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Many high-performance perovskite solar cells (PSCs) rely heavily on halogenated antisolvent methods,
hampering their potential commercialization. In this work, the industry-compatible dimethyl sulfide
(DMS) solvent, which coordinates strongly with the metal cation, is used in a bathing approach to
investigate the crystallization of triple halide perovskites. The resulting thin films are more uniform
exhibiting preferential crystal growth in the (001) direction (perpendicular to the substrate) and large
grains of 444 4+ 122 nm compared to 421 + 147 nm for the reference films. Moreover, the electron
diffusion length and lifetimes are enhanced from 1 to 3 pm and from 551 to 1050 ns, respectively,
compared to the reference film. The champion solar cell based on our approach exhibits a power
conversion efficiency (PCE) of 20.6%, comparable to the conventional lab-scale counterpart at 21.4%.
Additionally, the long-term stability of our devices shows that 88% (similar to the reference at 93%) of
the initial performance is retained after 60 days at room temperature with 60% relative humidity.

Improvement of the limiting factors including scalable and high-quality film deposition is crucial for the commercial application of perovskite solar cells. Here,
the antisolvent bathing (ASB) method with the high coordination dimethyl sulfide solvent has been explored as a promising candidates due to the efficient
extraction of the precursor solvents lingering in the perovskite film. Using the ASB approach and 5 min annealing at 80 °C, highly crystalline films with an
average grain size of 444 nm are observed. Furthermore, a photovoltaic performance at 20.6% is achieved together with a stability of 88% of the initial PCE, even
after 60 hours of aging under ambient environmental conditions such as room temperature, and 60% relative humidity.

1. Introduction

energies,® solution processability,® optical tunability,*** low
trap-state densities,"* and high defect tolerance.’>'® Such

Metal-halide perovskite materials have attracted much atten- unique characteristics have resulted in perovskite solar cells
tion in optoelectronics,"* due to their excellent absorption,® (PSCs)with power conversion efficiencies (PCE) of >26% (single-
long-range carrier diffusion lengths,®” low exciton binding junction)” and >33.0% (perovskite/silicon tandem),*

respectively.
To further develop large-scale, efficient, and stable photo-

“Institute for Photovoltaics (ipv), University of Stuttgart, Stuttgart, 70569, Germany. voltaic (PV) panels, the realization of high-quality films
E-mail: somayeh.gholipour@ipv.uni-stuttgart.de; mahdi.malekshahi@ipv. ~ featuring improved crystallinity and reduced trap state densi-

uni-stuttgart.de; michael.saliba@ipv.uni-stuttgart.de
*Helmholtz ~Young Investigator ~Group FRONTRUNNER, IEK5-Photovoltaik,
Forschungszentrum Jiilich, Jilich, 52425, Germany

Université de Strasbourg, CNRS, ISIS UMR 7006, 8 allée Gaspard Monge, Strasbourg,

67000, France

ties as well as tailored bandgap for target applications, is highly
sought after.” For example, triple halide perovskites with
a bandgap from 1.6 to 1.7 eV have attracted interest for indoor
or tandem PV'*'%*? a5 they offer high open-circuit voltage (Voc)
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Dripping an antisolvent, e.g. chlorobenzene (CB),>*** ethyl
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film, is a standard technique used to trigger crystallization.*®
Nevertheless, despite the formation of high-quality films, many
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drawbacks arise, such as lack of scalability and reproducibility,
and antisolvent toxicity.

To tackle these challenges, the industrially attractive scalable
antisolvent bathing (ASB) method with diethyl ether (DE) was
demonstrated by Zhou et al.,*® which delivered MAPbI; perov-
skite films with >1 pm grains under adjusted cation/halide
ratios and optimized annealing conditions at 80 °C for
a longer time scale of 120 min, as well as solar cells exhibiting
PCEs as high as 15.2%.*° Moderate PCEs were realized by
further refinement, e.g. a dual ASB with ethyl acetate and DE
(18% PCE),** or a cold antisolvent bath at 0 °C (20% PCE).*>
These reports demonstrate that upon changing the chemistry of
solution and solvents, as well as adjusting the annealing
procedure, it is possible to efficiently remove lingering Pbl,, and
d-phase.*®?** Thus, optimization of the perovskite solution
precursors with the ASB technique is desirable as it is industry-
compatible with roll-to-roll processing of flexible substrates.”®

Recently, we investigated dimethyl sulfide (DMS) as an
industry-compatible coordinating solvent.*® DMS leads to the
efficient extraction of DMSO in the MAI-PbI,-DMSO adduct at
the intermediate phase by strong coordination between the
sulfur-containing functional group of the DMS and the Pb**
cations. In addition, due to the high vapor pressure and high
Gutmann donor number of DMS, 53.7 kPa and 40.0 kcal mol™*
at 20 °C, respectively (compared to CB with 1.17 kPa, and
3.3 kcal mol™, at 20 °C), the intermediate phase can be formed
in a relatively short time during the annealing,* resulting in
a uniform nucleation and enabling controlled crystallization.

