7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

MINIREVIEW

All-inorganic perovskite solar cells featuring mixed

{ '.) Check for updates ‘
group IVA cations

Cite this: Nanoscale, 2023, 15, 7249

Yufeng Li,? Changyu Yang, (2 ® Weisi Guo,® Tianwei Duan,*® Zhongmin Zhou () *

and Yuanyuan Zhou (2 *°

All-inorganic perovskites are promising for solar cells owing to their potentially superior tolerance to
environmental factors, as compared with their hybrid organic—inorganic counterparts. Over the past few
years, all-inorganic perovskite solar cells (PSCs) have seen a dramatic improvement in certified power
conversion efficiencies (PCEs), demonstrating their great potential for practical applications. Pb, Sn, and
Ge are the most studied group IVA elements for perovskites. These group IVA cations share the same
number of valence electrons and similarly exhibit the beneficial antibonding properties of lone-pair elec-
trons when incorporated in the perovskite structure. Meanwhile, mixing these cations in all-inorganic per-
ovskites provides opportunities for stabilizing the photoactive phase and tailoring the bandgap structure.
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In this mini-review, we analyze the structural and bandgap design principles for all-inorganic perovskites
featuring mixed group IVA cations, discuss the updated progress in the corresponding PSCs, and finally
provide perspectives on future research efforts faciliating the continued development of high-perform-
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Introduction

Perovskite solar cells (PSCs) are attractive alternatives to com-
mercial silicon-based solar cells owing to their low-cost fabri-
cation processes and high power conversion efficiencies
(PCEs). Metal halide perovskite materials based on common
ABX; crystal structures exhibit diverse chemical composition
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ance Pb-less and Pb-free all-inorganic PSCs.

space and large tolerance in structural disorder, as well as
numerous photophysical merits, such as high absorption
coefficients, long carrier diffusion lengths, and low exciton
binding energies.' " Since the first study by Miyasaka and co-
workers in 2009, the PCEs of PSCs have skyrocketed from 3.8%
to 25.7%.'®" Nevertheless, the state-of-the-art PSCs mainly
employ hybrid organic-inorganic perovskites entailing organic
A-site cations including CH;NH;" (MA") and/or CH(NH,),"
(FA"), while the future commercial applications of organic-
inorganic perovskites are hampered by their poor stability under
light, thermal, and moisture conditions. The research on all-
inorganic perovskites demonstrates an important strategy to
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mitigate the stability issue for hybrid organic-inorganic PSCs,
which is attributed to the replacement of organic A-site cations
with inorganic Cs cations."®>* The most representative all-
inorganic PSCs are based on CsPbl;_,Br, (x = 0-3), which have
been developed rapidly owing to their combined features of
more appropriate bandgaps and potentally better stability.>
The best CsPbl;_,Br, PSCs have delivered PCEs of >20% and
meanwhile, superior environmental stability is shown com-
pared to their hybrid organic-inorganic counterparts.®®
Regardless of the promising development of CsPblI;_,Br, PSCs,
the occupation of Pb cations in all B-sites of perovskites raises
a concern about toxicity, which need to be considered for the
future commercialization.”” In this context, the development
of all-inorganic PSCs using Pb-less or Pb-free perovskites is
important, as it can unlock a possiblity to simultaneously
enhance the PCE, stability, and environment-friendliness. Sn
and Ge are the two elements that are within the group IVA like
Pb but with much less metal toxicity. Since both of them have
the same number of valence electrons, Sn and Ge cations are
excellent candidates for the partial or complete replacement of
Pb cations in the B-sites of perovskite crystal structures, main-
taining the beneficial antibonding properties of lone-pair elec-
trons in pure Pb-based perovskites.

While recently excellent review works have been done to
summarize the research progress in all-inorganic Pb-based
PSCs*®7*3 and all-inorganic Pb-free PSCs**™” from the perspec-
tive of stability and efficiency enhancements, this mini-review
mainly focuses on the updated development of all-inorganic
Pb-less or Pb-free PSCs via the strategy of mixed group IVA
cations, which can represent a new angle of view. In this work,
we will first provide a fundamental discussion of perovskites
with mixed group IVA cations regarding their crystal and elec-
tronic band structures, then summarize the film optimization
strategies for the resulting PSCs, and finally indicate promis-
ing research directions for developing all-inorganic perovskite
solar cells featuring mixed group IVA cations.
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Fig. 1 Crystal structure of the all-inorganic ABXs perovskite based on
mixed group IVA cations.

