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Solvent Engineering for Scalable and Sustainable
Fabrication of Lead-tin Perovskite Solar Cells
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Norberto Masciocchi, Antonietta Guagliardi, and Maria Antonietta Loi*

Hybrid lead-tin (Pb-Sn) perovskites have emerged as a promising avenue

for photovoltaic technology with reduced toxicity and optimized bandgap.
However, scaling up Pb-Sn perovskite solar cells (PSCs) from laboratory to in-
dustrial scale involves tackling challenges associated with scalable preparation
technologies and the sustainability of solvents, the latter representing by far the
major component of the reactant mixture(s). Here, innovative low-toxic solvent
mixtures are proposed for a two-step blade-coating deposition process of the
active perovskite layer: initially, diethylformamide (DEF) and dimethylsulfoxide
(DMSO) (in 9:1 volume ratio), for processing the inorganic components

of hybrid Pb-Sn perovskites (first step); then, in a second step, isopropanol
(IPA) and 2-methyl-2-butanol (2M2B) (in 3:2 volume ratio) for the organic
components, promoting the diffusion of the organic cation and the full pre-
cursor conversion to perovskite. Employing this low-toxic solvent engineering,
low-D/3D Pb-Sn perovskites are successfully prepared with a champion power
conversion efficiency (PCE) of 14.2%. Additionally, the devices prepared with
both solvent systems retain more than 90% of their initial PCE after storage
under an inert atmosphere for ~2 months. This study represents a significant
step toward understanding industrial viability, where not only efficiency

but also sustainability of the production process should be considered.

bottleneck stage, with a record effi-
ciency of 26.7% for a small area of
0.052 cm?, 24.74% for a larger area of
1.04 cm?, and 22.6% for a minimod-
ule of 20.25 ¢cm?,173] approaching the
Shockley-Queisser limit.[**] Further im-
provements in efficiency are expected
from the development of tandem struc-
tures combining a narrow bandgap bot-
tom cell with a wide(r) bandgap front
cell[®) While at the moment the most
investigated tandem devices use sili-
con for the narrow band gap sub-cell,
in perovskite-perovskite tandems, the
narrow bandgap is achieved by alloy-
ing Pb- and Sn-based perovskites.”#! In
recent years, significant progress has
been made in optimizing the active
layer crystalline quality,l®! charge car-
rier extraction,'% and band alignment of
narrow-bandgap Pb-Sn PSCs.l'!] These
advances allowed all-perovskite tandem
solar cells to achieve a PCE of 28.5%.[1?]

However, at this point of development
of the field, it is becoming important to
give due consideration also to the safety,

1. Introduction

Metal halide PSCs are highly attractive devices, due to their
high performance, solution processability, forecasted printabil-
ity, and low-cost source materials used in the overall process-
ing. Nowadays, the PCE of single-junction PSCs has reached a

environmental, and health issues associated with the process-
ing of these materials, fostering the development of non-harmful
large-scale production.[3] The broader topic of sustainability re-
lated with PSCs has already been identified as a subject of exten-
sive interest in both the academic and industrial environments,
therefore, an investigation that encompasses a wide range of
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device realization aspects, including solvents, deposition meth-
ods, and the longevity of the active material, could prove both
insightful and timely. Given that the solvent constitutes the most
abundant component (in weight and volume) of the solution de-
position process, it is crucial to carefully screen and select differ-
ent options.

To date, the preparation of efficient Pb-Sn PSCs involves
hazardous and environmentally unfriendly solvents, such as
dimethylformamide (DMF). DMF is included in the Candidate
List of Substances of Very High Concern (SVHC) by the Eu-
ropean Chemical Agency' and in Class 2 (solvents of in-
herent toxicity) by the US Food and Drug Administration,!*
thus posing significant obstacles to the scalability of PSCs,
during production, usage, clearance and ultimate disposal of
solvents.

Searching for low-toxicity solvent alternatives, the usage of sev-
eral non-noxious polar aprotic solvents has been reported for lead
or tin perovskite systems, including y-butyrolactone (GBL) and
y-valerolactone (GVL), among others.!'>'8] Additionally, by pro-
cessing the active layer using low toxicity ionic liquid (methylam-
monium acetate), the Pb-Sn perovskite devices reached a cham-
pion PCE of 15.96% when processed by spin coating in air."")
DEFI? is a less explored solvent in the perovskite field; while be-
ing not totally harmless, DEF is five times less toxic than DMF (as
revealed by the lethal dose LD, values, see Table S1, Supporting
Information), and therefore can be used as a more friendly proxy
for DMF.

