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Abstract 1 

Tin-based perovskite (TinPVK) has become the most promising candidate to lead-free perovskite solar 2 

cells, owing to its low toxicity and improved photovoltaic performance. However, due to the absence of 4f 3 

shell, TinPVKs suffer from uncontrolled crystallization, limiting the power conversion efficiency (PCE) of tin 4 

perovskite solar cells (TinPSCs). Here, we systematically study the ligand regulated crystallization process 5 

of TinPVK. We find that with elongated spin time, TinPVK crystals undergo reorientation and lateral growth. 6 

3D α-phase FASnI3, 2D (n = 2) and 2D (n = 1) phases emerge sequentially to form a ‘3D-over-2D’ 7 

heterostructure via a proposed ‘diffusion-propagation’ mechanism. TinPSCs exhibit improved open circuit 8 

voltage (VOC) due to favorable energy level alignment of the ‘3D-over-2D’ heterostructure, with a champion 9 

PCE of 13.07% and T80 over 1200 hours. This work provides mechanistic insights on controlled 10 

crystallization and heterostructure formation of TinPVKs, paving the way towards high efficiency TinPSCs. 11 

 12 
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Perovskite solar cells have achieved impressive progress on both the power conversion efficiency (PCE) 1 

and long-term stability over the past decade.1-3 However, the high toxicity of water-soluble lead ions is a 2 

considerable threat to both human health and aquatic environments, and therefore remains a significant 3 

concern towards the commercialization of perovskite solar cells.4-6 Although encapsulation, absorption, 4 

and recycling of lead-containing perovskite materials might alleviate lead leakage,7-9 replacing lead with 5 

non-toxic elements is an ultimate way to solve this issue. Tin-based perovskite solar cells (TinPSCs) have 6 

emerged as one of the most promising alternatives for the low toxicity, earth abundance, suitable bandgap, 7 

and high carrier mobility.10-12 Up to date, the PCE of TinPSCs still lag behind their lead-based counterparts. 8 

Tin-based perovskites (TinPVKs) suffer from easy oxidation from Sn2+ to Sn4+, causing excessive p-doping 9 

and reducing the device performance. The 4s2 electrons can be easily removed due to the absence of 4f 10 

shell as compared to Pb.13-14 Moreover, TinPVKs undergo fast crystallization because of the high Lewis 11 

acidity of Sn2+, leading to high defect density and random grain orientations in TinPVK films.12,15 Therefore, 12 

deeper understandings on how to control the crystallization processes of TinPVKs are urgently needed to 13 

construct efficient TinPSCs.  14 

Incorporation of organic ligands in perovskite precursors is one major strategy to control the 15 

crystallization of TinPVKs and has demonstrated PCE over 15%.16-17 The ligands bond dynamically to TinPVK 16 

grain surfaces during the crystallization process, leading to reduced defect density and shifted band 17 

structures of the TinPVK films.18-21 In addition, the ligands can also participate in the formation of two-18 

dimensional (2D) TinPVK phases. For example, phenethylammonium iodide (PEAI), when mixed in 19 

precursors, can promote the formation of mixed 2D and 3D TinPVK phases, which simultaneously enhance 20 

the open circuit voltage (VOC) and improve the device stability.22-24 While the strong bonding between the 21 

ligands and 3D TinPVK lattice plays an important role in regulating the crystallization, the interactions 22 

between the ligands can also significantly change the crystallization scheme. 4-fluorophenethylammonium 23 

iodide (4-FPEAI), due to the interactions between the fluorine atom and the π-ring, tend to adopt a ‘slip-24 

on’ packing mode when forming 2D perovskite or attaching to 3D perovskite grain surfaces.25-26 The 25 

compact packing shortens the interlayer spacing between the 2D perovskite sheets, hence enhancing the 26 

charge transport across the out-of-plane direction.27  27 

In this work, we systematically study the ligand-assisted crystallization processes of TinPVK with a suite 28 

of in-situ and ex-situ techniques. Specifically, PEAI and 4-FPEAI are blended into TinPVK precursors to both 29 

regulate the crystallization and form 2D/3D heterostructures. We find that rather than random crystal 30 

growth with PEAI, 4-FPEAI leads to the growth of highly oriented TinPVK grains with their {100} facets 31 

exposed parallel to substrates. The PEAI films show no 2D components during spin coating and form ‘2D-32 

