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Metal halide perovskites are set to revolutionise photovoltaic energy harvesting owing to an unmatched
combination of high efficiency and low fabrication costs. However, to improve the sustainability of this
technology, replacing lead with less toxic tin is highly desired. Tin halide perovskites are approaching
15% in power conversion efficiency (PCE), mainly employing PEDOT:PSS as a hole-selective layer.
Unfortunately, PEDOT:PSS is processed from an aqueous solution, which is hardly compatible with the
strict anoxic requirements for processing tin halide perovskites due to tin’s instability to oxidation. Here,

Received 19th July 2022, we present a water-free PEDOT formulation for developing tin-based lead-free perovskite solar cells.

Accepted 11th October 2022 We show that the main difference between the PCE of devices made from aqueous and water-free
PEDOT is due to the marked hydrophobicity of the latter, which complicates the perovskite deposition.

By modifying the surface of water-free PEDOT with a thin Al,Os interlayer, we could achieve good
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Introduction

Halide perovskite photovoltaics (PV) are the frontrunner tech-
nology to revolutionise the role of PV in energy production for
the next decades." The high performance, along with an
unprecedented versatility regarding the processing and the
properties of the material make halide perovskite PV a strong
candidate for all possible futuristic PV applications: from high-
efficiency tandem solar cells with silicon PV> to building-
integrated photovoltaics (BIPV)® or even flexible, stretchable
and wearable PV." It is essential to consider the stability limit of
perovskite PV,> which poses concerns over its application for
power generation units in the kW (microgrid and residential) -
MW (commercial, industrial, and utility) scale or for BIPV,
which is much less critical for application in IoT or consumer
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perovskite morphology that enabled perovskite solar cells with a PCE of 7.5%.

electronics, where the lifetime required is lower than 30 years.
Hence, the sustainability of the technology is a matter of debate,
especially considering the end-of-life of perovskite solar cells. In
addition, the presence of lead in the crystalline structure of the
perovskite itself is a severe problem which deserves all the
efforts of the R&D community to be tackled. Lead is among
the ten most toxic species as listed by World Health Organiza-
tion (WHO),® mainly due to its calcium-mimicking activity in
the human metabolism and its enhanced negative effect on the
brain development of infants. The main approaches to
tackle this lead issue are introducing lead-sequestering layers
into the device design’ and developing lead-free perovskite
compositions.>® The latter would be a much more resolutive
solution, and tin has been identified as the most promising
alternative to lead. Tin and lead are in the same group of the
periodic table and share many similar physicochemical proper-
ties. For instance, the ionic radius and the presence of an ns*
lone pair in the +2-oxidation state are crucial in defining the
crystal structure and optoelectronic properties of the halide
perovskites. Mixed-tin and lead-free perovskite solar cells sur-
passed 23%"° and 14% PCE."" The main difference between tin
and lead is the higher relative instability of the +4-oxidation
state for tin, which is oxidised by air or even by mildly oxidising
solvents.'>'® This fact has a tremendous impact on the defect
chemistry of tin perovskites and renders extremely more chal-
lenging the synthesis of high-quality tin halide perovskites.

In our previous work, we tackled the oxidation of tin from
dimethyl sulfoxide (DMSO) by proposing a set of alternative
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solvents.'* Here, we focus on another part of the device which
poses concerns regarding its compatibility with tin perovskite,
the hole selective layer (HSL).

To date, all the most efficient tin halide perovskite solar cells
comprise PEDOT:PSS as a hole selective layer.®'" This fact may
seem counterintuitive since this material has been soon dis-
carded from lead perovskite solar cells due to its poor interface
properties and stability issues. The fundamental reason behind
the success of PEDOT:PSS in tin perovskites is still unknown. A
hypothesis is that its shallower valence band compared to
alternative HSLs favours a better energy alignment with the
tin perovskites valence band. Nonetheless, the fact that PED-
OT:PSS is processed from an aqueous solution could be a
problem in future large-scale production, for instance in roll-
to-roll or sheet-to-sheet production lines, where the presence of
water is not compatible with the strong anoxic requirements for
the production of tin perovskites.

