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Tin-based perovskite has been considered as one of the most potential candidates for lead-based
perovskite. The solution proceed method was widely utilized in fabricating tin perovskite solar
cells. So far, all fabrication processes for tin perovskite solar cells involved toxic organic
solvents, which is contrary to the development of environmentally friendly perovskite solar
cells. In this study, we report for the first time, by using a mixed green solvent N-diethyl
formamide and green 1,3-dimethyl-3,4,5,6-Tetrahydro-2 (1H)-pyrimidinone as precursor
solvent, and a green solvent dibutyl ether as antisolvent, a high-quality FA(75sMA5Snl; film
was achieved. The optical band gap of the prepared perovskite layer was 1.36 eV, which was
close to the ideal band gap. The green-solution-proceed perovskite films showed reduced defect
density. As a consequence, the champion green-solution-proceed photovoltaic device achieved a
power conversion efficiency of 4.4%. Moreover, it still maintains 80% of the initial efficiency
after 600 h of storage in a nitrogen atmosphere. This work would promote the perovskite solar

cells from a ‘new’ technique to a ‘new and green’ technique.

Supplementary material for this article is available online

Keywords: green solution, solution proceed, green antisolvent, tin-based perovskite, interface

1. Introduction

As a competitive candidate in the emerging-generation photo-
voltaic technology, perovskite solar cells (PSCs) have received
widespread attention because of their excellent photoelectric
properties, such as light-weight, fast-fabrication process, and
feasible low cost, efc [1-3]. Today, all high-efficiency PSCs
contain toxic lead ions, which raises environmental and human
health concerns [4, 5]. Tin-based perovskite has been con-
sidered as a mostly likely substitute for its lead counterpart,
attributed to its excellent optoelectrical properties such as high

* Author to whom any correspondence should be addressed.

carrier mobility (up to 143 cm~2V~!S~1), and low exciton
binding energy (18 meV), efc [6-8]. Meanwhile, tin-based
perovskites (ASnl;, A = Cs, FA, MA, efc) have been repor-
ted to have a band gap in the range of 1.2-1.4 eV [9], which
is very close to the optimal band gap at the Schottky limit
(1.34 eV) [10], and this ideal band gap is considered to be
the biggest driving force for the development of tin-based
lead-free perovskite materials. Nowadays, the certified PCE
of tin-based perovskite photovoltaic devices has reached up to
14.6% [11]. However, the performance was still lower than its
lead counterpart, mainly due to two reasons: firstly, the Sn>*
is easily oxidized to Sn** during the perovskite film prepar-
ation process and the device work process; two extra elec-
trons were introduced and therefore formed a heavy p-type
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doping. Meanwhile, this oxidization process will inevitably
cause the perovskite structure distortion. Secondly, during the
tin perovskite film fabrication process, the nucleus formation
and crystal growth rate were not balanced, which induced an
unsmooth surface and pinholes in tin-based perovskite film
[12-14].

The solution processing technique is widely used for tin-
based perovskite layer fabrication. However, most of the
solvents for the precursor solution were toxic, such as N, N-
dimethyl formamide (DMF) [15-17]; and most of the anti-
solvents were also toxic, such as chlorobenzene (CB) or tolu-
ene, efc [18, 19]. This is contrary to the intention development
of environmentally friendly PSCs and hinders its commercial
fabrication [20]. To avoid the use of toxic reagents, Su et al
utilized acetic acid (HAc) as an antisolvent to regulate the per-
ovskite film growth [21]. The crystal nucleus formation rate
was accelerated and the crystal growth rate was reduced, there-
fore high-quality FASnlI; perovskite film was achieved. Zhang
et al utilized diethyl carbonate (DEC) as a green antisolvent
in the FASnI; perovskite light absorber layers [8]. The inter-
action between DEC and precursor solution slowed the crys-
tallization of perovskite, enabling a low defects film forma-
tion. Although the green antisolvent has replaced the com-
monly used toxic antisolvent in the above study, however,
the precursor solution still contained toxic DMF. Tang et al
used N, N-diethyl formamide (DEF) instead of toxic DMF
to prepare the tin-based perovskite precursor solution [22].
DEF was slightly weaker coordinated with Sn’>*, rendering
the formation of smaller colloids in the perovskite precursor
solution, thus inducing the decreased crystal nucleus forma-
tion and retarded crystal growth, and a high-quality film was
achieved.