Design principle
Crystal structure

The general chemical formula of all-inorganic perovskites
based on mixed group IVA cation is ABX;, where A is a mono-
valent cation (e.g. Cs*), B is a divalent cation (e.g. Pb**, Sn**,
Ge®"), and X is a halide ion (e.g. I", Br™). The ideal crystal struc-
ture of ABX; can be regarded as a grid-like framework com-
posed of BXg-octahedra connected at the corner-sharing ver-
tices in three-dimensional space, and a large A-site is in the
voids of a dodecahedron (Fig. 1). The structural stability of per-
ovskites with various compositions can be given empirically by
the Goldschmidt tolerance factor (¢),*®

= v2(Rg + Rx) @

where R,, Rg, and Ry refer to the radii of the A, B, and X
cations, respectively. When ¢ equals 1, the crystal structure of
the perovskite is an ideal cubic phase (Pm3m).
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Experimental and theoretical studies have revealed that the
t value of the ABX; perovskite generally ranges between 0.8
and 1. When the ¢ value deviates from 1, other low-symmetry
structures or nonperovskite phases are usually generated.*
Taking CsPbl; as an example, y-CsPbl; (perovskite phase) can
be transformed into 8-CsPbl; (nonperovskite phase) at room
temperature (RT) due to the low ¢ value of 0.81.*>*' To obtain
stable all-inorganic perovskites, the radius of divalent cations
(B-site) should be less than that of lead so that the ¢ value can
approach 1. Several potential candidates for divalent cations
inculde Ge**, Sn**, Cu®’, Ni**, Co*", Fe*", Mn?", etc. Sn and Ge
are regarded as the key Pb substitutes due to their similar elec-
tronic structures. According to eqn (1), the value of ¢ will
increase gradually towards the perfect cubic phase when Sn or
Ge is introduced to replace Pb entirely or partially.*®

Electronic band structure

The valence band maximum (VBM) of the ABX; perovskite is
mainly determined by the formation of antibonding orbitals
through hybridization between the B cation’s s orbitals and
the X anion’s p orbitals, while the conduction band minimum
(CBM) depends on the p orbitals of both the B cation and the
X anion. The well-studied inorganic perovskite of CsPbl; exhi-
bits a bandgap of 1.73 eV, which exceeds the ideal-bandgap
region (1.2-1.4 €V) according to the Shockley-Queisser limit.*>
Replacing Pb with Sn or Ge with a smaller atom radius can sig-
nificantly reduce the bandgap and increase the energy conver-
sion efficiency. The experimentally derived bandgaps of CsSnl;
and CsGel; are 1.3 eV (ref. 43 and 44) and 1.6 eV, respect-
ively.*” In addition, it is possible to further optimize the elec-
tronic band structures in CsSnl; and CsGel;. Transition metals
with unfilled d orbitals can hybridize with the p orbitals of X
anions, leading to an increase in the VBM and bandgap nar-
rowing. For example, the indirect bandgaps of CsSnl; can dra-
matically decrease when the replacement of partial Sn>* ions
with small-sized Cu®" is over half.*®

The bandgaps of inorganic perovskites can also be effec-
tively changed by the alloying strategy, which entails adjusting

Dr Zhongmin Zhou is currently a
professor at Qingdao University
of Science and Technology. He
received his Ph.D. degree from
the |Institute of Chemistry,
Chinese Academy of Sciences
(CAS) in 2014 and then con-
ducted postdoctoral research at
CAS - Qingdao Institute of
Bioenergy and  Bioprocess
Technology, National Institute of
Materials Science (NIMS), and
The University of Tokyo. His
research interest is in functional
materials and devices.

Zhongmin Zhou

This journal is © The Royal Society of Chemistry 2023

View Article Online

Minireview

the mixing proportion of different ions at either B or X sites.
For B-site alloying, benefited from the bowing effect, it is poss-
ible to form perovskite B-site alloys with even lower bandgaps
than their pure-composition counterparts. This phenomenon
has been exemplified by Pb-Sn alloying perovskites.*”*®
Taking CsPb,Sn; ,Br; as an example, the bandgaps for
CsPbBr; and CsSnBr; are 2.37 eV and 1.86 eV, respectively.
While the bandgap change in the alloying perovskite is non-
linear in x with a bowing parameter of 0.9 eV, a low Pb content
(x ~ 0.3) in the alloying perovskite shows a much narrowed
bandgap of 1.82 eV. Density functional theory (DFT) calcu-
lations reveal that this can be related to the crystal structure
transformation. It is found that the orthorhombic phase of
CsPbBr; is in a tilted configuration. With the introduction of
Sn>" with a smaller ion radius, a lattice distortion is reduced,
and the B-X-B bond angle gradually expands to 180°.*° For
X-sitealloying in perovskites, anions exhibit increasing ioniza-
tion energy and electron affinity from I", Br™ to ClI™, leading to
a decrease in the B-X distance, and subsequently causing a
large downward shift of the VBM.?**! Apart from the bandgap
factor, the stability issues resulted from anion mixing should
also be considered. On one hand, the replacement of I" ions
with Br~ ions in perovskites can stabilize the perovskite phase.
On the other hand, mixed-anion perovskites undergo phase
segregation under light stimulus and the migration of halide
ions can lead to the formation of in-gap trap states.’ For the
A-site alloying in perovskites, it is generally considered that
the A-site cations do not directly affect the bandgap, they can
still impact the electronic band structures by possibly influen-
cing the B-X bond length.>