3D-mix’ heterostructures after annealing. In contrast, 4-FPEAI promotes the growth of 2D phases at the 33 

bottom of the TinPVK films, following a proposed ‘diffusion-propagation’ mechanism which results in a 34 

‘3D-over-2D’ heterostructure. The ‘3D-over-2D’ heterostructure removes the barrier for electron transport 35 

across the TinPVK/ETL interface,28 while impose little barrier for hole transport across the TinPVK/HTL 36 

interface due to little energy level mismatch between the valence band maxima (VBM) of 3D and 2D 37 

phases. As a result, the champion 4-FPEAI TinPSC achieves a PCE of 13.07% and a high VOC of 0.94 V, 38 

surpassing the PEAI TinPSC with a PCE of 9.69% and a VOC of 0.76 V.  39 
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We fabricated the TinPVK films with a formula of A’0.1FA0.9SnI3 (A’ = PEA or 4-FPEA) using a one-step spin 1 

coating method. Due to the high Lewis acidity of SnI2, the crystallization of 3D α-phase FASnI3 requires 2 

much lower energy than their lead-counterparts.10 This allows TinPVK to partially crystallize even at room 3 

temperature by the expulsion of solvents (DMF:DMSO, v:v = 4:1), manifested by the darkening of film color 4 

during the spin coating processes (Figure 1a). An intermediate step, such as vacuuming or heating under 5 

a mild temperature,28-29 has been demonstrated to grow high quality TinPVK films. Similarly, we observe 6 

film color darkening when we leave the TinPVK films to spin for longer duration after injecting the toluene 7 

as the antisolvent (Figure 1b), which indicates a pre-crystallization stage. To study the impact of spin time 8 

on the crystal structure of TinPVKs, we coated TinPVK films with the same spin speed ramping program 9 

and a fixed antisolvent injection timing but leave the films to continue spinning for different durations at 10 

the second spin stage (Figure 1c). During the elongated spin stage, along with the pre-crystallization of 11 

TinPVK films, the unevaporated solvents in the film can facilitate the diffusion of ions and may lead to the 12 

evolution of TinPVK heterostructures.30 Here, we note the samples by the spin time after the antisolvent 13 

injection. As shown in Figure 1d, the 10 s PEAI film covers most of the substrate with only a few pinholes. 14 

The pinholes are eliminated in the 40 s PEAI film, with no significant changes in the film roughness and 15 

grain sizes. However, the 70 s PEAI film shows both increased roughness and reduced grain sizes, possibly 16 

resulting from the redissolution and regrowth aided by the remaining solvent. In contrast, the 10 s 4-FPEAI 17 

film exhibits rectangular grain morphology, with smooth grain surfaces, high surface roughness and 18 

incomplete film coverage (Figure 1e). Owing to the ‘slip-on’ packing mode of 4-FPEA ligands, they attach 19 

firmly and preferably to the {100} facet of 3D TinPVK grain surfaces. This strong attachment retards the 20 

crystal growth along the (100) plane, resulting in {100} facet capped grains. With 40 s spin time, the 4-21 

FPEAI film develops into a smooth and compact film with significantly improved surface coverage, 22 

suggesting a slow lateral growth aided by the remaining solvent. The elimination of pinholes will suppress 23 

shunt channels and is ideal for planar solar cells. With a longer spin time of 70 s, the 4-FPEAI film remains 24 

mostly unchanged in surface morphology. The changes in surface morphology suggest that crystal growth 25 

is slower with 4-FPEAI than with PEAI in precursor, and the elongated spin time promotes lateral growth 26 

towards full surface coverage.  27 



 1 
Figure 1. Crystal structure and film morphology of tin perovskites with different spin time. 2 

(a) Schematic illustration of film color change during a typical TinPVK spin coating process. (b) 3 

