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Since the DMSO seriously oxidizes the Gel, which is one of the ingredients for the Sn/Ge perovskite, it was difficult to make high-quality films by
using the conventional DMSO/DMF solvent. We now first report the MASNg sGeg slz perovskite solar cells (PSCs) prepared by a simple spin-
coating technology. We found that triethanolamine (TEA)/n-methyl pyrrolidone (NMP) does not oxidize the Gel, and improves the stability of the
precursor. The precursor solution with TEA/NMP/DMF gave high-quality perovskite films. The cell gave a power conversion efficiency of 2.18%.
This is the first report proving that Sn/Ge PSCs are fabricated by a conventional solution process. © 2023 The Japan Society of Applied Physics
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(Pb PSCs) has been improved and reached 25.7%."

There is tin (Sn) and germanium (Ge) in the same 14th
group as the lead. The tin halide perovskite solar cells (Sn
PSCs) are now following the Pb PVK and 14%-15%
efficiency has been reported.” On the other hand, funda-
mental research such as the electronic and optical properties
of the germanium halide perovskite (Ge-PVK) layer have
been reported, however, the efficiency of the Ge PSCs is
lower than the above.” In addition to the halide perovskite
solar cells with single metal cations such as Pb PVK PSCs,
Sn PVK PSCs, and Ge-PVK PSCs, alloyed perovskite solar
cells consisting of more than two metal cations, have
attracted attention due to the unique solar cell
performances.” The bandgap of the Pb PVK and Sn PVK
is around 1.55-1.6 eV and 1.4 eV, respectively.”® However,
the bandgap of the Sn/Pb alloyed perovskite is around
1.2eV,” which is much narrower than that of each perovs-
kite. The efficiency of the Sn/Pb PVK PSCs has been
improved and 23%-24% efficiency has been reported.”
The Sn/Pb PVK PSCs are expected as the bottom cell of all
perovskite/perovskite tandem solar cells.”'”

The results on the Sn/Pb PVK PSCs stimulated us to
research alloyed perovskite Sn/Ge alloyed halide perovskite
solar cells (Sn/Ge-PVK PSCs), where both of Sn and Ge are
in neighbors of the 14th group in the periodic table, such as
Sn/Pb PVK PSCs. The Sn/Ge-PVK layer is fabricated from
Snl,, Gel,, and organic halides (A-halides) in ASn,Ge(_l5.
It is well-known that dimethyl sulfoxide/dimethylformamide
(DMSO/DMF) mixture solvent is employed to make high-
quality halide perovskite films."'~'® The use of DMSO was
unavoidable because the DMSO makes intercalated precursor
(2D structure) with Pbl, or Snl,, and the 2D structure is
converted to the 3D structure with high-quality films.'*'?
Since Gel, is a strong reducing agent and reacts with DMSO
(oxidant), the DMSO is not employed for preparing the Sn/
Ge-PVK layer.M*“’) Therefore, in order to fabricate the Sn/
Ge alloyed halide perovskite (Sn/Ge-PVK) layers, a vacuum
deposition process or specially designed spray method (DMF
solution) has been used.” We have reported that the
efficiency of the Sn PVK PSCs was enhanced by adding a
small amount of Gel, (such as Sn/Ge-PVK PSCs consisting
of Sng95Geg s PVK as the light-harvesting layer).”"x) The

T he efficiency of the lead halide perovskite solar cells
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addition of Gel, toward Snl, was limited to 10% in the
process using the DMF/DMSO mixed solvent, because of the
low solubility of Gel, and the high reactivity of the Gel, with
DMSO.>'? Because of this, there were no reports on the Sn/
Ge-PVK PSCs prepared by a conventional coating tech-
nology. We found that triethanolamine (TEA)/n-methyl
pyrrolidone (NMP) solves these problems. This is the first
report on the Sn/Ge-PVK PSCs [MASngsGegpsl; (MA:
CH;NH; )] prepared by a simple spin-coating technology.
The results open the way toward printable Pb-free Sn/Ge
PSCs.