Here, using the ASB method with the DMS as coordination
solvent, an optimized composition of mixed cation-anion triple
halide perovskite ie., Csp,FAjsPb((Io.82B0.18)0.97Clo.03)3,
abbreviated as 3-hal, at different annealing temperatures (AT)
with a short time scale of 5 min is studied. The optimized
annealing temperature in the ASB method assists the larger
electron diffusion length, carrier mobility, and lifetime in the
perovskite films, as the crystal growth in the preferred orienta-
tion minimizes the spatial heterogeneity in their electronic
properties.*® Therefore, the efficiency of the target n-i-p planar
PSCs reached 20.6%, which is on par with the reference devices
at 21.4%.

Compact-Sn0O, Perovskite solution

ASB method: DVS, 2 min
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2. Results and discussion

The fabrication procedure of the perovskite films by the ASB
method is illustrated in Fig. 1. The substrate preparation with
the compact SnO, electron-transport layer (ETL) deposition
(step 1) is given in the Experimental section. As shown in step 2,
the semi-transparent perovskite precursor solution is spin-
coated on the ITO/SnO, substrates. The as-coated wet films
are immediately submerged in the DMS solvent for 2 min (step
3). As the precursor solvent is exposed to DMS, the color of the
wet films gradually changes from green to dark brown (see
Fig. 1, S1, and Video S1t).

The films were then placed on a preheated hot plate at
different annealing temperatures, ie., 25 °C (AT25), 40 °C
(AT40), 60 °C (AT60), 80 °C (AT80), and 100 °C (AT100) for 5 min
(step 4). After annealing at the optimized temperature of 80 °C,
relatively dark, nearly black, 3-hal films are observed. It is worth
noting that due to the DMS miscibility with organic solvents,*”
the precursor solvent can be extracted from the wet perovskite
film via inward diffusion, followed by the supersaturation of the
(wet) perovskite precursor film. Therefore, the efficient extrac-
tion of the precursor solvents highly depends on the solvent
selection, which controls the nucleation and growth direction of
the perovskite crystals.

To gain insights into the annealing temperature on the
absorbance and bandgap energies, UV-vis, steady-state photo-
luminescence (PL), and time-resolved photoluminescence
(TRPL) have been carried out on ITO/perovskite films. As shown
in Fig. 2a, b, S2a, and Table S1,} with the increase in annealing
temperature from 25 to 100 °C, the absorbance onset shifts to
the shorter wavelengths and hence larger bandgap energies,
whereas a shift to ~756 nm (1.64 eV) is observed upon
annealing at 80 °C. Similarly, blue shifts occur in steady-state PL
(see Fig. 2¢c and S2at), where the fabricated perovskite films by
ASB and annealed at 80 °C exhibited clear PL emission at nearly
743 nm (1.67 eV) close to the reference films. It is worth
mentioning that the PL and UV-vis spectra are shifting to the
lower wavelength with increased annealing temperature to 80 °
C, consistent with the halide inclusion into the unit cell of the
3D perovskite material.*® The two main factors affecting the

Annealing: 50 °C

Fig.1 Sequential schematic of perovskite film fabrication using an ASB approach, Step 1: deposition of compact SnO, layer on ITO coated glass
substrate, step 2: spin coating of mixed cation—anion perovskite solution on ITO/SnO,, step 3: submerging the substrate in the DMS bath as
antisolvent for 2 min, step 4: crystallization of perovskite film by annealing at optimized temperature of 80 °C, for 5 min.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis, (b) bandgap energies derived from absorbance spectra, (c) steady-state photoluminescence (PL), and (d) time-resolved

photoluminescence (TRPL) spectra for perovskite films annealed at different temperatures, which was fabricated by using DMS as high coor-

dination solvent in the ASB approach.

