A class, Enli Tech) under AM 1.5G
(100 mW c¢m~2) illumination with a KG-5 filter standard solar cell (SRC-
2020), and the J-V data were recorded by a digital source meter (Keithley
2407) with 0.1V s~ scan speed for both reverse and forward scans. Metal
masks (aperture area = 0.09506, 1.0036 cm?) were placed onto small and
large area devices, respectively.

The J-V curves of one-step fabricated solar cells were tested using a
Keithley 2611B source meter under the illumination of a class ABA solar
simulator (LS0105, Quantum Design) with a light intensity of 100 m\W
cm™2, which was calibrated with a reference solar cell (KG-5 filter, Fraun-
hofer ISE019-2015). The solar cells were measured with a voltage step of
10 mV and an integration time of 100 ms. The aperture area was limited by
a metal shadow mask (0.079 cm?) to avoid overestimating the photocur-
rent.

GIWAXS:  In situ GIWAXS data were recorded by a Lambda 750k (X-
Spectrum) detector with a pixel size 55 X 55 um?, sample-to-detector dis-
tance = 186.379 mm and with an energy of 11.7 keV at the Deutsches
Elektronen Synchrotron (DESY) at the MiNaXS beamline (P03) of PE-
TRA 1111331 The in situ annealing experiment was executed with a heater
(DHS1100, Anton-Paar) under a relative humidity of (38 + 1)%, which was
ideal for the annealing process during device fabrication.[*% During the
entire 15 min annealing process, 10 frames were captured with a 0.1 s ex-
posure time in the first minute and subsequently 14 frames with a 0.1 s
exposure time per minute. Image processing was done with the Python-
based DPDAK package.l>*! The transformation to g-space, intensity cor-
rections for path attenuation, detector absorption, photon polarization,
and solid angle for detector images were processed by the Matlab-based
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package GIXSGUL[>?] The sample-to-detector distance was first calibrated
with LaBg and CeO, powders and further calibrated by the ITO peaks as
in the previous study.[®3] The GIXSGUI package processed Radial cuts for
pseudo-XRD analysis and azimuthal cuts for orientation analysis.

SEM: A Zeiss Gemini NVision 40 field emission scanning electron
microscope measured the scanning electron images of perovskite films.
A voltage of 3 kV was used with a working distance of 2.8 mm for SEM.
Contrast, brightness, and color were modified via Image].

External Quantum Efficiency (EQE): The EQE spectra were collected
using an EQE system (QE-R 3011, Enli) in DC mode.

Atomic Force Microscopy (AFM): The AFM images were measured by
the MFP-3D, Asylum Research, in tapping mode using conical-shaped tips
with a radius of 7 nm, and the data were processed through Gwyddion.

Maximum Power Point Tracking: The long-term operational stability
was executed under the protocol of ISOS-L-1, the MPPTs of encapsulated
(edge sealing by UV curable resin with a glass cover) perovskite solar cells
fabricated by type | and type Il lead iodide were measured under a so-
lar simulator (ABB class, 94041A, Newport) under AM 1.5 G illumination
(100 W cm™2, 25 °C) with calibrated light intensity by a KG-5 filter stan-
dard solar cell (#1887, Newport calibrated), and the data were collected
for about every 30 min.[3¢]

The long-term operational stability was executed under the protocol of
ISOS-L-2, the MPPTs of encapsulated (edge sealing by UV curable resin
with a glass cover) perovskite solar cells fabricated by the lead iodide pre-
cursors with different amounts of water were measured under solar sim-
ulator with Light-emitting Diode (LED) light sources with an illumination
power of 100 W cm~2 with calibrated light intensity (1 sun, 55 °C) by a
standard silicon solar cell. The data were collected about every 30 min.

Hole-Only and Electron-Only Devices: Hole-only devices were fabri-
cated with the structure of ITO/PTAA/perovskite/PTAA/Au. The 3 mg
PTAA was dissolved in 1 mL toluene solution and was deposited on ITO
substrates at 6000 rpm for 30 s. Then, the substrates were annealed at
100 °C for 10 min. The perovskite layers were fabricated, as mentioned
before. Next, another PTAA layer was fabricated on top of the perovskite
layer with 10 min annealing at 100 °C. Finally, 80 nm gold was deposited
with a rate of 0.6 A s~T under the pressure of 107° Pa.