All-inorganic PSC devices based on
mixed group IVA cations

All-inorganic perovskites based on mixed group IVA cations
possess several advantages in terms of phase stability and
bandgaps. This section focuses mainly on the three types of
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perovskite compositions: CsPb,Sn;_,I;Br;_,,
CsPb,Ge;_,I,Br;_,, and CsSn,Ge;_,[,Br;_,. Among these,
CsPb,Sn;_,I,Br;_, is the most extensively studied composition
due to the stability of Pb** in air. Accordingly, we summarize
the performance improvement of all-inorganic
CsPb,Sn;_,I,Br;_, perovskites from the aspects of compo-
sitional engineering, morphology engineering, and additive
engineering. Research studies on Sn and Ge-related perovskite
compositions are still in their early phases, and only a handful
of related studies have been reported, which will be reviewed
in details. Furthermore, we will also discuss the research pro-
gress on perovskite nanomaterials of the above compositions.

CsPb,Sn,_,I,Br;_, perovskite

Compositional engineering. Although lead-based all-in-
organic PSCs exhibit excellent photoelectric properties, their
stability at RT is inferior. Partial substitution of Pb*>" ions with
smaller metal ions like Sn** or Ge®, as well as partial replace-
ment of I” ions with smaller Br~ ions, are considered the most
feasible method to adjust the tolerance factor (¢). This can
improve the stability of the photoactive phase at RT, increase
the formation energy of point defects, and suppress the gene-
ration of point defects.>* ™’

For example, Lee et al. fabricated an all-inorganic Sn-rich
perovskite material, CsPb,4Snyel, 4Bros, with an excellent
bandgap of 1.35 eV.’® The authors investigated the ¢ value and
defect formation energy of perovskite materials with different
contents of Sn and Pb through DFT simulation. As the content
of Sn** increased to 100%, the ¢ value increased from 0.807 to
0.875, but the defect formation energy reached the lowest
point when the content of Sn>" decreased to 50%. Moreover,
the authors investigated the humidity stability of perovskite
samples with different Sn>" contents by monitoring the evol-
ution of X-ray diffraction (XRD) patterns, photoluminescence
(PL) spectra, and ultraviolet-visible (UV-vis) spectra upon
storage in a high-humidity environment for 1 h to several days.
The results showed that CsPb,,Sngel; has an even higher
humidity stability compared to CsPbl;. Subsequently, the
authors introduced Br~ into CsPby 4Sng ¢Isto prepare a perovs-
kite material of CsPb, 4Sng¢l, 4Brye, which shows a further
improved structural stability together with a high tolerance to
the thermal degradation caused by heat-induced strain.

Liang et al. prepared an all-inorganic Sn-Pb hybrid perovs-
kite of CsPbgoSngIBr, in the ambient air,>® and revealed it
has a narrow bandgap of 1.79 eV. CsPb, ¢Sn, 1IBr,-based PSCs
show a high open-circuit voltage (Voc) of 1.26 V and a PCE of
11.33%. In their devices, a layer of carbon electrode replaced
the hole transport material (HTM) layer and the gold electrode,
which not only avoided the use of expensive noble metal elec-
trodes but also eliminated unstable organic components in
the device. As a result, the encapsulated device exhibited negli-
gible degradation after 3 months of storage at RT and
remained operational after 2 weeks of heating at 100 °C. Even
when exposed to the ambient air of 50-60% relative humidity
(RH) for 50 h at RT, an unencapsulated device still maintains
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85% of its initial PCE, demonstrating an improved moisture
tolereance.

Morphology engineering. The performance of PSCs is
closely related to the morphology of the perovskite films. Since
the nucleation and grain growth processes of the perovskite
generally follow the Volmer-Weber mode,* a high-quality per-
ovskite thin film refers to a polycrystalline thin film with
dense, uniform, pinhole-free, large grain size, and low grain
boundary density characteristics. A high density is the key to
preventing short circuits and reducing leakage -current.
Increasing the grain size of the perovskite and reducing the
grain boundary can effectively lower the defect density and
restrain the non-radiative combination loss.®® In addition, per-
ovskite films with higher crystal quality possess flatter sur-
faces, which can fully contact the carrier transport layer, effec-
tively reduce the interface defects, enhance carrier extraction
efficiency at the interface, and thus improve the device
performance.