bandgap value include unit cell volume associated with the
strength of the Pb-halide bonding and octahedral tilting of the
[Pb(Iyg:Brog)s’ ] inorganic  framework.>>*  Therefore,
increasing the annealing temperature to 80 °C, the antibonding
Pb and halogen orbitals are changing, causing a bandgap
blueshift. Moreover, the TRPL analysis accompanied by
extracted average lifetimes from fitting a double-exponential
decay function implies the enhancement of the charge-carrier
dynamics correlated with the perovskite film fabrication by
the ASB method (see Fig. 2d and S2bt). As expected, the AT80
film exhibited a superior lifetime (~1050 ns) compared to the
reference sample (~551 ns) (see Table S21). In addition, the
lifetime is enhanced from 218 to 994 ns, upon temperature
increase from 25 to 60 °C. In contrast, the lifetime of the AT100
films is decreased to 319 ns. Therefore, the AT80 perovskite film
shows a significantly prolonged recombination time of the
generated carriers, enabling a longer diffusion length of charge
carriers.

The effect of the annealing temperature in the ASB method
on the perovskite film crystallinity was studied via X-ray
diffraction (XRD) patterns. As shown in Fig. S3,1 all of the
samples based on the ASB method exhibited the perovskite
main peaks at 14.1° (001), 28.4° (002), and 31.9° (022), which
match well with the corresponding reference perovskite
deposited by dripped antisolvent (methyl acetate) method.** As
we observed in the magnified XRD patterns shown in Fig. 3a
and S4,} the reference thin films exhibit higher intensity for the
diffraction peaks, compared to the ASB ones. In addition, due to
the stress developed during the ASB approach, 3-hal film main

32 | EES Sol, 2025, 1, 30-40

peaks shift to larger diffraction angles compared to the refer-
ence thin film, where the ITO peaks (see Fig. S31) are detected at
the same angle for both approaches. The area ratio of the main
perovskite peak at 14.1° (001) to the PbI, peak at 12.6° for the
AT25, AT40, AT60, AT80, AT100 and reference thin films are
calculated and shown in Fig. 3b. Therefore, by visualizing the
main peak intensity at 14.1° (001) of the ASB-produced layers,
the AT80 films have the highest peak area ratio compared to
AT25, AT40, AT60 and AT100. In addition, the calculated area
ratio of (001) to (011) and (001) to (111) diffraction peaks for
AT80 films are larger than the reference, as shown in Fig. S5b
and d,{ respectively. This is consistent with the better crystal-
linity of AT80 with oriented crystals in the (001) direction
perpendicular to the substrate. Moreover, the AT25 and AT40
films showed the photo-inactive 3-phase at 9°, which is sup-
pressed significantly by increasing the temperature to 100 °C
(see Fig. S3). The XRD spectra shown in Fig. 3a, are related to
the grazing incidence XRD (1-degree angle), which can pene-
trate to the bulk (30-50 nm from the surface). Therefore, the
PblI, still exists in the bulk of perovskite for annealing temper-
atures lower than 80 °C, and the halide cannot be included in
the 3D perovskite at low annealing temperatures. Fig. S6a and
bt show the full and magnified XRD patterns from the surface
of the reference and ASB-produced layers annealed at different
temperatures. As can be seen in Fig. Séc,t the calculated area
ratio of the main perovskite peak at 14.1° (001) to the PbI, peak
at 12.6° for the reference and AT80 thin films have the lowest
values compared to the AT25, AT40, AT60, and AT100. More-
over, the AT80 and AT100 have the same (001) to the PbI, value,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) The magnified XRD pattern for reference sample and 3-hal perovskite films grown on ITO/compact-SnO, substrates with different

annealing temperatures, and (b) (001) to Pbl, peak area ratio at different annealing temperatures.

which shows that complete crystallization starts from 80 °C and
will be the same at 100 °C.

The top SEM image of each perovskite film was obtained to
evaluate the impact of annealing temperature on the film
morphology (Fig. 4a-f). By image analysis, the average grain
sizes were determined to be 236 + 77,274 4+ 74, 305 + 110, 444
+ 122, and 304 + 100 nm for the AT25, AT40, AT60, AT80 and
AT100 perovskite films, respectively (see Fig. S7t for the grain
size distribution). The increase in average grain size with
increasing annealing temperature can be attributed to the
reduced nuclei formation and grain boundaries during opti-
mized temperature. However, upon annealing at 100 °C, the
nucleation is much faster than the growth. Thus, the grain
boundaries and the metallic lead defects are increased accord-
ingly. In the case of the reference film, smaller grain sizes (421 +
147 nm) with bright PbI, crystals at grain boundaries can be

