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ABSTRACT Tin perovskite solar cells (TPSCs) are promising
for lead-free perovskite solar cells (PSCs) and have led to ex-
tensive research; however, the poor crystallinity and chemical
stability of tin perovskites are two issues that prevent stable
TPSCs. In this study, we outline a new process that addresses
these issues by using tin(II) acetate (Sn(Ac),) in place of the
conventional SnF, precursor additive. Compared with SnF,,
Sn(Ac), improves the crystallinity and stability of tin per-
ovskite with fewer defects and better charge extraction. Using
this process, we developed a device that has a higher external
quantum efficiency for charge extraction compared with the
control devices and a power conversion efficiency of 9.93%,
which maintained more than 90% of its initial efficiency after
1000 h operation at the maximum power point under stan-
dard AM 1.5G solar illumination.

Keywords: perovskite solar cells, stability, lead-free perovskite,
tin(II) acetate, FASnI;,

INTRODUCTION

Organic-inorganic lead halide perovskite solar cells
(PSCs) have been instrumental in converting solar energy
into electricity at low cost, and their efficiency has in-
creased from 3.8% to 25.5% [1-8]. Improvements in their
overall stability have also contributed to lead-based per-
ovskite’s success [9-16]; nonetheless, the toxicity of lead
remains a concern in the large-scale application of PSCs,
and the potential danger of lead poisoning has cast doubts
over their future implementation [17,18]. Recently, tin
PSCs (TPSCs), which are more environmentally friendly,
have become the most promising candidates for lead-free

PSCs [19-22]; however, poor crystallinity and the oxi-
dation of Sn’* to Sn"" in tin perovskite films remain
barriers to their use in efficient and stable solar cells [23].

Various approaches have been used to optimize the
crystallinity and stability of tin perovskites. For example,
inorganic compounds such as SnF, or SnCl, are com-
monly used to compensate for the oxidized Sn** [24-29].
This allows for the reduction of Sn vacancies from Sn** to
Sn’* via a comproportionation reaction by metallic tin
[30,31]. Long-chain ammonijum cations such as phenyl-
ethylammonium, butylammonium, and ethylammonium
have also been used to form two- and three-dimensional
hierarchy structures that protect tin perovskites from
oxidation and passivate the trap states [32-41]. It has also
been reported that the addition of some small organic
molecules or polymers, such as trimethylamine [42],
CH;NH;I-3CH;NH, amine complex [43], the potassium
salt of hydroquinone sulfonic acid [44], 8-hydroxy-
quinoline [45], liquid formic acid [46], pentafluorophen-
oxyethylammonium iodide [47], or poly(vinyl alcohol)
[48] can improve the crystallinity and reduce the defects
caused by oxidation, thereby enhancing the stability of
the resulting tin perovskite. Among these strategies, SnF,
is the most commonly used additive in the fabrication of
TPSCs, which, by creating more nucleation sites during
the crystallization process, enables the formation of uni-
form tin perovskite films with high coverage and few
defects [49]. This process, however, requires the addition
of a relatively large amount (10% or more molar ratio) of
SnF, to achieve the prenucleation effect, although, if SnF,
is applied at a molar ratio higher than 10%, it can also
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aggregate at the surface and insulate the charge extraction
effects of TPSCs [26,50]. These limitations mean that it is
highly desirable to obtain alternative additives to control
the crystallization of tin perovskite.

In this study, we propose an innovative alternative
additive that removes the need for SnF, completely. We
will demonstrate that tin(II) acetate (Sn(Ac),) is capable
of the same benefits of SnF, with improved overall per-
formance. Sn(Ac), can improve the crystallization process
more efficiently than SnF, whilst markedly improving the
stability and charge extraction of TPSCs. Through ex-
perimental and theoretical arguments, we demonstrate
that acetate has the ability to bond to the surface Sn atoms
and protect them from extrinsic degradation and oxida-
tion, which contributes to a lower defect concentration
and sizeable improvement in stability. In addition, charge
extraction is facilitated at the interface, which, added to a
lower trap state concentration, makes Sn(Ac), an ex-
cellent additive for high-efficiency tin-based devices. Our
target device reached 9.93% power conversion efficiency
(PCE), which could maintain at up to 90% of its initial
efficiency over the course of operation at the maximum
power point under AM 1.5G (100 mW cm °) solar illu-
mination for 1000 h. Considering these qualities, we
present a solution for stabilizing tin perovskites through
the reduction of detrimental oxidation processes while
also offering improved electronic performance compared
with the most common alternatives.

