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Abstract
Tin halide perovskite solar cells (THPSCs) are an eco-friendly alternative to lead halide perovskite solar cells. 
However, defect formation hinders their commercialization. Specifically, the oxidation of Sn2+ to Sn4+ generates 
defects, which increase background current due to charge recombination and consequently degrade device 
performance. This review explores the use of two-dimensional (2D) materials and additives to enhance the 
performance and stability of THPSCs. 2D materials improve charge transport, passivate defects, induce vertical 
alignment, and enhance structural stability against moisture. Additives optimize film morphology and interface 
properties by promoting grain growth and reducing defect density. These approaches increase the power 
conversion efficiency of THPSCs by up to 15%, demonstrating their commercial potential. The synergistic effects of 
2D materials and additives are analyzed, and critical strategies for their combined utilization are suggested to 
develop high-efficiency and stable THPSCs.
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INTRODUCTION
Organic-inorganic hybrid lead-based perovskites possess excellent optoelectronic properties, such as high 
absorption coefficients, long carrier diffusion lengths, and a tunable bandgap. These attributes make lead 
halide perovskite solar cells (LHPSCs) promising candidates for next-generation photovoltaic 
technologies[1,2]. These properties arise from the unique electron configuration (6s26p0) and significant spin-
orbit coupling of lead (Pb)[3]. Recent advances demonstrate an astonishing power conversion efficiency 
(PCE) exceeding 26%[4]. Despite these outstanding properties, the commercialization of LHPSCs is hindered 
by lead toxicity. Researchers are developing various encapsulation technologies to prevent lead leakage, but 
their long-term effectiveness and reliability require further investigation[5-7].

To overcome these challenges, various lead-free perovskite solar cells (PSCs) based on bismuth (Bi), 
germanium (Ge), silver (Ag), and tin (Sn) have been investigated[8-11]. Among these, tin-based THPSCs have 
garnered attention due to their similar crystal structure, solar spectrum, and bandgap to LHPSCs without 
toxicity risk[12-14]. These superior properties of THPSCs arise from their higher charge mobility, smaller 
exciton binding energy, and larger Bohr radius than Pb[15-18]

. Tin halide perovskite solar cells (THPSCs) also 
exhibit high optical absorption coefficients and longer hot-carrier cooling times, which make them 
promising alternatives[19,20]. However, THPSCs face challenges such as unfavorable energy band alignment, 
lattice distortion, and Sn2+ oxidation[21-24]. Easy oxidation of Sn2+ leads to instability and poor film quality.

A primary hurdle to realizing high-performance THPSCs is the rapid oxidation of Sn2+. Two-dimensional 
(2D) materials passivate surface defects and control energy levels to enhance charge transfer and stability[25]. 
These materials also offer high moisture resistance, compensating for the weak moisture stability of 
THPSCs. This passivation significantly reduces non-radiative recombination, improves charge extraction, 
and enhances device efficiency[26]. Furthermore, 2D materials enable precise control over energy level 
alignment at the perovskite/charge transport layer interface, thus facilitating efficient charge transfer and 
minimizing energy losses[27,28]. This inherent moisture resistance is a key factor for the long-term stability of 
THPSCs, especially compared to LHPSCs.

Introduced either during the perovskite precursor solution stage or through post-treatment, additives such 
as metal halides, organic salts, and specific polymers play a vital role alongside 2D materials. They effectively 
complement the defect passivation provided by 2D materials, with a particularly significant impact on grain 
boundary defects, major contributors to charge recombination in perovskite films. By further reducing these 
defects, additives minimize charge recombination losses.

This review explores two key strategies to enhance the performance and stability of THPSCs. These 
strategies include incorporating 2D materials and additives. While we briefly introduce successful 
approaches in LHPSCs using 2D materials and additive engineering, this work primarily focuses on their 
application to THPSCs. In particular, this review highlights the synergistic effects achieved by combining 
2D materials and additives in THPSCs. We provide a comprehensive overview of current progress in 
improving the performance and stability of THPSCs and suggest critical strategies for developing high-
efficiency and stable THPSCs.

TIN HALIDE PEROVSKITE SOLAR CELLS: FUNDAMENTALS
Tin halide perovskites have emerged as promising alternatives to lead-based perovskites, offering 
environmentally friendly and efficient solutions. These materials adopt the general perovskite formula 
ABX3, where A is an organic or inorganic cation such as methylammonium (MA), formamidinium (FA), or 
cesium (Cs), B is a metal cation Sn, and X is a halide anion I, Br, or Cl[29-31]. The combination of A-site 
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cations and X-site halide anions influences the crystal structure, band gap, and overall stability of the 
material, ultimately determining the performance of perovskite solar cell devices [Figure 1A].

The working mechanism follows the same fundamental principles as conventional LHPSCs and consists of 
four primary steps. First, electron-hole pairs are generated when the perovskite layer absorbs incident 
photons. The built-in electric field at the interface between the perovskite and the charge transport layers 
facilitates the separation of these pairs into free electrons and holes. The separated charge carriers migrate to 
the electron transport layer (ETL) and hole transport layer (HTL), generating an electric current in the 
external circuit [Figure 1B]. Perovskite materials are classified into 2D and 3D structures based on the 
dimensionality of their crystal framework[32]. 3D perovskites, represented by the formula ABX3, exhibit a 
continuous structure in which BX6 octahedra share corners to form an extended 3D network[33]. This 
configuration facilitates high charge carrier mobility and a well-defined band gap, enabling efficient light 
absorption and charge transport[34].