seen in Fig. 4a. The brighter sites at the grain boundaries
represent Pbl, impurities as verified by energy dispersive X-ray
(EDX) analysis (see Fig. S8%), where the average electron
density of Pbl, is higher than the perovskite crystals.*” These
results are compatible with the XRD (surface) findings on the
enhanced (001)/Pbl, peak area ratio for the films fabricated by
the ASB approach (see Fig. Sé6ct). In addition, as shown in
atomic force microscopy (AFM) images (see Fig. S9t), by
increasing the annealing temperature from 25 to 80 °C, the
surface roughness is reduced, as quantified by the root mean
square roughness (Rrms) which decreased from 54.6 to 29.7 nm,
respectively. It is worth mentioning that the perovskite film
Rgums (29.7 nm) for the optimized annealing temperature (80 °C)
of the ASB method is lower than that of the reference film (35.4
nm), which can lead to more uniform HTM film coverage,
inducing reduced leakage currents and non-radiative loses.*

Fig. 4 Top-view SEM images of (a) the reference and the ASB-based perovskite films annealed at (b) 25 °C, (c) 40 °C, (d) 60 °C, (e) 80 °C, and (f)

100 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The influence of larger grain size (see Fig. 4e) and a preferred
crystal orientation (see Fig. 3b) of the ASB approach was
investigated by fabricating planar n-i-p-structured PSCs with an
ITO/Sn0O,/3-hal perovskite/Spiro-OMeTAD/Gold stack as shown
in Fig. 5a, and the corresponding energy band diagram (from
ref. 10) shown in Fig. 5c. By evaluating cross-section SEM
images in Fig. 5b, the thickness of the perovskite film fabricated
by the ASB method and annealed at 80 °C is ~715 nm. The
performance under standard AM1.5G irradiation of perovskite
films produced using the ASB approach (AT80) at 20.6% is
comparable to the reference perovskite films at 21.4% fabri-
cated by dripping methyl acetate (MAc) antisolvent (Fig. 5d).

As shown in Fig. 5d, when the annealing temperature
increased from 25 to 80 °C, an improvement in the device
performance can be demonstrated from 15.9 to 20.6% and it
started to decrease for a higher temperature at 100 °C (to
19.1%). With the 80 °C annealing temperature, the stabilized
power output (SPO) of the champion cell reached 19.4% after
500 s comparable with the dripping antisolvent method at
20.3% (see Fig. 5e). The maximum PCE of the device based on
AT80 perovskite films is achieved with an open-circuit voltage
(Voc) of 1.19 V, short circuit current density (Jsc) of 22.5 mA
em 2 and a fill factor (FF) of 76%. The Jsc values are further
verified by comparing the external quantum efficiency (EQE)
spectra of the reference and AT80 devices (see Fig. S10t). The
AT80 devices show a significantly higher EQE response in the
visible region than the reference devices. Moreover, integrated
Jsc values were found to be 21.34, and 21.36 mA cm 2 for
reference, and AT80 devices, respectively, which are on par with
the values found from the J-V characteristics (see Table 1). For
the AT100 perovskite film-based device, the PCE decreased to
19.1% because of the reduced grain sizes (304 = 100 nm) and
more randomly oriented crystals. The detailed PV parameters of

View Article Online
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each PSC obtained at different annealing temperatures are lis-
ted in Table 1. The PV performance statistics obtained from over
50 different ASB-based solar cells with different annealing
temperatures are presented in Fig. S11.}

The average PCEs of the AT25, AT40, AT60, AT80, and AT100
perovskite film-based PSCs were determined to be 15.1, 16.7,
17.8, 19.9, and 18.6%, respectively. The high average PCE value
for the AT80 (19.9%) perovskite film-based PSCs mainly origi-
nated from the enhanced Jsc and FF from 20.6 to 22.5 mA cm ™2
and from 69 to 75%, while the V¢ exhibited unchanged at
1.17 V compared with that of the lower annealing temperature
of 40 °C. It is worth noticing that the average FF of the AT80
perovskite film is relatively 11% higher than the AT25 PSC with
the ASB method, which is consistent with the larger average
grain size (444 £ 122 nm) verified by top SEM images (Fig. 4e),
and lower surface roughness (29.7 nm) delivered from AFM
images (Fig. S9et), and more oriented crystals in (001) direction
addressed by the XRD patterns (Fig. 3b).