The development of water-free PEDOT formulations is a
topic of industrial interest, and some alternatives are commer-
cially available. Moreover, the adoption of water-free PEDOT
contacts has been demonstrated feasible in lead halide perovs-
kite solar cells, with a positive effect on the stability of
devices."® This work demonstrates the possibility of adopting
a water-free PEDOT formulation in lead-free tin perovskite solar
cells. We show how to tune the surface energy of the water-free
PEDOT to allow the formation of a high-quality perovskite film
over macroscopic areas. We show a careful perovskite optimisa-
tion to achieve a PCE of 7.5% for DMSO-free tin perovskite
solar cells.

Results

The most evident difference when moving from standard aqu-
eous PEDOT:PSS to water-free PEDOT composition is the
change of the surface polarity from hydrophilic to hydrophobic.
This fact strongly impacts the substrate properties of the
PEDOT layer for perovskite growth. From a practical stand-
point, the perovskite solution has difficulty spreading over the
whole substrate during spin-coating (exacerbated in dynamical
dispensing). Nonetheless, good coverage can be reproducibly
achieved with some care in distributing the solution before
starting the spin ramp. However, in this case, we also observed
an inferior morphology at the nanoscale. In Fig. 1a, we show
the scanning electron microscopy (SEM) top view micrograph
of the FASnI; (FA: formamidinium) film deposited from N,N-
diethylformamide:N,N’-dimethylpropyleneurea  (DEF:DMPU)
with toluene as antisolvent, as we optimised on aqueous
PEDOT:PSS in our previous work."* The grains were tiny
(<100 nm) with a poorly defined shape, pointing to a poor
crystallinity of the material. Moreover, small pinholes were
present with micron-scale spacing among them. By enlarging
the view, we could also observe aggregates with poor electrical
contact with the substrates (the strong white colour is attrib-
uted to electron accumulation during the SEM measurement).
This is substantially different from what we achieved on
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Fig.1 The role of antisolvent on FASnlz morphology. Top-view SEM
micrographs at 50k (top) and 10k (down) magnification of FASnl3z thin films
deposited on water-free PEDOT formulation by employing (a) toluene
(Tol) and (b) DEE as antisolvent.

aqueous PEDOT, where a typical perovskite morphology with
200-300 nm diameter spherical grains was obtained. Interest-
ingly, the quality of the perovskite film could be tuned by
selecting a different antisolvent. We got an excellent perovskite
morphology by employing diethyl ether (DEE), as shown in
Fig. 1b. Unfortunately, in this case, by enlarging the view, we
could observe the appearance of pinholes with a 1-10 micron-
scale spacing and few aggregates, showing some criticalities yet
to be solved.

When looking at the film on the cm scale, the one processed
from DEE on water-free PEDOT presented many macroscopic
pinholes, as shown in the back-illuminated picture in Fig. 2a.
We anticipated that the presence of such pinholes in
many cases would lead to not working devices. In our experi-
ence, the presence of macroscopic pinholes in the perovskite
films is usually observed when depositing the perovskite on
poorly wetting substrates, such as poly[bis(4-phenyl)(2,5,6-
trimethylphenyl)amine (PTAA).'® Thus, we introduced a thin
Al,O; nanoparticles interlayer to modify the wettability of the
water-free PEDOT, as shown for other polymeric hole selective
layers.'” Despite being an insulator, Al,O; has found applica-
tion in perovskite PV as an interlayer;'® nonetheless, we aimed
at introducing the smallest amount to modify the wetting
properties of PEDOT while not raising eventual barriers to
charge transport. By spin-coating a 1:50 (vol:vol) diluted
Al,O; dispersion in an ethanol solution, we substantially
improved the wettability of the water-free PEDOT for the
perovskite solution. In Fig. 2, we characterised the variation
of the contact angle of the perovskite solution deposited on top
of different substrates. Noteworthy, when moving from aqu-
eous (Fig. 2¢) to water-free PEDOT (Fig. 2d), the contact angle
increased from 32.6° (excellent wettability) to 106° (low wett-
ability). The introduction of a thin Al,O; (contact angle of 17.5°
per se) on top of the water-free PEDOT reduced the contact
angle down to 61.8° (decent wettability), allowing easy proces-
sing of the perovskite film (Fig. 2e and f). Confirming our
hypothesis, the improvement of the wettability upon Al,O;