Photographic images of a spinning TinPVK film during a typical spin coating process. (c) The spin program 4 

used for the fabrication of TinPVK films. Top-view SEM images of the film morphology change over spin 5 

times with (d) PEAI and (e) 4-FPEAI as ligands. (f) XRD spectra of TinPVK films at different spin time with 6 

PEAI as ligands and (g) zoom-in spectra to indicate the evolution of SnI2 species. (h) XRD spectra of TinPVK 7 

films at different spin time with 4-FPEAI as ligands and (i) zoom-in spectra to indicate the evolution of SnI2 8 

species. All films are annealed at 70°C for 10 min after spin coating. 9 
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We further explored the changes in TinPVK microstructures with different spin times by taking the X-11 

ray diffraction (XRD) patterns. The PEAI films show XRD peaks from multiple crystallographic planes of the 12 



3D α-phase FASnI3, (102), (122), (222) and (h00), indicating random crystal orientations (Figure 1f). The 1 

films show no SnI2 peak at 2θ = 12.7° for all different spin times (Figure 1g), 31 suggesting a fast 2 

crystallization of TinPVKs at the consumption of precursors upon injecting the antisolvent. PEAI has no 3 

preference on which crystal facet it attaches to, and therefore exhibits a relatively weak effect on retarding 4 

TinPVK crystallization. In contrast, the XRD patterns of 4-FPEAI films are predominantly by peaks from (h00) 5 

planes, indicating a dominant orientation of (100) plane facing upwards (Figure 1h). This agrees with the 6 

observed crystal morphology. Unlike the PEAI films, the 4-FPEAI films show SnI2 peak descending with 7 

longer spin time (Figure 1i), indicating a slow crystallization step of TinPVKs. Since the 4-FPEA ligands 8 

attach preferably on the {100} facets with a compact coverage, stoichiometrically rich SnI2 composition 9 

cannot attach to crystal grains, but only forming isolated small domains and exhibiting signals in XRD 10 

patterns. However, in the case of PEAI, as the PEA ligands attach randomly to crystal planes with a relatively 11 

sparse coverage, SnI2 can attach to grain surfaces and therefore show weak, unresolvable peaks.  Besides, 12 

the (100) peak of 3D α-phase FASnI3 decreases in intensity and increases in FWHM over spin time for both 13 

PEAI and 4-FPEAI films (Figure S1). The increased FWHM originates from wider grain size distribution 14 

caused by the redissolution of large grains and emergence of small grains. In light of these results, we find 15 

that compared with PEAI as ligands, the 3D α-phase FASnI3 grows significantly slower with 4-FPEAI. The 16 

strong binding of 4-FPEA ligands preferably on the (100) plane leads to {100} facet capped rectangular 17 

grains. The packed 4-FPEA ligands also induce favorable interactions between the facets, promoting highly 18 

oriented TinPVK films with the {100} facet facing perpendicularly upwards to the substrate. Moreover, 19 

although the nucleation and growth triggered by antisolvent consume most of the precursor, 4-FPEAI 20 

prevents the films from depleting the SnI2 precursor. The SnI2 left in the film then supplies slow lateral 21 

growth, and therefore insufficient spin time limits the lateral growth and results in gaps between grains as 22 

observed in the 10 s 4-FPEAI film. Continuous lateral growth of the existing grains merges the gaps as 23 

shown in the 40 s and 70 s 4-FPEAI films. In contrast, the fast crystallization in the PEAI films completely 24 

consumes the SnI2 precursor shortly after injecting the antisolvent, and a longer spin time can only cause 25 

redissolution and regrowth of TinPVK crystals.   26 



 1 
Figure 2. Crystal structure evolution of tin perovskites during spin coating. 2 

(a) Schematic illustration of the in-situ GIWAXS setup. Evolutions of circularly averaged in-situ GIWAXS 3 

linecuts during the spin coating of TinPVK films with (b) PEAI and (c) 4-FPEAI as ligands. GIWAXS heatmap 4 

frames during the spin coating processes of (d) PEAI and (e) 4-FPEAI films. Time zero is set to the 5 

antisolvent injection moment. (f) Temporal evolution of peak intensities corresponding to 3D and 2D (n = 6 