Efficient Pb-Sn perovskite devices thus far reported are typ-
ically fabricated at the laboratory-scale using the spin coating
method, a method that is far from being compatible with the
manufacturing of large solar modules.[?!??] For large prototypes
and industrial applications, scalable techniques, such as blade
coating, are preferred. Herein, the solvents used play a crucial
role in determining the film thickness, its morphology, and crys-
tallization. Solvent(s) should be selected looking at the solubility
and stability of the precursor materials, along with the possibility
to control the crystallization by temperature and solvent evapora-
tion rate during the coating process.[2>24]

Another significant challenge toward the industrial exploita-
tion of perovskite devices is their environmental stability. The
insertion of large organic cations (LOCs) represents a well-
established methodology for partially stabilizing the perovskite
phase. Such stabilization may be achieved in two ways: i) through
the direct action of LOC halides as passivating agents,!?>-2’]
inserted between perovskite grains and interacting with their
boundaries and their defects, or ii) through the formation of
new species, that are pseudo-perovskite phases, which are less
prone to deterioration.[?#2%1 Both 2D/3D composites and quasi-
2D phases have been used; in the quasi-2D case, the octahedra
slabs are separated by layers of LOCs. The number of octahe-
dra and the optoelectronic properties of quasi-2D perovskites, in
the most fortunate cases, can be tuned by suitably choosing the
concentration and the stereochemical properties of LOCs.3%3!]
We additionally highlight that the crystallization process of low-
dimensional phases is heavily influenced by the solubility of the
large organic salt within the solvent used for all other precursors
(in the so-called one-step deposition procedure) or by the ability
of the LOC to react directly and selectively on the preformed film
(in a two-steps deposition procedure).>"]
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In our previous work, we demonstrated the preparation of
quasi-2D Pb-Sn perovskite composites through a two-step blade
coating process,*?! achieving PSCs with remarkable stability and
efficiency. However, this process still relies on the use of toxic sol-
vents such as DMF. Considering all these factors, even at the lab-
oratory scale when developing material /solvent formulations and
processing protocols suitable for large scale deposition, reducing
the toxicity of the solvents employed is of the highest relevance.

Herein, we present a multifaceted approach addressing the
crucial issues of efficiency, and sustainability of PSCs. Our low-
D/3D Pb-Sn perovskite composites have been successfully fab-
ricated with two-step blade coating based on two different sol-
vent mixtures: DEF/DMSO and (IPA/2M2B). The introduction
of DEF instead of DMF decreases enormously the toxicity of the
process, whereas the IPA/2M2B mixture is here used instead
of the most common IPA; indeed, this mixture shows a larger
penetration depth than IPA alone, increasing the conversion of
the precursor film deposited in the first step into the final per-
ovskite, and, being slightly less polar, also limits the precipitation
of LOC-based low-D materials in the earliest stages of crystalliza-
tion. The champion device prepared by this method exhibits a
record PCE of 14.2%. While this is a slight reduction in perfor-
mance respect to devices prepared using the traditional solvent
mixture (DMF/DMSO; PCE = 16.2%), it is also a demonstra-
tion that DMF can be fully removed from the process, increas-
ing the potential for industrialization of perovskite devices. In-
terestingly, DEF/DMSO-prepared devices maintain ~90% of PCE
when stored in the glovebox for about two months and after 110
h under continuous maximum power point (MPP) tracking with-
out UV-filter.

2. Results and Discussion

2.1. Synthetic Aspects

Motivated by the necessity to address issues of scalable depo-
sition methods and to mitigate the adverse effects of toxic sol-
vents, low-D/3D Pb-Sn perovskite composites were fabricated
using a two-step process??¥] and a low-toxicity solvents blend.
Figure 1a shows a schematic of the two-step blade coating
process and the chemical structures of the different solvents
employed.