So far, during the fabrication of a tin-based light-absorbing
layer, either the precursor solution or antisolvent is toxic.
Thus, it is necessary to find a green solvent strategy. In this
work, we present for the first time a green-solution-proceed
strategy for fabricating the tin perovskite photovoltaic cells.
The FAg75sMAq25Snl3 precursor solution was prepared with
green N, N-diethyl formamide (DEF), and 1,3-dimethyl-
3,4,5,6-Tetrahydro-2(1H)-pyrimidinone (DMPU) solution;
and green dibutyl ether (DEE) was used as antisolvent. In this
way, perovskite films with an ideal band gap were prepared,
and an efficiency of 4.4% was obtained. Moreover, the device
performance remains at 80% of the initial PCE after 600 h.

2. Experimental section

2.1. Materials

Etched indium tin oxide (ITO, 7 ohm/square, Advanced);
tin iodide (Snl,, 99.999%, Advanced); Formamidinium
iodide (FAI, 99.5%, Xi’an Yuri); methylammonium iod-
ide (MAI, 99.5%, Xi’an Yuri); Cgy (>99%, Xi’an Yuri);
Bathocuproine (BCP, >99%, Xi’an Yuri); Tin fluoride
(SnF,, 99.9%, Macklin); 1,3-Dimethyl-3,4,5,6-tetrahydro-
2(1H)-pyrimidinone (DMPU, 99%, Adamas), N, N-diethyl
formamide (DEF, 99%, Adamas) and dibutyl ether (DEE,

99%, Adamas); PEDOT: PSS (4083, 1.3-1.7 wt%, Xi’an
Yuri); N, N-dimethyl formamide (DMF, 99.8%, J&K);
dimethyl sulfoxide (DMSO, 99.9%, J&K); chlorobenzene
(CB, 99.8%, J&K); Sliver (Ag, 99.99%, Metallurgy and
Materials).

2.2. Fabrication of device

2.2.1. Perovskite precursor preparation.  Green solution: the
FA¢.7sM A 255nl3 perovskite precursor solution was made by
MAI (27.83 mg, 0.175 mmol), FAI (90.3 mg, 0.525 mmol),
Snl, (260.75 mg, 0.7 mmol) and SnF, (7.68 mg, 0.049 mmol)
in 0.7 ml mixed solution of DEF and DMPU (DEF:
DMPU = 6:1), and stirred overnight. The final perovskite solu-
tion concentration is 1.0 M (figures S3 and S4) and filtered by
a 0.22 pm filter.

Control solution: the preparation was the same as our pre-
vious work [13]. MAI (15.9 mg, 0.1 mmol), FAI (51.6 mg,
0.3 mmol), Snl, (149.0 mg, 0.4 mmol), and SnF, (6.3 mg,
0.04 mmol) in 0.5 ml mixed solution of DMF and DMSO
(DMF: DMSO = 4:1), and stirred overnight. The final per-
ovskite solution concentration is 0.8 M and filtered by a
0.22 pm filter. The device prepared by this method is named
the control device.

All these steps were carried out in a glove box (with an N,
atmosphere).

2.2.2. Perovskite device preparation.  The ITO substrates
were brushed with a toothbrush dipped in the configured
Hellmanex solution for at least one minute, then rinsed with
plenty of deionized water, and then ultrasonic cleaned with
deionized water, anhydrous ethanol, and isopropanol for every
20 min, respectively. The cleaned ITO glasses were dry with
flowing nitrogen, and then UV-ozone treated for 15 min. For
the fabrication of the hole transport layer (HTL), PEDOT:
PSS solution was filtered by a 0.45 pm filter (PES) and spin-
coated on the ozone-treated ITO glasses at 4000 rpm for
30 s, and followed with 150 °C anneal for 30 min. Then
the ITO/PEDOT:PSS samples were immediately transferred
to the nitrogen glovebox (H,O < 0.1 ppm, O, < 0.1 ppm)
for the following FA(75MA(25Snl; layer fabrication. 40 ul
FA¢.7sMAg25Snl3 precursor solution was spin-coated at 5500
rpm for 60 s, and 130 pl DEE was dripped onto the substrates
at 13 s as anti-solvent; then the substrate was annealed at 90 °C
for 15 min (For control film: 40 pl FAy7sMAg 25Snl3 precursor
solution was spin-coated at 5000 rpm for 60 s, and 120 ul CB
was dripped onto the substrates at 13 s as anti-solvent; then
the substrate was annealed at 90 °C for 15 min). Cgo (35 nm
at 1 A s~1), BCP (8 nm at 1 A s~1), and Ag (80 nm) were
thermal deposited on the FAg75sMAg25Snl; perovskite films
in a 10~* Pa vacuum evaporation chamber.