On the other hand, 2D perovskites have a layered structure with large organic spacer cations, improving 
their stability and moisture resistance[35]. However, the insulating nature of organic spacers hinders charge 
transport between perovskite layers, and the relatively wide band gap commonly observed in 2D perovskites 
limits light absorption, thereby reducing photocurrent generation[36,37]. Despite these limitations in charge 
transport and light absorption, the inherent stability of 2D perovskites offers a potential pathway to 
overcome the Sn2+ oxidation problem in 3D perovskites.

2D materials: interfacial engineering and stability enhancement
3D THPSCs have shown promising performance in solar cells. However, they are particularly unstable due 
to the oxidation of Sn2+ by water and oxygen, which is the leading cause of device performance degradation. 
This instability arises from factors such as the susceptibility of Sn2+ to oxidation and the volatility of organic 
cations in the 3D structure. To address this, researchers have used 2D materials to improve the performance 
and stability of THPSCs. We discuss the strategies for optimizing these materials, including n-value control 
and small n-phase suppression. Figure 2 shows how 2D materials can be incorporated into THPSCs to 
improve performance.

2D Ruddlesden-Popper THPSCs
Generally, 3D perovskites with the ABX3 crystal structure are unstable due to the hydrophilicity of organic 
cations[38-43]. Researchers have been exploring the unique properties of 2D layered perovskite materials to 
address this issue. One such material is the Ruddlesden-Popper (RP) phase, characterized by stacking 
adjacent layers in a specific step-like arrangement[44]. This layered structure, first discovered by Ruddlesden 
and Popper, is represented by the general chemical formula A’2An-1MnX3n+1

[45]. This formula is composed of a 
large monovalent organic cation (A’), a small organic cation (A), a divalent metal cation (M), and a halide 
anion (X). In these RP perovskites, the A’-site acts as a spacer, forming a significant energy barrier on both 
sides of the inorganic layer due to its insulating properties.

Hydrophobic organic cations, such as phenethylammonium (PEA), butylammonium (BA), and 
propylammonium (PA), are commonly employed in RP perovskites. These cations induce preferred crystal 
orientation and create an energy barrier, effectively hindering moisture penetration[46-49]. Increasing the n-
value in [MX6]4- octahedral slabs increases the inorganic layers’ thickness, reducing quantum confinement 
effects. This results in a decrease in bandgap and exciton binding energy and an increase in carrier mobility. 
However, it is important to note that even as the n-value increases significantly, the bandgap of 2D RP 
perovskites does not ideally converge to that of 3D perovskites due to the inherent structural 
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Figure 1. (A) Schematic illustration of three-dimensional (3D) THSPCs; (B) Charge transport mechanism in p-i-n solar cell, illustrating 
electron-hole pair generation, charge separation, and carrier transport. THSPC: tin halide perovskite solar cell; ETL: electron transport 
layer; HTL: hole transport layer. TCO: transparent conductive oxide.

differences[50-53]. While these cations enhance stability, the inherent van der Waals gap in the organic 
interlayer structure leads to a larger energy bandgap than 3D PSCs. This wider bandgap and other factors 
like exciton binding energy and charge recombination rates can limit light absorption, particularly in the 
near-infrared region, and reduce the short-circuit current (JSC)[54,55].

RP THPSCs exhibit optoelectronic performance limitations, including low efficiency, insufficient moisture 
stability, and high exciton binding energy. Researchers have focused on strategic A’-site modification and n-
value engineering. For instance, Kayesh et al. investigated the effects of incorporating 5-ammonium valeric 
acid iodide (5-AVAI) as the organic cation at the A’-site[56]. They found that 5-AVAI enhanced film 
uniformity and suppressed Sn2+ oxidation by increasing steric hindrance, ultimately improving crystallinity 
and device stability [Figure 3A].

Beyond A’-site modification, tuning the n-value is crucial for device performance and stability. The n-value 
in RP perovskites refers to the number of inorganic layers between the organic spacer layers. Increasing the 
n-value in RP perovskites influences various key properties. Figure 3B demonstrates that tuning the n-value 
in RP THPSCs (BA2MAn-1SnnI3n+1, n = 2-4) can optimize optoelectronic properties[57]. As shown in Figure 3C, 
the formation energy decreases with an increasing n-value, indicating that 2D perovskites with more layers 
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Figure 2. Schematic illustration of how 2D materials enhance performance and stability in 3D THPSCs. THSPC: tin halide perovskite 
solar cell; 2D: two-dimensional.

