energies MBPY

Review

The Low-Dimensional Three-Dimensional Tin Halide
Perovskite: Film Characterization and
Device Performance

Cuili Gai '*, Jigang Wang %, Yongsheng Wang 1'* and Junming Li 3*

1 Key Laboratory of Luminescence and Optical Information, Ministry of Education, Institute of Optoelectronic

Technology, Beijing Jiao Tong University, Beijing 100044, China; 15118443@bjtu.edu.cn

Beijing Key Laboratory of Printing and Packaging Materials and Technology, Beijing Institute of Graphic
Communication, Beijing 102600, China; jigangwang@bigc.edu.cn

Helmbholtz-Zentrum Berlin fiir Materialien und Energie, Kekuléstrafie 5, 12489 Berlin, Germany
Correspondence: yshwang@bjtu.edu.cn (Y.W.); li@physik.hu-berlin.de (J.L.)

t C.G. and ].W. contributed equally to this work.

3

*

Received: 11 November 2019; Accepted: 16 December 2019; Published: 18 December 2019 ﬁ:ecfgtt);

Abstract: Halide perovskite solar cells (PSCs) are considered as one of the most promising candidates
for the next generation solar cells as their power conversion efficiency (PCE) has rapidly increased up
to 25.2%. However, the most efficient halide perovskite materials all contain toxic lead. Replacing the
lead cation with environmentally friendly tin (Sn) is proposed as an important alternative. Today,
the inferior performance of Sn-based PSCs mainly due to two challenging issues, namely the facile
oxidation of Sn?* to Sn** and the low formation energies of Sn vacancies. Two-dimensional (2D)
halide perovskite, in which the large sized organic cations confine the corner sharing BX¢ octahedra,
exhibits higher formation energy than that of three-dimensional (3D) structure halide perovskite.
The approach of mixing a small amount of 2D into 3D Sn-based perovskites was demonstrated as
an efficient method to produce high performance perovskite films. In this review, we first provide
an overview of key points for making high performance PSCs. Then we give an introduction to
the physical parameters of 3D ASnX; (MA*, FA*, and Cs™) perovskite and a photovoltaic device
based on them, followed by an overview of 2D/3D halide perovskites based on ASnX; (MA* and
FA*) and their optoelectronic applications. The current challenges and a future outlook of Sn-based
PSCs are discussed in the end. This review will give readers a better understanding of the 2D/3D
Sn-based PSCs.

Keywords: perovskite solar cells; photovoltaics; low-dimensional; tin-based

1. Introduction

Halide perovskite solar cells (PSCs) are considered as one of the most promising candidates for
the next generation solar cells as their power conversion efficiency (PCE) has rapidly increased up to
25.2%, which already outperforms that of copper indium gallium selenide (CIGS, 23.4%) [1], cadmium
telluride (CdTe, 22.1%) [2], and multi-crystalline silicon based solar cells (22.3%) [3,4]. However,
the most efficient halide perovskite materials all contain toxic lead (Pb), which hinders their further
commercialization. Replacement of the Pb cation with environmentally friendly tin (Sn) in halide
perovskite is proposed as an important alternative, owing to the suitable bandgap, small exciton
binding energy, and high carrier mobility of Sn-based perovskites. Today, the lack of progress on
improving Sn-based PSCs mainly due to two challenging issues. First, the facile oxidation of Sn** to
Sn**: during this oxidation process, not only Sn?* was lost; with the substitute Sn** with Sn**, two
extra electrons were doped into the halide perovskite (self-doping effect). Thus Sn** acts as a p-dopant
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within the perovskite and dramatically increases the hole carrier concentration, which could lead to
charge carrier recombination in PSCs. Secondly, low formation energy of Sn vacancies: which makes
it challenging to form compact and pinhole-free films [5,6]. Recently, two-dimensional (2D) halide
perovskites, which have ultra-low self-doping effect, high formation energy, and significantly reduced
ion migration have attracted great research attention. Further, using 2D Sn-based perovskite as the
light absorber can effectively enhance the device efficiency and stability [7]. The approach of mixing a
small amount of 2D Sn-based perovskite into a three-dimensional (3D) Sn-based perovskites have been
demonstrated as an efficient method to produce high quality perovskite films. Further, great efforts
have been made to manipulate the structure of 2D/3D Sn-based perovskite to improve the PCE and
stability. However, the related reviews on 2D/3D Sn-based halide perovskites as the light absorber are
rare. In this review, we provide a comprehensive introduction of 2D/3D halide perovskites and their
photovoltaic applications. We start from the discussion of key points for making high performance
PSCs. Then, we present why Sn was chosen for lead-free PSCs; and we systematically present the
3D Sn-based halide perovskites and their application in PSCs, followed by 2D/3D Sn-based halide
perovskites and their photovoltaic applications. In the end, we give a brief outlook for this field and
hope to give a guide on the current Sn-based PSCs challenges.

2. Halide Perovskite Solar Cells

2.1. Halide Perovskite Materials

Perovskite is the name originally given to the mineral CaTiO3, which was discovered by Prussian
mineralogist scientist Gustav Rose (1798-1873). He named the CaTiO3 in honor of Russian mineralogist
Count Lev Aleksevich von Perovski (1792-1856) [8]. Later, several inorganic metal oxide materials,
such as BaTiO3, PbTiO3, BiFeOs, etc., were found to have the same type of CaTiOs; thus, perovskites
are more commonly known as crystalline material with the chemical formula ABX3. For halide
perovskites, as the name implies, the anion X is a halogen anion, namely chlorine (CI~), bromine (Br™),
or iodine (I"), A is an organic or inorganic monovalent anion, such as rubidium (Rb"), cesium (Cs™),
methylammonium (CH3NH;*, MA™), or formamidinium (CH(NH,),*, FA™), and B is a divalent metal
ion like Pb?*, Sn?*, or germanium (Ge?").

The Goldschmidt tolerance factor ¢ is a reliable empirical index to predict whether a stable ABX3
perovskite structure would be formed or not, defined in the following equation [9,10]:

ra +1rx

= AT X 1
\/E(YB +rx) g

where 74, and rg, and rx are the radii of the involved A, B, and X ions, respectively. Most of the known
halide perovskites have ¢ values in the range of 0.8 to 1. If t values between 0.8 and 0.9, a distorted
structure with rhombohedral, orthorhombic, and tetragonal perovskite crystal structures are formed.
If t values between 0.9 and 1.0, a cubic perovskite crystal structure is formed predominantly [9,10].
To further compliment Goldschmidt tolerance factor, octahedral factor p was used to estimate the fit of
B cation into the X4 octahedron, which was defined as [11]:

p=rp/rx ()

where rg and rx were the ionic radii of B cation and X anion, respectively. For y values between 0.442
and 0.895, halide perovskites would be stable.