Moreover, the fabricated PSCs were measured for long-term
stability at AM1.5G irradiation, without encapsulation, at 40 °C
and relative humidity (RH) of 35%. The normalized SPO versus
irradiation time for 2000 s is shown in Fig. 6a. After exposure to
these conditions, the AT25, AT40, AT60, AT80, and AT100
perovskite film-based PSCs retained over 61, 71, 83, 88, and 79%
of their initial PCE after 2000 s, respectively. The stability at 80 ©
C annealed device retains 88% of the initial performance
following the reference devices (retaining 92%), which delivers
the efficacy of the ASB method in terms of scalability compared
to the antisolvent approach. In addition, the long-term stability
of PSCs was evaluated under dark conditions, room tempera-
ture, and 60% RH, as shown in Fig. 6b. The reference and AT80
devices showed superior stability which retained 93% and 88%
of the initial PCE after 60 days, respectively. The remaining
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(a) Schematic of the device architecture, (b) cross-section image of PSCs fabricated by ASB annealed at 80 °C, (c) corresponding band

energy diagram of fabricated PSCs, the energy level of gold is higher than the HOMO level of Spiro-OMeTAD, (d) J-V curves, and (e) SPO at 0.90,
0.78, 0.81, 0.84, 0.93, and 0.86 V for reference, AT25, AT40, AT60, AT80, and AT100 thin films of the perovskite solar devices with record

performance.
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Table 1 PV device parameters (PCE, Voc, Jsc. FF) for the reference and devices fabricated by the ASB method with different annealing

temperatures
Annealing temperature Condition PCE (%) Voc (V) Jsc (A em™2) FF (%) SPO (%)
Ref Record 21.4 1.22 22.8 76 20.3
Average 20.58 + 0.5 1.22 £ 0.00 22.2 + 0.7 76+ 1
AT25 Record 15.9 1.12 20.7 68 14.1
Average 15.1 + 0.6 1.17 £+ 0.01 19.3 + 1.3 66 + 3
AT40 Record 17.2 1.19 19.3 75 12.3
Average 16.7 + 0.4 1.17 £ 0.01 20.6 + 1.0 69+ 3
AT60 Record 18.8 1.18 21.8 73 15.3
Average 17.8 + 0.3 1.17 £+ 0.01 21.1 + 0.9 7243
AT80 Record 20.6 1.19 22.5 76 19.4
Average 19.9 + 0.3 1.17 £ 0.01 22.5 + 0.5 7542
AT100 Record 19.1 1.18 21.9 74 17.7
Average 18.6 &+ 0.2 1.17 £ 0.00 21.3 + 0.6 73+1
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Fig. 6 Long-term device stability (a) under AM1.5G solar irradiation, 40 °C, and 35% RH, and (b) under dark conditions, room temperature, and
60% RH, for champion PSCs based on perovskite films annealed at different temperatures in the ASB approach.

PSCs including AT25, AT40, AT60 and AT100 performed with
lower stability under the same condition and retained 48, 60,
50, and 78% of the initial PCE.

2.1 Mechanism of nucleation/growth of perovskite crystals
at different annealing temperatures

To further evaluate the mechanism of the DMS coordination
solvent in the ASB approach and analyze the intermediate
phase, Fourier-transform infrared spectroscopy (FTIR) spectra
of the reference layer and perovskite films with different
annealing temperatures were conducted and shown in Fig. 7a. It
is worth noting that similar to the reference sample, the C-H
stretching peak at 930 cm ™' is absent in the spectra of the
perovskite phase with the ASB method annealed at 80 and 100 °©
C, which confirms the effective extraction of DMSO by DMS
from the perovskite precursor solution.*

© 2025 The Author(s). Published by the Royal Society of Chemistry

Moreover, X-ray photoelectron spectroscopy (XPS) was
carried out to gain a deeper understanding of the electro-
chemical properties of perovskite material by different anneal-
ing temperatures, as shown in Fig. 7b and c. The high purity of
perovskite films obtained by ASB method at AT80 is confirmed
by the reduced peak at 284.7 eV of the C 1s spectrum, as it
belongs to the adventitious carbon C-C or C-H bonding
(Fig. 7b) which is lower, suggesting that fewer defective crystals
are formed. In addition, as shown in Fig. 7c, both Pb 4f core
levels shift towards higher binding energies (138.7 and 143.5
eV) for the samples obtained by the ASB approach compared to
the reference films, indicating decreased electron cloud density
for the Pb atom. These results demonstrate DMS could chemi-
cally interact with perovskite materials via either coordinative
bonding or hydrogen bonding to passivate defects. As shown in
Fig. S12,7 the peak position of the core level of N 1s, and Cs 3d
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(a) FTIR spectra of reference films, and the perovskite layers with different annealing temperatures fabricated by the ASB approach, the

XPS spectra of the (b) C 1s, and (c) Pb 4f regions of reference sample and perovskite layers with different annealing temperature.

shifted to the higher binding energy for the AT40 films.
However, after 60, 80, and 100 °C, the main peaks turned back
to lower binding energy, whereas for the AT80 films, the peaks
are closer to the reference one. In addition, the peak position of
I 3d and Br 3d shifts to higher binding energies for different
annealing temperatures, as well as compared to the reference
sample, suggesting a change in the surface chemical environ-
ment. The electron diffusion length (Lp), electron carrier
mobility (ue), and density of defects (np) Were investigated by
electron-only (ITO/compact-SnO,/perovskite/PC61BM/Au)
devices (see the inset of Fig. 8) and space-charge-limited
current (SCLC) method.