The first step consists of depositing an inorganic precursor so-
lution onto a hole transport layer (HTL), by blade-coating at con-
trolled temperature, immediately followed by annealing to form
a (Pby5Sn, )L, film. The second step involves the deposition of
an alcoholic solution of organic salt (FAI, MAI, and PEAI, PEA
= phenylethylammonium) on top of the (Pb,;Sn,s)I, film, ul-
timately resulting in the formation of an active layer of nomi-
nal composition MA ;FA - (Pb, 5S15)(Cly 0410.6)3- The first step
was performed dissolving the precursors in two different solvent
mixtures: DEF/DMSO and the more conventional DMF/DMSO.
The solvent blend employed in the second step was a combina-
tion of 2M2B/IPA for the purpose of optimizing the conversion
process respect to the pure IPA, which we reported earlier.3?!
Table 1 contains the detailed comparison of physical-chemical
parameters of the used solvents; according to the CHEM21 se-
lection guide of classical and less classical solvents,>*l DMF is
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Figure 1. a) Schematic illustration of the two-step blade coating and the molecular structure of the solvents used in this work. b) |-V curves of the best
Pb-Sn devices fabricated using the less-toxic solvent mixture for the first step, combined with IPA or IPA/2M2B for the second step. c) J-V curves of the
best devices fabricated using the DMF-based solvent mixture for the first step, followed by IPA or IPA/2M2B treatment.

classified as being highly hazardous while DEF and the other
solvents are listed as recommended reagents. In addition, it is
important to underline that our scalable deposition strategy uses
less than one-tenth of the solvents and precursors required by
spin coating.

The challenge associated with the development of scalable
solution-process deposition techniques for perovskites lies in
the increased drying time and the elevated solvent content of
the resulting films, making them susceptible to the coffee ring
effect,3%! as well as the Marangoni effect,*”] and heterogeneous
growth dynamics.[*®! DEF, with a boiling point (177 °C) is com-
parable to DMF and DMSO, and can give rise to homogeneous
films when the drying dynamics are optimized. In fact, although
the Lewis basicity of DEF (expressed by the conventional Donor
Number) is higher than that of DMF,!1%! the lower dielectric con-

Table 1. Summary of solvent parameters.

Solvent Hazard®  Scores®  bp9 D.N.9 €9 Ranking
DMF H360 3,9,5 153 26.6 38.2 Hazardous
DEF H335 1,2,5 177 30.9 29.0 Recommended
DMSO none 1,15 189 29.8 47.2 Recommended
IPA H336 4,3,3 82 21.1 19.9 Recommended
2M2B H336 34,3 102 44.0° 5.8 Recommended

% worst hazard code (from https://echa.europa.eu/it/regulations/reach/understan-

ding-reach); )safety, health, and environmental scores, values taken from;[34]
9 normal boiling points in °C, values taken from;[3%] ) donor number in keal mol~7,
values taken from;"61 < relative electric permittivity, ibid.
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stant of DEF results in a slightly weaker coordination ability
against Pb**/Sn** cations,[?%) thus leading to the formation of
homogeneous films with low roughness; similar to findings re-
ported for a single step spin-coating process.?!

The chemical interactions between the two solvents sets and
the perovskite precursors are investigated using FTIR and XRD.
As illustrated in Figures S1 and S2 (Supporting Information),
and summarized in Table S2 (Supporting Information), different
adducts are obtained when using the DEF and DMF based sol-
vent mixtures, without annealing. Briefly, the formation of DEF-
containing complexes (in solution) may occur (Figure S2, Sup-
porting Information), however, the weakly coordinating nature
of DEF may be taken as responsible for the rarity of crystalline
adducts with DEF in the annealed films (Figure S3, Supporting
Information). For more details and a short discussion, please re-
fer to the Supporting Information. Our finding is consistent with
a Cambridge Structural Database search revealing the full ab-
sence of DEF-containing Pb or Sn species, while more than 150
adducts (each) of DMF or DM SO were found (only in part ex-
plained by their ubiquitous use).

Indeed, DEF is highly compatible with the initial step of blade
coating deposition, wherein annealing temperatures are main-
tained at a relatively low level to minimize the occurrence, in
the (Pb,sSnys)I, film, of Sn-based defects. Thereafter, to fa-
cilitate the formation of the perovskite in the second stage of
the process, it is essential to ensure the appropriate diffusion
of the alcoholic solution, which allows a greater volume of
(Pby.5Sn, 5)1, to be available for the reaction with the organic salts,
thereby enhancing its conversion rate.***°) In this context, the co-
solvent 2M2B, which has a higher boiling point, increased steric
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Figure 2. a) Schematic device structure of the fabricated perovskite solar cell. b) Reported efficiency of Pb-Sn PSCs prepared with low-toxicity solvents.
c) J-V curves of the champion devices fabricated using DMF- or DEF-based mixtures with an active area of 1 cm?. d) EQE spectra and integrated
photocurrent of the devices. e) Statistical distribution of PCEs based on an active area of 0.04 cm? for the two different solvent systems. ) Steady-state
power output of the devices (we used a negative scale to graphically distinguish the DMF/DEF traces).