The quality of the perovskite films depends mainly on the
preparation method. There are two commonly used fabrication
methods, including one-step spin-coating and two-step depo-
sition. However, it is difficult to control the stoichiometry of
perovskite films with relatively complex compositions using
two-step sequential deposition,>® making one-step deposition
the preferred method for synthesizing inorganic perovskites
with mixed group IVA cations. Li et al. used a one-step anti-
solvent method to prepare CsPb,_,Sn,IBr, perovskite films.®*
With an increase in the Sn content, there is a red shift in the
UV-vis absorption spectrum of CsPb;_,Sn,IBr,, indicating a
smaller bandgap with a higher Sn content (Fig. 2a). The
reduced bandgap of perovskite materials can absorb more
photons and achieve a higher photocurrent under illumina-
tion. As the Sn content increases from 0 to 1, results based on
scanning electron microscopy (SEM)show a clear effect of alloy-
ing on the quality of perovskite films. When the Sn content
reaches 0.25, a perovskite film with a compact polycrystalline
grain morphology is obtained. However, further increasing the
Sn content can lead to an over-acceleration of the crystalliza-
tion rate, causing an uncontrolled film quality. As a result, the
number of pinholes in the perovskite film increases, and the

Absorption (a.u.)

Fig. 2 (a) UV-vis absorption spectra of CsPb;_,SnBry with varing x
Reproduced from ref. 63 with permission from Wiley-VCH. Copyright
2018. Top-view SEM images of CsPb;_,Sn,ls films with (b) x = 0, (c) x =
0.25, (d) x = 0.30, (e) x = 0.50, (f) x = 0.75, (g) x = 0.88, and (h) x = 1.00.
Reproduced from ref. 64 with permission from the American Chemical
Society. Copyright 2020.

This journal is © The Royal Society of Chemistry 2023
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surface becomes rough, leading to undesired carrier recombi-
nation and transport properties. Yang et al. found that the
grain size of the perovskite films could reach the micrometer
level with an increase in the Sn content.®® A similar phenom-
enon about the larger crystal size by increasing the Sn content
can also be observed in CsPb;_,Sn,I;-based perovskites
(Fig. 2b-h). Similar to the earlier results,’" in the study by
Yang et al., both PL and UV-vis spectra exhibit clear red shifts
with an increase in the Sn content, and the short-circuit current
density (Jsc) increases due to the decreased bandgap. The
devices with a structure of indium-doped tin oxide (ITO)/poly
(3,4-ethylenedioxythiophene)poly(styrenesulfonate) (PEDOT:
PSS)/CsSng 3Pby 715/[6,6]-phenyl-Cg,-butyric  acid methyl ester
(PCBM)/bathocuproine (BCP)/Ag exhibited a companion PCE of
9.4%. Besides, the authors also successfully fabricated HTM-
free inverted devices based on CsSng;Pb, 13, which demon-
strate a promising PCE of 7.6%.

Hu et al. employed a one-step spin-coating method without
using an anti-solvent to prepare uniform CsPby ¢Sn 413 perovs-
kite films with good structural stability and high Sn** stabi-
lity.** However, these films remain vulnerable to water and
show limited stability in the ambient air. To further improve
the environmental stability, the authors first introduced a
SnF,-3FACI additive into the CsPb, ¢Sng 413 precursor solution
to functionalize the grain boundaries of perovskite thin films.
Then, an organic salt, (aminomethyl) piperidinium diiodide
(4AMP)I,, was used on the surface of CsPby ¢Sng 413 to form a
hydrophobic blocking layer and also to passivate the defects of
perovskite thin films. Fig. 3a-c show the SEM images of the
pristine perovskite film, the SnF,-3FACI incorperated perovs-
kite film, and the SnF,-3FACI] and (4AMP)I, treated perovskite
film, which are denoted as N-CsPb ¢Sng 415, G-CsPbg ¢Sng 413,
and G-S-CsPbg¢Sng 4I3, respectively. The introduction of
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Fig.3 Top-view SEM images of (a) N-CsPbpgSngasls, (b)
G-CsPbggSno4lz, and (c) G-S-CsPbggShgals, (d) Dark I-V curves of
N—CSPbo_GSno_4|3, G—Cst0_65n0_4|3, and G-S-CSPbo_sSno_4|3 films, and (e)
J-V curves of N'CSPbo_ssno_4|3, G‘CSPbQ_GSn0_4|3, and G-S-
CsPbg eSnp.4ls devices. N-CsPbggSng4ls, G-CsPbggSng4lz, and G-S-
CsPbg ¢Snp 413 refer to CsPbg ¢Sng 415 films without additional treatment,
with SnF,-:3FACL grain boundary treatment, and with both SnF,-3FACI
and (4AMP)I, treatments, respectively. Reproduced from ref. 64 with
permission from Springer Nature. Copyright 2020.
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SnF,-3FAC] can increase the grain size and reduce defect
density, and the resulting UV-vis spectroscopy also shows
improved absorption characteristics. The trap density of the
perovskite films was estimated through space-current-limited-
charge (SCLC) measurements.®>*® As shown in Fig. 3d, the
trap-filled limited voltages (Vpgr) are 1.11 V, 0.61 V, and 0.34 V
for CsPbg¢Sng I3, G-CsPbyeSng4l;, and G-S-CsPbg ¢Sng 415,
respectively. The estimated trap densities for CsPb, Sng 413,
G-CsPby ¢Sng 415, and G-S-CsPb, ¢Sng 415 are 5.50 x 10'°, 3.02 x
10'%, and 1.68 x 10'® em™3, respectively. The device structure
of fluorine-doped tin oxide (FTO)/NiO,/perovskite/PCBM/BCP/
Ag was exploited. The devices based on CsPbg¢Sng.l;,
G-CsPby ¢Sny 415, and G-S-CsPbg ¢Sng 413 show PCEs of 0.92%,
5.68% and 11.28% (Fig. 3e), respectively. In terms of the con-
tinuous operation lifetime of the devices under one-sun illumi-
nation, after 1000 h of continuous operation, the device still
retained 77% of its initial PCE.