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The role of Al,Os in the improvement of large-area uniformity of
perovskite films. Retro-illuminated photographs of a substrate comprising
four different ~0.17 cm? area FASnls solar cells adopting (a) water-free
PEDOT and (b) water-free PEDOT/ALLO3 as the substrate for perovskite
growth. Contact angle measurements of a perovskite solution drop on
(c) PEDOT:PSS (d) water-free PEDOT (e) Al,Os nanoparticles film and
(f) water-free PEDOT with thin AlLOs nanoparticles film substrates.
() Top-view SEM micrographs at 50k (left) and 10k (right) magnification
of FASnls thin film deposited on water-free PEDOT/Al,O3 employing DEE
as antisolvent. (h) Cross-sectional SEM micrograph of the glass/ITO/water-
free PEDOT/AL,O3/FASnls stack.

introduction allowed easier processing of the perovskite film on
top of the water-free PEDOT. It ultimately resulted in the complete
removal of the microscopic pinholes, as shown in Fig. 2b.

Notably, the Al,O; interface modification enormously
improved the nanoscale appearance of the perovskite films,
showing a good morphology over a micron-scale with no pin-
holes or aggregates from the SEM top view of the FASnI; film
deposited on the PEDOT/Al,O; substrate, as we show in Fig. 2g.
The cross-section of the stack highlights a thickness of around
200 nm for the perovskite layer, and no voids at the PEDOT/
perovskite interface with the Al,O; interlayer can be observed as
thin (<50 nm) and discontinuous (Fig. 2h).

The interfacing of metal oxides and halide perovskites is a
well-known source of degradation. Metal oxides trigger

© 2022 The Author(s). Published by the Royal Society of Chemistry
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chemical reactions involving halides or amines, including
acid-base or redox chemistry.'*! In the case of tin perovskites,
the instability towards metal oxides could be exacerbated by the
possibility of oxidising Sn**. Zhidkov et al. reported the oxida-
tion of Sn following thermal degradation of ITO/MASnI; stacks
(where ITO is indium tin oxide).?* More recently, Chen et al.
reported evidence of severe oxidation of FASnI; when in contact
with NiO.>* To verify the suitability of Al,O; as a contact
material for tin halide perovskites, we conducted a thermal
stress experiment of FASnI;/metal oxide powder mixtures char-
acterised by photoluminescence (PL) spectroscopy. We opted
for NiO as the control material, following the work of Chen.
Interestingly, the interfacing of FASnl; and NiO powders
resulted in an increasing blueshift of the PL, which also
broadened the emission feature upon prolonged thermal
stress, as shown in Fig. 3a. As repeatedly reported, the blue
shift of PL is a strong indication of oxidation of tin perovskites
(with the Burstein-Moss effect due to doping or lattice distor-
tion being the central hypothesis).>*>® Thus, our observation
confirms the oxidative degradation of FASnI; in contact with
NiO. We did not observe any PL blueshift when we conducted
the same experiment on FASnI;/Al,0; powder mixtures. For
clarity, a slight decrease in the PL intensity was observed (see
the background variation in Fig. 3b), suggesting that the
thermal stress introduces defects into the perovskite powders
but not through an oxidative mechanism. The difference
between Al,O; and NiO could be rationalised by invoking the
different defect chemistries of the two metal oxides: NiO p-type
conductivity arises from oxidising Ni*" states compensating