1 and n = 2) phases in the 4-FPEAI film. (g) Incident angle dependent peak intensities corresponding to 3D 7 

and 2D (n = 1 and n = 2) phases in the 4-FPEAI film at the end of spin coating. Evolutions of azimuthal angle 8 

dependent peak intensities of the 3D α-phase FASnI3 (100) peak in the (h) PEAI and (i) 4-FPEAI films.  9 
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To gain a deeper understanding of the crystallization processes of TinPVKs with PEAI and 4-FPEAI ligands, 11 

we conducted in-situ grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements. We enclosed 12 

the samples in an N2-flowed chamber during the measurements to exclude the effect of Sn2+ oxidation 13 

(Figure 2a). A detailed setup is depicted in Figure S2. We followed the same spin speed ramping program 14 

as the fabrication of TinPVK films, with the same antisolvent injection timing. The incident angle α was 15 



kept at 0.9° to collect GIWAXS data from the whole depth of the films. To catch the rapid changes in crystal 1 

microstructures, we used a short exposure time of 0.2 s, which resulted in lower intensity but higher time 2 

resolution. Heatmaps of the circularly averaged in-situ GIWAXS linecuts are displayed in Figure 2b-c for 3 

the spin coating processes with PEAI and 4-FPEAI, respectively. At time zero, when the antisolvent hits the 4 

substrate, there is a wide peak between q = 1 Å-1 and 2 Å-1 arising from the mixing of antisolvent with the 5 

wet film. The major crystallographic peaks from the 3D α-phase FASnI3 appear in the PEAI films after the 6 

antisolvent is dry (~3 s). As the substrate spins, the peak intensities increase due to crystal growth and 7 

extension of crystal coherence lengths by the interconnection of grains. We note that no additional peaks 8 

appear hereinafter. In the 4-FPEAI film, the same set of peaks as in the PEAI film appears promptly after 9 

injecting the antisolvent. Remarkably, we identify two additional peaks at q = 0.36 Å-1 and 0.28 Å-1, with 10 

onset times at 3 s and 10 s, respectively. We ascribe them to 2D TinPVK phases with n = 1 and 2.28,32  11 

GIWAXS patterns of specific time frames are presented in Figure 2d-e for PEAI and 4-FPEAI films. For 12 

the PEAI film, the 3D α-phase FASnI3 peaks appear as concentric rings when the antisolvent is dry at ~3 s 13 

spin time. The rings show relatively low intensities with no preference in azimuthal angles, and no 14 

additional phases form over the entire spin coating process. For the 4-FPEAI film, we observe the 15 

emergence of 3D α-phase FASnI3 (100) peak with a strong preference at 90°, at the moment when the 16 

antisolvent hits the wet film. As the FASnI3 peak intensities evolve higher over spin time, a peak at q = 0.36 17 

Å-1 appears at 3 s and fully grows at 10 s, which we ascribe to the (020) plane of 2D (n = 1) phase. At 10 s, 18 

following the 2D (n = 1) phase, the (020) peak of 2D (n = 2) phase at q = 0.28 Å-1 gradually grows. The (020) 19 

peak of 2D (n = 2) becomes more prominent at 40 s, keeps increasing in intensity at 70 s and finally reaches 20 

maximum at 150 s. Moreover, a peak at q = 0.56 Å-1 emerges at 40 s and gains in intensity over spin time, 21 

which we assign to the (040) peak of the 2D (n = 2) phase. As the high order peaks only becomes significant 22 

at long coherence lengths, this indicates the formation of multilayered 2D (n = 2) phase over spin time. To 23 

study the changes in relative intensity between the 3D and 2D phases in the 4-FPEAI films, we plotted the 24 

evolution of peak intensities against spin time in Figure 2f for the (100) peak of 3D α-phase FASnI3, the 25 