EXPERIMENTAL SECTION

Materials

The following chemicals were obtained from commercial
sources and used as received: poly(3,4-ethylenediox-
ythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
(AI4083, Heraeus), Snl, (99.99%, Sigma-Aldrich),
CH(NH,),I (FAI) (>98%, Tokyo Chemical Industry Co.,
Japan), SnF, (>99%, Sigma-Aldrich), Sn(Ac), (>99%,
Sigma-Aldrich), bathocuproine (BCP) (>99%, Wako),
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
(>99%, Lumtec Co.), and dimethyl sulfoxide (DMSO)
(>99.9%, Sigma-Aldrich).

Solar cell fabrication

Patterned indium tin oxide (ITO) substrates were cleaned
sequentially in detergent, deionized water, acetone, and
isopropanol by ultrasonication for 20 min each and
subsequently cleaned with ultraviolet (UV) ozone for
30 min before the deposition of the PEDOT:PSS layer.
The perovskite precursor solution was composed of
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1mol L' Snl, and 1 molL™" FAI in DMSO and was
stirred at room temperature for 5 h. The unfiltered pre-
cursor solution was spin-coated on the PEDOT:PSS layer
at 1000 r min ' for 12's and 5000 r min ' for 48 s in a
glovebox. Chlorobenzene (150 uL) was dripped onto the
perovskite film at 30 s during the second step. The per-
ovskite films were then annealed at 60°C for 10s and
100°C for 15 min. Two tin perovskite films were fabri-
cated and used as a control (FASnI; with 10% molar ratio
SnF,) and a target (FASnI; with 2% molar ratio Sn(Ac),).
PCBM (20 mg mL " in chlorobenzene) solution was spin-
coated onto the perovskite films at 1000 r min ' for 60 s
and 5000 r min ' for 5. Finally, 8 nm BCP and 70 nm
Ag electrode were evaporated under high vacuum (< 2 x
10 Torr, 1 Torr = 1.33322 x 10” Pa), respectively. The
device areas were defined by a mask with an aperture area
of 0.09 cm”.

Characterization

Scanning electron microscopy (SEM) images of the films
were captured with a Zeiss Ultra Plus Field Emission
Scanning Electron Microscope, and light absorbance
spectra were measured with a Shimadzu UV-visible (UV-
vis) 3600 spectrophotometer. X-ray diffraction (XRD)
patterns were obtained with a Bruker D8 ADVANCE
DAVINCI diffractometer by Cu Ka radiation. X-ray
photoelectron spectroscopy (XPS) spectra were obtained
with a Kratos Axis UltraDLD using a monochromatic Al
Ka X-ray source with incident and take-off angles of 90°
and 45°, respectively. UV photoelectron spectroscopy
(UPS) spectra were also acquired with the Kratos Axis
UltraDLD spectrometer but using a monochromatic He I
source. Steady-state photoluminescence (PL) and time-
resolved PL (TRPL) spectra were obtained using an
FLS1000 PL spectrometer with an excitation wavelength
of 550 nm. The capacitance-voltage (C-V) was charac-
terized and the dark current curves obtained using a
multifunctional electrochemical analysis instrument
(Zahner, Germany) under dark conditions at room tem-
perature. The current-voltage (I-V) curves were produced
with a solar simulator under standard AM 1.5G sunlight
(100 mW cm °, WXS-1555-10, Wacom Denso) and for-
ward (—0.2 to 0.9 V) or reverse (0.9 to —0.2 V) scanning
with a fixed step voltage of 20 mV and delay time of
50 ms. Fourier-transform infrared (FTIR) spectra were
obtained with a Bruker VERTEX 70v FT-IR spectrometer.
The aperture area was defined with a 0.09-cm” mask. The
monochromatic incident photon-to-electron conversion
efficiency (IPCE) spectra were measured with a mono-
chromatic incident light of 1 x 10'* cm * photons in the
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“director current” mode (CEP2000BX, Bunko-Keiki). The
light intensity of the solar simulator was calibrated with a
standard silicon solar cell. The TPSC was first en-
capsulated in cavity glass and UV curable glue in a ni-
trogen-filled glovebox for the stability test. The thermal
stability tests were conducted by heating the control and
target films at 85°C in an N, glovebox (100 ppm O,,
10 ppm H,0).