2.2. Halide Perovskite Solar Cells

PSCs are solar cells that utilize halide perovskites as light-harvesting layer. In the past few
years, the PCE of PSCs has rapidly increased from 3.8% to 25.2% [3]. The pioneering work on PSCs
was demonstrated by Kojima et al. in 2009, using the perovskite structure of methylammonium
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lead triiodide (CH3NH3PbI3, MAPDI3) into dye-sensitized solar cells (DSSC) and a PCE of 3.8% was
achieved [12]. In the following two years, though a higher PCE (6.5%) was achieved by using perovskite
MAPDbI3 nanocrystal [13], the device stability under continued irradiation was rather poor, due to the
dissolution of the halide perovskites in the liquid electrolyte. A breakthrough was achieved in 2012,
Lee et al. and Kim et al. who reported independently using solid-state hole selective contact material
2,2',7,7'-tetrakis (N, N-di-p-methoxyphenyl-amine) 9.9’-spirobifluorene (Spiro-OMeTAD) to replace
the liquid electrolyte; the use of all-solid-state device structure dramatically improved the device
stability and promoted the efficiency up to 9.7% and 10.9%, respectively [14,15]. After that, the PCE of
PSCs has experienced a fast enhancement, as shown in Figure 1. In 2013, the cooperative work of Seok
and Grétzel groups introduced an efficiency of 12.0%, by using a nanocomposite of mesoporous TiO,
(mp-TiO,) and a well-matched polymeric hold conductor with CH3NH3Pbl; layer [16]. A PCE of 15.0%
was reported from the Burschka et al. by using a sequential deposition method for the formation of the
CH;3NH3Pbl; layer within the porous TiO, film [17]. In 2013, Liu et al. showed that nanostructure
perovskite was not necessary to achieve high efficiency and they built vapor-deposited halide PSCs
based on a planar heterojunction thin-film architecture, which had a PCE of 15.4% [18]. In 2015, Yang et
al. reported a new approach for depositing formamidinium lead iodide (FAPbI3) film, which involved
FAPDI; crystallization by the direct intramolecular exchange of dimethylsulfoxide (DMSO) molecules
intercalated in lead iodide (Pbl,) with formamidinium iodide (FAI), and this process produced PSCs
had achieved a PCE of 20.2% [19]. Saliba et al. showed that the Rb* can be embedded into perovskite by
using a multiple A-cation formulations (RbCsMAFA), and an efficiency up to 21.6% was achieved [20].
In 2018, Jeon et al. demonstrated 23.2% efficiency PSCs by employing a fluorene-terminated hole
transporting layer (HTL), which had a well-matched highest occupied molecule orbital (HOMO)
energy level with perovskite [21]. Today, the best-performance halide PSCs have reached a certified
PCE of 25.2% [3]. Since the maximum theoretical efficiency of halide PSCs is around 33%, there is still
space for improvement [22-24].
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Figure 1. PCE increased rapidly from 3.8% to 25.2%.

2.3. Tin-Based Perovskites

Halide PSCs now is considered as one of promising candidate for the next generation solar
cells, however, the effective halide perovskites so far all contain more than 30% Pb in weight [16-21].
For large-scale commercialization of halide PSCs, even with rigorous industrial hygiene program and
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encapsulation of solar module, the lead ion still could leakage to the environment during the whole
products life cycle. Lead is a kind of dangerous heavy metal because it can cause serious biological
damage to the brain, kidneys, reproductive system, and nervous system et al. [25,26]. Moreover,
children are especially vulnerable by lead toxic because they have high lead uptake ability due to their
body development [27]. Therefore, attentions have recently turned towards lead-free perovskite with
replacing lead cation by environmentally friendly metals cation.

All elements that have a stable oxidation state of +2 are potential candidates for substitution of
lead in the ABX; perovskites. Based on Goldschimdt tolerance factor and octahedral factor that predicts
formability and stability of perovskite structures, a wide range cations are predicted to be replacements
for Pb?* in perovskites: such as group 14 element ions, alkaline earth metal ions, transition metal
ions, as shown in Figure 2 [28-31]. Based on the computational screening of substitution of lead in
cesium and methylammonium metal halide perovskite, many of them have large bandgap in the
formed perovskites. The candidates that have direct bandgap smaller than 2 eV are magnesium (Mg?*),
vanadium (V?*), manganese (Mn?*), nickel (Ni?*), Cd?*, mercury (Hg?*), gallium (Ga®"), indium
(In?*), and Sn?* [32-35]. Parts of them are not suitable for the implementation in halide perovskite
structure still due to their toxicity (Cd** and Hg?*). Considering the stability of the formed perovskite
and the photovoltaic properties (which should not far from optimum bandgap of Shockley—Queisser
limit), the two most promising candidates are cations Sn2* and Ge?*, as shown in Figure 3 [29,36,37].
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Figure 2. Candidates from the periodic table of elements to replace Pb?* in ABX3 perovskite compounds,
with the focus of group-14 elements, alkaline-earth metals, and transition metals [32]: (1) the screening
process at which the number of compound combinations are reduced based on the following criteria:
the density functional theory (DFT)/ local-density approximation (LDA) scalar relativistic band gap is
smaller than 3.5 eV; (2) the crystal structure retains the ABX3 perovskite geometry after relaxation of the
shaken configurations; and (3) the direct band-gap is smaller than 2.0 eV. Reproduced with permission
from ref. [32]. Copyright 2016 American Chemical Society.

From the computational studies, the electronic configuration of Pb?* in ABX; perovskites is
responsible for their excellent photovoltaic behavior. Thus, the isoelectronic s?p* elements comprising
the group IV are the most obvious candidates to replace Pb>* in perovskite [38]. In order to form +2
ions, the elements in the group 4 need to keep the s? pair and lose only their p electrons in halide
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perovskite. The so-called inert s pair is more common in the heavier element such as lead, where the
relativistic contraction stabilizes the s orbitals [39]. Consequently, lead is more stable in a +2 state,
while the upper group elements such as Sn and Ge are more stable in a +4 state in halide perovskite,
and the oxidation is even more easily for Ge?* than for Sn>*.