hindrance, and decreased polarity respect to IPA, is useful in
modulating the crystallization kinetics and can induce a greater
degree of conversion.[*"]

2.2. Device Performances

Figure 1 (in panels b and c¢) shows the current density-voltage
(J-V) characteristics of devices fabricated using the DEF- and
DMF-based solvent mixtures, respectively. A p-i-n architec-
ture, which is composed by the ITO/PEDOT: PSS/Pb-Sn per-
ovskite/C60/BCP/Ag (Figure 2a), is utilized. We found that by
employing the IPA/2M2B solvent mixture for the organic salt
solution in the second deposition step, markedly enhanced de-
vice performances are obtained (Tables S3 and S4, Supporting
Information), for both devices prepared with DEF- and DMF-
based mixtures (14.2% and 16.2% PCE, respectively). By con-
trast, the devices realized with pure IPA in the second step ex-
hibited a slightly reduced efficiency, with values not exceeding
12.5% (DEF-mixture) and 15.1% (DMF-mixture) PCE. X-ray pow-
der diffraction (XRD) measurements show that a tiny peak of
the PbI,/Snl, solid solutionl*!l is still present in the films af-
ter conversion utilizing IPA as solvent (Figure S3, Supporting
Information). When a fraction of the IPA is replaced by 2M2B,
the amount of unreacted Pbl,/SnI, vanishes. This indicates that
2M2B, with its higher boiling point (Table 1), facilitates the or-
ganic salts solution diffusion into the preformed (Pb,;Sn,s)I,
scaffold, thereby improving the conversion to the perovskite
phase and consequently device performance. The presence of
an unconverted phase in the final film results in a reduction in
overall performances (Pbl, and Snl, being electrical insulators)

Adv. Energy Mater. 2025, 2405941 2405941 (4 O‘FQ)

and may also accelerate the perovskite degradation. Therefore, all
devices discussed in the following have been prepared by using
IPA/2M2B mixtures in the second step.

As shown in Figure S4 and in Tables S4 (Supporting Informa-
tion), a champion PCE of 14.2%, with V. (0.762 V), Jsc (26.09
mA cm~?), and FF (72%) is obtained with the low-toxicity sol-
vent mixtures, which, to the best of our knowledge, is one of the
highest PCE for Pb-Sn PSCs prepared in scalable and environ-
mentally friendly way (see Figure 2b).[***>-%] For comparison, the
highest PCE of the device prepared using the conventional, toxic
DMF/DMSO mixture was 16.2% (V- =0.810 V, [ = 26.59 mA
cm~2, and FF = 75%,; see Figure S4 and Table S6, Supporting In-
formation). Importantly, devices with larger active areas demon-
strated excellent scalability (see Figure 2c; Table S7, Supporting
Information). DEF- and DMF-based devices with an area of 1 cm?
showed PCE values of 11.5% and 12.3%, respectively. Therefore,
the proposed combination of non-harmful solvents is a viable op-
tion for the scalable fabrication of Pb-Sn perovskite devices. The
slightly lower efficiency of devices made with the less harmful
solvents is compensated by the lower environmental impact of
the device fabrication and, in an industrial perspective, by the
lower cost involved in the disposal of the solvents. A reasonable
explanation of the lower performance is later discussed, based on
GIWAXS analysis.

The external quantum efficiency (EQE) spectra are shown in
Figure 2d. The integrated J¢. values from the EQE spectrum are
nearly equivalent: 24.4 and 25.3 mA ¢cm~2 for DEF- and DMF-
processed devices, respectively. The slightly lower values com-
pared to the measured ], can be attributed to the significantly
weaker light intensity used in our EQE measurements com-
pared to standard AM1.5G conditions. The UV-vis absorption

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. GIWAXS patterns of the perovskite films processed with DMF (left) and DEF (right), recorded using an incident angle of 0.2° (a,c) and 2.0°
(b,d). Maximum measured ‘Q‘-values differ due to slightly different instrumental conditions. Indexed spots are portrayed in Figure S9 (Supporting