RESULTS AND DISCUSSION

SnF, additives have been previously shown to contribute
to the formation of heterogeneous nucleation sites by
prenucleation to produce dense tin perovskite films
[49,51]. In our study, the experimental solubility of the
Sn(Ac), dissolved in DMSO was about 0.018 mol L™ at
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Figure 1

25°C, which is far less than that of SnF, (0.22 mol LY.
Accordingly, the density of heterogeneous nuclei that can
be provided during FASnI; crystal growth was improved,
even with comparatively smaller amounts of Sn(Ac), than
SnF,. Fig. 1a, b show the SEM images of the control
(FASnI; with 10% SnF,) and target (FASnl; with 2%
Sn(Ac),) films. These images illustrate the dense and
uniform structure of both films with a grain size of
around 1um, and the light absorbance spectra in
Fig. 1c, d show that the target film was more stable than
the control film under heat (85°C in an N, glovebox
(100 ppm O,, 10 ppm H,0)). The XRD of the two films
were compared (detailed XRD pattern parameters are
listed in Table S1), which demonstrated that the target
film (2% Sn(Ac),) showed superior crystallinity. Fig. le,
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(a, b) SEM images of the control and the target films, respectively, deposited on the ITO/PEDOT:PSS substrates. The scale bar is 1 um.

(c, d) The light absorbance spectra of the control and target films, respectively, before and after heating at 85°C in an N, glovebox (100 ppm O,,
10 ppm H,0) in the dark. (e, f) Narrow sweep of the XRD patterns between 13° and 15° of the control and target films, respectively, deposited on the
ITO/PEDOT:PSS substrates after 0 and 3 h of oxidation in an air environment (25°C, 30% relative humidity).
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show a comparison of the XRD patterns of a fresh film
with a control film that was left to oxidize in air (25°C,
30% relative humidity) for 3 h. A new phase appeared in
the control film (Fig. le) at around 14.5°, which we de-
signated as a previously identified phase originating from
the co-existence of Sn*" and Sn*" [52,53]; conversely,
following 3 h air exposure, the target film (Fig. 1f) only
showed a decrease in (100) intensity with no obvious peak
near 14.5°, which indicated that the target film exhibited
enhanced stability in air.

We then determined the optimal molar ratio of additive
for both SnF, and Sn(Ac),. As shown in Fig. S1, the
morphology of the film tended to increase in density
when the amount of SnF, was increased from 5% to 10%;
however, when the concentration of SnF, reached 20%,
the grain size became smaller, which is detrimental to
TPSC performance. This phenomenon has been pre-
viously reported and attributed to the prenucleation of
SnF, [49]. In the corresponding XRD results, the intensity
and full width at half maximum (FHWM) of the (100)
peak in Fig. S2 also revealed that the best molar ratio of
SnF, was 10%. We then repeated these tests to determine
the optimal molar ratio of Sn(Ac),, which, as shown in
the SEM images in Fig. S3, was found to be 2%. This
concentration allowed a uniform and dense morphology
with the largest grain size, and the result was verified by
the XRD results, as shown in Fig. S4.