Sn is a one of group 14 elements in periodic table, it has a similar ionic radius (110 pm) with its
group 14 neighbor Pb (119 pm), which makes it possible to form ASnX3 perovskites in analogy to
APDbXj3 perovskite. Sn-based perovskites possess lower bandgap and higher charge carrier mobility of
102 to 10* cm?/V/s compared with their Pb analogues [40-42]. The bandgap of Sn-based perovskites
could be around 1.3 eV [43,44], which is ideal for approaching the Schocklet-Queisser limit (33%),
corresponding to a bandgap of 1.34 eV, and should achieve a higher short-circuit current density
compared to Pb-based PSCs [22]. Most of the Sn-based perovskites materials exhibit binding energies
(2-50 meV), similar to that of Pb analogues, owing to its exceptionally low effective masses of both
electron and holes [45]. Today, Sn-based ABXj3 perovskites have been extensively studied with rapidly
improving results.
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Figure 3. (a) Matrix of the potential combinations for a library of Pb/Sn/Ge-based ABX3 perovskite.
A site including: ammonium (NH4*, M™), cesium (Cs*), hydroxylammonium (NH;OH*, HA™),
hydrazinium (NH;NH3z*, DAY), methylammonium (CH3NH3*, MA), formamide (NH;COH?*,
FM"), formamidinium (CH(NH;),*, FA*), ethylammonium (CH3CH,NH3 ", EA™"), guanidine amine
(C(CHy)3*, GA™), and dimethylamine (NH,(CHj), ¥, DEA™). (b) Each column of the matrix corresponds
to one class of nine compounds with fixed A cation, whose arrangement coordinates are shown in the
right part. The red and grey squares indicate the materials passing the screening (selected) and the
materials not passing the screening (abandoned) to prepare PSCs, respectively. The selection takes into
account: stability, direct bandgap, effective electron and hole masses (me* and my*), exciton binding
energy, and defect tolerance. Lead-free combinations are highlighted in yellow in the last row [46].
Adapted with permission from ref. [46]. Copyright 2017 American Chemical Society.
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3. Three-Dimensional Tin Perovskite Solar Cells

Tin perovskites are represented by general formula ASnX3, where A typically are MA*, FA*,
Cs* cation, and X is a halogen anion. For the Sn?* to Sn** oxidation process in these tin perovskite,
not only Sn?* was lost; with the substitute Sn?* with Sn**, two extra electrons were doped into the
perovskite crystal, in other words, the perovskite was n-doped. This doping process resulted in a high
intrinsic carrier concentration in Sn-based perovskite. Tremendous research has been carried out to
suppress the oxidation of Sn?*. Usually a small amount of SnF,, SnCly, or Snl, additives were added
to halide perovskites as Sn compensator as well as a suppressor of Sn?* vacancies. Besides the high
background carrier hole density, the film quality of tin perovskite is another problematic for achieving
efficient and reproducible solar cells. The tin perovskites tend to quickly crystallize during fabrication
process, which impedes a uniform and compact film growth. And this poor coverage will result in
direct contact between the HTL and electron transporting layer (ETL), deteriorating the poor FF and
Voc of PSCs.

3.1. MASnI;

MASnI; belongs to the pseudo-cubic Pm-3m space group; in a more chemically intuitive description,
it is belongs to the tetragonal symmetry with the space group P4mm in room temperature [47,48].
The corner-sharing [SnI¢]*~ octahedra form an infinite three-dimensional framework with Sn-I-Sn
bond angels of 177.4° and 180.0° along the a- and c-axes, respectively. The deviation from the cubic
(Pm-3m) structure, from the polarization of CH3NHj3" along the C-N bond direction (parallel to the ¢
axis), that slightly distorts the 3D [Snl3]~ framework and thus results in a tetragonal structure. The
MAGSNI; perovskite building structure and unit cell are shown in Figure 4a,b, respectively. MASnI3
shows a strong absorption across the whole visible spectrum, thus it’s seen as black in color; and it
have a broad absorption edge at approximately 1000 nm (optical bandgap of around 1.24 eV). The
photoluminescence (PL) emission peak of MASnIj is around at 930 nm [49-51] (Figure 4d). DFT
methods shows MASnI; have a spin-orbit coupling Green’s function and the screened Coulomb
interaction band structure, as shown in Figure 4e. The MASnI3 shows a good crystalline quality for
X-ray diffraction (XRD) patterns (Figure 4f) [48]. In addition, compared with MAPbI;, MASnI; has a
similar absorption coefficient, optical conductivity, lower charge carrier recombination rate etc., thus
MASnI3-based PSCs could have a PCE as high as that of MAPbI3-based PSCs (21%) [52].
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Figure 4. (a) Perovskite building structure, (b) unit cells, and (¢) SEM image of MASnl3; adapted
with permission from ref. [47]. Copyright 2013 American Chemical Society; (d) UV-vis and steady
PL of MASnl3; adapted from ref. [50], copyright 2013 Royal Society of Chemistry. (e) The calculated
band structure of MASnl3 showing the direct bandgap nature, adapted with permission from ref. [53],
copyright 2014 Springer Nature. (f) XRD patterns of MASnI;_,Bry (x =0, 1, 2, and 3) compounds.
Adapted with permission from ref. [48]; copyright 2014 Springer Nature.

MASnNI; have an electron mobility of 2320 cm?/V/S, a hole mobility of 322 cm?/V/S, an electron
conductivity of 5 x 1072 S/cm at room temperature, a carrier concentration of the order of around 1 x
10 cm~3, and a long electron diffusion length of 279 + 88 nm and hole diffusion length of 193 + 46
nm; these excellent optical and electrical properties make it suitable for solar cells application [54-56].
The first MASnI; based PSCs were made up by Noel et al. and Hao et al. in May 2014, with a time
difference of less than one week. Noel et al. reported the MASnI; films via the one-step coating of
perovskite precursor on mp-TiO, scaffold (as shown in Figure 5) [50]. The champion device achieved a
PCE of 6% with a V. of 0.88 V, which is close to the thermodynamic limit of 1.23 eV light absorber.
However, the device stability remains a challenge; even with encapsulation, the device fast degraded
within minutes in ambient air. Hao et al. reported a range of MASnI;_,Bry perovskites by varying the
iodine to bromine molar ratio (as shown in Figure 6) [48]. The MASnI3 PSCs gave a J. of 16.30 mA/cm?,
a Ve of 0.68 V, and an FF of 48%, corresponding to a PCE of 5.23%; it retained almost 80% of the initial
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performance in the first 12 h in glovebox, then the efficiency decreased to 1.9% after another 12 h. An
appropriate fabrication process of MASnI; film was achieved using the combination of anti-solvents
and miscibility of the precursor solvent, the device was stable over 200 h under 1 sun illumination,
although it showed a rapid decrease at initial. Mandadapu et al. [57] designed a MASnI3-based PSCs
simulated model and analyzed the photovoltaic performance of ZnO:Al/TiO/MASnI3/Cul/Au using
Solar Cell Capacitance Simulator methods, and the structure predicts encouraging results of a Js. of
25.67 mA/cm?, a Ve of 1.04 V, and an FF of 78%, corresponding to a PCE of 24.8%. Table 1 shows some
key photovoltaic parameters of MASnI;.
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Figure 5. (a) Cross-section view of a complete device active layer composed of FTO/compact
TiO, (c-TiO,)/mp-TiO; infiltrated with MASnI3/HTL in the work of Noel et al.; (b) current density-voltage
(J-V) curves of the best Sn- and Pb-based PSCs device structure FTO/ETL/PSK/HTL/Au. Light J-V
curves were denoted with solid symbols and dark J-V curves were denoted with hollow symbols. The
Pb-based PSCs were based on TiO, (blue curve) or Al,Oj3 (red curve) as ETM; while the Sn-based PSCs
were based on Al,O3 (black curve) as ETM. Reproduced from [50] with permission from The Royal

Society of Chemistry.
(b) 20 —— CHNH,Snl;
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Figure 6. (a) Cross-section view of MASnI3 PSCs in the work of Hao et al. (b) J-V characteristics of PSCs
based on MASnI3_,Bry (x =0, 1, 2, or 3) perovskites. Light J-V curves were denoted with solid symbols
and dark J-V curves were denoted with dotted lines. Reproduced with permission [48]. Copyright
2014, Springer Nature.
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Table 1. Photovoltaic parameters of MASnl3-based PSCs.