The dark J-V curve can be separated into three different
sections, including the ohmic section (J o« V), the trap-filling
limit section (TFL section, J « V", n > 2), and the trap-free
Child section (J o« V*). The conductivity (¢) and the free

2

electron carrier concentration (n.) can be extracted from the
ohmic section of the -V curve. For the ohmic section and the
TFL region, the switch point between these two sections is
named the trap filling limit voltage (Vigy). All traps are filled at
Vrer, voltage, which defines the 71,p.** In the Child section (J o
V?), the u can be calculated from the Mott-Gurney law.** The
results are shown in Table 2 (see details in ESIT for calculating
Lp, e, and ny,p). Therefore, from Fig. 8, it is found that the free
electron concentration (1) is decreased for the AT80 perovskite
films (8.3 x 10" em™*) compared to the reference device (54 x
10" cm™?), which implies the efficient electron injection to the
adjacent charge transport layers in the highly crystalline perov-
skite layer.

Meanwhile, compared to the reference device, the u. of the
AT80 perovskite film-based devices improved from 0.76 to 3.59
em? V™' s71. Hence, the optimized annealing at 80 °C modifies
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Fig. 8 The J-V graphs of (ITO/compact-SnO,/perovskite/PC61BM/Au) devices for the (a) reference device and with different annealing
temperatures of (b) 25, (c) 40, (d) 60, (e) 80, and (f) 100 °C, with the electron-only structure shown in the inset.
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Table2 The Lp, , Ne, VreL Nirap. and pe values of space-charge-limit current (SCLC) measurement for electron-only devices including reference

and annealed perovskite films at different temperatures

Annealing temperature Lp (pm) c(@'em ™ ne (em™) Ve (V) Nerap (cm ™) te (em®> Vs
Ref 1.04 6.5 x 10°° 54 x 10*° 0.17 0.16 x 10® 0.76
AT25 1.03 5.7 x 107® 19 x 10* 0.36 0.44 x 10*® 1.89
AT40 0.72 6.9 x 10°° 0.01 x 10" 0.37 0.44 x 10'® 0.38
AT60 1.42 7.4 x 1078 58.7 x 10'° 0.34 0.38 x 10'® 0.79
ATS0 3.11 4.9 x 1078 8.3 x 10" 0.36 0.37 x 10*® 3.59
AT100 1.80 4.3 x 107° 6.8 x 10™° 0.35 0.37 x 10*® 3.93

the crystalline quality and enhances the electron carrier
mobility, leading to the performance improvement. It is worth
mentioning that by utilizing the SCLC results, the AT80 devices
delivered an Ly, of 3.11 pm exceeding the reference devices with
an Lp, of 1.04 um. Several studies have shown theoretically,****
and experimentally (Kelvin probe force microscopy)* that the
amorphous regions at grain boundaries of perovskite films can
be beneficial for charge separation and collection,* increasing
PL intensity without degrading carrier lifetime. The long carrier
Ly, of over 3 um associated with the amorphous regions at the
grain boundaries explains the long lifetime and record effi-
ciency achieved in moderate grain sizes (400 nm) of 3-hal
perovskite AT80 thin films. This indicates that optimized
annealing leads to a trap-free pathway for more effectively
transporting photogenerated charge carriers, which is consis-
tent with an improved Jsc. The FF is also enhanced, which can
be ascribed to the formation of high-quality perovskite films as
derived from the XRD patterns (see Fig. 3 and S31), revealing an
improvement of the charge carrier lifetime as deduced from
TRPL measurements (see Fig. 2d).