Figure 3. A: SEM images of pristine and 5-AVAI added films (left); Operational stability of encapsulated PSCs with and without 5-AVAI 
under continuous 1 sun illumination at MPPT (right). This figure is quoted with permission from Kayesh et al.[56]; B: Computed electronic 
band gaps of BA2MAn-1MnI3n+1 with varying n-values (M = Ge, Sn, and Pb) based on the hybrid functional plus SOC scheme. This figure 
is quoted with permission from MA et al.[57]; C: Formation energies of various functional group clusters are absorbed on layered tin 
perovskites with different numbers of layers X2(MA)n-1SnnI3n+1(X = FA, BA, PEA); D: Calculated HSE06 projected bandgaps of 2D tin 
perovskites with different numbers of layers and organic cations (L represents the number of layers). This figure is quoted with 
permission from Wang et al.[58]; E: Schematic illustration of the Band alignment of 3D- MASnI3, 2D-Sn4I 13, 2D-Sn3I10 (top), J-V curve of n 
= 3 Sn3I10 and n = 4 Sn4I13 devices (bottom). This figure is quoted with permission from Cao et al.[59]. PEA: phenethylammonium; BA: 
butylammonium; PA: propylammonium. SEM: scanning electron microscope; MPPT: maximum power point tracking.
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are more stable. Moreover, Figure 3D illustrates that increasing the n-value leads to a decrease in the 
bandgap due to quantum confinement effects, demonstrating that the bandgap can be tuned to the optimal 
range for solar cells (0.9-1.6 eV)[58]. Cao et al. further investigated the influence of the n-value on RP 
THPSCs. As shown in Figure 3E, adjusting the value leads to higher efficiency due to improved energy level 
alignment with the TiO2 electron transport layer and optimized band gap. Notably, 2D perovskites with n = 
4 exhibits higher efficiency than those with n = 3[59]. Suggesting that a synergistic approach combining these 
strategies could further improve device performance and stability, these studies highlight the importance of 
A-site modification and n-value engineering in RP THPSCs.

2D Dion-Jacobson THPSCs
The Dion-Jacobson (DJ) phase, characterized by its stacking arrangement of vertically aligned inorganic 
layers, was first reported by Dion and Jacobson[44]. This layered structure is represented by the general 
chemical formula A’An-1BnX3n+1

[60,61]. Unlike RP perovskites, which incorporate monovalent organic cations 
with a single ammonium group, DJ perovskites utilize divalent organic cations A’ with two ammonium 
groups. This key difference eliminates the van der Waals gap, leading to a reduced interlayer distance and 
tighter interlayer junction formed through strong hydrogen bonding between the divalent organic cations 
and adjacent 2D perovskite slabs[62,63].

DJ perovskites incorporate organic cations like butanediammonium (BDA), 4- (aminomethyl)piperidinium 
(4-AMP), and propanediammonium (PDA). These cations exhibit a structural characteristic distinct from 
RP perovskites[64-66]. Each organic cation can integrate two adjacent inorganic layers in these DJ perovskites, 
effectively increasing adhesion and enabling interlayer charge transfer[67-69]. Despite their enhanced 
structural stability compared to RP perovskites, DJ perovskites generally have lower permittivity, which 
increases the exciton binding energy and hinders charge separation. The small n-phase, referring to 2D 
perovskite phases with small n-values, can hinder charge transport due to strong quantum confinement 
effects, further exacerbating this problem[70].

To optimize the performance of DJ THPSCs, researchers have focused on strategies that introduce various 
ammonium cations with different sizes and structures. This approach aims to control exciton binding 
energy and dielectric constant and suppress the formation of small n-phase, which hinders efficient charge 
transport[71-73]. Figure 4A shows that (BEA)FA2Sn3I10 film comprises perovskite quantum wells (QWs), which 
confine electrons and holes to a 2D plane. While these QWs are affected by the quantum confinement 
effect, the presence of BEA leads to a dominant n = 2 phase, effectively suppressing the formation of smaller 
n-phases. This can be observed in the transient absorption spectra (TA) in Figure 4B, where the peak 
associated with the n = 2 phase shows a significant increase in intensity, indicating a reduced quantum 
confinement effect. This allows electrons and holes to move to a 3D-like perovskite environment, resulting 
in efficient charge separation and transfer[74].

Yao et al. investigated the influence of phenylenediamine isomers on 2D THPSCs. They revealed that o-
PDA, which has the largest dipole moment among the isomers, effectively reduced the exciton binding 
energy and improved charge dissociation and carrier transport[75]. Figure 4C compares the dipole moment (
μ) and dielectric constant (εr) of o-PDA, m-PDA, and p-PDA, demonstrating that o-PDA has the largest 
dipole moment and the highest dielectric constant among these isomers. This high εr facilitates exciton 
dissociation by lowering the energy required to separate bound electron-hole pairs. The strong hydrogen 
bond interaction between the o-PDA cation and the inorganic octahedron contributes to this larger εr in o-
PDA films. Furthermore, o-PDA facilitated more efficient charge transfer between different n-phases within 
the perovskite structure. To further investigate the impact of amino substituent position on the dipole 
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Figure 4. (A) UV-Vis absorption spectra of (BEA)FA2Sn3I10 and FASnI3 perovskite films; (B) TA spectra of (BEA)FA2Sn3I10 film at various 
decay times: distinct bleach peaks at 610 nm (n = 1), 715 nm (n = 2), 780 nm (n = 3). This figure is quoted with permission from Li 
et al.[74]; (C) Crystal structures, ESP diagrams, and calculated dipole moments of o-PDA-Sn, m-PDA-Sn, and p-PDA-Sn perovskites 
(top) and their relative dielectric constant as a function of offset voltage (bottom). This figure is quoted with permission from Yao 
et al.[75]; (D) Integrated PL intensity and calculated Eb for 3ABAAc2 + MABr (left) and 4ABAAc2 + MABr (right) perovskite films. This 
figure is quoted with permission from Qian et al.[76]; E: Schematic band diagrams of carrier transport in EDA-Sn and PDA-Sn/BDA-Sn 
films. This figure is quoted with permission from Yao et al.[77]. UV-Vis: ultraviolet-visible; PDA: propanediammonium; TA: transient 
absorption spectra; PL: photoluminscence.

moment, a study on 3ABAAc2 and 4ABAAc2 was conducted. The dipole moment was successfully increased 
by strategically positioning the amino substituent in 3ABAAc2

[76]. This modification resulted in a 
significantly lower exciton binding energy (Eb) than 4ABAAc2, as shown in Figure 4D, promoting exciton 
dissociation and charge transfer.