Electron-only devices were fabricated with
ITO/PCBM/perovskite/PCBM/Ag structure. The 20 mg PCBM was
dissolved in 1 mL CB solution and was deposited on ITO substrates at
2000 rpm for 30's. Then, the substrates were annealed at 90 °C for 10 min.
When substrates cooled down, the perovskite layers were fabricated, as
explained before. Next, another PCBM layer was fabricated on top of the
perovskite layer. Finally, 80 nm silver was deposited with a rate of 0.2 A
s™1 for 1nm, 0.4 A s=1 for 5 nm, and 0.6 A s~! for 74 nm under 1076 Pa
pressure.

OPTP Experimental Setup: OPTP spectroscopy was performed as de-
scribed in a previous publication.[’”] Briefly, the samples were placed in a
vacuum and photoexcited with 400 nm wavelength laser pulses obtained
by frequency doubling the output of amplified, 15 fs pulse duration Ti—
Sapphire system (SpectraPhysics: MaiTai-Ascend-Spitfire) with a Beta Bar-
ium Borate (BBO) crystal. The transmission of the THz probe (generated
with a trilayered, 2 nm W-1.8 nm CoyoFe,0B,0—2 nm Pt spintronic emitter
pumped by an 800 nm wavelength laser pulse obtained from the system
described above) was measured by electro-optic sampling in 1 mm thick
ZnTe (110) crystal, using a gate beam from the same laser system.[>8] The
change in the gate’s polarization was measured with a quarter-wave plate,
polarization-splitting cube, and balanced photodiode detector. The differ-
ential THz transmission was measured by modulating the THz genera-
tion beam and the photoexcitation beam with optical choppers and ac-
quiring the voltage reading from the balanced photodiode detectors with
a custom-made Field Programmable Gate Arrays (FPGA)-based Analog to
Digital Converter (ADC) acquisition board designed to replace the need for
a boxcar integrator and double lock-in amplifier setup used previously.l>°]
The time delays between the gate pulse, the THz generation pulse, and the
photoexcitation (pump) pulse were controlled with optical delay stages.
The pump fluence was adjusted with a neutral density filter wheel to obtain
photoexcitation pulse fluence of 25, 20, 12, 6, and 3 pj cm~2 for respective
decay traces shown in Figure S15 (Supporting Information).
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Absorption Spectrum: The absorption spectrum was measured in a
vacuum using a Fourier Transform Infrared Spectroscopy (FTIR) spec-
trometer (Bruker: Vertex 80v) with a tungsten lamp, CaF, beam splitter,
Si detector, and reflection—transmission attachment in the sample cham-
ber.

Photoluminescence (PL): The steady-state photoluminescence spec-
tra, as well as time-resolved photoluminescence transients, were recorded
by photoexciting the thin films in vacuum with 398 nm wavelength laser
pulses from a diode laser (PicoHarp: LDH-D-C-405 M) and collecting the
photoluminescence with achromatic lenses into a grating spectrometer
(Princeton Instruments: SP-2558). The light reflected from the grating
was directed either onto a silicon-intensified charge-coupled device array
(Princeton Instruments: PI-MAX4) for steady-state PL spectrum measure-
ment or through a slit (for wavelength selection) and onto a single-photon
avalanche diode (SPAD) detector (Micro Photon Device (MPD): PDM se-
ries) for TRPL measurement.

The time-resolved PL was measured with the TCSPC technique. In this
measurement, the thin film samples were excited with an excitation flu-
ence of 0.77 uj cm™2 at a 125 kHz repetition rate, and the PL was directed
onto the SPAD detector, timed by a TCSPC event timer (PicoHarp 300).
The PL decay traces were measured at 805 + 10 nm wavelength (peak of
PL), and data were acquired for a relatively short period of 30 s to minimize
the effect of light-induced defect formation.[0]

Thermal Admittance Spectroscopy: The TAS measurement was carried
out using an electrochemical workstation (Zennium Zahner, Germany)
with a frequency of 1 Hz to 3 MHz, and the test temperature was 25 °C.

Drifi-Diffusion  Simulation: An n—i-p  architecture  with
ITO/SnO, /perovskite/spiro-OMeTAD/gold was simulated through
SCAPS-1D for this study. An AM 1.5G solar spectrum was applied for the
whole simulation. All detailed parameters for simulation are shown in
Tables S4,S5 (Supporting Information). A batch simulation was executed
by modifying the hole (1073 to 10?2 cm? V=1 s™') and electron mobility
(1073 to 102 cm? V=1 s71) of the perovskite materials.

Supporting Information

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