To further understand the mechanism that resulted in
the improved stability when using Sn(Ac),, we used PL
measurements as a more sensitive assessment of the
changes in the control and target films after the heating
test (85°C in the N, glovebox (100 ppm O,, 10 ppm H,0).
Fig. S5a shows the markedly reduced PL intensity at-
tenuation of the target film compared with the control
(Fig. S5b). We assumed that this could be due to the
passivating role of acetate on the under-coordinated
surface Sn atoms [54,55], as illustrated in Fig. 2a. To
verify this, we performed the thermal stability test and
compared the FASnl; films with no other additives or
with only 2% formamidine acetate (FAAc). The light
absorbance and PL spectra in Fig. S6a—-d show that the
FASnlI; films prepared by adding acetate had better sta-
bility, which demonstrated that the acetate was able to
stabilize the FASnI; on its own. We then characterized the
FAAc powder and FAAc/Snl, mixed powder through
their FTIR spectra (Fig. 2b) to examine the coordination
of acetate and Sn’". It is possible that the oxygen in
acetate could form hydrogen bonds with the amino
groups of the FA cations, resulting in a broadening effect
of amino-group vibration peak (2200-3700 cm ') towards
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a smaller wavelength (3300 cm '); however, when mixing
FAAc and Snl,, the hydrogen bond is weakened and
breaks as acetate is more favorable to coordinating with
Sn”*, which is indicated by the narrowed amino peak and
carboxyl peak shift from 1720 to 1713 cm ' in the FTIR
spectra. This phenomenon indicates that the carboxyl
group of the acetate anion is able to coordinate strongly
with a Sn cation, thereby passivating the defects of under-
coordinated Sn on the film surface.

Density functional theory (DFT) calculations con-
ducted on the bare FASnl; and the acetate-covered sur-
face wvalidated our other experimental results and
provided some explanation regarding the improved sta-
bility of the films. The adsorption energy of acetate on top
of a Sn-I terminated surface is 1.84 eV per molecule,
which, since this energy is more than an order of mag-
nitude greater than the thermal energy of a molecule at
room temperature (obtained as 3/2k,T = 3.9 x 107 eV),
indicates a strong attraction of the acetate to the surface
Sn atoms; the strongly electron-accepting carboxyl group
of the acetate readily accepts electrons from the surface
Sn, thereby bonding it. We also noticed that extrinsic
stability was improved through the surface passivation by
acetate, which provided a protective layer against external
foreign species. The acetate additive also appeared to
reduce the surface polarity in our simulations, which
resulted in fewer attractive sites for polar molecules such
as H,O. Fig. S7b is a visualization of this reduced polarity,
which plots the total potential obtained from DFT si-
mulations as a color map on top of the charge density
isosurfaces. This demonstrated that the acetate molecules
adsorbed on the FASnI; surface exhibited a much weaker
polarization than the bare Sn atoms on the surface (co-
lored in blue in Fig. S7b); conversely, our computations of
the polarity of an F-covered FASnl; surface (Fig. S7a),
resulting from the use of a SnF, additive, indicated that
the exposed surface F atom offered greater electrostatic
potential, which favors polar interactions.

We then performed a Bader charge analysis of the
surface to quantify its polarization: the surface Sn atoms
had an average atomic Bader charge of +1.05¢, the ex-
posed group of the acetate had a charge of —0.17e, and the
F had a charge of —1.01e. These lowered charges indicate
the difference in the passivation strategy between SnF,
and Sn(Ac), additives; the acetate coverage greatly re-
duces the exposed surface polarity, while the fluoride
additives create significant dipolar moments on the sur-
face instead. The negatively charged acetate carboxyl
group ensures the strong binding of the acetate group to
the under-coordinated Sn** ions, which is verified by the

November 2021 | Vol.64 No.11
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Figure 2 (a) A schematic representation of the role of acetate passivation in the extrinsic stability of FASnlI;. (b) FTIR spectra of FAAc and the
complex of FAAc and Snl,. (c, d) Sn 3d XPS spectra of the fresh control and target films, respectively, with their Sn*" contents calculated as 10.68%
and 5.02%, respectively. (e, f) Sn 3d XPS spectra of the control and target films exposed in air (25°C, 30% relative humidity) for 3 h, respectively, with

their Sn* contents calculated as 55.08% and 29.75%, respectively.

high adsorption energy in our simulation, while the
weakly polarized characteristic of the exposed non-
bonding termination minimizes the electrostatic attrac-
tion of foreign polar molecules (e.g., H,O and O,). We
therefore propose that the acetate-covered layer has a
screening effect with the exposed non-bonding termina-
tion of the acetate group acting as a quasi-neutral barrier
on top of the polar groups and surface atomic charges,
which increases the stability of tin perovskite under am-
bient conditions.