Device Structure PCE (%) Jsc (mA/cm?) Voc (V) FF (%) Ref.
FTO/c-TiOp/mp-TiO/MASNI;/Spiro-OMeTAD/Au 6.4 16.8 0.88 42 [50]
FTO/c-TiOp/mp-TiO/MASNI3/Spiro-OMeTAD/Au 52 16.3 0.68 48 [48]

FTO/c-TiOp/mp-TiOp/MASNI;/PTAA/Au 3.9 10.9 0.38 52 [58]
FTO/c-TiO,/mp-TiO,/MASnI5:SnF,/Au 32 214 0.32 46 [57]
ITO/PDEOT:PSS/MASNI3/Cgo/BCP/Au 2.1 11.8 045 40 [59]
FTO/c-TiOp/mp-TiOp/MASNI;/PTAA/Au 19 17.4 0.27 39 [60]
ITO/PDEOT:PSS/Poly-TPD/MASNI;3/Cgo/BCP/Au 1.7 12.1 0.38 37 [58]
FTO/c-TiOp/mp-TiOp/MASNI;/PTAA/Au 3.8 19.9 0.38 51 [58]
ITO/PEDOT:PSS/MASnI3:SnF,/C60/BCP/Ag 4.2 21.4 0.43 63 [61]
FTO/c-TiO2/mp-TiO,/en MASnI3:5nF,/PTAA/Au 6.6 24.3 0.43 63 [62]
ITO/PEDOT:PSS/NiOy/MASnI3/PCq; BM/AlL 32 17.8 0.60 30 [63]
FTO/c-TiOp/mp-TiO/MASNI3/Spiro-OMeTAD/Au 54 15.2 0.72 50 [43]
FTO/c-TiOp/mp-TiOp/MASnI;:5nF;/Spiro-OMeTAD/Au 1.9 26.1 0.25 30 [64]
FTO/c-TiOp/mp-TiO/MASNI;:5nF;/Spiro-OMeTAD/Au 2.3 26.0 0.23 39 [65]

Note: FTO: Fluorine doped Tin Oxide; PTAA: Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]; BCP:
2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline; poly-TPD: Poly(N,N’- bis-4-butylphenyl-N,N’-bisphenyl)benzidine;
en: ethylenediammonium; PCg BM: [6,6]-Phenyl-C61-butyric acid methyl ester.

3.2. FASnI;

FASnl; has an orthorhombic crystal structure in the polar Amm?2 space group which established
on the basic octahedral Sn-I framework (Figure 7) [47]. The antibonding coupling between Sn-5s and
I-5p orbits is weaker in FASnl3 than in MASnI; due to the larger ionic size of FA, thus FASnI; has a
higher formation energy of Sn vacancies than that of MASnI3 and FASnI; has a lower oxidation rate
of Sn?* than MASnI; [55,66,67]; and FASnI; perovskite films can be fabricated by a low-cost solution
method and show a good crystalline quality. The bandgap of FASnI; is around 1.4 eV, which is wider
than that of MASnl; and narrower than that of Pb-based analogues [68]. The calculated band structure
of FASnl3 showing a direct bandgap of around 1.2 eV, which is in line with the experiment value [47].
As shown in Figure 7f, the XRD patterns of FASnl; well agree with the calculated single-crystal XRD
patterns [55].
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Figure 7. Cont.
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Figure 7. (a) Perovskite building structure, (b) unit cells, and (c¢) SEM image of FASnI3; adapted with
permission from ref. [47]. Copyright 2013 American Chemical Society. (d) Steady PL (red) and Uv-Vis
absorption (black) of FASnl3; Reproduced from ref. [68] with permission from Elsevier. (e) Calculated
band structure of FASnI3; adapted with permission from ref. [69]; Copyright 2016 The Minerals, Metals
& Materials Society. (f) Experimental (top) and simulated (bottom) XRD patterns of FASnl3 compounds;
adapted with permission from ref. [55]. Copyright 2013 American Chemical Society.

FASnl; shows a band gap of 1.41 eV, which is close to the optimum band gap for single junction
solar cell (1.34 eV). It has a stable phase over a broad temperature range up to 200 °C [47,55]. The
FASnl; exhibits a threshold charge carrier density of approximately 8 x 107 cm™ and a charge
carrier mobility of 22 cm?/V/s [70]. These reasonable opto-electronic parameters make it as an
excellent light absorber candidate for high performance lead-free PSCs. About one year after the first
paper on MASnI3-based PSCs appeared online, FASnI; was first used as light absorber in lead-free
PSCs by Koh et al. [71]. The FASnlz was synthesized by reacting stoichiometric amounts of FAI
and Snl, and 10% SnF; as additives in Dimethylformamide (DMF). The device configuration was
FTO/c-TiO,/perovskite/Spiro-OMeTAD/Au and it displayed a PCE of 2.1%, a Jsc of 24.5 mA/cm?2, a V.
of 0.2V, and an FF of 36% (Figure 8). The excess SnF; in perovskite precursor induces phase separation
on the surface of the perovskite film. Lee et al. reported FASnl;-based PSCs with the SnF,-pyrazine
complex was used to improve the surface morphology and reduced the tin oxidation [72]. As a result,
a reproducible PSCs was achieved with a Jsc of 23.44 + 1.4 mA/cm?2, a Ve of 283 + 20 V, an FF of 55.66
+ 4.3%, and a PCE of 3.71 £ 0.4%. Liao et al. demonstrated a pinhole-free compact FASnI3 thin films
with the antisolvent dripping process together with the SnF, additives [73], a significant PCE of 6.22%
had been achieved with inverted device structure ITO/poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS)/perovskite/Cqo/BCP/Ag. Cao et al. introduced a reducing agent ammonium
hypophosphite (AHP), which was can prohibit Sn>* in FASnI; perovskite and can improve the film
morphology; the AHP treated PSCs showed a PCE up to 7.3% with a Js. of 19.39 mA/cm?, a V. of 0.55
V and an FF of 68.8%. Moreover, the devices exhibited good long-term stability both in pure N, and
ambient atmospheres [74]. Today, high-performance Sn-based PSCs are mainly based on FASnl; as
light absorber [75-78]. Table 2 shows some key photovoltaic parameters of FASnI;.