Further exploring the impact of organic spacers on perovskite film properties, researchers have investigated 
the effects of varying the spacer chain length[77]. Specifically, they examined the effects of three different 
organic spacers with varying chain lengths on the properties of perovskite films: ethylenediammonium 
(EDA), PDA, and BDA. The shortest spacer, EDA, enhanced the film properties by reducing the proportion 
of the small n-phase, which hinders efficient charge transport. However, PDA-Sn and BDA-Sn films, which 
have longer spacer chain lengths, exhibited a higher proportion of these phases, hindering charge tunneling 
and transfer [Figure 4E]. These findings collectively demonstrate that optimizing the organic spacer is a 
promising strategy to improve the performance and stability of DJ THPSCs by controlling the exciton 
binding energy, dielectric constant, and phase distribution within the perovskite structure.

2D&3D mixed THPSCs
As previously mentioned, 3D perovskites offer high efficiency but are unstable and vulnerable to water and 
oxygen[46,48]. On the other hand, 2D perovskites exhibit better stability, but their low charge mobility and 
wide bandgap limit light absorption[78]. 2D&3D mixed (2D3D) perovskites, which combine 2D and 3D 
perovskites, offer the advantages of both increasing efficiency and stability[55,79,80].
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Similar to 2D perovskites, optimizing organic cations at the 2D3D interface is crucial in 2D3D 
perovskites[81]. Interface engineering strengthens the bonding between 2D and 3D perovskites, enhances the 
protective effect of the 2D layer, and can even serve as a template to guide the crystal growth of 3D 
perovskites[80,82-84]. However, if the optimization of the perovskite/2D material interface through precise 
control of the 2D material thickness and composition is not achieved, the deep-level traps can be formed, 
which may hinder the 3D layer growth and increase the energy barrier for charge transfer[85]. The layer 
thickness of 2D RP perovskites can be effectively controlled by adjusting the precursor ratios of MACl and 
BA, enabling the synthesis of pure n = 6 and n = 7 structures[86]. In addition, top-down synthetic methods, 
such as cosolvent evaporation and air solution interface crystallization, can precisely control the thickness 
and composition of 2D perovskite nanosheets by selecting spacer cations[87]. Cresp et al. showed that 
thermal annealing can change the final n-value by inducing the loss of spacer cations in the RP structure 
and making the DJ phase more stable[88]. Therefore, precise 2D3D interface control is essential to mitigate 
these problems by reducing interfacial recombination loss, increasing quasi-Fermi level splitting, and 
improving crystallization[81,89].

As shown in Figure 5A, Wang et al. fabricated a 2D3D perovskite structure by incorporating guanidinium 
thiocyanate (GuaSCN)[90]. This structure, which consists of a 3D FASnI3 layer atop a 2D layer, exhibited 
improved open-circuit voltage (VOC) due to increased quasi-Fermi level splitting, which led to better charge 
transport and reduced recombination. Organic spacers also play a crucial role in enhancing perovskite film 
crystallinity. For example, introducing PEASCN reduces the crystallization energy of the 2D perovskite 
structure, thus lowering the crystallization barrier and enabling rapid formation of the 2D structure[91]. 
Figure 5B shows that PEASCN induces rapid 2D structure growth, covering the substrate and promoting 
perpendicular growth of the 2D/quasi-2D structure. This perpendicular growth results in highly aligned 
quasi-2D perovskite films by promoting the formation of a uniform crystal structure. Figure 5C shows that 
Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements of PEABr and PEABr-PEASCN 
films show that the PEABr film exhibits dispersed diffraction intensity and weaker orientation. In contrast, 
the PEABr-PEASCN film exhibits concentrated (100) plane diffraction intensity at 90°, indicating highly 
oriented growth.

Kang et al. compared PEA/DEA-based films, which exhibit only n = 3 and 3D phases, to PEA-based films 
with inhomogeneous 2D phases (n = 2 and n = 3)[92]. The lower steric hindrance of DEA facilitated the 
formation of larger n-value phases, reduced lattice distortion and residual strain, and improved film quality. 
As shown in Figure 5D, the PEA-based film had an uneven surface potential and large tensile strain due to 
inhomogeneous low-dimensional phases. In contrast, the PEA/DEA-based film showed an improved 
surface morphology and reduced residual strain due to homogenized low-dimensional phases. Figure 5E 
further demonstrates the reduced tensile strain in the PEA/DEA-based film, as evidenced by the smaller 
slope of the linearly fitted 2θ - sin2(ψ) function. These studies demonstrate that introducing organic spacers 
at the 2D3D interface can control crystal growth and improve strain management in 2D3D THPSCs, 
enhancing device performance and stability[93]. To provide an overview of recent developments, Table 1 
summarizes recent studies on 2D3D THPSCs, highlighting the perovskite composition, device structure, 
and achieved efficiency through strategic material incorporation.