2.3. Characterizations

I-V characterization: I-V characterization was carried out
with a solar simulator (Newport AAA 1.5 G, 100 mW cm™?)
equipped with a Keithley 2400 in a nitrogen glovebox.
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Figure 1. (a) The molecular structure diagram of DEF, DMPU, and DEE. (b) The schematic diagram of FA75MA25Snl3 layer fabrication

process.

The I-V characterization under varied light intensity (10—
100 mW cm~2) was carried out with the same setup com-
bined with optical filters. Photoluminescence Spectroscopy
(PL) was tested by a Nanolog FL3-iHR320 with 500 nm
excitation wavelength. Top-view SEM was carried out with a
Gemini SEM 300 at 15 kV acceleration voltage. X-ray dif-
fraction (XRD) patterns were carried out with a D8 focus
instrument from 10 to 50 degrees with 0.02 step. Contact
angle measurement of perovskite films was carried out with
SCI 2000 A. Ultraviolet—visible absorption spectrum (UV—
Vis) measurements were performed using a UV1920 spec-
trophotometer from 500-1000 nm. Hall characterization was
performed by the Hall effect tester model HL5500, and the
sample structure was pure glass/perovskite film/Ag. X-ray
photoelectron spectroscopy (XPS) analysis was performed
using AXIS ULTRA DLD multifunctional photoelectron spec-
trometer with ITO/perovskite film structure. For the device
stability testing, the samples were stored in the glovebox and
measured /-V curves at different time points.

3. Results and discussion

The molecular structures of the green solvent DEF,
DMPU, and DEE are shown in figure 1(a). Tin-based
FA¢.7sMAg25Snl3 perovskite films were fabricated by one-
step spin-coating method (figure 1(b)). The FA75MA25Snl;
precursor solution was formed by dissolving perovskite with
DEF and DMPU (DEF: DMPU = 6:1) solution (figure 1(b)).
During the spin-coating process, green antisolvent DEE was
added to the sample and followed with annealing to form
FA¢.7sMAg25Snl; film. For the comparison, we also fabric-
ated perovskite films with DMF: DMSO = 4:1 as precursor
solution and CB as anti-solvent, named as control devices in
this study [13].

To explore the photophysical properties of FAg75sMA25Snl;
perovskite light-absorbing layers, a series of film proper-
ties have been characterized. Firstly, XRD characterization
was conducted to investigate the perovskite film crystalliza-
tion (figure 2(a)). The green-solution-proceed perovskite film
showed similar XRD patterns with control films: the diffrac-
tion peaks were shown at 14.2°,24.6°,28.4°,31.9°, and 40.6°,
which corresponded to (100), (120), (200), (122) and (222)

crystal faces of the orthogonal structure of FAg75sMAg25Snl3
perovskite, respectively [23, 24]. Among these peaks, the dif-
fraction peaks (100) and (200) showed a relatively high intens-
ity, showing the preferred crystal orientation. The results show
that the perovskites prepared by green solvent treatment and
control group have good crystallization with a high preferred
orientation in <h0O> direction. It was found that the pho-
toluminescence spectroscopy (PL) peak value was located at
914 nm (figure 2(b)), which was also similar to that of con-
trol films. According to the Tauc Plot rule, (ahv)"'? = B(Eg-
hv) =1240/\Eg = hv = 1240/ X (E, was the optical band gap;
a was the absorption coefficient;sr was the photon energy and
B was the constant,); the optical band gap of FAq75sMAg 25Snl3
was calculated to be 1.32 eV, which was close to the Shockley—
Queisser limit 1.34 eV [10]. Moreover, the green perovskite
films showed both much higher PL intensity and absorption
intensity than that of control films respectively, indicating
that the film with reduced trap densities was achieved with
green-solution-processed methods.