Vy;. 77 At the same time, Al,O; cannot accommodate oxidation
states different from AI’** and O®> . To a similar conclusion
arrived Baranwal et al. measuring the conductivity of tin
perovskite thin films growth on top of other metal oxides and
attributing to Al,O; the least oxidising activity.®

The control over the morphology of the perovskite films has
been the most critical strategy for improving the PCE of
perovskite PV.?° Based on the films studied in this work, we
expected to observe a strong correlation between the solar cells’
morphology and PV performances. In Fig. 4a; “Tol” (black
curve) identifies the perovskite layer processed with toluene
as antisolvent (morphology in Fig. 1a), “DEE” (red curve)
identifies the perovskite layer processed with DEE as antisol-
vent (morphology in Fig. 1b), “Al,05” (blue curve) identifies the
perovskite layer processed with DEE as antisolvent and Al,O; as
interlayer (morphology in Fig. 2g). The solar cells with FASnI;
processed with toluene as antisolvent barely showed PV activity
with a short-circuit current (Jsc) of 9.9 mA cm 2 The open-
circuit voltage (Voc) was extremely low (126 mV) and the
current-voltage (J-V) curve was a straight line. This result can
be explained by the significant presence of pinholes at the
nanoscale, strongly reducing the shunt resistance. Interest-
ingly, the solar cells processed by DEE without Al,O; were
much more efficient, with a Jsc of 16.2 mA cm 2, a V¢ of
348 mV and an FF of 62%. Removing the macroscopic pinholes
(shown in Fig. 2a) with the Al,O; interlayer further improved
the device performance, with a Jsc of 17.2 mA em ™2, a Ve of

Mater. Adv., 2022, 3, 9083-9089 | 9085
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Fig. 3 Stability of AlbOs/FASnIs interface. (a) PL evolution of a FASnIs/NiO powders mixture as prepared and after heating for 55 hours at 100 °C. It is
possible to observe a blue shift of the PL, as usually observed when tin perovskites undergo oxidation. (b) PL evolution of a FASnIs/Al,O3 powders mixture
as prepared and after heating for 55 hours at 100 °C. In this case, the PL peak remains stable.
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Fig. 4 Enabling FASnIs solar cells by antisolvent selection and Al,Os interlayer and EDAI, improves reproducibility and performance. (a) The best J-V
curves under simulated AM 1.5 G measured for FASnlz-based solar cells with Tol, DEE, Al,Oz and EDAI, conditions. Both forward (solid lines) and reverse
(dot lines) measurements are indicated. (b) Dark J-V curves for DEE, Al,Oz and EDAI, solar cells, showing a substantial reduction in the leakage current
(the current density at 0 V). (c) IPCE and Integrated Jsc for DEE, Al,Os and EDAI; solar cells. (d) Statistical distribution of PCE for the different devices
discussed in this work.

443 mV and a fill factor (FF) of 67%, with a PCE above 5% the pinholes increased the shunt resistance by at least one
(Table 1). By analysing the dark -V curves for the devices with order of magnitude. In Fig. 4b, the leakage current for the
and without the Al,O; interlayer, we confirmed that removing Al,O; device was one order of magnitude lower. The incident

9086 | Mater. Adv, 2022, 3, 9083-9089 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The PV parameters of the champion devices based on
different conditions

Integrated Jsc Jsc Voc FF PCE
Conditions  (mA cm™?) (mAem™)  (mv) (%) (%)
Tol — 9.9 126 30 0.4
DEE 16.9 16.2 348 62 3.5
ALO; 17.5 17.5 443 67 5.3
EDAI, 19.8 20.2 535 69 7.5

photon-to-electron conversion efficiency (IPCE) shows that the
introduction of the Al,O; interlayer changed the spectral
response of the device, worsening in the UV and blue region
(below 500 nm) but improving it at larger wavelengths (Fig. 4c).
In Fig. S3 (ESIt) we report the energy diagram for the devices
with Al,O;. Due to its insulating nature Al,O; should hinder the
charge extraction, but the FF approaching 70% shows that this
is not the case. Our observation is in line with previous reports
where insulating materials, including metal oxides (Al,05*° or
MgO?') or polymers (e.g. PMMA®?) are introduced between the
perovskite and the selective contacts to passivate the defects,
improve the morphology or enhance the stability. Depending
on the thickness and structure of such insulating layers the
charge is expected to be extracted via tunnelling or pinholes. In
our case, the Al,O; layer is a nanoparticles film, and the charge
reasonably flows through the pinholes.