ADDITIVES: BULK CRYSTAL OPTIMIZATION AND OXIDATION CONTROL
The easy oxidation of Sn2+ to Sn4+ and the resulting Sn vacancies are the leading causes of defects in 
THPSCs. This induces self-p-type carrier doping and consequently accelerates the nucleation and growth of 
perovskite crystals, negatively affecting device performance. Researchers have used various additives to 
optimize bulk crystal structure and control oxidation to mitigate these undesirable effects.
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Table 1. Recent progress in 2D&3D mixed THPSCs.

Strategic material Perovskite composition PCE 
(%) Stability/ PCE retained Ref.

ANI (anilinium iodide) AN2FASnI3/FA0.8GA0.2SnI3 10.6 Air, unencapsulation 150 hr/ 
100%

[94]

DFBAI (difluorobenzylammonium iodide) (DFBA)nFA1-nSnI3 8.38 Air, unencapsulation 150 hr/ 
100%

[95]

PEAI (phenylethylammonium iodide) PEA2FA4Sn5I16 8.9 N2, unencapsulation 400 hr/ 
80%

[96]

DEACl (diethylamine hydrochloride), HMCl (hydrazine 
monohydrochloride)

DEA2FA8Sn9I28-nCln 9.47 N2, unencapsulation 14 day/ 
90%

[97]

R-MBA (α-methylbenzylamine) (R-MBA)2SnI4/FASnI3 10.73 N2, unencapsulation 120 
day/ 90%

[98]

GuaSCN (guanidinium thiocyanate) PEA2FA1Sn2I7 13.79 N2, 1200 hr/ 90% [90]

TEAI (2-thiopheneethylammonium iodide) (TEA)2MAn-1SnnI3n+1 6.8 - [99]

CF3PEAI [3-(trifluoromethyl) phenethylamine hydroiodide] (CF3PEA)2SnI4/FAMASnI2.75
Br0.25

10.35 N2, unencapsulation 1700 
hr/ 80%

[100]

DFBAI (3,5-diflubenzylammonium iodide) (DFBA)2FASn2I7/FASnI3 8.38 Air, unencapsulation 200 hr/ 
100%

[95]

PEASCN (phenethylammonium thiocyanate) FA0.75MA0.25SnI2.75Br0.25 : 
PEASCN

12.88 N2, unencapsulation 2000 
hr/ 80%

[101]

PEACl (phenethylammonium chloride) (PEA)2SnnI3n+1/FASnI3 11.5 N2, unencapsulation 32 day/ 
153%

[102]

GASCN (guanidine thiocyanate) PEA0.2FA0.8SnI3/GASCN 8.6 N2, unencapsulation 600 hr/ 
88%

[103]

PEABr (phenylethylamonium bromide), PEASCN 
(phenethylammonium thiocyanate) 

PEA2FAn–1SnnX3n+1 14.6 N2, encapsulation 1000 hr/ 
100%

[91]

PEABr (phenylethylamonium bromide) (PEA)2SnI4/FA0.75MA0.25SnI
2.75Br0.25

11.94 N2, unencapsulation 2040 
hr/ 94%

[104]

phDMADBr (1,4-phenyldimethylammonium dibromide diamine) FASnI3 : phDMADBr 11.44 N2, unencapsulation 1000 
hr/ 90%

[105]

DFPDI (4,4-difluoropiperidinium iodide) DFPD2SnI4/FASnI3 13.34 N2, unencapsulation 1000 
hr/ 90%

[106]

XS2 (p-xylylenediammonium thiocyanate) PEA0.18XDA0.01FA0.8SnI2.8
SCN0.2

14.31 N2, 25 day/ 95% [107]

3AMPY (3-(aminomethyl)pyridine) FASnI3 : 3AMPYSnI4 13.28 N2, unencapsulation 3000 
hr/ 96%

[108]

FBEI (2,4-difluorobenzylammonium iodide) FBE2FA3Sn4I13 9.25 Air, 24 hr/ 91% [109]

EDAI2 (ethylenediammonium diiodide) (EDA)FA9Sn10I31 7.07 Air, unencapsulation 200 hr/ 
82%

[77]

MPI (morpholinium iodide) MP2SnI4/FASnI3 12.04 Air, unencapsulation 250 hr/ 
77%

[110]

4-FPEAI (4-fluorophenethylammonium iodide) (4-FPEA)0.1FA0.9SnI3 13.07 N2, unencapsulation 1200 
hr/ 80%

[111]

DEACl (diethylammonium chloride) PEA0.125DEA0.025FA0.85SnI2.85 
Br0.125Cl0.025

12.51 N2, unencapsulation 4600 
hr/ 94%

[92]

D-HLH (D-homoserine lactone hydrochloride) PEA0.15FA0.85SnI2.85Br0.15 12.45 N2, 70 day/ 85% [112]

3-TEAI (2-(thiophen-3-yl)ethan-1-aminium iodide) (3-TEA)0.2FA0.8SnI3 14.16 N2, unencapsulation 1960 
hr/ 90%

[113]

PCE: power conversion efficiency; THPSC: tin halide perovskite solar cell.