Information). Here, Q is the scattering vector, ‘@‘ = Q = 4xsinf/4 and q,, and q, are its components in the equatorial plane and axial direction,

respectively. In the right panels, schematics of the grazing incidence geometry with angles exaggerated to visually appreciate their difference.

spectra reveal that both Pb-Sn perovskite films possess a sim-
ilar absorption edge (1.27eV) (see Figure S5, Supporting In-
formation), which is close to the value reported for similar
composition.l***’] A bandgap of 1.32 ¢V is derived from the in-
flection point of the measured EQE spectra for both films, which
is slightly higher than the value obtained from UV-vis absorp-
tion. Figure 2e and Figure S6 (Supporting Information) demon-
strate the reproducibility of photovoltaic parameters, with aver-
age PCE values from 20 devices prepared using DEF and DMF of
13.6+0.3% and 15.5%=+0.5%, respectively. The average values of
the V,,, J., and FF parameters are 0.75+0.01 V, 71.91%+1.31%,
and 25.56+0.79 mA cm~2 for DEF-, and 0.79+0.01 V, 26.36+0.55
mA cm~2, and 74.82+0.66% for DMF-processed film. We further
investigated the steady-state power output (shown in Figure 2f).
The stabilized PCE of DEF-processed devices is 13.90% with an
output current density of 23.56 mA cm~2 at 0.59 V after contin-
uous illumination for 1000 s. This PCE value is slightly lower
than that of the DMF-processed device, which reached a stabi-
lized PCE of 16.0% at 0.63 V.

2.3. Structural and Morphological Characterization

To gain a deeper insight into the influence of the solvent on
the morphology of blade-coated films, scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM) measure-
ments were performed (images are shown in Figures S7 and
S8, Supporting Information). Therein, film grains look almost
similar. Grain sizes, of ca. 100 nm, which are slightly larger
for the DEF-processed films (see the magnified images in Pan-
els b and d of Figure S7, Supporting Information), in line with
the slightly higher boiling point of DEF, likely limiting super-

Ady. Energy Mater. 2025, 2405941 2405941 (5 0f9)

saturation and generating less nucleation sites and thus retard-
ing crystal growth. In the microscopic images, many triangu-
lar facets appear, which are interpreted as predominant (though
uncommon) [111]-directed morphology (such as octahedra and
cuboctahedral®®), well in line with the preferred alignment of
the crystallites detected in the GIWAXS experiments discussed
later. AFM images (Figure S8, Supporting Information) reveal a
comparable root-mean-square (RMS) surface roughness for both
films (ca. 9 nm), showing that DEF enables the preparation of
high-quality perovskite films, very much like those prepared by
using DMF/DMSO in the first deposition step.[*?]

GIWAXS measurements were performed to differentiate the
structural/textural effects induced by the usage of different sol-
vents. To ensure the closest possible sample quality to the one
used in the real solar cell device, the perovskite films were de-
posited directly on a PEDOT:PSS layer, rather than on the ITO
substrate, given that the crystal growth mechanism and, particu-
larly, the final orientation of the perovskite film are susceptible to
alteration by the characteristics of different surfaces.!*] Figure 3
displays GIWAXS images obtained from perovskite films pre-
pared with DMF and DEF at two distinct grazing incidence an-
gles (0.2° and 2.0°, that is below and above the estimated critical
angle of 0.27°*1), ideally separating scattering from the close-to-
surface and bulk regions within the films.

GIWAXS images of the DMF-processed films, in Figure 3a,b,
show the occurrence of highly textured samples, both character-
ized by two different crystal orientation: (predominantly) along
the [111] direction (as reported for the 3D a-FAPDI, phasel>
and low-D perovskites phases!®!*?]) and, to a minor extent, along
[100] (details are provided in Figure S9, Supporting Information).
Though we have no mechanistic details of how the 3D perovskite
forms from the metal diiodide film in the second blade-coating
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Figure 4. Photoluminescence measurements for perovskite films fabricated with DEF and DMF: a) steady-state photoluminescence; b) time-resolved
photoluminescence. c) Nyquist plots of the devices under dark condition at short-circuit. Insert: under illumination. d) Nyquist plots of devices fabricated
with different solvents under dark condition at open circuit. Insert: under illumination.