(020) peak of 2D (n = 1) and the (020) peak of 2D (n = 2). The intensity of FASnI3 (100) peak spikes at time 26 

zero and transforms to a slow growth. We also note that in the PEAI film, the FASnI3 peak growth follows 27 

a similar trend as in the 4-FPEAI film, but with a lower intensity (Figure S3). We hypothesize that the 28 

formation of crystal grains mostly completes upon the antisolvent mixing with the wet film, and the 29 

intensity increase only originates from the enhanced crystal coherence by the attachment of adjacent 30 

grains. For the 2D phases, interestingly, the (020) peak of 2D (n = 1) picks up intensity at ~3 s following the 31 

formation of the 3D phase, reaches maximum at ~10 s of spin time, and remains unchanged for the rest 32 

of the spin coating process. In comparison, the (020) peak of 2D (n = 2), after its onset at 10 s, continues 33 

to gain intensity till the end of the spin program, surpassing the intensity of 2D (n = 1) peak at ~40 s. As 34 

most of the precursors are consumed at this stage, the 2D (n = 2) phase is unlikely to form directly. Instead, 35 

this suggests that the 2D (n = 2) phase may form at a cost of the 2D (n = 1) phase, by the diffusion of FA+ 36 

cations and the rearrangement of [SnI3]n
n- octahedra. The 2D (n = 1) phase subsequently retains its 37 

intensity as its growth balances its transformation to the 2D (n = 2) phase. In addition, the 2D (n = 2) phases 38 

do not further transform to 2D (n = 3) phases due to the high formation energy of the 2D (n = 3) phase.33  39 

To investigate the crystal phase distribution in the vertical direction, we measured GIWAXS patterns of 40 

the final 4-FPEAI film at the end of the spin coating process (t = 150 s) with a range of incident angles from 41 

0.02° to 0.9°. We plot the intensities of the (100) peak of 3D FASnI3, the (020) peak of 2D (n = 1), and the 42 

(020) peak of 2D (n = 2) against the incident angles in Figure 2g. The line plots after background correction 43 

are displayed in Figure S4. The intensity profile of the 3D FASnI3 peak follows a typical sigmoidal shape, 44 



with a critical angle around 0.17°.34-35 Both the (020) peak of 2D (n = 1) and the (020) peak of 2D (n = 2) 1 

are low in intensity below 0.2° and show drastically increased intensity at high incident angles, revealing 2 

that they both locate mainly at the bottom of the films. This distribution agrees well with the crystallization 3 

direction by the downward penetration of antisolvent injection from the top of the film, and also with the 4 

formation sequence of each phase as revealed by the in-situ GIWAXS results. We further investigate the 5 

evolution of TinPVK crystal orientations during spin coating. Azimuthal angular dependent intensities of 6 

the in-situ GIWAXS scans are plotted in Figure 2h-i for the FASnI3 (100) peak of the PEAI and 4-FPEAI films, 7 

respectively. The raw and normalized heatmaps are displayed in Figure S5. We note that the indents at 65° 8 

and 115° represent the gaps between the GIWAXS detectors, as can also be seen in the GIWAXS patterns. 9 

For the PEAI film, the intensity exhibits a broad distribution among the azimuthal angles, and is relatively 10 

higher at 45° and 135°, suggesting no orientation preference. The 4-FPEAI film shows an initial broad 11 

distribution of orientations when the antisolvent is drying during the first 3 s as indicated by dash lines. As 12 

the film continues to spin, the film quickly suppresses the out-of-plane orientations, promoting a 13 

preference for 90°. In addition, the two minor peaks at 45° and 135° diminish slowly over spin time. This 14 

coincides with the morphology change we observe in the top-view SEM images.  15 
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 1 
Figure 3. Heterostructures in tin perovskite films.  2 