An efficiency above 5% for an undoped FASnI; perovskite
solar cell is close to the state of the art for the field. However,
years of extensive efforts towards additive engineering enabled
a PCE of over 14% for tin perovskite solar cells, even from the
oxidising DMSO solvent. Unfortunately, as our previous work®
discussed, the doping strategies developed from DMSO-based
perovskite precursor solutions might not apply to our case. For
instance, when introducing SnF,,**”° we obtained material
with no detectable light emission.** Interestingly, the success-
ful doping strategy we could transfer from the standard DMSO-
based processing is the introduction of ethylenediammonium
diiodide (EDAL,) into the perovskite composition.**® Similarly
to what was observed by Jokar et al,*® we could keep a
progressive enlargement of the perovskite bandgap upon intro-
ducing EDAI,, as visible from the blueshift of the PL peak
maximum from 885 to 824 nm (see Fig. S1, ESIT). Solar cells,
including EDAIL,-doped FASnl; perovskite on a water-free
PEDOTY/AI,O; stack, showed improved efficiency and reprodu-
cibility. According to the literature, the positive effect of EDAI,
is to enable the fabrication of pinhole-free tin perovskites and
to passivate the surface. The latter could be the dominant
mechanism in our case since we can obtain pinhole-free
perovskite films without EDAI,. Moreover, a careful analysis
of the dark J-V current (Fig. 4b) shows a similar leakage current
for devices with and without EDAI,. The main difference is the
lower dark current for devices with EDAI, at a voltage larger
than 0.2 V, pointing to reduced recombination. In Fig. 4a, we
plotted the J-V curve for the best-performing device, showing a
Jsc of 19.8 mA cm™?, a Voc of 553 mV, a FF of 69% and
negligible hysteresis at a 250 mV s~ scan rate for a PCE of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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7.53% (Table 1). The IPCE in Fig. 4b matched the Jsc obtained
under the sun simulator and showed an IPCE approaching 80%
in the green part of the solar spectrum (around 550 nm),
overperforming the devices without EDAIL,. Besides the
enhanced performances, the reproducibility was greatly
improved, as shown in Fig. 4d. The devices based on pristine
FASnI; showed a broad PCE distribution between 2 and 6%,
similar to what we obtained on aqueous PEDOT."* On the other
hand, EDAI,-containing devices showed a narrower distribu-
tion, especially in Vo and FF, resulting in a reproducible PCE
between 6 and 8% (see Fig. S2, ESIT). In Fig. S4 (ESIT) we show
the stable maximum power point tracking of the water-free
PEDOT-based devices within a few minutes along with a slight
increase in PCE in the first days of storing EDAI,-containing
devices.

Conclusions

In this work, we demonstrated a straightforward strategy to
bridge the gap in the performances of lead-free tin perovskite
solar cells between the standard aqueous PEDOT:PSS hole
selective layer and water-free PEDOT formulations. The latter
is desirable due to the better compatibility with the strict anoxic
conditions required for processing tin perovskites. A good
morphology of the perovskite film could be obtained by using
diethyl ether as an antisolvent in place of toluene. Tuning the
wettability of the perovskite solution on the water-free PEDOT
by introducing a thin interlayer based on Al,O; nanoparticles
enabled the formation of a pinhole-free film and boosted the
PCE above 5%. To further enhance the PCE of the devices, we
introduced EDAI, as a dopant, obtaining a PCE of 7.5% and a
narrow statistical distribution of the PV parameters.