step, we note that in a very recent paper Liu et al.l>*} demon-
strated that, for spin coated and thermal annealed films of LOC
doped perovskites, the [111] orientation results from the way low-
n perovskites tend to grow, to larger n values, possibly through
the intermediacy of MACI additive. Notwithstanding the pres-
ence of very low-Q streaks observable in Figure 3a (attributed to
the substrate and to the perovskite surface roughness), no ob-
vious low-D phases are detected on the surface nor deeper in
the film (Figure 3b). In Figure 3c,d, the films processed from
DEF display the same texture observed in panels a-b. More rel-
evant is the presence of two spots at 0.263 and 0.491 A~ in
the low-q, zone (as per Figure S10, Supporting Information),
attributed to oriented crystal phase(s) with a longer periodicity
than a 3D perovskite. The d-spacing associated with the 0.263

A~ peak is approximately d = ZE” =23.9 A, which we found con-

sistent only with the d-spacing given by a 002 reflection of a low-
D phase, characterized by a cell axis of 47.78 A in length (ide-
ally, PEA,(MAq3FA ;)1 (PbgsSng5), (Clo galogg)sns1, With 1 = 6;
see Figure S10, Supporting Information for the explanation of
this estimate). Given the spot intensity observed in the diffraction
data, it can be posited that the low-D phase at n = 6 is relatively
modest in abundance. Moreover, it cannot be excluded that the
perovskite film comprises a mixture of periodic and non-periodic
phases in minor quantities (or with very small crystallites) that
are not discernible with GIWAXS analysis. Finally, a very tiny
signal, located at 0.491 A~! and shown in Figure S10 (Supporting
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Information) could not be properly assigned. Therefore, highly
oriented and crystalline films were achieved using low-toxic sol-
vents, demonstrating the feasibility of our scalable and sustain-
able approach for fabricating Pb-Sn devices. Based on the above
observations, the minor difference observed in solar cells perfor-
mances may be (partially) attributed to the (measurable) occur-
rence of low dimensional phases in this sample, with respect to
the DMF-based one, which may be responsible for the less effec-
tive current transport (lower Jsc).

2.4. Spectroscopic and Functional Characterization and Device
Stability

To gain more insight into the mechanism behind device per-
formance variations determined by the solvents utilized in the
first step, we conducted steady-state photoluminescence (PL) and
time-resolved PL (TRPL) measurements to elucidate the charge
carrier dynamics and trap states density (see Figure 4a,b). The PL
peaks of both films are located at 960 nm, but the film processed
with DEF exhibits a slightly weaker PL intensity, which indicates
enhanced nonradiative losses in the DEF processed sample. The
TRPL curves were fitted using a bi-exponential decay model, and
the resulting parameters are summarized in Table S8 (Support-
ing Information). The DMF-processed film exhibited a slightly
longer PL lifetime (33.85 ns) compared to the DEF film (30.27
ns), again showing a slightly larger non radiative component for

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Stability of non-encapsulated solar cells fabricated with DEF and DMF solvents: a) Operation stability measured at MPP under continuous illu-
mination (AM 1.5 G) (the DMF-processed samples show some fluctuations due to changes of the environment in the glove box during the measurement

period); b) Shelf-life stability measured under N, atmosphere.

the DEF-processed films. In addition, the dark J-V curves of the
two devices show similar diode behavior and leakage current den-
sity (see Figure S11, Supporting Information), again confirming
their similar (electrical) film quality and recombination behavior.

The charge recombination process was further analyzed us-
ing electrochemical impedance spectroscopy (EIS), with the raw
data and model fitting results presented in Figure 4c,d. We com-
pared the Nyquist plots under illumination (AM 1.5 G) and in
the dark, at both open-circuit and short-circuit conditions. As
shown in Figure 4 and detailed in Tables S9 and S10 (Supporting
Information), the impedance spectra were fitted using different
equivalent circuit models. The high-frequency components are
associated with charge transfer and interfacial recombination at
the perovskite/transport layer interfaces, while the low-frequency
components correspond to bulk charge carrier recombination
and ion migration within the perovskite layer.**! Under short-
circuit conditions, illumination reduces the semicircle diameter
in the Nyquist plots, indicating lower transport resistance and im-
proved charge accumulation and extraction. Among the samples,
the DMF-processed device exhibits slightly better charge transfer
and extraction characteristics. At open-circuit conditions, an ad-
ditional arc appears, attributed to ion migration. The DMF-based
sample shows a larger recombination resistance, suggesting re-
duced charge recombination within the perovskite layer, which
is consistent with our previous analysis. All extracted parameter
values are summarized in Tables S9 and S10 (Supporting Infor-
mation). Notably, both curves shown in Figure 4 for the DMF-
and DEF-processed devices are similar and can be fitted with the
same equivalent circuit model, providing further evidence that
both solvents result in comparable film quality when using blade
coating.