Steady-state photoluminescence (PL) spectra of the 10 s, 40 s, and 70 s PEAI films with the 532 nm laser 3 

excitation from (a) glass side and (b) film side. PL spectra of the 4-FPEAI films with the same excitation 4 

from (c) glass side and (d) film side. Femtosecond transient absorption (fs-TA) spectra (λexc = 400 nm) of 5 

the PEAI films averaged between 5-10 ps delay time with excitation from (e) glass side and (f) film side. 6 

(g)Schematic illustration of the 2D/3D heterostructure in the PEAI films. fs-TA spectra of the 4-FPEAI films 7 

averaged between 5-10 ps delay time with excitation from (h) glass side and (i) film side. (j) Schematic 8 

illustration of the ‘3D-over-2D’ heterostructure in the 4-FPEAI films. All films are annealed at 70°C for 10 9 

min after spin coating.  10 

 11 

As the in-situ GIWAXS results reveal that crystal phases of 3D FASnI3, 2D (n =1 and 2) will form at the ‘pre-12 

crystallization’ stage (i.e., spin coating) in 4-FPEAI films, while only 3D FASnI3 in PEAI films, we further 13 

investigate whether new 2D/3D heterostructures will form and whether 2D and 3D phase distribution will 14 

change by thermal activation at the annealing stage. We measured the steady-state photoluminescence 15 



(PL) spectra of the TinPVK films (Figure 3a-d). Due to the shallow penetration depth of 532 nm laser in 1 

TinPVK films, we excited the samples from the glass side and the film side to collect PL signals from the 2 

bottom and top periphery of the TinPVK films, respectively. As shown in Figure 3a, the PEAI films exhibit 3 

two emission peaks from the glass side at 635 nm for 2D (n = 1) phase and at 870 nm for 3D FASnI3 phase. 4 

The positions and relative intensities of the peaks do not change with longer spin times, which agrees with 5 

our findings that the consumption of precursors is fast in PEAI films and there is no structural change over 6 

the spin time. The spectra from the film side show the same set of peaks and relative intensities (Figure 7 

3b), suggesting a symmetric crystal phase distribution in the vertical direction. As there are no 2D phases 8 

during the spin coating process, we hypothesize that the 2D (n = 1) phase in the PEAI films forms during 9 

annealing. Since PEAI-based 2D perovskites have relatively higher formation energies than 4-FPEAI-based 10 

counterparts,36 external heat is needed for the formation of the PEA2SnI4 phase. By comparison, the 4-11 

FPEAI films show a peak at 687 nm for 2D (n = 2) phase from the glass side in addition to the 2D (n = 1) 12 

phase and the 3D FASnI3 (Figure 3c). Interestingly, the peak intensities of the 2D (n = 2) increases over 13 

longer spin time, with the relative intensity ratio of the other two phases unchanged. Furthermore, with 14 

the film side excitation, there is no emission from the 2D (n = 2) phase (Figure 4d), indicating that the 2D 15 

(n = 2) phase all concentrates at the bottom periphery of the 4-FPEAI films. These results agree well with 16 

the phase distribution extracted from the incident angle dependent GIWAXS scans (Figure 2f), which 17 

means the ‘3D-over-2D’ heterostructure formed during the ‘pre-crystallization’ stage is preserved during 18 

annealing.  19 

We further characterize the crystal heterostructures in TinPVK films with femtosecond transient 20 

absorption spectroscopy (fs-TA). The ground-state bleaching (GB) peaks of each phase caused by the band 21 

filling effect are at different wavelengths corresponding to their bandgaps, and the peak intensities are 22 

quantitative indicators for the population of each phase.20,37 Unlike lead halide perovskites, 3D α-phase 23 

FASnI3 shows two distinct GB bands that agree with two peaks in the absorption spectra, with one at the 24 

band edge and the other above the band edge, representing two accessible excited states.22-24, 38 Figure 25 

