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ABSTRACT: The eco-friendly Sn-based perovskites have attracted
more and more attention in lead-free perovskite photovoltaic field.
However, the device performance and reproducibility are greatly
challenged in preparing high-quality perovskite films. Here, we fabricated
uniform and dense Sn-based perovskite films via a green gas pump
treatment technology. Remarkably, we successfully fabricated a large-
area (>20 cm?) Sn-based perovskite film with a mirror-like surface,
which is the largest Sn-based perovskite film ever reported. Besides, we
found that the phase separation phenomenon induced by excess SnF,
was eliminated when the pressure is 1500 Pa. Finally, we fabricated
highly reproducible Sn-based solar cells and obtained an inspiring
efficiency of 1.85%, which is the highest reported efficiency for Sn-based
devices with a configuration of fluorine-doped tin oxide/compact TiO,/
perovskite/hole transport material/electrode. Our results demonstrate
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the feasibility of using gas pump treatment technique to prepare high-quality Sn-based perovskite films, which paves a way for
large-scale green manufacturing of Sn-based perovskite solar cells in the future.
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B INTRODUCTION

Organic—inorganic hybrid lead halide perovskite solar cells
(PVSCs) have emerged as the most promising candidates for
high-efficiency low-cost photovoltaic (PV) technology.' ™ To
date, the solar-to-electric power conversion efficiency (PCE) of
PVSCs has been verified at an ultrahigh 23.3%.° Recently, Cao
et al.” and Lin et al.® independently reported perovskite light-
emitting diodes with external quantum efficiency exceedin%
20%. However, all top-performing optoelectronic devices” ™
were based on toxic Pb-containing perovskite materials, which
might influence the ultimate fate of this technology.'*'* The
utilization of Pb-containing materials in electronic devices is
strictly restricted by the European Union and other
countries.'® In addition, Pb-based perovskite materials exhibit
band gap (E,) between 1.48 and 2.3 eV, which is higher than
the ideal E, (1.34 eV).'” Consequently, it has been regarded as
forceful incentive stimulating more research effort to develop
Pb-free PVSCs.

To overcome the toxicity issue, several eco-friendly metal
elements were used to replace Pb in perovskite materials,'*~ >
such as Sn,**™** Bi,”*° and Cu*'™% Among these, Sn-based
perovskites appear to be the most efficient PV materials for Pb-
free PVSCs. First, Sn-based perovskites possess three-dimen-
sional structural and electronic dimensionalities as that found
in the Pb-based perovskites.”* Second, Sn-based perovskites
exhibit promising carrier diffusion length (>500 nm),>
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extremely high charge-carrier mobility, hi§h absorption
coefficients, and low exciton binding energies. 436 Third, Sn-
based perovskites exhibit slightly narrower E, (1.3—1.4 eV)
than their lead amalogues,%3'6 which is a near-ideal value for
single-junction solar cells according to the Shockley—Queisser
efficiency limit (33%).*

In 2014, Hao et al’® and Noel et al.”” independently
reported MASnl; (MA = CH;NH;) as a light absorber in a
typical n—i—p device consisting of a mesoporous TiO, (meso-
TiO,) scaffold with efficiencies of around 6% via conventional
one-step spin-coating method. However, the reproducibility of
the results needs to be enhanced.’® For normal architecture,
high-efficiency solar cells were usually obtained in a
configuration of fluorine-doped tin oxide (FTO)/compact
TiO, (c-TiO,)/meso-TiO,/perovskite/hole transport material
(HTM)/electrode.”**® Several groups achieved significant
breakthroughs for Sn-based PVSCs with mesoporous n—i—p
architecture. For instance, Kanatzidis et al. developed a series
of strategies to improve the morphology and device perform-
ance, including ethylenediammonium cations,"”*" diammo-
nium cations,”> piperazine,”> and reducing atmosphere

44,45 :
process. One of the reasons for meso-TiO, layer necessary
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Figure 1. Gas pump treatment procedure for preparing a uniform and dense perovskite film.

might be associated with the difficulty of preparing uniform
and dense films on c-TiO, substrates via conventional one-step
spin-coating method.**~* However, the use of meso-TiO,
layer adds one more step to the fabrication process, which is
perh;lgs disadvantageous for scalable fabrication and applica-
tion.

