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ABSTRACT: Applying a two-step procedure and solvent engineer-
ing, we fabricated a stable tin-based perovskite, formamidinium tin
triiodide (FASnl;), solar cell for lead-free photovoltaic applications.
The first step was deposition of a Snl, layer with the solvent dimethyl
sulfoxide; the second step was application of a cosolvent system
containing hexafluoro-2-propanol (HFP), isopropyl alcohol (IPA),
and chlorobenzene (CB) in a 5:5:2 ratio to deposit the FAI layer on
the Snl, layer. The traditional IPA solvent prevented the formation
of a stable FASnI; layer such that a stable device could not be
fabricated. HFP was hence used to form hydrogen bonds with IPA
and FAI to retard the crystal growth of FASnl;; CB served as the
antisolvent. Ethylenediammonium dihypophosphite in the first step
was an effective reducing agent to increase the efficiency of power
conversion from ~5% to ~7% with great reproducibility and stability
over 4000 h.
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great deal of attention due to their recent rapid

progress as promising alternatives to lead-free PSC to
resolve the toxic issue of lead for their lead-based analogues.' ™
The active perovskite layer can be fabricated with deposition in
either one step or two. The two-step sequential deposition has
been widely applied for lead perovskites as the method itself is
more flexible for controlling the nucleation and crystal growth
than the one-step approach for easily scaled industrial
production.” However, for the tin perovskites, the active layers
were fabricated with deposition in one step for most
devices.~® Only one report’ of fabrication of a formamidinium
tin triiodide (FASnl;) layer uses a two-step method with a
solvent, isopropyl alcohol (IPA), applied for the second step as
for lead perovskites.'”'" As IPA can easily deteriorate the tin-
based perovskite layer, as reported elsewhere,”'*~" finding a
suitable solvent or cosolvent system that is compatible with tin-
based perovskites to yield a uniform film seems necessary.
Even though Mitzi and co-workers'® used a two-step dip-
coating method to fabricate Sn-based perovskites with a
cosolvent system containing IPA and toluene, the stability of
the tin perovskites remains a challenging issue. Here we report
a two-step deposition method using a novel cosolvent system
for the second step to fabricate FASnl; devices with stability
and performance superior to those of the devices fabricated

T in-based perovskite solar cells (PSCs) have attracted a
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using one-step deposition. Ethylenediammonium dihypophos-
phite (EDAP,) was applied in the first step as a coadditive with
tin fluoride (SnF,) as an additive to achieve a power
conversion efficiency (PCE) of ~7%.

A scheme of the experimental procedure appears in Figure 1.
In the first step, dimethyl sulfoxide (DMSO) served as the
solvent for deposition of the Snl, layer in the presence of SnF,
(20%) as an effective additive to prevent Sn** oxidation;'*'*
DMSO is known to form a stable com7p1ex Snl,-3DMSO as an
intermediate at this stage (Figure 1).'” In the second step, the
cosolvent system of hexafluoro-2-propanol (HFP), IPA, and
chlorobenzene (CB) in a 5:5:2 optimal ratio served to deposit
the FAI layer on top of the Snl,/DMSO layer. In our
experiments, the pure IPA solvent prevented formation of a
stable FASnI; layer and a pale film was formed during spin
coating. In contrast, with the cosolvents in the second step, a
dark film appeared after annealing. We expected that H-
bonding interactions among HFP, IPA, and FAI (Figure 1)
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Figure 1. Scheme of the preparation of the FASnI; film with a two-step sequential deposition. In the first step, Snl,/SnF, in DMSO was
deposited on a PEDOT:PSS/ITO glass substrate to form a SnI,'3DMSO complex. In the second step, FAI in a mixed HFP/IPA/CB
cosolvent system was deposited to form a hydrogen-bonded framework to retard crystal growth between Snl, and FAI so that a uniform
FASnl; film would form, as the SEM image shows; using only the IPA solvent did not produce the dark phase of FASnI; as shown in the

inset.

stabilized the second layer to prevent the quick penetration of
IPA so as not to destroy the Snl,-3DMSO intermediate; the
existence of CB acted as an antisolvent for the extraction of the
residual DMSO in the first layer during annealing.'® As a result,
the cosolvent system retarded the crystal growth between Snl,
and FAI and facilitated the formation of a film to produce a
uniform FASnl; layer.

To confirm the formation of hydrogen bonds in our
cosolvent system, we carried out Fourier transform infrared
(FTIR) and 'H nuclear magnetic resonance (NMR) measure-
ments; the corresponding results are shown in Figures S1 and
S2, respectively. For the FTIR spectra in the range of 1050—
1350 cm™!, we observed the characteristic C—F stretching
vibrations from HFP shifted to a lower-wavenumber region
compared to those of pure HFP peaks, which is attributed to
the hydrogen bonding interaction between HFP and IPA. For
the NMR measurements in the range of 8.0—9.5 ppm, the
singlet resonance peak attributed to the NH, groups in the FAI
and FAI/IPA mixtures split into doublet peaks in the FAI/
HFP and FAI/HFP/IPA mixtures. The reason for this
difference is that the NH, groups have a more electronegative
environment for the FAI/HFP and FAI/HFP/IPA mixtures
than for the FAI and FAI/IPA mixtures due to the formation of
hydrogen bonds.