Zhao et al. reported the use of composite perovskites (FA)x(MA)1_4Snl; as light absorber in
PSCs [79]. By optimizing the ratio of FA and MA cations, a maximum PCE of 8.12% was achieved for
the (FA)o.75(MA)g.255nl3 based PSCs along with a high V. 0f 0.61V, a Js. of 21.2 mA/cm?, and an FF of
63% (Figure 9). While there were no specific insights in the role of the organic cations, the authors
convincingly showed that this particular mixed composition results in a more compact and uniform
perovskite film, which seemed important to enhance SnZ* stability.
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TiO, thickness sc (mAem?®)  Voc(mV) FF (%)
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Figure 8. (a) Cross-section view and (b) J-V characteristics of first FASnI3-based PSCs. Reproduced
from Ref. [71] with permission from The Royal Society of Chemistry.

Table 2. Photovoltaic parameters of FASnlz-based PSCs.

Device Structure. PCE (%) Jsc mA/ecm?) Vo (V) FF (%) Ref.
FTO/c-TiO,/mp-TiO,/FASnl;:SnF,/Spiro-OMeTAD/Au 2.1 245 0.24 36 [72]
ITO/PEDOT:PSS/FASNI3:SnF,/Cqo/BCP/Ag 6.6 213 048 64 [79]
FTO/c-TiO,/mp-TiO,/FASnl;:SnF,/Spiro-OMeTAD/Au 48 237 0.32 63 [71]
ITO/PEDOT:PSS/FASNI3:SnF,/Cqo/BCP/Ag 6.2 22.1 047 61 [73]
FTO/c-TiO,/mp-TiO,/ZnS/FASnl3:SnF,/PTAA/Au 53 231 0.38 60 [80]
FTO/c-TiO,/mp-TiO,/en FASnI3/PTAA/Au 7.1 225 048 66 [63]
ITO/PEDOT:PSS/FASNI3:SnF,/Cqo/BCP/Ag 3.9 184 0.31 67 [81]
ITO/PEDOT:PSS/FASNI3:SnF,/Cqo/BCP/Ag 4.0 17.6 0.36 62 [82]
ITO/PDEOT:PSS/FASnI3:SnF,/PCBM/BCP/Ag 5.1 22.1 0.37 63 [83]
ITO/PDEOT:PSS/FASnI;:SnF,:N,HsCl/PCBM/BCP/Ag 5.4 17.6 0.46 67 [84]
ITO/PDEOT:PSS/FASnI3/Cqo/BCP/Ag 40 17.8 033 68 [85]
(b) 4 -3.48.3.53.3 55-3.55-3.52 -3.5
S 42
3| 27 1 o

2: mo 5T 744814 85.4.88-4.88

S m =2 5 5% @ 3 o

(FA),(MA), Snl, 2 8 53 2 2 % 9o

w 3 2 & & & s

PEDOT:PSS & S s S o

(c)

Ag
C¢o/BCP
Perovskite
PEDOT:PSS
ITO

Figure 9. (a) Schematic illustration of first (FA)x(MA);_,SnlIz-based PSCs with planar inverted structure
ITO/PDEOT:PSS/perovskite/BCP/Ag; (b) band alignment diagram of device; and (c) Cross-sectional
SEM image of a completed device (scale bar: 500 nm). Reproduced with permission [61] Copyright
2017, Wiley-VCH.
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3.3. CsSnlj

CsSnl; is a phase-change material that exhibits four polymorphs: one-dimensional (1D) yellow
double-chain structure, 3D black color perovskite structure (B-y), black cubic phase when 1D yellow
double chain structure is heated above 425 K (B-f3), and black tetragonal phase after the B- cooled
to 351 K [86,87]. In this review, we only discuss B-y phase CsSnl;. For simplicity, we use CsSnl; for
B-y phase CsSnl;. At room temperature, CsSnls crystalline in the orthorhombic Prnma space group
(Figure 11) [41]. And the XRD patterns in room temperatures confirmed the purity of the B-y phase
and are in good agreement with the reported orthorhombic (Pnam) structure [86].

All-inorganic Sn-based perovskite CsSnlz have similar optical and electrical properties to FASnI;
and MASnI; materials. The all-inorganic perovskite shows a much better thermal stability, compared
with hybrid organic-inorganic Sn-based perovskites of FASnl3 and MASnI; [47,88]. CsSnls shows a
narrow bandgap of 1.3 eV, thus the CsSnl3-based PSCs can exhibited a theory Js. up to 34.3 mA/cm? [89].
Additionally, at room temperature, the orthorhombic perovskite phase of CsSnlz has direct bandgap
with a carrier concentration around 10 ecm™ and a hole mobility of 585 cm?/V/s [41,90]. The
charge carrier diffusion lengths are comparable with its Pb analogues. These excellent opto-electronic
properties make CsSnlj as an interesting candidate for tin PSCs. The initial utilization of CsSnl3 in
solar cells was reported by Lee et al., through utilizing CsSnlz as HTM in the solid-state dye-sensitized
due to its high hole mobility [88]. The first use of CsSnlj as light absorber in solar cells was reported
by Chen et al. in 2012, they designed a Schottky type structure with ITO/CsSnl3/Au/Ti. The CsSnl;
layer was thermally sequential evaporation of Snl, and Csl with annealing process. In 2012, Chen et al.
first reported a Schottky solar cell based on CsSnlj thin-film [40]. The solar cell consisted of a simple
structure ITO/CsSnl3/Au/Ti; and the champion device showed a Js. of 4.80 mA/cm?, a Vo of 0.19'V,
an FF of 22% and a PCE of 0.9%; such low efficiency was mainly limited by the low shunt resistance
and large series resistance. Kumar et al. demonstrated the fabrication of CsSnlz-based PSCs [89],
using the stoichiometric mixing of Csl, Snl,, and SnF, in DMSO solution. PSCs with device structure
c-TiOy/mp-TiO,/perovskite/Spiro-OMeTAD/Au achieved a champion PCE of 2.02%, a Js. 0f 22.7 mA/cm?,
a Ve 0of 0.24 'V, and an FF of 37% (Figure 10). Marshall et al. achieved a PCE of 3.56% with SnCl, as
tin additive in perovskite precursors in HTL-free configuration: ITO/perovskite/PCg BM/BCP/Al [91].
Wang et al. studied the effect of annealing temperature and thickness of perovskite film on the device
performance; the optimum device achieved a PCE of 3.31%, a Js. of 10.2 mA/cm?, a V. of 0.52, and
an FF of 63% [92]. Song et al. utilized excess Snl; as tin additives combined with a weak hydrazine
reducing atmosphere during CsSnlj film fabrication; the champion PSCs showed a PCE of 4.81%, a Jsc
of 25.7 mA/cm?, a Vo of 0.38 V, and an FF of 49% [58]. Table 3 shows some key photovoltaic parameters
of CsSnl;. With an ideal perovskite film crystalline quality, a theory PCE of 23% was predicted within
CsSnlsz-based PSCs, which highlighting their great application potential [93].