In 2016, Qi et al. reported a normal planar device with the
configuration of FTO/c-TiO,/CH;NH;SnBr;/P3HT/Au and
achieved a PCE of ~1% by sequential vapor deposition.*’
Kanatzidis et al. reported a normal planar device with the
configuration of FTO/c-TiO, layer/CH;NH,Snl,/poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)/Au and
achieved a low PCE of ~0.3%.”> Later, Wang et al. reported
a Sn-based planar device (FTO/c-TiO,/CsSnl;/spiro-OMe-
TAD/Au) and achieved a PCE of 0.77%."® Despite substantial
effort, to date, the efficiency of planar n—i—p architecture
(FTO/c-TiO,/perovskite/HTM/electrode) is still seriously
lags far behind state-of-the-art mesoporous n—i—p architecture
(FTO/c—TiOZ/m—TiOZ/perovskite/HTM/electrode, PCE
7.23%)," implying that more effective techniques are urgently
needed to promote the thin film quality as well as the device
performance.

In this article, for the first time, we successfully fabricated a
uniform and dense Sn-based perovskite film on ¢-TiO,
substrate by gas pump treatment technology. Compared with
the highly toxic antisolvent treatment, our gas pump treatment
technology is an environmental friendly tool for the fabrication
of high-quality perovskite films. Furthermore, we demonstrate
that this method can be used to fabricate large-area (>20 cm?)
Sn-based perovskite films. Eventually, we were able to fabricate
highly reproducible FA,,;sMA,,sSnl;-based PVSCs and
obtained an inspiring efficiency of 1.85%, which is the highest
reported efficiency for Sn-based devices with the configuration
of FTO/c-TiO,/perovskite/HTM/electrode.

B RESULTS AND DISCUSSION

Herein, we choose mixed cation perovskites FA;,sMA,sSnl;
(FA = CH(NH,),) with a near-ideal E, of 1.33 eV as light
absorber layers.””””*" The gas pump process includes three
stages, as depicted in Figure 1. First stage, Sn-based perovskite
precursor solution is coated over the entire surface of the c-
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TiO,/FTO substrate to form a perovskite wet-solution film.
The wet-solution film can be deposited by spin-coating and
other scalable solution deposition methods (for example, blade
coating, slot-die coating, spray coating, and inkjet printing).””
Second stage, the resulting sample is then placed for a few
seconds into a home-made low-pressure chamber to boost
uniform nuclei of the Sn-based perovskite by removing most of
the solvents rapidly. The solvents in perovskite wet-solution
film at low environmental pressure have lower boiling points
than when solvents are at atmospheric pressure. Therefore, the
evaporation of solvents occurs rapidly when the resulting
sample is placed into a low-pressure chamber. Within 10 s after
starting pumping the gas, a dark red somewhat transparent film
with a mirror-like surface is obtained. Third stage, after heating
on the hotplate, a highly uniform and pinhole-free
FA,,sMA,sSnl; film with big grains can be achieved.

To clarify the influence of the chamber pressure on the
perovskite film quality, FA,,sMA,,sSnl; films were fabricated
by the gas pump treatment at different pressures from 20 to
4000 Pa. We obtained uniform, dense, and full-coverage Sn-
based perovskite films when the pressure is from 20 to 1500 Pa
(see Figure S2b,c,e,fh,i), which is a wide process window.
Obviously, there are some white spots existed in the Sn-based
perovskite films (see Figure S2b,c,e,fkln,0). The white spots
might be associated with the phase separation induced by
SnF,.”” Surprisingly, the white spots were almost eliminated
when the pressure reached 1500 Pa (see Figure S2h,i). This
implies that suitable pressure contributes to the elimination of
the phase separation induced by excess SnF,. This phenom-
enon is consistent with the homogeneous dispersion of SnF,
via chemical method (SnF,—pyrazine complex).”> Many
pinholes/voids existed in the perovskite films and bared the
substrates when pressure reached 3000 and 4000 Pa (Figure
S2k,ln,0). The reason for this phenomenon is that high
pressure over 3000 Pa cannot significantly accelerate the
evaporation of the solvents in perovskite wet-solution film.>*

Figure 2 shows the photographs, scanning electron
microscopy (SEM) images, and illustrations of nucleation
growth processes of the FAy;sMAy,sSnl; perovskite films
fabricated by heat drying treatment, antisolvent treatment, and
gas pump treatment. As shown in Figure 2a,b, the
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Figure 2. Photographs, low- and high-magnification SEM images, and
illustrations of nucleation growth processes of samples prepared by
three methods: (a, d, g, j) heat drying method, (b, e, h, k) antisolvent
treatment, and (¢, f, i, ) gas pump treatment.