Finally, we also investigated the long-term stability of the pre-
pared solar cells. We first tracked the operational stability of the
devices in an inert atmosphere. The devices (without encapsu-
lation) were measured at the MPP under one sun illumination
(AM 1.5 G) without any UV-filter. As illustrated in Figure 5a, the
DEF solvent-processed device retains ~90% of its initial PCE af-
ter 110 h, while the DMF-processed device shows no significant
degradation after 70 h, indicating very similar stability behavior
for the two solvents. Fluctuations in MPP are likely due to de-
fect healing induced by serendipitous oxygen exposure.l>>! A phe-
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nomenological data analysis, which aims at recovering kinetic as-
pects of these fluctuations, is proposed in Figure S12 (Supporting
Information).

Thermal stability is also reported in the supporting informa-
tion. In addition, the shelflifetime was evaluated under dark con-
ditions in an N,-purged glovebox, as shown in Figure 5b. Both
devices-maintained ca. 91% of their initial PCE, the very small
difference (if any at all) being possibly attributed to the presence
of minor amounts of low-D crystalline phase, known to stabilize
the active layer over time. In summary, we successfully fabricated
Pb-Sn devices using low-toxicity solvents and scalable process-
ing techniques. We believe these devices display slightly lower
PCE because of the increased portion of low dimensional phases
detected by the GIWAXS investigation. Low dimensional phases
are indeed well known to hinder charge transport and can be at
the origin of the lower current displayed by the devices utilizing
DEF in the first step. The second step, carried out with differ-
ent solvent blends (pure IPA and IPA:2M2B), led to variations
in performance, which can be attributed to two distinct phenom-
ena yielding the same final effect. The higher boiling point of
2M2B prolongs the reaction time between the precursors during
the second step, enhancing the conversion of Pb,sSn,;I, to the
perovskite phase.

3. Conclusion

In this work, efficient low-D/3D Pb-Sn PSCs have been success-
fully prepared through the fabrication with scalable two-step de-
position methods based on the low-toxicity DEF solvent substi-
tuting the noxious DMF one in the first deposition step. Addi-
tionally, we found that a new combination of protic solvents, and
the IPA/2M2B mixture, in the second stage favors the full con-
version of the Pbl,/Snl, film into the sought perovskite. These
perovskite films display high uniformity, high crystallinity, low
trap states, and efficient charge carrier transport characteristics.
The blade-coating deposition process enabled the attainment of a
high PCE, 14.2%, using (mixtures of) low-toxic solvents, thereby
demonstrating the effectiveness of this low-toxic deposition ap-
proach. Additionally, the prepared devices maintain over 90% of
the initial PCE upon storage in inert conditions and in the dark

© 2025 The Author(s). Advanced Energy Materials published by Wiley-VCH GmbH
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for ~2 months, or even after continuous MPP tracking under illu-
mination for 110 h. While the devices fabricated with DMF show
2% higher efficiency, we believe that in the long run efficiency
shall not be the only relevant parameter determining the foresee-
able success of a technology, but other factors as the variability
of the materials involved, the environmental impact of the device
fabrication and its scalability will play a major role.

4. Experimental Section

Materials:  poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT: PSS (Al 4083)) was purchased form Heraeus. Formamidinium
iodide (FAI, >98%), methylammonium iodide (MAI, >98%), phenethy-
lammonium iodide (PEAI, >98%), methylamine chloride (MACI, >98%),
bathocuproine (BCP, >99%), N, N-Diethylformamide (DEF, >99.0%)
were purchased from TCl EUROPE N. V. Dimethyl sulfoxide (DMSO,
99.8%) and N, N-dimethylformamide (DMF, 99.8%) were acquired from
Alfa Aesar. Tin (Il) iodide (Snl,, 99.99%), Lead (Il) iodide (Pbl,, 99.99%),
Tin (1) Fluoride (SnF,, 99%), fullerene (Cgq, 99.9%), isopropyl alcohol
(IPA, 99.7%), and 2-methyl-2-butanol (2M2B, 99%) were obtained from
Sigma-Aldrich.