Additive engineering. The phase stability, defect density,
and phase segregation of inorganic perovskites can be effec-
tively regulated by introducing additives.®” Although Sn
element doping in CsPbX; results in all-inorganic alloy perovs-
kites with better bandgap and stress release, it also brings
“notorious” p-type self-doping due to the oxidation of Sn** to
Sn"*. In this section, we review those interesting studies har-
nessing the functions of various additives to effectively retard
the oxidation of Sn** to Sn** and improve the performance of
devices.

Chen et al. employed a one-step anti-solvent method for
synthesizing a group of CsPb,_,Sn,I,Br perovskites at a low
annealing temperature (60 °C).°®* As shown in Fig. 4a,
CsPby 555n0.45I,Br can exhibit the best thermal stability as
compared to CsPbl,Br and MAPbI; perovskite films under con-
tinuousannealing at 150 °C in an N, glovebox. Then, Chen
et al used CsCl and PbSO, as additives and passivators,
respectively, to improve the performance and stability of
CsPb,_,Sn,I,Br-based devices. The Cl' ions in CsCl help
enlarge perovskite grains and also possibly fill iodine
vacancies (V;), while PbSO, acts as a passivation layer, which
not only interacts with the uncoordinated Pb*>" to reduce
defect-assisted carrier recombination but also forms a dense
and hydrophobiccoating on the surface of the perovskite layer
to prevent the intrusion of external oxygen and water as well as
the migration of I". The CsPbg s555n0.451,Br-CsCl-PbSO,-based
devices with a stacking structure of ITO/PEDOT:PSS/perovs-
kite/PCs;BM/Ag show the highest PCE of 10.39% with negli-
gible hysteresis. Additionally, the CsPbg s555n¢ 45I,Br-CsCl-
PbSO,-based device show outstanding shelf stability with
92.5% retention of initial PCE after 2000 h in an N,-filled glo-
vebox, as compared to 72.66% for the CsPb, 55Sn, 451,Br-based
devices (Fig. 4b and c). Fig. 4d shows the operational stability
(maximum-power-point tracking, MPPT) of unencapsulated
devices with CsPbg 555N 451,Br, CsPbg 555N 45I,Br-CsCl and
CsPby 5551 451,Br-CsCIl-PbSO, as the photoactive layers.

The CsPbg 555N 451,Br-CsCl-PbSO,-based device retained
80% of its initial PCE after 300 h of continuous illumination,
while the PCEs of CsPbg s55Sn 451,Br- and CsPby 555n 451,Br-
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Fig. 4 (a) Photographs of CsPbg s5SNng 4512Br, CsPbl,Br and MAPbI;z per-
ovskite films under iso-thermal annealing (150 °C) in an N,-filled glove
box. The long-term normalized PCE of PSCs (b) in an N,-filled glovebox
and (c) in the ambient air (40-50% RH). (d) MPPT of a
CsPbg.555Nng 451,Br-CsCl-S-based device. Reproduced from ref. 68 with
permission from Wiley-VCH. Copyright 2021.

CsCl-based devices decreased to zero after 120 h and 280 h of
continuous illumination, respectively.

A seed-assisted growth (SAG) method was used to fabricate
a series of high-quality CsPb;_,Sn,IBr, films.®® To inhibit the
oxidation of Sn** to Sn**, reduce the trap density and improve
the perovskite film morphology, zinc oxalate (ZnO,) was intro-
duced into the perovskite precursor solution as an additive.
Fig. 5a illustrates the photographs of perovskite solutions
with/without ZnO, exposure to air. The color of the ZnO,-
treated solution remained unchanged upon storage. In con-
trast, the control perovskite precursor solution turned reddish-
brown from yellow after 72 h, indicating the inhibition of Sn**
to Sn** due to the addition of ZnO,. Moreover, the oxidation
product of the oxalate anion was CO,, avoiding the introduc-
tion of impurities into the perovskite film. Oxalate is an excel-
lent ligand and can interact strongly with uncoordinated metal
ions, as characterized by the Fourier-transform infrared (FTIR)