FAg7sMA,5Snl; perovskite films fabricated by the heat drying
method and antisolvent treatment were hazy and rough. In
contrast, the FAj,sMA,,sSnl; film prepared by the gas pump
treatment was black and smooth (Figure 2c). Furthermore,
obvious differences among the FA;,sMA(,sSnl; perovskite
films prepared by three methods can be observed from SEM
images. For the heat drying treatment, the film shows dendritic
morphology with very poor coverage (see Figure 2d,g). The
result is associated with the serious localized solute
accumulation because of the slow solvent evaporation of the
heat drying treatment (Figure 2j).>> For antisolvent treatment,
the film exhibits rough morphology with numerous pinholes
(see Fi§ure 2e,hk), which is similar with previously reported
results.””*® In contrast, the gas pump treatment yielded
uniform and dense Sn-based perovskite films without pinholes
(see Figure 2fji], and Figure S1). Perovskite growth in solution
is a process that combines supersaturation, nucleation, and
crystal growth. A high density of nucleation sites and a short
crystal growth time are key factors for the formation of uniform
and dense perovskite films.”” Rapid solvent evaporation from
precursor solutions during gas pump treatment increases the
supersaturation, leading to a higher density of nucleation sites
and a shorter crystal growth time, and then induces fast
crystallization of uniformly sized Sn-based perovskite grains.
On the basis of abovementioned satisfactory results, we
anticipated that this green solution-processed technology can
be used to prepare other high-quality Pb-free perovskite films
in the future.

Another important obstacle that Sn-based perovskite PV
technology faced is the lack of large-area films fabrication
techniques. Thus, we try to fabricate a large-area Sn-based
perovskite film with a size of 20.25 cm® by our gas pump
treatment at a pressure of 1500 Pa. As shown in Figure 3a, the
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Figure 3. (a) Photographs of the large-area (20.25 cm”) Sn-based perovskite film fabricated by the gas pump treatment. (b) XRD patterns and (c)
UV—vis spectra of samples prepared by heat drying method, antisolvent treatment, and gas pump treatment.
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band diagram of FA,;sMA,,sSnl;-based solar cell. The energy levels of TiO,, FA,;sMA,sSnl;, and
” (d) J=V curves of the champion Sn-based devices prepared by the antisolvent treatment and gas pump

large-area Sn-based perovskite film fabricated by the gas pump
treatment exhibits a mirror-like surface. To the best of our
knowledge, this is the first time to report a high-quality and
large-area Sn-based perovskite film exceeding 20 cm® For
comparison, we fabricated large-area Sn-based perovskite films
by the heat drying treatment and antisolvent treatment. The
films prepared by the heat drying treatment and antisolvent
treatment were rough and gray (Figure S3). The above-
mentioned results indicate that gas pump treatment is an
effective method for creating a high-quality Sn-based perov-
skite film, which is beneficial for the scalable fabrication of Sn-
based perovskite thin-film PV technology in the future.

To investigate the effect of the three methods on the
crystallinity of FAy,sMAg,sSnl; perovskite films, we carried
out X-ray diffraction (XRD) measurements of these samples.
As shown in Figure 3b, all samples exhibit a single phase of
FA,,sMA,,sSnl;, which have well-matched XRD patterns with
previously reported orthorhombic crystal structure of
FAg,sMAg,sSnl; perovskite.””°>" Besides, all samples show
similar XRD patterns of FA,;sMAg,sSnl;, indicating that the
effect of different methods on the formation of the crystalline
phase is not considerable. The UV—vis spectra of the
FA,,sMA,,sSnl; perovskite films prepared by three methods
are shown in Figure 3c. The gas pump- and antisolvent-
processed films exhibit much stronger absorbance in the range
from 450 to 900 nm than that of the heat drying treatment.
The low absorption intensity of the sample prepared by the
heat drying treatment mainly could be associated with the
incomplete coverage region (see Figure 2d,g).”* The UV—vis
absorption intensity of the gas pump-processed
FA,,sMA,,sSnl; perovskite film is slightly stronger than that
of the antisolvent-processed sample.