Perovskite Film Deposition: The inorganic precursor solution was pre-
pared by mixing 0.125 mmol of Pbl,, 0.125 mmol of Snl,, and 0.0125
mmol of SnF, in 0.5 mL DEF/DMSO (DEF: DMSO = 9:1) for low-toxic
system or 0.5 mL DMF/DMSO (DMF: DMSO = 9:1) for the reference sys-
tem. The organic salts precursor solution was prepared by mixing 0.16
mmol of FAI, 0.04 mmol of MAI, 0.025 mmol of PEAI, and 0.03 mmol of
MACI in 0.5 mL of IPA/2M2B (IPA:2M2B = 3:2). All solutions were stirred
overnight at room temperature and then filtered with 0.22 um PTFE filter
before use. The inorganic film of (PbysSngs)l, formulation was first de-
posited by blade coating in N,-filled glovebox (O, < 0.1, H,0 < 0.1 ppm).
The blade coating height, temperature, and speed were set to 900 pm, 50
°C, and 20 mm s, respectively. The films were immediately annealed at
50 °C for 10 min. After cooling, the organic solution was deposited on the
inorganic film at 50 °C by a second blade coating process with same pa-
rameters as the first step, and followed by thermal annealing at 100 °C for
10 min.

Device Fabrication: Patterned ITO substrates (30 X 30 mm?) as bot-
tom electrodes were first cleaned and dried for use. Before depositing the
PEDOT:PSS layer, ITO glasses were treated in a UV-O3; chamber for 30
min. The HTL of PEDOT:PSS was fabricated by spin coating (at 3000 rpm
for 60 s) and subsequent annealing (at 140 °C for 20 min) in air. At this
stage, the substrates were transferred into the glovebox to deposit the per-
ovskite films. The active layer of Pb-Sn perovskite films was fabricated with
a two-step blade coating as previously described. After that, the electron
transport layers of Cgy (30 nm)/BCP (6 nm) were thermally evaporated
under a vacuum of 1077 mbar. Finally, the top electrode of Ag (100 nm)
was deposited to form a completed device.

Characterization: The )-V curves of the perovskite solar cells were mea-
sured using a Keithley 2400 source meter under AM 1.5 G solar illumina-
tion in N,-filled gloveboxes, with a scan rate of 100 mV s~1 and a pre-
bias stabilization time of 2 s; calibration of the light intensity was done
by a standard Si-based reference cell. The dark J-V curves of the devices
were measured with the same procedure under dark conditions. The oper-
ational stability was determined with the same equipment and light source
without any filter. A shadow mask with an active area of 0.04 cm? was
used. The EQE and integrated current curves were measured by a home-
built setup, with the photon flux calibrated by a set of optical power detec-
tors (Newport: Models 818-SL and 818-IR). The impedance spectroscopy
measurements were carried out at frequency from 0.1 to 10° Hz under
dark/illumination and open circuit/short circuit condition.

SEM images of the perovskite surface were recorded with NovaNano
SEM 650 with an acceleration voltage of 10 kV. AFM images were col-
lected using a Bruker Multimode height microscope with ScanAsyst mode
with a 512 points-per-line resolution. XRD patterns were measured on an
X-ray powder diffractometer (D8 Advance, Bruker) with Cu Ka radiation
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and Lynxeye detector in air without any encapsulation. GIWAXS data were
collected using a MINA X-ray scattering instrument equipped with a Cu ro-
tating anode source (4,5 = 1.5418 A), with the incident angle set at 0.2°
and 2° to investigate the surface and the bulk of the perovskite films, re-
spectively. FTIR spectra were performed using a Shimadzu IRTracer100 in
transmission mode. UV-vis absorbance spectra of the films were recorded
with a Shimatzu UV—vis—NIR spectrophotometer (UV 3600) in transmis-
sion mode. Steady-state and time-resolved photoluminescence spectra
(PL) measurements were obtained by exciting the samples with the second
harmonic (400 nm) of a mode-locked Ti:sapphire laser (Mira 900, Coher-
ent), and a pulse picker was used to reduce the laser repetition rate of 76
MH?z. PL was collected in transmission geometry using a pair of achro-
matic doublets and a 435 nm long pass filter. Steady-state PL was mea-
sured using an Andor iDus 2.2 um camera, and time-resolved PL using a
Hamamatsu STstreak camera in single sweep mode.

Supporting Information

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