Scanning electron microscopy (SEM) was conducted to
investigate the surface morphology of tin perovskite films
(figures 3(a) and (b). The control film showed polycrystal-
line morphology with several pinholes. In contrast, the film
treated with the green solution not only has pinholes but also
has blurred grain boundaries. These defects in films would trap
the charge carriers and lead to serious interfacial recombina-
tion loss, therefore could resulting in a low short-circuit cur-
rent density (Jg) [25, 26]. At the same time, surface roughness
was analyzed by SEM images. Figures 3(c) and (b) show the
surface plot under the control condition and green condition
respectively. It is found that the surface diagram under the con-
trol condition is smooth, on the contrary, the surface plot under
the green condition is sharper and the film is rougher. Rough
perovskite films lead to an increase in interface defects, affect-
ing carrier transport, resulting in reduced mobility in the per-
ovskite film (which is consistent with the Hall mobility test),
and accelerating the rate of radiation recombination, resulting
in lower J¢ [27].

To characterize the chemical changes in tin perovskite sur-
face, the XPS Sn3d spectrum was further conducted to invest-
igate the Sn>*/Sn** ratio, since Sn?>* to Sn** oxidation was
one of the most serious issues in tin PSCs (figure 4). The peak
around 487 nm (Sn 3d3/;) could be separated into two peaks
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Figure 3. Top-view SEM image of (a) green-solution-proceed film
and (b) control film; Surface plot with the roughness of (c)
green-solution-proceed film and (d) control film.

at 495.1 (Sn>T) and 495.7 (Sn*T). The Sn** element in the
green-solution-proceed film was 22%, which was higher than
that of the control film, which may be caused by the large pin-
holes in the film treated with green solution. The existence of
these defects increases Sn*>* vacancies in the perovskite lat-
tice, increasing Sn** content [28]. We would like to point out
that for the high-performance tin PSCs, the Sn** ratio must be
greatly reduced in future studies.

To further explore the hydrophobicity property of the per-
ovskite film, the contact angle measurements were character-
ized (figure 5). The green-solution-proceed films show a rel-
atively hydrophobic contact angle of 62.3°, which would be
beneficial for the device’s stability. Moreover, we conducted
Hall effect measurement to investigate the electronic proper-
ties of tin perovskite film. In the Hall effect test (figure S1),
the tin-based perovskite film under green conditions showed a
mobility of 92.9 cm~2 Vs and a resistivity of 77.7 ohm cm,
while the control film showed a mobility of 99.4 cm~2 Vs
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Figure 4. High-resolution XPS spectra of Sn 3d5/2 and 2d/3/2, left:
green-solution-processed film and right: control films.

Control

Green '

62.3°

46.9°

Figure 5. The water contact test of green-solution-proceed
perovskite film and control film.

and a resistivity of 18.5 ohm cm. Compared with the control
film, the film prepared with green solution has greater res-
istivity and lower mobility, which may be caused by the pre-
paration of the film is more rough, which hinders the trans-
port of charge carriers. From the Hall effect test, compared
with the control film’s carrier density of 3.40*10'> cm—3, the
carrier density of the perovskite film under green condition
is 8.64*10'* cm~3, which is an order of magnitude smaller.
The decrease in carrier density reduces the leakage current of
the device and finally improves the open circuit voltage and
filling factor of the device [29]. This is consistent with the res-
ults of device performance parameter testing. Meanwhile, we
found that the conductive type of perovskite film prepared in
green solution was n-type, while the conductive type of per-
ovskite film in the control group was p-type, which resulted in
the device prepared in green solution was not conducive to the
transport of hole carriers, resulting in lower J.

To evaluate the device performance prepared by
green precursor solution and anti-solvent, a series
of inverted PSCs were prepared with the structure
ITO/PEDOTZPSS/FAO_75 MAO.25SHI?, ZSHFz/C6()/BCP/Ag;
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where PEDOT:PSS represents poly(3,4-ethylene dioxy-
thiophene):poly(styrene sulfonate) for HTL; and BCP rep-
resents bathocuproine for electron transport layer. The green-
solution-proceed lead-free PSCs obtained a slighter higher
average PCE (3.6%) than that of control, with an average FF
of 54.8%, an average open circuit voltage (V) of 0.45 V, and
an average J. of 14.6 mA cm 2 (figure 6). The enhanced PCE
was mainly attributed to the increased V. and FF; however,
the J. of green-solution-proceed PSCs was much lower than
that of the control device, which could be attributed to the
rough surface and conductivity type of perovskite films.