Using gas pump-processed Sn-based perovskite films, we
fabricated solar cells with an architecture of FTO/c-TiO,/
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FAy7sMAg,sSnl;/PTAA/Au (Figure Sa and Figure S4). N-
type TiO, was used as an electron transport material (ETM),
which was verified as an outstanding ETM in Pb-based PVSCs,
and p-type PTAA was used as an HTM.""** Figure 5b shows
the current density—voltage (J—V) characteristic of a
champion solar cell prepared by the gas pump treatment,
measured under reverse and forward voltage scanning. The
device achieved a PCE of 1.85% with a photocurrent density
(Jyo) of 17.4 mA/cm?, an open-circuit voltage (V,.) of 0.26 V,
and a fill factor (FF) of 42% when measured under reverse
voltage scanning and a PCE of 1.64% with a V. 0of 0.23 V, a J,.
of 15.6 mA/cm? and an FF of 45% when measured under
forward voltage scanning. The hysteresis phenomenon shown
in Figure 5b is consistent with previously reported results.>”
Furthermore, the integrated J. calculated from the incident
photon-to-current efficiency (IPCE) spectrum is about 16.3
mA/cm? which is very close to the J,. obtained from the J—V/
curves (Figure SS). Despite the performance (PCE, 1.85%)
was not fully optimized, it is the highest reported efficiency so
far for Sn-based devices with a configuration of FTO/c-TiO,/
perovskite/HTM/electrode. To compare with other planar
structure device without a meso-TiO, layer, the detailed PV
parameters are summarized in Table S1. The voltage deficit of
gas pump-processed Sn-based devices is comparable with
previously reported results (see Table S1). To date, the low V.
in such system has not been well understood. On the one
hand, the maximum V__ is typically decided by the built-in
potential barrier (V,;) of Sn-based perovskite solar cells,
namely, the difference of the highest occupied molecular
orbital of PTAA and the conduction band of Sn-based
perovskite.”” Therefore, more efforts should focus on
optimizing the band alignment of the devices (see Figure 4c)
to further improve the V.. On the other hand, the poor V. in
such system can be traced back to the high p-type defect
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Figure 5. PV metrics for 16 devices fabricated by the antisolvent treatment and gas pump treatment. (a) PCE, (b) V., (c) J,, and (d) FF.

states”" (electron and hole trap centers) caused by the easy
oxidization of Sn** during device fabrication. To move forward,
more efforts should be devoted to the suppression of the
oxidization of Sn** to reduce defect states, for example,
incorporating new antioxidants (sodium hydrogen sulfite or
ethoxyquin) into the precursor solution to reduce the
oxidization of Sn**. As shown in Figure 4d, the gas pump-
processed device achieved a champion PCE of 1.85%, which is
higher than that of the antisolvent-treated device (PCE,
1.15%).

To further compare the reproducibility of the devices, we
fabricated 16 devices by the gas pump treatment and
antisolvent treatment. As shown in Figure 5, gas pump
treatment greatly improved device performance and reprodu-
cibility compared to the antisolvent treatment. The perform-
ance of the devices prepared by the antisolvent treatment is
relatively low, with an average PCE of 0.48 + 0.28%, compared
with an average PCE of 1.27 + 0.25% of the devices prepared
by the gas pump treatment (see Figure Sa, Tables S2 and S3).
The V.. of the devices with anti-solvent and gas pump
treatment increases from 0.125 + 0.030 V of the anti-solvent
treated devices to 0.226 + 0.024 V of the gas pump- processed
devices, and the FF increases from 29.3 + 5.3 to 36.2 + 5.6%,
leading to the remarkable enhancement in PCE. The
improvement of device parameters and reproducibility can be
attributed to the higher uniformity and pinhole-less character-
istic of the gas pump-processed FA;,sMA,,sSnl; films, which
can eliminate the direct contact of HTM and ETM (Figure
2¢/fji). The abovementioned results reveal the high reprodu-
cibility of Sn-based PVSCs prepared by the gas pump
treatment technique.

B CONCLUSIONS

In conclusion, we successfully fabricated high-quality Sn-based
perovskite films by an eco-friendly gas pump treatment
technology. We found that the phase separation phenomenon
induced by excess SnF, was eliminated when the pressure is
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1500 Pa. Furthermore, we demonstrate that this method can
be used to fabricate a large-area (>20 cm?®) Sn-based perovskite
film with a mirror-like surface, which is an effective way for the
large-scale fabrication of Sn-based PVSCs. Finally, we
fabricated highly reproducible FA,,sMA,,sSnl;-based solar
cells and obtained an inspiring efficiency of 1.85%, which is the
highest reported efficiency for Sn-based devices with a
configuration of FTO/c-TiO,/perovskite/HTM/electrode.
Taken together, this work will open a new door for green
manufacturing of high-quality lead-free perovskite films in the
future.