Metal halides
Early research on THPSCs, developed as a replacement for LHPSCs, mainly focused on material 
optimization. Among the metal halide materials, SnF2, SnCl2, and SnBr2 have been preferentially used to 
reduce the Sn vacancy concentration further and improve THPSC stability. Stabilizing THPSCs is critical 
for advancing lead-free PSCs[114-116].
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Figure 5. A: Device simulation results for the target-pristine or target-GuaSCN PSCs by the software Silvaco: Schematic PSC structure 
with vertical heterojunction used for simulation (left), and energy levels including the conduction band (EC), the valence band (EV), hole 
(EFp), and electron (EFn) quasi-Fermi levels across the whole devices under the open-circuit condition (right). This figure is quoted with 
permission from Wang et al.[90]; B: Schematic of the crystallization mechanism of 2D3D perovskite films with PEABr and PEABr-
PEASCN; C: Azimuthally integrated GIWAXS intensity profiles at q = 1 Å-1. This figure is quoted with permission from Li et al.[91]; D: 
Schematic illustration of the impact of PEA-based and PEA/DEA-based films on surface morphology and strain in tin perovskite films; E: 
2θ – sin2(ψ) functions derived from grazing-incidence X-ray diffraction (GIXRD) results and their linear fits for PEA-based and 
PEA/DEA-based films. This figure is quoted with permission from Kang et al.[92]. PSC: perovskite solar cell; PEA: phenethylammonium; 
DEA: diethylamine.

Various metal halides have been investigated as additives to improve the performance and stability of 
THPSCs. In Figure 6A, Heo et al. combined experimental investigations with first-principles density 
functional theory (DFT) calculations to uncover how SnX2 additives influence THPSCs[117]. Contrary to the 
conventional view that these additives primarily mitigate Sn vacancy defects (VSn), their findings reveal that 
they primarily contribute to surface passivation and stabilization of the THPSCs phase. SnBr2 exhibits the 
highest adsorption energy among the additives, enabling superior phase stabilization and surface 
passivation. This results in an extended operational stability of approximately 100 hours and a power 
conversion efficiency of 4.3%. The addition of SnF2 to FASnI3 significantly increased the photocurrent 
density due to the increased hydrogen bonding, valence band alignment, and coverage of the perovskite 
layer[118]. These studies suggest that SnF2 can suppress Sn oxidation and improve the film morphology and 
coverage in inorganic and organic ammonium halide Sn perovskites.

Beyond SnX2 additives, various other metal halides have been explored to enhance the performance and 
stability of THPSCs further. For example, as shown in Figure 6B, Liu et al. reported that incorporating a 
trace amount of InBr2 effectively lifts the Fermi level and rearranges energy levels, improving interfacial 
band alignment while passivating defect states at the energy band tail[119]. This results in enhanced charge 
transfer, reduced recombination losses, and optimized film morphology, crystallinity, and chemical 
uniformity. This minimizes defect densities and non-radiative recombination within the bulk perovskite. 
Furthermore, Ryu et al. introduced the rare earth element erbium chloride (ErCl3) into THPSCs. ErCl3 
regulates nucleation and crystal growth, improving solution stability and optimizing film morphology 
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Figure 6. (A) Adsorption energies of SnBr2, SnCl2, and SnF2 on the surface of CsSnI3. This figure is quoted with permission from Heo 
et al.[121]; (B) DFT calculations of In and Br co-doped Sn perovskite (VSn and VI represented the Sn and I vacancies). This figure is quoted 
with permission from Liu et al.[119]; (C) Schematic illustration of ErCl3 incorporation effect on the precursor and film quality. This figure is 
quoted with permission from Ryu et al.[122]; D: Summary of XRD intensity and FWHM of the (100) peak of THPSCs depend on the GeI2 
concentration. This figure is quoted with permission from Lai et al.[120]. DFT: density functional theory; THPSC: tin halide perovskite solar 
cell; XRD: X-ray diffraction; FWHM: full width half maximum.

[Figure 6C]. Figure 6D demonstrates that GeI2, as an additive, regulates nucleation and crystallization in 
THPSCs[120]. In addition to ErCl3, pyrazine and asparagine were simultaneously incorporated into the tin 
halide perovskite precursor solution to further improve the film quality and device performance. ErCl3 
regulates the nucleation and crystallization kinetics and inhibits Sn2+ oxidation, while pyrazine controls the 
crystallization rate and asparagine facilitates defect passivation and promotes grain growth. The 
combination of these additives leads to the overall device performance. Among metal halides, SnF2 initially 
demonstrated the most significant enhancement in efficiency. Subsequently, GeI2 was incorporated 
alongside SnF2

[121-123]. Research indicated that an optimal GeI2 concentration of 5% maximized efficiency. 
Exceeding this threshold leads to excessive lattice constant reduction, inducing lattice disorder and energy 
level misalignment, which can hinder charge transport and reduce device efficiency[124-126].

Using additional metal halides together with SnF2 has recently improved stability and efficiency. However, 
metal halide additives alone cannot wholly address Sn oxidation in THPSCs despite effectively mitigating 
film oxidation. In addition to SnF2, ammonium hypophosphite (AHP) has been reported to significantly 
enhance the energy level alignment between the FASnI3 perovskite and Copper thiocyanate (CuSCN) hole 
transport layer, improving device performance[127]. Additionally, the Gallic Acid (GA) is reported to 
combine with SnCl2 to give up the energy level of the conduction band of the perovskite film, thereby 
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improving the electron reduction[128]. These results demonstrate that not only the Snf2 additive but also other 
additives have broader effects, directly affecting the energy level alignment and electronic structure 
optimization in addition to the structural and chemical stabilization. Therefore, the introduction of diverse 
additives is crucial for these devices.