3. Conclusions

Efficient and stable PSCs were developed by employing a scal-
able ASB approach, using the highly coordinating DMS solvent
and a subsequent annealing process. Through the optimization
of the annealing temperature, large grains of ~444 £ 122 nm
with a reduced photo-inactive 3-phase and PbI, impurity were
produced with a high orientation in (001) direction and uniform
thin films. The efficacy of the DMS for extracting the DMSO
from the perovskite precursor was demonstrated by its strong
coordination of Pb 4f core level and reduced carbon impurities,
which resulted in a more controllable crystallization. Due to the
long charge carrier diffusion length of 3 pm and recombination
lifetime of 1050 ns, as well as the morphological and crystallo-
graphic improvements in the perovskite film, the performance
of the AT80 perovskite films was 20.6% comparable to the
reference devices at 21.4%. This study opens the door to the
scalable fabrication of highly crystalline and stable thin films
for sustainable optoelectronic perovskite devices.

4. Experimental section
4.1 Materials

Dimethyl sulfoxide (DMSO, anhydrous, >99.9%) and N,N-dime-
thylformamide (DMF, anhydrous, 99.8%), methyl acetate (MAc,

© 2025 The Author(s). Published by the Royal Society of Chemistry

anhydrous, 99.5%), dimethyl sulfide (DMS, 99%) chlorobenzene
(CB, 98%), were purchased from Sigma-Aldrich. We used Mucasol
alkaline cleaner solution obtained from Schiilke & Mayr GmbH
for substrate cleaning. The solvents including 2-propanol (IPA),
ethanol, and acetone were obtained from VWR International Ltd.
The perovskite cation precursors including formamidinium
iodide (FAI, 99.99%, trace elements basis) and formamidinium
chloride (FACI, 99.98%, trace elements basis) were purchased
from Greatcellsolar, lead(n) iodide (Pbl,, 99.99%, trace metals
basis), lead () bromide (PbBr,), and lead(u) chloride (PbCl,) were
purchased from TCI. The cesium iodide (CsI, 99.999%, metal
basis) was provided by abcr GmbH. The HTM 2,2/,7,7-tetrakis-
(NV,N-di-4-methoxyphenylamino)-9'-spirobifluorene (Spiro-
OMeTAD) and phenyl-C61-butyric acid methyl ester (PC61BM,
>99.5%) was obtained from Lumtec. The additives for Spiro-
OMeTAD such as lithium bis(trifluoromethanesulfonyl)imide
(Li-TFSI), 4-tertbutylpyridine (TBP), and tris(2-(1H-pyrazol-1-yl)-4-
tert-butylpyridine)-cobalt(m)tris(bis(trifluoromethylsulfonyl)
imide)) (FK209) were purchased from Sigma Aldrich. For the
metallization process, gold nuggets were used.

4.2 Device fabrication

4.2.1 Substrate cleaning. The glass substrates with
patterned indium tin oxide (ITO, 25 x 25 mm, 7 Q sq_ ', 150 nm
thickness by YingKou Shangneng Photoelectric Material Co.,
Ltd) were cleaned sequentially with 2% mucasol solution in
deionized water (DI), acetone, and IPA under ultrasonication for
15 min, respectively. Then, followed by drying of ITO substrates
with nitrogen (N,) blowing. Afterward, the substrates were
cleaned with ultraviolet ozone (UVO) for 15 min to remove the
organic impurities.

4.2.2 Electron transport layer (ETL) deposition. A 50 nm tin
oxide (SnO,) layer was deposited from a precursor solution by
diluting the tin(u) chloride dehydrate (Sigma Aldrich) in dry
ethanol. This solution was deposited by spin-coating on the ITO
substrates with 4000 rpm for 30 s, with a 1000 rpm s~ * ramp and
annealed at 200 °C for 1 hour in ambient air. Then, the SnO,-
coated ITO substrates were treated with UV-ozone for 15 min
and immediately transferred to a glovebox (N, atmosphere) to
pursue the fabrication of perovskite solar devices.

4.2.3 Perovskite precursor solution

4.2.3.1 FAPDI; The FAPDbI; stock solution was prepared by
dissolving FAI powder with a PbI, stock solution (2 M, 10%
excess of Pb) in anhydrous DMF : DMSO 4: 1 (v/v) and diluting
to 1.6 M.
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4.2.3.2 CsIL A CsI stock solution (2 M) was prepared by
dissolving CsI powder in anhydrous DMSO at 150 °C for 10 min.

4.2.3.3 PbBr,. PbBr, solution (2 M), prepared in anhydrous
DMF : DMSO 4:1 (v/v) at 150 °C for 10 min.

4.2.3.4 FAPbBCI; FAPDCI; solution (1.28 M) was prepared by
dissolving FACI powder with a PbCl, stock solution (1.5 M) in
anhydrous DMSO.