For the champion green-solution-proceed device, it had
achieved a PCE of 4.4%, FF of 57.4%, V.. of 0.43 V, and J.
of 17.6 mA cm 2 (figure 7(a)). Figure 7(b) shows the dark J-V
curve of champion perovskite devices. By fitting the Schottky
equation to the dark J-V curve, the performance parameters
are analyzed by the following expression [30, 31]:

_ avy _

J=Jy [eXp<nkT> 1} (1)
R ~q0p

Jo=A Texp( kT> 2)

Table 1. Performance parameters of PSCs by Schottky equation.

Jo (mA cm™?) Dg (V) n
Green 1.19*1073 0.77 1.27
Control 1.04*1072 0.71 1.39

where ¢ is the electron charge, V is the voltage, k is the
Boltzmann constant, T is the absolute temperature, 7 is the
ideal factor of the diode, Jy is the reverse saturation cur-
rent density, @ is the Schottky barrier height, and A is the
Richardson’s constant. The performance parameters of the
PSCs obtained are shown in table 1.

Compared with the control device, the reverse saturation
current density of 1.04*10~2 mA cm~2, the device prepared
with green solution is 1.19*10~* mA cm~2. The reduction of
Jo reduces the leakage current and non-radiation recombina-
tion in PSCs, which is conducive to the improvement of V.
and FF. The series resistance R and parallel resistance Ry
were calculated from the light J-V curves. The actual circuit
model of the photovoltaic cell is shown in figure S2. In gen-
eral, the resistance of tin-based PSCs can be equivalent to the
interaction of R and Ry, where the series resistance R is the



Table 2. Photoelectric parameters of best-performing PSCs.
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Figure 8. Device performance evolution of green-solution-proceed and control PSCs: (a) PCE, (b) FF, (c) Vo and (d) Jc, respectively.

sum of the ohmic losses generated at the interface of posit-
ive and negative electrodes, carrier transport layer, perovskite
layer, and carrier transport layer; Ry, was attributed to leakage
paths of PSCs, such as pinholes and recombination losses in
the perovskite light-absorbing layer [32, 33]. The relationship
between J-V characteristics of PSCs and R, and Ry, was as
follows [32]:

q(V_JRs) JRs
— — = @@ % — 1 —
Jsc =Jon —Jo [GXP ( T Run 3

T J,
(e 0nR) @
q Jo JohRsh

where Jp, is the photocurrent density; In an ideal situation, R
should close to 0 and Ry, should close to infinity. As shown
in table 2, Ry and Ry, of the champion device are calculated
as 63.5  and 1640.3 2, respectively, showing an improved
series resistance and parallel resistance compared with that of
control. Further, to explore the charge recombination dynam-
ics in lead-free PSCs, the V. versus different light intensities
were characterized, in which the relationship of V,. & light
intensity (Li) was shown as follows [34]:

Vi o (”’;T> In (Li) )

Slope = 1 indicates that there is direct biomolecular recom-
bination (no trap recombination), and slope = 2 means that
the Schockley—Read-Hall (SRH) trap-assisted losses dominate
[13, 34]. For the green-solution-proceed PSCs, it showed an
improved slope of 1.21. Furthermore, it means the V. could be
increased by optimized charge carrier recombination, such as

reducing the perovskite film pin-holes or improving the inter-
faces of perovskite/PEDOT:PSS and perovskite/Cgp.

With the green-solution-proceed method, the PSCs also
achieved good stability. All the PSC devices were stored in
a nitrogen-filled glovebox to evaluate their stability. We found
that the green-solution-proceed devices still maintained 80%
of the original PCE after 600 h (figure 8). In contrast, the con-
trol device was only 40% of the initial after two weeks of stor-
age, and almost lost its photovoltaic properties.

4. Conclusions

In summary, we report for the first time, that tin-based PSCs
were fabricated with a green precursor solution and a green
antisolvent. Through the interaction between green solvent
and antisolvent, good-quality perovskite crystal films with
an ideal band gap were obtained. The electric properties
were similar to that of a conventional DMF:DMSO/CB solu-
tion system. The tin-based perovskite photovoltaic devices
achieved a 4.4% PCE. Moreover, the efficiency remained at
80% of the initial after 600 h of storage in a nitrogen atmo-
sphere. This work will be helpful for the PSCs from a ‘new’
technique to an environmentally friendly ‘new and green’
technique.

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files).
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