I~
n

b =9@—CsSnl3 + 5 mol % SnF,
(b) —0=CsSnl3 + 10 mol % SnF,
=0=CsSnl3 +20 mol % SnF,
=A=CsSnl3 + 40 mol % SnF,

— w
n S
T

Current density (mAcm'z)
=

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30
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Figure 10. (a) Cross-section view and (b) |-V characteristics of first CsSnl3-based PSCs. Reproduced
from Ref. [89] Copyright 2014 John Wiley & Sons, Inc.
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Beyond solar cell applications, CsSnl; could also be used for other optoelectronic devices. For
example, Hong et al. proposed CsSnlz perovskite films fabricated by one-pot solution and toluene
dripping method; the film showed a compact micrometer sized grains with only a few cracks at the
grain boundaries [94]. The light-emitting device exhibited maximum radiance of 40 W sr—'m~2 at a
current density of 364.3 mA/cm? and maximum external quantum efficiency (EQE) of 3.8% at 4.5 V. All
the structural, electronic, optical, mechanical properties, absorption coefficient, optical conductivity,
and elastic constant properties of 3D Sn-based perovskites can be found in Table 4.

©

CsSnI3

3
Energy (eV)

1.0 15 20
Energy (eV)

(]
(=]
o

L (f)

400

10 20 30 40 50

26 (degree)

XRD Intensity (a.u.

Figure 11. (a) Unit cells of CsSnlz. Adapted with permission from [28], copyright 2017 Springer Nature.
(b) Perovskite building structure of CsSnls; adapted with permission from ref. [88], Copyright 2012
Springer Nature. (¢) SEM image of CsSnls; reproduced from ref. [95] with permission from Proceedings
of the National Academy of Sciences USA. (d) Steady PL (red) and UV-Vis absorption (black) of
CsSnl3; (e) Calculated band structure of CsSnls; (f) XRD patterns of CsSnl; perovskites. The red curve
represents the calculated XRD patterns and the blue curve represents the experimental XRD patterns.
“1” and “2” indicate the expected XRD features of the Sn-I-Sn bond tilting in the a- and b-directions,
respectively; while “3” indicates the signature of the Sn-I-Sn bond tilting in the c-direction. (d-f) were
adapted with permission from ref. [96]. Copyright 2012 Rights managed by AIP Publishing.
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Table 3. Photovoltaic parameters of CsSnl3-based PSCs.

Device Structure PCE (%) Jsc (mA/cm?) Voc (V) FF (%) Ref.
FTO/c-TiO,/mp-TiO,/CsSnl3:Snl,/PTAA/Au 48 25.7 0.38 49 [97]
ITO/Cul/CsSnl3:Snl,/ICBA/BCP/Al 2.8 12.3 0.43 39 [98]
ITO/NiO/CsSnl3/PCBM/Al 3.3 10.2 0.52 62 [99]
ITO/CsSnl5:SnCly/PCq BM/BCP/AL 36 9.9 0.50 68 [100]
ITO/c-TiO,/mp-TiO,/CsSnl3:SnFo/PTAA/Au 1.8 308 0.17 34 [58]
ITO/c-TiO/mp-TiO,/CsSnl3:SnFo/m-MTDATA/Au 2.0 27.7 0.24 37 [89]
FTO/c-TiOp/mp-TiO,/CsSnl3:SnF,/Spiro-OMeTAD/Au 1.7 227 0.20 29 [94]
ITO/CsSnl3/Au/Ti 0.9 4.8 0.42 22 [40]
FTO/c-TiOp/mp-TiO,/CsSnlz/Spiro-OMETAD/Au 1.9 15.2 0.26 46 [93]
Note: m-MTDATA: 4,4’ 4”-Tris[phenyl(m-tolyl)amino]triphenylamine.
Table 4. Crystallographic Data of the MASnl3, FASnl3, and CsSnlj [41,45,47].
Sn-Based Perovskites
MASnNI; FASnIj; CsSnlj3 (B-y)
Space group Pdmm Amm?2 pnma
Room temperature crystal system tetragonal orthorhombic orthorhombic
a = 6.2302 (10) a =6.3286 (10) a = 8.6885 (5)
Unit cells dimensions (A) b = 6.2302 (10) b = 8.9554 (11) b =12.3775 (4)
¢ =6.2316 (11) ¢ =8.9463 (11) c =8.6384 (6)
Density (g/cm3) 3.649 3.566 4.521
Bandgap (eV) ~1.25-1.3 ~1.4 13
Absorption coefficient (mm™!) 12.128 11.579 16.482
F (000) 228 468 1056
crystal dimensions (mm?) 0.053 x 0.032 x 0.021 0.176 x 0.163 x 0.136 /
Exciton binding energy (meV) 29 31 18
Electron mobility (cm/V/s) 2320 103 536
Hole mobility (cm/V/s) 322 / 585

4. Low-Dimensional Three-Dimensional Tin-Based Perovskite Solar Cells

Recently, 2D halide perovskites have attracted increasing attention in photovoltaic applications,
due to their superior structure and performance, such as high stability and film quality, and due to
the tunability of optoelectronic properties, can be assembled by stabilizing single-layers separated by
inorganic or organic cations [101-106]. In 2014, 2D halide Pb-based perovskites were first reported for
perovskite solar cells. Smith et al. used PEA* and MA™* cations to fabricate 2D layered perovskites
as an absorber for solar cells [107]. The high-quality 2D perovskite layer could be deposited through
spin-coating without high-temperature annealing process and it showed more moisture resistant than
3D perovskite.

Generally, 2D halide perovskite could be regarded as a compound of cutting along a specific plane
of 3D parent halide perovskite with a formula of (RNH3)A,_1BnX3n+1, where R is mostly a large
or a long-chain organic cation; (A1 BnX3n41)%~ is the conductor layer derived from the parent 3D
perovskite; n is an integer, which indicates the number of halide octahedral layers between the two R
cation layers. In general, n = 1 corresponding to a pure 2D structure; nn = oo corresponding to a pure 3D
structure; and when # is other integer, it corresponding to quasi-2D layered structure (Figure 12a) [7].
According to the orientation of the cleavage plane of the ideal 2D cubic perovskite unit cell, the 2D
halide perovskites mainly be divided into three types: (100)-oriented, (110)-oriented, and (111)-oriented
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systems. Today, the majority of 2D perovskites possess (100)-oriented layers, which formed by stacking
n perovskite layers along the (100) direction of the parent 3D structure (Figure 12b) [108].

3D Perovskite
ABX,

(a) 2D Perovskite
(A )m(A)n 1B X3n+1

n=1

4444 -

I I I Large organic spacer A
E g P
% .*" - ,'4 g .'4 = (3

# Small organic cation A 4

b 4 1 » B metal,
r v ¥ X halide,

0000 ' |‘\‘l‘ /‘

3*%%% :uuaa. &

Figure 12. (a) Schematic representation of the evolution from 2D to 3D halide perovskite; reproduced
from Ref. [109] with permission from American Chemical Society; (b) Schematic illustration of the 2D
perovskites from (100)-oriented, (110)-oriented and (111)-oriented of the 3D halide perovskite structure.
Reproduced from Ref. [110] with permission from The Royal Society of Chemistry.