Lewis bases/acids
Among the metal halide additives used with perovskite precursors, SnF2 can improve the photovoltaic 
performance of THPSCs by reducing charge traps caused by Sn vacancies and decreasing the charge carrier 
recombination rate. However, high concentrations of SnF2 exceeding 10mol% can cause phase separation, 
resulting in pinholes and aggregations on the perovskite film[129,130]. Phase separation can negatively affect the 
device’s photovoltaic parameters; therefore, obtaining a uniform perovskite layer is essential.

Lewis base additives can effectively passivate Sn2+ defects and improve the performance of THPSCs[131]. For 
example, Lee et al. used pyrazine to form a SnF2-pyrazine complex that acts as a Lewis base additive, 
enhancing the film quality and performance of FASnI3 perovskite films[11]. Lewis acid additives can also 
enhance the performance of THPSCs by controlling the crystallization process and reducing non-radiative 
recombination. For instance, Li et al. adopted hypophosphorous acid (HPA) as an additive for CsSnIBr2 
perovskite films[132]. This resulted in high-quality perovskite films with low Sn vacancies and stable phase.

Beyond these benefits, Lewis base/acid additives can also influence the crystallization process of perovskite. 
Introducing FAI into the A-site can significantly improve efficiency[133-135]. However, the reaction between 
FAI and SnI2 in the FASnI3 perovskite precursor is fast due to the higher reactivity of SnI2 as a Lewis 
acid[136,137]. This fast reaction can lead to a trade-off between efficiency and stability when organic 
ammonium salts are incorporated into the perovskite composition[138]. To mitigate this, employing Lewis 
base/acid additives with SnF2 could control the crystallization rate and reduce the interaction strength 
between the precursor components[71,139].

In addition to the Lewis base/acid additives mentioned above, Lewis neutral additives have also been 
investigated for their potential to improve the performance of THPSCs. For example, Deng et al. used 
polymethylmethacrylate (PMMA) as a compatible additive for FASnI3 precursor solutions and achieved a 
power conversion efficiency of 3.62%[140]. However, Lewis neutral additives were only partially compatible 
due to their limited ability to control the crystallization process.

Jokar et al. demonstrated the effectiveness of ethylenediammonium diiodide (EDAI2) in improving stability 
and performance[71]. EDAI2 also acted as a dopant and reducing agent to suppress Sn oxidation[141]. Similarly, 
n-propylammonium iodide (PAI) facilitated the template growth of FASnI3 crystals, resulting in a highly 
crystalline film with improved performance and stability[142,143]. Moreover, Song's group introduced pyrazine 
and asparagine to control the crystallization rate[144,145]. In addition, pseudohalogens of the thiocyanate 
(SCN-) series form Sn-donor complexes in tin perovskites[90,146-149]. Combining these additives forms a stable 
intermediate phase, improving device efficiency. Table 2 summarizes recent studies on additives in 
THPSCs, including the perovskite composition, device structure, and achieved efficiency.

As presented in Tables 1 and 2, both 2D materials and additives play a crucial role in optimizing the 
efficiency and stability of THPSCs. While 2D materials primarily enhance charge transport properties, 
passivate interfacial defects, and improve environmental stability, additives address key structural challenges 
by suppressing Sn2+ oxidation and regulating crystallization.
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Table 2. PV parameters of the reported inverted THPSCs with various additives

Perovskite 
composition Additives JSC 

(mA/cm2)
VOC 
(V)

FF 
(%) PCE(%)

  Publication
Year Ref.

CsSnI3 SnF2 10.21 0.52 62.5 3.31 2016 [129]

CsSnIBr2 SnF2 + HPA (hypophosphorous acid) 17.4 0.31 57 3.2 2016 [132]

FASnI3 SnF2 22.07 0.465 60.67 6.22 2016 [135]

FA0.75MA0.25SnI3 SnF2 21.2 0.61 62.7 8.12 2017 [150]

PEAFASnI3 SnF2 24.1 0.525 71 9.0 2017 [151]

PEA0.15FA0.85SnI3 SnF2 + NH4SCN (ammonium thiocyanate) 22.0 0.61 70.1 9.41 2018 [147]

GA0.2FA0.8SnI3 SnF2 +EDAI2 21.2 0.619 72.9 9.6 2018 [152]

FASnI3 SnF2 + PPAI (phenyl-2-propen-1-ammonium iodide) 23.34 0.56 73.5 9.61 2019 [153]

FA0.98EDA0.01SnI3 SnF2 + DAE (1,2-diaminoethane) 22.8 0.56 74 10.18 2019 [154]

FASnI3 SnF2 + LFA (liquid formic acid) 22.25 0.628 74.2 10.37 2020 [155]

Cs0.2FA0.8SnI3 SnF2 + SnCl2 + EDAI2 21.6 0.64 75.2 10.4 2020 [121]

FASnI3 SnF2 + FOEI (pentafluorophen-oxyethylammonium
iodide)

21.59 0.67 75 10.81 2020 [156]

FASnI3 4AMPI2 [4-(aminomethyl)piperidinium diiodide] 21.15 0.69 74 10.86 2020 [157]

FASnI3 SnF2 + PHCl (phenylhydrazine hydrochloride) 23.5 0.76 64 11.4 2020 [158]

FA0.75MA0.25SnI3 SnF2 + TM-DHP [1,4-bis(trimethylsilyl)-2,3,5,6-
tetramethyl-1,4-dihydropyrazine]

22.0 0.76 69.0 11.5 2020 [159]

FASnI3 SnF2 + PAI (n-propylammonium iodide) 22.37 0.73 72 11.78 2020 [143]