These results prove that, despite the complicated fabrication
of tin halide perovskites, solution wetting can be tuned accord-
ingly to process high-quality thin films in DMSO-free condi-
tions on more stable charge transporting materials. This work
provides valuable guidelines for processing tin halide perovs-
kites on new solutions and substrates with reduced content of
oxidant species.

Experimental
Chemicals and materials

Formamidinium iodide was purchased from Dyenamo. We
purchased water-free PEDOT-complex dispersion in toluene
(HTL3) from Clevios™. All the other chemicals were purchased
from Sigma Aldrich and used as received.

Solar cell fabrication

2.5 x 2.5 cm? pre-patterned ITO substrates (Kintec, 10 Ohm per
square) were cleaned by subsequent sonication in Hellmanex
2% deionised water solution, water, acetone, and ethanol for
15 minutes at 40 °C. The well-dried ITO substrates were
transferred to N, filled glovebox for plasma treatment. It is
worth mentioning that the rest of the device fabrication was

Mater. Adv, 2022, 3, 9083-9089 | 9087
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carried out in a highly pure N,-filled glovebox. Moreover, the
glovebox atmosphere has never been contaminated by DMSO.
The transferred ITO substrates were then plasma-treated for
15 minutes with an Electronic Diener plasma cleaner with an
N, plasma at 0.3 mbar pressure. As hole selective contact, the
diluted HTL3 solution spun at 4000 rpm for 25 seconds and
annealed at 150 °C for 10 minutes. To improve wettability,
diluted Al,O; nanoparticles dispersion was spun at 4000 rpm
for 25 seconds and annealed at 100 °C for 3 minutes. The
FASnI; solution (1.2 M in 6:1 DEF:DMPU, with 10% over-
stoichiometry of Snl, and eventually 5% EDAI,) was spun at
500 rpm for 5 seconds and 4000 rpm for 25 seconds. After
21 seconds, 100 pL of DEE were dropped on the spinning
substrate to induce the perovskite crystallisation. The film
was annealed at 100 °C for 30 minutes. As electron selective
contact, C¢o (23 nm) and BCP (7 nm) were subsequently
evaporated at a 10~° mbar vacuum level with a deposition rate
between 0.1 and 0.3 A s™'. Following, silver was evaporated
through a shadow mask at a rate of 0.1 A s™* up to 2.5 nm,
increasing to 0.3 A s™ up to 10 nm and then at 1 A s~ up to
100 nm. The completed device area is around 0.17 cm?. The
silver paste was applied to the contacts. The devices were stored
overnight in a glovebox before measuring.

Solar cells and materials characterisation in glove box

The multimodal Arkeo machine has carried out the character-
isation in glovebox from Cicci Research s.r.l. J-V curves were
measured with a commercial apparatus (Arkeo-Ariadne, Cicci
Research s.r.l.) based on a ring of 12LEDs ranging from 300 to
1000 nm and calibrated to fit class A and a 4-wire source meter.
The IPCE spectrum was measured with a commercial apparatus
(Arkeo-Ariadne, Cicci Research s.r.l.) based on a 300 Watt xenon
lamp, able to acquire a spectrum from 300 to 1100 nm.

PL test is performed with a commercial platform (ARKEO-
Cicci Research): the substrate is illuminated with a diode-
pumped solid-state (DPSS) Nd:YVO4 + KTP Laser (Peak wave-
length 532 nm + 1 nm, optical power 1 mW on a circular spot
of 2 mm of diameter: 31 mW cm™?) at an inclination of 45°. The
fluorescence on the same side of the substrate is focused on a
bundle of fibres (10 mm in diameter) with an aspheric lens
close to the substrate to maximise the PL. The bundle sends the
signal to a CCD-based spectrometer. Integration time and
the number of averaging is maintained the same to compare
the results better.

The water contact angle measurements were performed with
a Kruss Drop Shape Analysis System DSA25 outside the glove-
box. The droplet volume was between 1 and 2 pL.
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