4.1. 2D Sn Perouvskite Solar Cells

Cao et al. first reported 2D Sn-based (BA);(MA),_1Snnlsn4; solar cells cell (as shown
in Figure 13) [111]. The bandgap of perovskites could be tuned from 1.20 eV (n = o, 3D
MASNI3) to 1.83 eV [n = 1, 2D (BA),Snly]; and it was found that the hole concentration was
lower in the (BA),Snly films compared to 3D MASnI; films; n = 4 was chosen for photovoltaic
studies and the champion device yielding a PCE of 2.5% and it showed a significantly enhanced
stability compared to 3D MASnI; PSCs. Ju et al. investigated a series of 2D lead-free halide
perovskites as potentially high-performance light absorbers: (m-DAM)(FA)n-15nnX3n41 (1 = 1-4),
where -DAM refers to an organic diammonium cation with a m-conjugated molecular structure,
i.e., 2,6-anthracenediyldimethanammonium (AMA), 2,8-tetracenediyldimethanammonium (TMA),
2,9-pentacenediyldimethanammonium (PMA), 2,10-hexacenediyldimethanammonium (HMA), or
anthra (2,3-b:7,8-b’)bis(5-thiopheneylmethanammonium) (ATMA). X refers to a halogen anion (I, Br,
or CI) [112].
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Figure 13. (a) Band alignment and device configuration of 2D (BA)y(MA)y-1Snnl3n4+1 (n = 3 and
4)-based PSCs; (b) Photos and top-view SEM images of low dimensional perovskite films; (c) J-V
characteristics and PCE evolution of 2D and 3D PSCs measured in air. Reproduced with permission
from Ref [111]. Copyright 2017 American Chemical Society.

4.2. 2D/3D Sn Perovskite Solar Cells

In reality, it is hard to get a stoichiometric pure phase 2D halide perovskite films, the halide
perovskite layers were most likely the mixtures of 2D halide perovskites and 3D halide perovskites,
which confirmed by multiple exciton response peaks in Uv-Vis absorption spectra, PL spectra, and
XRD patterns [102,113,114]. In the literature, the 1 values were usually calculated from the composition
of the precursor solutions. Recently, the approach of mixing a small amount of 2D Sn-based perovskite
into 3D Sn-based perovskite was demonstrated to be an efficient method to produce high performance
perovskite films.

PEA* and FA* cations were firstly mixed at A-site in Sn-based perovskite; Shao et al. tuned
the PEA™* cation ratio from 100 to 0 to fabricated pure 2D, 2D/3D mixture, and pure 3D perovskite
films (Figure 14) [102]. The Sn-based perovskites protected by PEA-spacer layer exhibited significantly
improved stability compared with pure FASnl;. The orientation of halide perovskites can be modified
by adjusting the PEA ratio and a highly oriented perovskite film perpendicular to the substrate was
achieved with 20% PEA-cation doping. Further, the 2D/3D perovskites also showed reduced the
background carrier density by more than one order of magnitude compared with pure FASnl3. As a
result, the 2D/3D PSCs showed substantially improved photovoltaic parameters compared with 3D
PSCs; and the champion 2D/3D device showed a Js of 24.1 mA/cm?, a Ve of 0.53 V, and an FF of 71%,
resulting in a PCE of 9.0% [102].
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Figure 14. (a) Schematic crystal structures of 3D FASnlI; (left), 2D/3D (middle) mixture, and 2D
PEA,Snly (right). (b) Top-view SEM images of 3D FASnI3 and 2D/3D (0.08/1). (c) Device structure and
performance: -V curves for the champion 3D and 2D/3D (0.08/1) PSCs; forward and reverse sweeps
of the J-V curves of the champion 2D/3D (0.08/1) PSCs; reproducibility histogram of the 3D FASnI3
PSCs; and reproducibility histogram of 2D/3D (0.08/1) PSCs. Reproduced with permission from [102],
copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Based on inverted FASnl; PSCs, Chen et al. introduced an ultrathin phenylethylammonium
bromide (PEABr) between perovskite and HTL layer (Figure 15), leading to reduced trap states and
suppressed charge recombination in 2D/3D PSCs. As a consequence, the champion device achieved a
Jsc of 24.87 mA/cm?, a V. of 0.45 V, and an FF of 63%, resulting in a PCE of 7.05% [115]. Liao et al.
spin-coated an ultrathin PEABr between perovskite and ETL layer (Figure 16). The 2D/3D perovskite
layer showed improved morphology and band-level alignment compared with 3D FASnI3 layer. As a
result, the 2D/3D champion PSCs achieved a PCE of 7.86% with a Js. of 22.6 mA/cm?, a Vo of 0.54 V,
and an FF of 64% [76]. Kayesh et al. studied the effects of doping 5-ammonium valeric acid iodide
(5-AVAI) in 3D FASnI; film; they found 5-AVAI can passivate the grain boundaries, suppress the
Sn?* oxidation, and enhance the charge carrier lifetime. As a result, the PCE of PSCs improved from
3.4 to 7.0% in 0.25 cm? cells. Moreover, these doped PSCs maintained their initial performance for
100 h under continuous illumination [116]. Qiu et al. introduced BA* and PEA™ as mixed organic
cations to improve the crystallization process of FASnI3 perovskite films, and the co-effect of BA*
and PEA™ effectively suppress the Sn?* oxidation in FASnI3 films and make uniform and ordered
crystal nucleation. The (BA+PEA)-based PSCs showed a PCE of 8.82%, with a V. 0of 0.60 V, a s of
21.82 mA/cm?, and an FF of 66.73%, whereas the individual BA- (PEA-) based PSCs showed a PCE of
5.55% (6.42%), with a Ve of 0.55 V (0.58 V), a Jsc of 16.92 mA/cm? (16.57 mA/cm?) and an FF of 59.57%
(66.56%) [117]. Jokar et al. utilized ethylenediammonium diiodide (EDAI,) and butylammonium
iodide (BAI) as additives in FASnI; films to control the film morphology, to passivate the surface defect
states, and to prevent Sn?*/Sn** oxidation. The addition of BAI had improved the PCE from 4.0% (3D)
to 5.5%. The addition of EDI, doped device further improved the initial PCE to 7.4%, and the PCE
continuously increased to 8.9% stored in a glovebox for over 1400 h [118].
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Figure 15. (a) Schematic diagram for the introduction of an ultrathin PEABr interlayer; for the 2D/3D
PSCs, the PEABr in DMF solution was spin-coated on HTL layer, while for the pure 3D FASnI; PSCs,
only DMF was spin-coated on HTL layer. (b) J-V curves of champion FASnI3 PSCs without and with
PEABr treatment. Reproduced with permission from [115]. Copyright 2018 Elsevier Ltd.
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Figure 16. (a) Schematic illustration for the introduction of an ultrathin PEABr film; the PEABr solution
in isopropanol solution was spin-coated on 3D FASnlIj layer. (b) |-V curves of champion FASnI;
PSCs without and with PEABr treatment. Reproduced with permission from [76]. Copyright 2019
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Based on inverted FASnl; PSCs, Chen et al. introduced an ultrathin phenylethylammonium
bromide (PEABr) between perovskite and HTL layer (Figure 15), leading to reduced trap states and
suppressed charge recombination in 2D/3D PSCs. As a consequence, the champion device achieved a
Jsc of 24.87 mA/cm?, a V. of 0.45 V, and an FF of 63%, resulting in a PCE of 7.05% [115]. Liao et al.
spin-coated an ultrathin PEABr between perovskite and ETL layer (Figure 16). The 2D/3D perovskite
layer showed improved morphology and band-level alignment compared with 3D FASnI3 layer. As a
result, the 2D/3D champion PSCs achieved a PCE of 7.86% with a Js. of 22.6 mA/cm?, a V. of 0.54 V,
and an FF of 64% [76]. Kayesh et al. studied the effects of doping 5-ammonium valeric acid iodide
(5-AVAI) in 3D FASnI; film; they found 5-AVAI can passivate the grain boundaries, suppress the
Sn2* oxidation, and enhance the charge carrier lifetime. As a result, the PCE of PSCs improved from
3.4 to 7.0% in 0.25 cm? cells. Moreover, these doped PSCs maintained their initial performance for
100 h under continuous illumination [116]. Qiu et al. introduced BA* and PEA™ as mixed organic
cations to improve the crystallization process of FASnI3 perovskite films, and the co-effect of BA*
and PEA* effectively suppress the Sn?>* oxidation in FASnI3 films and make uniform and ordered
crystal nucleation. The (BA+PEA)-based PSCs showed a PCE of 8.82%, with a V. of 0.60 V, a Js¢ of
21.82 mA/cm?, and an FF of 66.73%, whereas the individual BA- (PEA-) based PSCs showed a PCE of
5.55% (6.42%), with a Ve of 0.55 V (0.58 V), a Jsc of 16.92 mA/cm? (16.57 mA/cm?) and an FF of 59.57%
(66.56%) [117]. Jokar et al. utilized ethylenediammonium diiodide (EDAI,) and butylammonium
iodide (BAI) as additives in FASnI; films to control the film morphology, to passivate the surface defect
states, and to prevent Sn?*/Sn** oxidation. The addition of BAI had improved the PCE from 4.0% (3D)
to 5.5%. The addition of EDI, doped device further improved the initial PCE to 7.4%, and the PCE
continuously increased to 8.9% stored in a glovebox for over 1400 h [118].