This mechanism also allows the further stabilization
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against oxygen exposure by covering the easily oxidized
surface Sn atoms with a much less reactive termination;
therefore, we showed that the extrinsic stability against
oxygen and water could be improved by covering the
surface with acetate as a protective barrier, as illustrated
in Fig. 2a.

We then further characterized the stability of the con-
trol and target films after oxidation in air for 3h
(Fig. 2c—f) using XPS to detect the Sn** and Sn** contents
of the films. The XPS measurement chamber was dis-
assembled and reassembled inside the glovebox to allow
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for sample loading without air exposure. The Sn** content
on the control film was about 11%, while the Sn*" content
on the target film was only about 5%, which may be due
to the acetate stabilizing the surface during fabrication
and testing. Following oxidation in air for 3 h (25°C, 20%
relative humidity), the Sn°* content at the surface de-
creased to about 45% on the control film (Fig. 2e),
whereas the majority of the Sn>* (> 70%) remained on the
target film surface (Fig. 2f). By etching the films with an
Ar ion beam, we were then able to determine the content
of $n’* at varying depths in the film. The Sn°* content was
better preserved in the target film compared with the
control film (Fig. S8), further indicating that it had im-
proved protection from oxidation. We also measured the
contact angle (Fig. S9) and found that the target film with
Sn(Ac), also had improved resistance to water. These
results both verified our simulation results.

We then measured the energy levels of the control and
target films with UPS. The control film had a Fermi level
of —4.45 eV, a valence band minimum (Fig. S10a, b) of
—5.13 eV, and, with an optical bandgap of 1.38 eV from
the Tauc plots (Fig. S11), the conduction band maximum
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of the control film was calculated to be —3.75 eV. The
target film had a Fermi level of —4.42 eV, a valence band
minimum (Fig. S12a, b) of —5.12 eV, and, with an optical
bandgap of 1.38 eV from the Tauc plots (Fig. S13), the
conduction band maximum of the target film was cal-
culated to be —3.74 eV. The small shift of the valence
band was attributed to a smaller degree of oxidation of
the surface Sn, which verified the XPS result and that
acetate can stabilize the surface of FASnl; [56,57].

We then characterized the defects and charge transport
capabilities of the films through PL and carrier lifetime
measurements. The PL spectra of the glass/FASnl;-
control and glass/FASnI;-control/PCBM, and glass/
FASnI;-target and glass/FASnl;-target/PCBM  archi-
tectures were measured, which, as shown in Fig. 3a, in-
dicated an increase in PL intensity for the target film
compared with the control film. This is consistent with
our TRPL measurements (Fig. 3b), which showed that the
target sample had a longer carrier lifetime (9.8 ns) than
the control sample (4.1 ns). These results both indicated a
reduction in the amount of non-radiative recombination
centers in the target film. We further characterized the PL
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Figure 3 (a) Steady-state PL spectra of the control and target films on the glass and ITO/PCBM substrates. (b) TRPL spectra of the control and
target films on the glass substrates. (c) C-V curves of the control and target film-based TPSCs with an ITO/SnO,/perovskite/PCBM/BCP/Ag structure.
(d) Dark current curves of the devices with an ITO/SnO,/perovskite/PCBM/BCP/Ag structure.
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quenching induced by charge separation at the interface
between FASnl; and PCBM films. The PL quenching of
the FASnl;-target/PCBM film was about 90%, which,
compared with 50% for the FASnI;-control/PCBM film,
indicated a more efficient interfacial charge separation at
the interface of the FASnI;-target/PCBM film.