3e shows the fs-TA spectra of the PEAI films excited from the glass side. We ascribe the two distinct GB 26 

bands to the 3D α-phase FASnI3. The fs-TA signal of the two GB bands shows the same decay dynamics 27 

(Figure S6a), following bi-exponential kinetics with τ1 of 25 ps and τ2 around 950 ps (Table S1). 28 

Unfortunately, due to the high absorption coefficient of TinPVK films, the films completely absorb the 29 

white light probe below 610 nm, blocking the signal from the 2D (n = 1) phase. For excitations from the 30 

film side, we find similar spectra shape and decay kinetics as from the glass side (Figure 3f and S6b). The 31 

spectral shapes also overlap well between different spin times. In addition, the fs-TA spectra averaged 32 

between 180-250 fs delay time, capturing the initial spectral response, likewise showing close agreement 33 

shapes between glass- and film-side excitation over different spin times (Figure S7a-b). Based on these 34 

results, we derive that the PEA ligands quickly bind to 3D FASnI3 grain surfaces during spin coating, but do 35 

not form 2D phases due to the lack of thermal energy. During the annealing stage, the adsorbed PEA 36 

ligands reconstruct the FASnI3 grain boundaries to form a layer of 2D (n = 1) phase as illustrated in Figure 37 

3g.  38 

In the case of 4-FPEAI, as shown in Figure 3h, the glass-side spectrum of the 10 s 4-FPEAI film shows 39 

two GB bands with similar spectral shape as the PEAI films. However, the 40 and 70 s films show a stronger 40 

and narrower peak at 672 nm convolved with the GB band of 3D FASnI3, which we ascribe to the 2D (n = 41 

2) phase based on its position at slightly higher energy than the 2D (n = 2) emission in Figure 3c. The 42 

spectra at early delay times also show this feature (Figure S7c), suggesting this GB band of 2D (n = 2) phase 43 

is excited by the incident laser. As displayed in Figure S6c, with the glass-side illumination, the fs-TA signal 44 



decay dynamics of the band edge window follow bi-exponential kinetics, with τ1 of 150 ps and τ2 around 1 

630 ps (Table S2). The decay dynamics in the high energy window exhibit tri-exponential kinetics, with the 2 

first two time constants coinciding with the band-edge window and a third component (τ3 = 7 ns) that can 3 

be attributed to the 2D (n = 2) phase. When we illuminate from the film side, the signals from 2D (n = 2) 4 

phase disappear, leaving only the two GB bands from FASnI3 (Figure 3i and S7d). The carrier decay 5 

dynamics in both wavelength windows then show bi-exponential kinetics, with time constants that agree 6 

with each other and with the corresponding time constants from the glass-side experiment (Figure S6d 7 

and Table S2). Therefore, we conclude that in the 4-FPEAI films, the ‘3D-over-2D’ heterostructure formed 8 

during the spin coating process is well preserved during the annealing stage, as illustrated in Figure 3j.  9 

 10 

 11 
Figure 4. Proposed ‘diffusion-propagation’ mechanism of the ‘3D-over-2D’ heterostructure with 4-FPEAI.   12 

 13 

To consolidate our findings, we propose a ‘diffusion-propagation’ mechanism to explain the changes in 14 

crystal structures and film morphologies during the formation of the ‘3D-over-2D’ heterostructure with 4-15 

FPEAI (Figure 4). At the initial stage, when we inject the antisolvent onto the wet film, the antisolvent 16 

removes most of the solvent (DMF and DMSO) and triggers crystallization by supersaturation. Due to the 17 

limited penetration depth of the antisolvent, a trace amount of solvents remains trapped near the bottom 18 

of the wet film.39 The majority of the 3D α-phase FASnI3 is formed at this stage at the top of the film, with 19 

4-FPEA ligands anchoring at the grain surfaces. As the solvent mixture is drying, the 3D FASnI3 grains 20 

undergo self-reorientation and oriented attachment to have the {100} facet face up, manifested by the 21 

elimination of out-of-plane signal and enhanced peak intensity by the extension of crystal coherence 22 

length. Shortly after the antisolvent is dry, at ~3 s, a 2D (n = 1) monolayer forms at the bottom of the 3D 23 