PEA0.15FA0.85SnI3 SnF2 + NH4SCN 17.4 0.94 75 12.4 2020 [160]

FASnI2.875Br0.125 SnF2 + SnBr2 + PHCl 23.02 0.81 72 13.4 2021 [114]

FA0.75MA0.25SnI2.75Br
0.25

SnF2 +PEAI + 4A3HA (4-amino-3-hydroxybenzoic 
acid)

21.02 0.9 71.22 13.43 2022 [161]

FASnI3 SnF2 + EDADI + MHATFA (6-
maleimidohexanehydrazide trifluoroacetate)

23.27 0.803 72.99 13.64 2022 [162]

PEA0.15FA0.85SnI2.85
Br0.15

SnF2 + NH4SCN + GAA (2-Guanidinoacetic acid) 19.66 0.94 74.9 13.7 2022 [148]

PEA2FA1Sn2I7 SnF2 + GuaSCN 20.32 1.01 67.2 13.79 2022 [90]

FASnI3 SnF2 + EDAI2 + theophylline-Br (8-bromotheophylline) 24.2 0.75 76 13.8 2022 [163]

FA0.98EDA0.01SnI3 SnI2 + GeI2 + FBZAI (4-fluorobenzylammonium iodide) 22.87 0.778 77.81 13.85 2022 [164]

PEA0.15FA0.85SnI3 Trimethylthiourea 21.02 0.9 71.22 14.3 2022 [165]

FASnI3 SnF2 + POEBr (2-phenoxyethylamine bromide) 22.44 0.855 74.7 14.32 2023 [166]

FASnI3 SnI2 + GeI2 + BrDS (2,8-dibromo-dibenzothiophene-
S,S-dioxide)

23.86 0.79 79.45 14.98 2024 [167]

FASnI3 SnF2 + NH4SCN+ TEASCN + NH5F2 (2-
thiopheneethylamine thiocyanate)

20.12 0.97 76.61 15.04 2024 [149]

PCE: power conversion efficiency; THPSC: tin halide perovskite solar cell; PV: photovoltaics.

Although 2D materials contribute significantly to devices’ electronic properties and robustness, their role in 
mitigating bulk defects and maintaining long-term stability is limited. In contrast, additives provide a 
complementary approach that directly affects the lifetime and operating efficiency of devices by stabilizing 
the perovskite phase, reducing the trap state density, and optimizing film morphology. Therefore, 2D 
materials and additives are essential to achieve high-performance and durable THPSCs. A dual approach 
that strategically integrates the two components is essential to achieve multifaceted optimization, thereby 
improving charge carrier dynamics and enhancing structural stability.
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FUTURE RESEARCH PROSPECTS FOR THPSCS
This review explores the use of 2D materials and additive engineering in THPSCs, particularly those based 
on Sn. These devices have enabled significant advancements in this field. However, the stability of THPSCs, 
particularly their air stability, remains a significant challenge due to Sn2+ oxidation and subsequent 
decomposition of perovskite upon exposure to oxygen and water. Therefore, future research should focus 
on utilizing both 2D materials and additives to enhance the performance and stability of THPSCs.

Previous studies have demonstrated that 2D materials can improve charge transport and moisture 
resistance, but their effectiveness in fully passivating grain boundary defects and controlling deep trap states 
is still limited. Further research should prioritize developing novel 2D materials and additives with tailored 
functionalities to address the challenges of Sn2+ oxidation and energy level alignment in THPSCs. Long-term 
stability evaluations of THPSCs incorporating these combined strategies under diverse environmental 
conditions are also crucial.

In particular, precision engineering of the 2D/3D interface can enhance device performance by optimizing 
charge extraction and minimizing recombination losses. Furthermore, while additives effectively suppress 
oxidation and passivate defects, their influence on perovskite crystallization kinetics requires further 
investigation to improve film uniformity and reduce non-radiative recombination. Moving forward in this 
direction will contribute significantly to developing high-performance THPSCs.

CONCLUSIONS
This review paper presents an in-depth analysis of defect control, performance improvement, and stability 
assurance, which are key tasks for commercializing THPSCs, attracting attention as next-generation solar 
cell technology. In particular, we focus on eco-friendly THPSCs that can solve toxicity problems while 
maintaining the excellent optoelectronic properties of LHPSCs and intensively discuss strategies for 
utilizing 2D materials and additives to solve the problems of Sn2+ to Sn4+ oxidation, defect generation, and 
device performance degradation caused by the unique properties of tin-based perovskite materials.

2D materials have excellent electrical properties, high surface area, and flexible structural features, which 
contribute to improving the charge transport ability of THPSCs, effectively passivating defects, and 
enhancing moisture stability. In addition, we confirmed that the bulk crystal optimization and oxidation 
control of THPSCs can be achieved through various additives to improve performance.

This review paper emphasizes that the performance of THPSC can be maximized through the synergistic 
effects of 2D materials and additives. 2D materials play a role in improving the interface properties and 
enhancing moisture stability, and additives play a role in optimizing the bulk crystal structure and 
controlling oxidation. By appropriately utilizing 2D materials and additives, the efficiency and stability of 
THPSC can be simultaneously improved, significantly increasing the possibility of commercialization.

Future research should focus on maximizing the synergistic effects of 2D materials and additives, 
developing new 2D materials and additives, interface engineering, and evaluating long-term stability. These 
efforts are expected to lead to the development of high-efficiency, high-stability THPSCs and accelerate 
their commercialization.
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