We first used DMFE/NMP (4:1, V:V) and DMF/DMSO
(4:1, V:V) as a solvent to prepare MASn, sGeg sl3 perovskite
film. As shown in Fig. S1, no matter which strategy was
used, films with good quality were not obtained. It has been
reported that Ag™ is reduced to Ag metal in the presence of
TEA.?>?" In addition, the amine groups coordinate with
Sn®" or Ge*", which retards the crystallization and gives
better crystals.”>~>* This prompted us to add TEA instead of
DMSO. Figures 1(a)-1(b) shows the ultraviolet—visible (UV—
vis) spectra change during the storage of Snl, in DMF/NMP/
DMSO (4:1:0.5, volume, hereinafter referred to as DMSO
solution) and DMF/NMP/TEA (4:1:0.25, volume, hereinafter
referred to as TEA solution), respectively. The change of the
UV-vis spectra of Snl, in the DMSO solution was larger than
that in the TEA solution. The absorption at around 360 nm is
assigned to I3~ which is formed by the oxidation of the
Snl,.”” Therefore, the 360nm peak was taken as the
indicator for the Snl, stability. Figure S2 summarizes the
relationship between the change of 360 nm peak intensity and
the elapsed time for each solution. The peak intensity change
of 360 nm was suppressed in the TEA solution, suggesting
that the stability of the Snl, was improved in the TEA
solution. Figures 1(c)-1(d) shows the UV—-vis spectra change
of Gel, in the DMSO solution and TEA solution, respec-
tively. In the same way, the UV—vis spectra change was more
suppressed in the TEA solution.

XRD spectra of MASn,Ge, _,I5 are summarized in Fig. 2.
MASn,Ge;_I5 prepared from DMSO solvent
(Sn,Ge(; —-DMSO solution) had a lot of unidentified peaks
[Fig. 2(a)]. In contrast to this, MASn,Ge,_ I prepared from
TEA (Sn,Ge(;_,-TEA solution, Fig. 2(b)) shows simple
XRD peaks at 14.83° and 29.22° assigned to the (001) and

© 2023 The Japan Society of Applied Physics
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(Color online) XRD patterns of the perovskite film (MASn,Ge; _,I5) prepared from (a) DMSO solution and (b) TEA solution. (c) XRD patterns of

MASn 5Geg 513 perovskite film prepared from DMSO solution and TEA solution.

(002) for each composition (x = 1-0). The results demon-
strate strongly that the latter crystal has a more regulated
structure than the former crystal and prove the effectiveness
of the TEA solution. The peak shifted to a larger degree with
a decrease in the x of MASn,Ge,_,I; (Figs. S3 and S4),
suggesting that the lattice becomes smaller as the Ge*" ion
content increases because the diameter of Ge>" ion is smaller
than that of the Sn*" ion. These results show that the Ge*" is
in the lattice. In addition, it has been reported that the small
XRD intensity is associated with poor crystallization.”*~%
The poor crystallization quality of the film may be explained
by the faster crystallization rate of the film with the increase
of Ge**. This is also a challenge for preparing high Ge*"
PSCs [Figs. 3(c) and S3]. In addition, full width at half
maximum (FWHM) was also counted to uncover the effect of
TEA or DMSO on the crystallinity of the perovskite film. The
FWHM of the MASn,Ge,_,I; film prepared from the
precursor solution containing TEA is always smaller than
that of the film prepared from the precursor solution
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containing DMSO (Fig. S5), which supports that the quality
of the perovskite film prepared from the former precursor is
better.

The morphology of the crystal surface of MASn, sGeg 53
prepared from TEA solution was pinhole free and improved,
compared with that from DMSO solution. Video S1 and
Video S2 show the spin-coating process. In the case of
perovskite film prepared from the DMF/NMP solution
(Video S1), the black film appeared in 7s after the spin-
coating, while for the perovskite film from TEA solution
(Video S2), the black film appeared at 10.5 s after the spin-
coating. The slower crystallization may explain the better
film morphology as reported previously.”*"