B EXPERIMENTAL SECTION

Materials. All the chemicals and reagents were used as received
without further purification, including Snl, (99.99%, Sigma-Aldrich),
SnF, (>99%, Sigma-Aldrich), and tetrakis(pentafluorophenyl)borate
(TPFB) (Tokyo Chemical Industry Co., Ltd.). Formamidinium
iodide (NH,CH=NH,], FAI), methylammonium iodide (CH;NH,],
MAI), and PTAA were purchased from Xi'an Polymer Light
Technology Corp. (China). N,N-dimethylformamide (DMF, anhy-
drous, 99.8%), dimethyl sulfoxide (DMSO, anhydrous, 99.9%),
chlorobenzene (anhydrous, 99.5%), and FTO-coated glass (TEC7,
2.2 mm) patterned using a laser were purchased from Ying Kou You
Xuan Trade Co., Ltd. (China). All solutions were filtered through a
0.22 pm filter before use.

Thin Film Fabrication. Stoichiometric FAI (387 mg), MAI
(119.3 mg), Snl, (1116 mg), and SnF, (48 mg) were dissolved in a
mixture of 4.286 mL of DMF and 0.714 mL of DMSO. Then, the
FAy;sMA(,sSnl; precursor solution was stirred at 70 °C for 1 h. For
the heat drying treatment, the precursor solution was dropped on the
¢-TiO, layer and spin-coated at 4000 rpm for 30 s. For the antisolvent
treatment, the precursor solution was dropped on the c-TiO, layer
and spin-coated at 4000 rpm for 30 s. Chlorobenzene (200 uL) was
dripped onto the spinning substrate during the spin-coating. For the
gas pump treatment, the precursor solution was dropped on the c-
TiO, layer and spin-coated at 4000 rpm for 10 s. Subsequently, the
sample was immediately transferred to a home-developed gas pump
chamber with 1500 Pa, pumping the sample for 10 s. All perovskite
films were made and annealed at 70 °C for 15 min in a glovebox.
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Device Fabrication. FTO substrates were cleaned by sonicating
sequentially in acetone, ethanol, and deionized water, each for 15 min,
then dried by nitrogen, and treated in UV ozone for 30 min. A ¢-TiO,
layer was prepared according to our previously report.'* The ¢-TiO,/
FTO substrate was transferred into a glovebox for the preparation of a
perovskite layer (O, < 0.1 ppm, H,0 < 0.1 ppm). Then,
FAy7sMA,,sSnl; precursor solution was dropped on the c¢-TiO,
layer and spin-coated at 4000 rpm for 10 s. Subsequently, the sample
was immediately transferred to a home-made gas pump chamber’
with 1500 Pa, pumping the sample for 10 s. Then, a somewhat mirror-
like dried Sn-based perovskite film was heated at 70 °C for 15 min.
The solution of hole transporting material, consisting of 32 mg of
PTAA and 3.6 mg of TPFB in 1.6 mL of chlorobenzene, was spin-
coated on the Sn-based perovskite film at 1500 rpm for 30 s and then
annealed at 70 °C for 5 min. Finally, Au metal electrode was thermally
evaporated. Devices were encapsulated with cover glass and UV hard
resin (Ausbond, A350).

Film and Device Characterization. XRD measurements were
carried out on an Ultima IV X-ray diffractometer with Cu Ka from 10
to 80° (26). UV—vis spectra were measured with the FAy,sMA,sSnl;
films spin-coated on FTO substrates using a PerkinElmer Lambda 950
spectrophotometer. SEM tests were performed on a field-emission
SEM (MIRA3 TESCAN). The exact light intensity of the solar
simulator was calibrated by a standard Si reference cell (91150V,
Oriel). J—V curves of the solar cells with an active area of 0.1 cm?
were tested by using a source meter (Keithley, 2400) under 100 mW/
cm? illumination using a solar simulator (Peccell Technologies, PEC-
LO1). The devices were measured by reverse (from 1.2 to —0.2 V)
and forward (from —0.2 to 1.2 V) voltage scanning with a scan rate of
0.01 V/s. J=V curves that were finished in a N,-filled glovebox. IPCE
spectrum was collected by a solar cell quantum efliciency measure-
ment system (SolarCellScan 100, Zolix Instruments Co., Ltd.). The
IPCE test was performed under ambient conditions.
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