Jouod

Transmittance (%)

) (b)
s £ Exposureto © {
H ambient environment

-

4000 3000 2000 1000 b 1700 1600
Wavenumber (cm™)

Fig. 5 (a) Photographs confirming oxalate retarding the Sn?* oxidation.
(b) FTIR spectra and the characteristic regions of pure ZnO,, Pb/SnBr,,
and Pb/SnBr, + ZnO, in DMSO. (c) Top-view SEM images of
CsPbg 7Sng 3IBr, thin films with and without ZnO,. Reproduced from
ref. 67 with permission from Wiley-VCH, copyright 2022.
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spectra as shown in Fig. 5b. The coordination interaction can
retard the crystallization of the perovskite, leading to a high-
quality film. As shown in Fig. 5c, there are some pinholes and
voids in the control film, while the ZnO,-treated film shows a
full coverage with larger grains. Additionally, Zn>" cations can
refill Sn vacancies (Vs,) and lead to vacancies (Vpp) in the per-
ovskite films. Besides, the introduction of ZnO, can reduce
charge recombination and help to improve the device
efficiency. As a result, the ZnO,-treated champion device
shows a companion PCE of 14.1% with a hysteresis H-index of
4.2% as compared to the 12.9% PCE with a hysteresis H-index
of 6.2% for the control device. The ZnO,-treated device also
exhibit better long-term shelf lifetime and thermal stability
than the control device.

SnF, has been extensively used as an additive in Sn-based
perovskites to retard the oxidation of Sn** to Sn*".7%7?
However, its uneven dispersion in the film would lead to the
phase separation of the perovskite, resulting in a low-quality
film.”® To address this issue, Ban et al. introduced tea polyphe-
nol (TP) into the perovskite precursor solution to retard the
oxidation of Sn** and modulate perovskite crystallization
dynamics.”* Fig. 6a shows the color evolution of the perovskite
precursor solutions with/without TP (0.5 wt%) in air. The
control film (without TP) exhibited a noticeable color variance
from yellow to dark red (a typical color of Sn*" solution) after
72 h of exposure to air, indicating the oxidation of Sn**. In
contrast, the TP-treated film showed no color change after the
same period, indicateing that TP can retard the oxidation of
Sn**. In addition to slowing down the oxidation rate of Sn**
sn"*, the coordination between TP and the perovskite, con-
firmed by FTIR characterization, can promote the crystalliza-
tion of the perovskite, resulting in a uniform and dense high-
quality film (Fig. 6b). As a result, the device with a structure of
FTO/c-TiO,/CsPb, 5Sn, 51,Br/Al,03/NiO/carbon  exhibits an
improved PCE of 8.1% with the introduction of TP compared

Fresh
0.5% 0% 0.5% 0.5% 0.5% 0%
v . - w‘ R .

WPRTP Ay

NEVAL 0.5% TP
Fig. 6 (a) Photographs of CsPbg sSng sl2Br precursor solutions with and
without TP (0.5%). (b) Top-view SEM images of CsPbgsSngsl>Br thin
films with varing TP contents. Reproduced from ref. 74 with permission
from Wiley-VCH. Copyright 2020.
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with that of 4.98% for a control device. In addition, the TP-
treated device shows an improved shelf lifetime, maintaining
94% efficiency after 60 days of storage in a glovebox.

Nano-engineering. Nano-engineering is another effective
strategy to obtain perovskite materials with unique opto-
electronic and chemical properties, which is attributed to the
quantum effects and intra-crystal strains. The application of
CsPbl; quantum dots (QDs) in PSCs has been previously
reported,”>’® and the bandgap of the perovskite can be
adjusted by controlling the size of the generated QDs. CsPbl;
has a large bandgap (1.73 eV) for single-junction solar cells,
and the bandgap of CsPbl; QDs becomes larger due to the
quantum confinement effect. To reduce the bandgap of per-
ovskite QDs, Liu et al. synthesized Sn-Pb alloyed perovskite
(CsPb,Sn;_,I;) QDs.”” Adjusting the ratio of Sn/Pb in the per-
ovskite precursor solution exerts negligible effects on the final
QDs’ size, but both time-resolved infrared spectroscopy and
Urbach energy studies indicate that the density of defect states
in QDs becomes larger with an increase in the Sn content in
the quantum dots. This is because Sn** can be easily oxidized
to Sn** and generates Vg,, acting as nonradiative recombina-
tion centers. However, since the Sn®" ionic radius is smaller
than that of Pb®*, the addition of Sn is beneficial for maintain-
ing the perovskite crystal structure from the persepctive of the
tolerance factor ¢. Therefore, it is claimed that the alloyed QDs
exhibit excellent overall stability in both solution and ambient
air.