The FASnI; devices were fabricated according to an inverted
planar heterojunction solar cell architecture [indium—tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS)/FASnl,/Cyy/2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP)/Ag]. Four parameters must be
considered to optimize the device performance. First, the
concentration of Snl, in the first step was optimized to be 0.7
M according to the J—V characterizations shown in Figure S3;
the corresponding X-ray diffraction (XRD) data for concen-
trations of 0.6—1.0 M are shown in Figure S4. Second, no
annealing is necessary for the first step, according to the
scanning electron microscopy (SEM) images (Figure SS) and
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the corresponding J—V characterizations (Figure S6). Third,
the amount of FAI in the second step was optimized to be 15
mg in 1.2 mL of the HFP/IPA/CB cosolvent with a 5:5:2 ratio,
according to the XRD (Figure S7) and SEM images (Figure
S8) for 10—30 mg of FAI; the corresponding J—V character-
izations are shown in Figure S9. No perovskite film was formed
for an IPA ratio of >60%; the film quality was poor for an HFP
ratio of >60% (Figure S10). To understand the effect of CB in
this cosolvent system, the devices were made in the presence
and absence of CB in the second step. The corresponding
perovskite films show better morphology for the former than
for the latter (Figure S11), and the current density and PCE
increase significantly in the presence of CB (Figure S12). As
HFP has a low boiling point (58 °C) at normal pressure,'
pure HFP quickly evaporated, which led to rapid crystal
growth to form a poor film. Fourth, the loading duration of
FAI in the second step was optimized to be 30 s, according to
the J—V characterizations shown in Figure S13; the
corresponding SEM images for loading durations of 10—50 s
appear in Figure S14. The FASnl; device with 20% SnF, as the
additive eventually attained a PCE of 4.9%, which is greater
thangthat reported using pure IPA as a solvent for the second
step.

To enhance the device performance, we used EDAP, as a
coadditive in the first step. This coadditive has the same
organic cation as EDAI,, but instead of iodine, the
hypophosphite anion was used to serve as a reducin% agent
to enhance the efficiency and stability of the device.”” The
XRD results (Figure S15) indicated that increasing the amount
of EDAP, from 1 to 2—4 mg decreased the crystallinity; the 1
mg device had the best performance (Figure S16). The
hypophosphite anions can suppress the oxidation of Sn*',
which is evident in the X-ray photoelectron spectra (XPS)
shown in Figure S17. As a result, the device performance
increased from a PCE of 4.9% to 6.8% according to the J—V
curves shown in Figure 2a; the corresponding IPCE spectra
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Figure 2. (a) J-V curves, (b) IPCE spectra with integrated current density, (c) performance histograms, and (d) long-term dark-storage
stability of devices in a glovebox, for all devices made of FASnI; (one step), FASnl; (two steps), and FASnI; with 1 mg of EDAP, (two

steps). The data of FASnI; (one step) were taken from ref 6.

appear in Figure 2b. The devices made of the two-step
procedure showed a negligible effect of hysteresis (Figure S18)
with great stabilized PCE and photocurrent densities in 120 s
(Figure S19). PCE histograms of 30 devices fabricated under
the same experimental conditions (the corresponding photo-
voltaic parameters are listed in Tables S1—S3) for devices
made of FASnl; (one step),6 FASnl; (two steps), and FASnl,
with 1 mg of EDAP, (two steps) are shown in Figure 2c.
Figure 2d shows the long-term stability of these three devices,
for which only devices made of the two-step method were
sustained for >4000 h in the dark. Furthermore, the device
made of FASnI; and 1 mg of EDAP, (two steps) also showed
great enduring stability and retained 95% of the original PCE
for 2 days and >80% after 70 h, under ambient air conditions
(60% relative humidity) without encapsulation (Figure S20).
We have hence demonstrated that EDAP, is an excellent
coadditive as a reducing agent to suppress effectively the Sn**/
Sn** oxidation for the device made with a two-step procedure
to attain great performance and stability.

In conclusion, IPA has been broadly applied as a solvent in
the second step of a sequential deposition to fabricate stable
lead perovskites,'”"" but IPA has strong interactions with Snl,
that prevent formation of a high-quality tin perovskite layer. To
tackle this problem, we developed a cosolvent system
containing HFP, IPA, and CB in a 5:5:2 ratio in the second
step to dissolve FAI upon formation of a hydrogen-bonded
framework to retard the reaction between FAI and Snl, so that
a uniform FASnl; layer was produced. When EDAP, served as
the coadditive with SnF, as the additive in the first deposition
step with DMSO as a solvent, the device achieved a PCE of

2510

6.8% with great reproducibility and stability. For the first time,
a stable FASnl; solar cell has been produced via a two-step
deposition, which may provide us more flexibility to control
the film quality and crystal structure, via varying halides and
coadditives in the first step and cocations and bulky organic
cations in the second step, for further development of tin-based
perovskite solar cells with enhanced device performance and

stability.
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