Kim et al. introduced the formamidinium thiocyanate (FASCN) additive into quasi-2D tin-based
perovskites (FASnl; with 20% molar ratio of PEAI to FAI as the absorber). The incorporation of
the FASCN additive greatly suppressed quasi-2D tin-based perovskites from oxidation during film
formation and improved the crystallographic and morphological quality. The reference cell (quasi-2D,
without FASCN doping) yielded a PCE of 5.74% (a Jsc of 18.5 mA/cm2, a V. of 0.48 V, and an FF
of 57.2%). The incorporation of the FASCN additive increased the PCE to 8.17% with a [sc of 22.5
mA/cm?, a Vo of 0.53 V, and an FF of 68.3% [119]. Further, based on inverted FASnI; PSCs, Wang et
al. grow a 2D/3D Sn-based perovskite film using removable pseudo-halogen ammonium thiocyanate
(NH4SCN) as a structure regulator [68]; the 2D/3D PSCs generated a PCE up to 9.41% and showed
improved lifetime, air stability, thermal stability, and illumination stability compared with 3D PSCs,
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resulting from the parallel growth of 2D PEA;Snl, film as the surface layer. Table 5 shows some key
photovoltaic parameters of 2D/3D Sn-based PSCs.

Table 5. Photovoltaic parameters of 2D/3D PSCs.

A-Cations PCE (%) Jsc (mA/cm?) Voc (V) FF (%) Ref.
FA* + 20% PEA* 6.0 14.4 0.59 69 [101]
FA* + 8% PEA* 9.0 241 0.53 71 [102]
FA* +100% Bn* 24 10.6 0.40 55 [106]
FASnI3/PEABr 7.1 249 0.45 63 [115]
PEABr/FASnl3 7.9 22.6 0.54 64 [76]
FA* + 15% PEA* 9.4 22.0 0.61 70 [68]
(PEA, FA)* 7.0 20.0 0.47 74 [81]
FA* + 15% BA* 55 18.0 0.44 69 [118]
FA* + 1% EDAT* 8.9 21.3 0.58 72 [118]
FA* + 50% 5AVAI* 7.0 18.9 0.59 62 [84]

Note: BA: n-Butylamine; Bn: benzimidazolium; EDAI,: ethylenediammonium diiodide.

5. Conclusions

We have presented a comprehensive literature review focused on perovskites for solar cells
applications in which toxic lead is replaced by environmentally friendly tin. Various kinds of tin-based
perovskites of ASnX3 (MA*, FA*, and Cs*) structure were characterized in terms of crystalline quality,
optical and electrical conductivity and J-V characteristics. The recently proposed 2D/3D mixed Sn-based
perovskites provides a good foundation for future large-scale application of PSCs. Despite the 2D/3D
mixed Sn-based PSCs have achieved a PCE of 9.4%. However, PCE and stability still remain as
challenges to meet the commercial requirement. The main roadblock to break current efficiency barrier
is their unacceptably low V., which is a consequence of serious charge carrier recombination. (1) The
2D/3D Sn-based perovskite films quality plays the key factor in improving V. of PSCs. The present
research work still needs to focus on the fundamental aspect: in order to develop better understanding
of origin of low V.. The FF of 2D/3D Sn-based perovskite is also not high enough. However, in general,
Voc and FF can be improved at the same time. (2) The new 2D lead-free perovskite materials should be
explored. The main challenges about Sn-based perovskite materials are still the facile oxidation of Sn?*
to Sn** in moisture environment and the morphology improvement of perovskite films. Due to the
higher formation energy and low self-doping effect of 2D perovskite materials, a compact could be
formed in surface and prevent the diffusion of moisture molecules inside, thus the overall stability in
2D/3D Sn-based perovskite films would be enhanced than their 3D analogues. (3) Finally, more efforts
need to be devoted in the fabrication technique and device design that adaptable to the industrial
production. The 25.2% PCE of Pb-based PSCs achieved so far allow us to forecast a bright future for
environmentally friendly Sn-based PSCs. All in all, we are convinced that 2D/3D Sn-based perovskite
materials have promising prospects in photovoltaics.
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