CsPb,Sn;_,I; nanowires (NWs) were also synthesized by a
two-step synthesis method,”® and their structure and phase
transition properties were investigated by XRD (Fig. 7a). A
series of XRD patterns of CsPb,Sn,_,I; indicate that there are
no characteristic peaks of the starting material, and the
characteristic peaks of the yellow (Y-) phase are similar to
those of the nonperovskite phase of CsPbl;. After annealing,
the generated black-y (B-y) phase (photoactive phase) perovs-
kite NWs were obtained (Fig. 7b). The phase transition temp-
erature of NWs with different Sn doping ratios was investi-
gated, showing the growth trend with an increase in the lead
content. Moreover, the bandgap of CsPb,Sn; ,I; NWs
decreases with an increasein the Sn content. Electrical conduc-
tivity measurements showed that both Y-phase and B-phase
NWs had higher conductivity with increasing Sn content, con-
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Fig. 7 XRD patterns of (a) Y-phase CsPb,Sn;_,lz NWs and (b) B-y phase
CsPb,Sn;_,lz NWs. Reproduced from ref. 78 with permission from the
American Chemical Society. Copyright 2018.
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sistent with previous findings on the increased hole density in
perovskites due to Sn vacancies.”” Moreover, the Seebeck
coefficient measurement suggests that the CsPb,Sn;_,I; NWs
are p-type semiconductors.

CsPb,Ge,_,I,Br;_,, perovskite

Ge is a metal-like element in nature with relatively low toxicity
compared to Pb. Thus, B-site alloying has also been explored
for Pb-Ge based perovskites. Yang et al. introduced Ge into
CsPbL,Br to fabricate CsPb;_,Ge,I,Br (x = 0, 0.1, 0.2, 0.3) per-
ovskites at a low temperature (160 °C) in air with 50-60%
RH.% After an optimumaddition of Ge, the CsPb,sGeg,I,Br
perovskite film maintains the cubic perovskite phase under
50-60% RH for 120 h, while the cubic phase of the control all-
inorganic perovskite film changes to the nonperovskite phase
rapidly within 10 min. The CsPb,sGe,,I,Br-based devices
showed a champion PCE of 10.8% compared to that of 5.3%
for the CsPblI,Br-based devices, which mainly resulted from
the lower carrier recombination rate with the incorporation of
Ge. In addition, the humidity stability of the device was also
tested, and the performance of the device did not decrease
after exposure to air with 50-60% RH for more than 7 h. For
comparison, a rapid PCE decrease within 2 h is seen for the
control CsPbl,Br-based device (Fig. 8).

Previous studies have shown that Ge is a potential element
to replace Pb in Pb-less or even Pb-free perovskites. Because
Cu** and Ge®" possess the same ionic radius, Wang et al. used
density functional theory (DFT) to study the effect of Ge/Cu
binary co-doping on CsPbBr;-based perovskites.®’ The authors
examined the relationship between the lattice volume of
CsPb,_,Ge,Br; and CsPb; ,Cu,Br; (Fig. 9a). The higher
strength of Cu-Br bonds in CsPb;_,Cu,Br; results in changes
in bond lengths and bond angles, improving the charge trans-
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Fig. 8 Stability tests of CsPbggGeg ,lBr and CsPbl,Br PSCs upon the
storage in the ambient atmosphere (50--60 % RH): (a) Voc, (b) FF, (c) Jsc.
and (d) PCE. Reproduced from ref. 80 with permission from Wiley-VCH.
Copyright 2018.
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Fig. 9 (a) Normalized volumes of Ge- and Cu-doped bulk CsPbBrs. (b)
Bandgap coupled to the energies of the VBM and the CBM for
CsPb;_,GexBrs. Reproduced from ref. 81 with permission from the
American Chemical Society. Copyright 2021.

port properties of perovskites. When the content of Ge is
greater than 27.5%, with the increase of Ge doping concen-
tration, although the light absorption range is broadened, the
CBM and VBM of CsPb;_,Ge,Br; are larger than the oxidation
potentials of H,O/H, and H,0/O,, respectively, meaning that
Ge®" is easily oxidized to Ge*" (Fig. 9b). The ability of Cu to
redistribute charges allows it to extract electrons from the bulk
phase of the perovskite. The formation energy of Cu on the
surface is lower than that in the bulk phase due to the ten-
dency of V,, to appear on the perovskite surface. The Cu
doping on the surface effectively inhibits the erosion of the
perovskite by moisture. This moisture resistance can be
achieved by increasing the doping amount of Cu, and more
Cu/Ge doping not only reduces the toxic Pb content but also
improves the light absorption in the visible light wavelength
range.