The mixed-halide perovskite (3-hal) solution was prepared by
mixing the corresponding volumes of the above FAPbI;, Csl,
PbBr,, and FAPbCI; solutions.

4.2.4 Perovskite layer deposition. The perovskite layer was
deposited by a “two-step process” with anti-solvent bathing
(ASB) accompanied by mild temperature annealing. In the first
step, the perovskite solution was spin-coated on ITO/SnO,
coated substrates at 3000 rpm for 40 s, with a 1000 rpm s "
ramp, and in the second step the substrates were immediately
transferred to a beaker with 20 mL DMS for 2 min, and the
substrates were then annealed at different temperatures
including 25, 40, 60, 80, 100 °C for 5 min. In the case of the
reference cell, the perovskite solution was spin-coated in a one-
step program (4000 rpm for 40 s with a 1000 rpm s~ * ramp),
followed by dripping 200 puL of MAc on the spinning substrate
10 s before the end of the program. The substrates were then
annealed at 100 °C for 10 min which led to a 730 nm thick
perovskite layer measured by profilometry.

4.2.5 Hole transport layer and metal electrode deposition.
After the perovskite annealing, the substrates were cooled for
a few minutes and a 70 mM spiro-OMeTAD solution in chlo-
robenzene was deposited on top of the perovskite layer using
the spin-coating process at 4000 rpm for 30 s with a 1000 rpm
s~ ramp. The spiro-OMeTAD solution was doped with Li-TFSI,
TBP, and FK-209, where the molar ratios of the additives to
spiro-OMeTAD were set to 0.5, 0.03, and 3.3, respectively. The
thickness of HTM was measured at 220 nm. Finally, 100 nm of
gold was thermally evaporated on top of the HTM, with evapo-
ration rates below 1.0 A s™* and at a high vacuum pressure of
10"° mbar. The active area was defined by the overlap of
patterned ITO and the metal electrode, which was 0.16 cm?.

4.3 Characterization

4.3.1 Scanning electron microscope (SEM). The SEM
images were obtained using a Jeol JSM-IT800 SHL scanning
electron microscope operated in high vacuum mode (10~ Pa),
with accelerating voltages of 1 kV for the incident beam.

4.3.2 Ultraviolet-visible-near infrared (UV-vis-NIR) absor-
bance. The UV-vis-NIR spectroscopy of the grown films has been
carried out using a spectrophotometer Lambda1300, PerkinElmer.

4.3.3 Steady-state and time-resolved photoluminescence
spectroscopy (PL and TRPL). PL and TRPL measurements were
conducted using a PicoQuant spectrometer. Steady-state PL
measurements were performed with a 450 W Xenon arc lamp and
time-resolved measurements using a picosecond pulsed diode
laser, with a wavelength of 407 nm and frequency of 200 kHz.

4.3.4 Fourier transform infrared (FTIR). The FTIR of the
perovskite films was measured by an ALPHA II-P from BRUKER
with a spectral range of 350-8000 cm™ ' spectrometer.
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4.3.5 X-ray diffraction (XRD). To investigate the crystalline
phase of the perovskite thin films, the measurement was con-
ducted using an XRD (Empyrean from Malvern PANalytical)
machine with a MediPix3 (PIXcel3D, dCore, iCore) detector.

4.3.6 X-ray photoelectron spectroscopy (XPS). The XPS
analysis was carried out with a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer with a chamber pressure of ~10°
mbar and an Al anode X-ray source (1486 eV radiation). Spot
sizes of 400 um and pass energies of 200.00 eV for wide energy
scans and 50 eV for high-resolution scans were used on drop-
casted VP films, respectively.

4.3.7 Atomic force microscopy (AFM). AFM characteriza-
tion was carried out on a Bruker Dimension Icon operating in
the air by tapping mode (TESPA-V2 tip, k = 42 N m™ ).

4.3.8 PV performance measurements. The performance of
the solar cells was evaluated from current density-voltage (J-V)
characteristics using a programmable Keithley2400 source meter
(scan rate of 0.01 V s~*) under AM 1.5G with solar irradiation of
100 mW cm™ 2 in ambient conditions (SINUS-70, WAVELARBS).
The active area was set to 0.16 cm”. The SCLC measurement was
carried out with a Keithley 2400 (scan rate of 0.005 V s ).

4.3.9 Stability test. The performance of the un-
encapsulated PSCs was evaluated with Keithley2400 source
meter under AM 1.5G solar irradiation in conditions of 40 °C,
with relative humidity (RH) of 35%. Additionally, the long-term
stability of devices was evaluated under dark conditions, room
temperature, and 60% RH.
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