Fig. 3¢ shows our C-V characterization using the Mott-
Schottky Equation (1) to determine the carrier density

(N,) [53]:
-1
=

where g is the elemental charge, ¢, is the permittivity of
free space, ¢ is the dielectric constant of the absorber layer
[37], A is the aperture area of the device, and C is the
capacitance. The calculated defect density of the target
film-based device was 8.10 x 10'° cm73, which is much
lower than that of the control film-based device (1.08 x
10" cm™). This reduced defect concentration can be at-
tributed to the suppressed Sn’" oxidation in the target
film-based device, which confirmed the previous stability
test result. The dark currents for the corresponding de-
vices are shown in Fig. 3d, with the current leakage of the
target film-based device being four times lower than that
of the control film-based device, which indicated a more
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efficient collection of photo-generated carriers in the
target film-based device.

We then fabricated solar cells with an ITO/PEDOT:
PSS/perovskite/PCBM/BCP/Ag structure and fabricated
24 control and 24 target film-based devices. Using these,
we determined their PCEs, which were 5.98% and 9.93%,
respectively (Fig. 4c). The forward and reverse scans of
the I-V curves are shown in Fig. 4a, and the details of the
open-circuit voltage (Vc), short-circuit current density
(Jsc)> and fill factor (FF) are listed in Table S2. The hys-
teresis effect was suppressed in the target film-based
PSCs, which could be due to the reduced trap density
[46]. The integrated current densities for the control and
target devices were calculated to be 14.97 and
20.40 mA cm ’, respectively, from their IPCE spectra
(Fig. 4b), which are consistent with the Jsc determined
from I-V curves. The elevated IPCE spectrum indicated
that the target film-based devices could extract charge
carriers more efficiently than the control film-based de-
vices.

Finally, we investigated the operational stability of the
two sets of solar cells in the air (25°C, relative humidity
20%-25%). The encapsulated target film-based solar cell
maintained over 93% of its initial efficiency after oper-
ating at maximum power point tracking under simulated
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Figure 4 (a) I-V curves for the control and target film-based devices. (b) IPCE spectra for the control and target film-based devices. (c) The box plot
chart for the distributions of PCEs measured for the control and target film-based devices (24 of each). (d) The stability test of encapsulated TPSCs
under simulated AM 1.5G (100 mW cm ) illumination at their maximum power point in air (25°C, relative humidity 20%-25%).
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AM 1.5G (100 mW cm ) illumination for 1000 h (red
line in Fig. 4d); conversely, under the same conditions,
the control film-based device lost almost 50% of its initial
efficiency within 200 h (black line in Fig. 4d). These
stability results were consistent with our previous find-
ings.

CONCLUSIONS

In summary, we present a strategy to improve the crys-
tallinity and stability of FASnI; perovskite by using
Sn(Ac), as a precursor additive, which is demonstrated
through multiple procedures to be an attractive replace-
ment for the commonly used SnF, precursor additive.
SEM and XRD characterizations demonstrated the su-
perior crystallinity of our target samples, and a clear in-
crease in stability was observed through the results of
several experimental methods, including their absorbance
spectra, PL, XRD, and XPS. FTIR spectra and theoretical
calculations allowed us to attribute these improved qua-
lities to the strong binding of acetate to under-
coordinated Sn atoms, which creates a weakly polarized
protective layer that reduces extrinsic degradation.
Compared with the films produced with a SnF, additive,
our target films exhibited reduced defect density, which
was calculated through C-V measurements, and enhanced
charge extraction at the interface with PCBM, which was
evidenced through TRPL characterization. The TPSC is
remarkably efficient and stable based on our novel acetate
strategy, which yields a PCE of 9.93% maintained to 90%
over the course of 1000 h under standard illumination. In
conclusion of these findings, we propose Sn(Ac), to be a
beneficial replacement to the commonly used SnF, ad-
ditive which achieves better qualities. This new stabili-
zation strategy is an important step towards efficient,
lead-free PSCs.
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