The Sn*™/Sn** ratio of the perovskite film
(MASng 5Geg sl3) prepared from the DMSO solution and
TEA solution are summarized in Fig. 3. The ratio was
Sn*":Sn*" = 100:0 in the latter film (TEA solution), which
was lower than that in the former film prepared from DMSO
solution (Sn*":Sn*" = 92:8) as shown in Figs. 3(a)-3(b). In

© 2023 The Japan Society of Applied Physics
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Fig. 3.
fabricated from the (c) DMSO solution and (d) TEA solution.

the same way, the Ge>"/Ge* " ratio was Ge*":Ge*™ = 76:24
in the latter film (prepared from TEA solution) [Figs. 3(c)—
3(d)], which was lower than in the former film (Ge*":Ge*"
= 61:39, prepared from DMSO solution). These results show
that the Sn*" and Ge*" formation was retarded in the TEA
solution.

Figure 4(a) shows the photovoltaic performances of
perovskite solar cells having the perovskite layer
(MASn 5Geg sI3) prepared from DMSO (device 1) solution
with the anti-solvent process and TEA solution (device 2)
without anti-solvent process, where the former device and the
latter device is named as device 1 and device 2 respectively.
The device has a structure of FTO/PEDOT:
PSS/MASIIO5G60513/C60/BCP/Ag The MASHQ.SGSO.SI:;
layer was prepared by spin-coating from TEA solution
without the anti-solvent process. The MASn, sGeg sl; layer
was not prepared from the conventional DMF/DMSO (4:1)
solution because of the inadequate solubility and the fast
reactivity of the DMSO with Gel,. Because of this, the
content of DMSO was decreased to DMF/DMSO (4:0.5, V:
V). Since the solution did not give a flat film after the spin-
coating, an anti-solvent process was employed after the spin-
coating. Figure 4(b) and Table SI present the J-V curves and
photovoltaic parameters of the champion PSCs prepared from
Sng sGegs-DMSO (device 1) with the anti-solvent process
and Sng 5Ge s-TEA without anti-solvent process (device 2),
respectively. The former device (device 1) had PCE of
1.36%, Jsc of 10.15mA cm 2, Voe of 0.28 V, and FF of
0.48. While the latter device (device 2) achieved PCE of
2.18%, Jsc of 11.04mA cm 2, Voc of 0.38V, and FF of
0.53. The energy diagram of the solar cells is shown in Fig.
S6. The conduction band energy level and balance band
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(Color online) Ge 3d XPS spectra of MASn 5Ge 515 fabricated from the (a) DMSO solution and (b) TEA solution. Sn 3d XPS of MASn 5Geg sl3

energy revel were —3.75eV and —5.40eV, respectively,
where electrons and holes can be collected from the view-
point of the energy level. There was no difference in the
conduction and valence band energy levels between the film
prepared from Sng 5Geg 5-DMSO with an anti-solvent process
and that from SngysGegs-TEA without an anti-solvent pro-
cess. The incident photon-to-current conversion efficiency
(IPCE) spectra of device 2 were shown in Fig. 4(c). The
current density was estimated to be 10.22 mA cm 2 which
agreed with the Jgc in J-V curves. The stable PCE of device
2 is shown in Fig. S7. The PCE of 1.88% and 9.8 mA cm 2
of device 2 was kept for 150 s. Figure 4(d) shows the stability
test results of the unencapsulated device 2 in the N, atmo-
sphere. After 500 h, 97.1% of its original PCE was main-
tained.

The MASn, sGe, sl;, where the content of Ge*>" is much
higher than Ge®"doped tin perovskite solar cells previously
reported by us, was difficult to prepare by spin-coating
technology from the conventionally employed DMF/DMSO
(4:1) solvent, because of the small solubility and instability of
the Sn/Ge perovskite. It was proved that the Sn/Ge alloyed
perovskite layer was prepared from DMF/NMP/TEA
(4:1:0.25) solution by a spin-coated method and without
the anti-solvent process for the first time. The use of TEA in
DMF retarded the oxidation of Sn*" and Ge*". Our results
open the way to Pb-free Sn/Ge alloyed perovskite solar cells
prepared by coating technologies such as spin-coating and
blade coating.
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