CsSn,Ge,_,I,Br;_,, perovskite

Since Ge replaces part of Sn in CsSnl;, the ¢ value of the per-
ovskite reaches 0.94, leading to a high stability of the lattice
structure. Chen et al used the one-step vapor-processing
method to fabricate Pb-free CsSngsGe,sl;.5* Moreover, the
extremely high oxidation activity of Ge(u) can form an ultrathin
uniform natural oxide surface passivation layer on the surface
of the perovskite film after exposing to an ambient atmosphere
for 30 s, which is GeO, as indicated by X-ray photoelectron
spectroscopy (XPS) analysis (Fig. 10). The as-obtained perovs-
kite powders remain phase-stable whether directly exposed to
high-humidity air or subjected to continuous one-sun illumi-
nation. CsSn, sGegsl3-based devices with a configuration of
FTO/PCBM/CsSng 5Gey s13/spiro/Au show a champion PCE of
7.11%. Moreover, after 500 h of continuous operation under a
nitrogen atmosphere, the unencapsulated device can maintain
92% of its initial PCE. Subsequently, several research groups
have evaluated tin-germanium hybrid all-inorganic perovskites
from the perspectives of the crystal structure, optoelectronic
properties, and defect properties based on first-principles
calculations.®*®® Through simulation calculations, it is found
that the alloy with Ge/Sn = 1 shows the best optical absorption
and benign defects. Ge doping has a remarkable effect on
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deposited CsSngsGegsls film. (b) The corresponding plot of the Ge(i)
fraction vs. the incidence angle. (c) and (d) XPS maps of Ge 3d (33 eV)
and O 1s (532 eV). Reproduced from ref. 82 with permission from
Springer Nature. Copyright 2020.

eliminating deep defects, which provides new insights into the
evolution and regulation of defect properties.

Liu et al. first fabricated all-inorganic Sn-Ge alloy perovs-
kite nanocrystals (PNCs) using the hot injection method.*®
Compared with Sn-based PNCs, these Sn-Ge-based PNCs
exhibited significantly improved optical properties, and the
stability of perovskites was also effectively enhanced. The
partial substitution of Sn atoms by Ge in PNCs can effectively
fill the high density of Vs, and reduce surface traps, thereby
prolonging the exciton lifetime and improving the photo-
luminescence quantum yields (PLQYs). Although the adding
amounts of Snl, and Gel, are equal in the synthesis of PNCs,
the results indicated that the substitution ratio of Ge does not
reach 50%. Therefore, the authors determine the final light-
absorbing layer component as CsSny sGeg 413. In both UV-vis
and PL results, an obvious blue-shift is observed, and the PL
of CsSny Gey 413 had a sub-peak at 725 nm in addition to the
main peak at 780 nm (Fig. 11a). The authors speculated that
there are a small amount of carbon nanorods in addition to
PNCs. Time-resolved photoluminescence (TRPL) test results
show that the carrier lifetime of CsSn,¢Gey 4l; is longer than
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Fig. 11 (a) Steady-state PL spectra of CsSnggGeo4ls NCs. (b) TRPL
spectra of CsSng ¢Geg 413 and CsSnls. Reproduced from ref. 86 with per-
mission from Wiley-VCH, copyright 2020.
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that of CsSnl;, indicating that Ge incorperation leads to a
lower defect concentration. This supports the hypothesis that
Ge®" with a smaller ionic radius easily fills the Vg,, reducing
the density of defects (Fig. 11b). Conventional devices with a
structure of FTO/c-TiO,/CsSng ¢Ge, 413/spiro-OMeTAD/MoO;/Au
were assembled. The resulting Sn-Ge PNC-based devices show
a champion PCE of 4.9% with negligible hysteresis. Moreover,
the introduction of Ge can help the improvement of long-term
stability because of the inhibition of Sn** oxidation.

Conclusion and outlook

In summary, all-inorganic mixed group IVA cation perovskites
have attracted growing attention due to their potentially high
stability and environmental friendliness, leading to promising
device performance parameters as presented in Table 1.
Nevertheless, there is still a significant gap between their
actual device performance and that of state-of-the-art perov-
skites. We envision that future research efforts in the following
directions will contribute to filling the gap.

From the perspective of materials science, understanding
and tailoring morphological defects such as grain boundaries,
intragrain defects, and surfaces/heterointerfaces in these per-
ovskites are critical to optimizing the properties and device
performance. The inclusion of Sn and Ge cations has been
found to significantly influence crystallization kinetics, while
the mechanisms have not been elucidated. Multimodal charac-
terization techniques with high spatiotemporal resolutions
concerning the particular material characteristics of these per-
ovskites needs to be developed and employed.

From the perspective of device sciences, the relatively high
Voc deficit needs to be addressed via novel interface designs.
Particularly, perovskites containing Sn or Ge cations generally
produce narrower bandgaps and thus wider light absorption
than pure Pb perovskites, making the jsc of the resulting
devices advantageous. However, these perovskites tend to
exhibit higher trap densities and less ideal band alignments in
devices, leading to more severe non-radiative recombination.
In this context, creating benign device interfaces with a range
of organic, inorganic, and hybrid materials is necessary to
overcome the Vo bottleneck. In addition to generic interface
design rules, we should take the unique oxidation issues for
Sn or Ge into consideration.
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