FASnI3. We note the (4-FPEA)2SnI4 phase can form at room temperature due to a lower formation energy 24 

than (PEA)2SnI4.36 The 2D (n = 1) phase then expand to 2D (n = 2) phase by consuming the unreacted SnI2 25 

species and the FA+ cation diffused into the 2D layer.40 At the meantime, a new 2D (n = 1) monolayer forms 26 

beneath the expanded 2D (n = 2) layer, thus conserving a consistent 2D (n = 1) phase intensity, as revealed 27 

by the in-situ GIWAXS results. We note that the TinPVK film undergoes slow lateral growth to fill up the 28 

void between grains during this stage. In addition, as the 2D sheets are parallel to the substrate, they can 29 

promote the reorientation of the crystals to be perpendicular to the substrate.41 At longer spin time, the 30 

2D (n = 2) phase keeps expanding to multilayers, as the GIWAXS frames show faint higher order peaks for 31 

2D (n = 2) at above 70 s.  32 



During the annealing stage, due to the strong interactions between 4-FPEA ligands, the diffusion of FA+ 1 

and rearrangement of [SnI3]n
n- can hardly happen further without the assistance of precursor solvent. 2 

Therefore, the prearranged ‘3D-over-2D’ heterostructure is preserved. Crystallization mechanisms of such 3 

‘3D-over-2D’ heterostructures have been reported previously in lead-based perovskites by incorporating 4 

2-aminoindan hydrochloride.42 The large indan aromatic tails of the ligands interact strongly with PbI2, 5 

leading to the formation of 2D sediments at the bottom of the film. In contrast, the PEAI films deplete 6 

most of the precursors promptly during antisolvent injection. The 2D (n = 1) phase cannot form without 7 

supplying external heat. Instead, the PEA ligands only attach to the grain surfaces, and transform to a layer 8 

of 2D (n =1) after annealing, resulting in a ‘2D-3D-mix’ heterostructure with random grain orientations. 9 

There is a relatively large energy level mismatch between the conduction band minimum (CBM) of the 2D 10 

phase and 3D FASnI3, but a much smaller mismatch between their valence band maximum (VBM) levels.28 11 

Hence, the 2D phase will impose a high energy barrier for charge transport if formed between the 3D 12 

FASnI3 and the electron transport layer. However, the ‘3D-over-2D’ heterostructure eliminates this barrier 13 

and favors the band alignment between TinPVK and hole transport layers. Subsequently, it opens up the 14 

VOC and ensures efficient charge transport across the devices.  15 

  16 



 1 
Figure 5. Photovoltaic performances of tin perovskite solar cells. 2 

(a) Schematic illustration of the p-i-n device architecture. (b) J-V curves and (c) external quantum efficiency 3 

(EQE) spectra with corresponding integrated photocurrent of the best-performing devices. (d) 4 

Photovoltaic parameter statistics of the 10 s PEAI and 40 s 4-FPEAI devices. (e) Time-resolved 5 

photoluminescence (TRPL) kinetics of the 10 s PEAI and 40 s 4-FPEAI films. (f) Light intensity-dependent 6 

open-circuit voltage of the TinPSCs. (g) Space-charge-limited current (SCLC) measurements of electron-7 

only PEAI and 4-FPEAI devices under dark conditions. (h) PCE evolution of unencapsulated PEAI and 4-8 

FPEAI devices kept in an N2-filled glovebox under dark. 9 

 10 

To investigate the effect of film morphology and crystal heterostructure on photovoltaic performance, we 11 

fabricated TinPSCs with a device architecture of indium tin oxide (ITO)/poly(3,4-ethylene 12 

dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)/TinPVK/indene-C60 bisadduct 13 

(ICBA)/bathocuproine (BCP)/Ag as depicted in Figure 5a. Cross-sectional SEM image of a typical TinPSC is 14 

shown in Figure S8. The active layer is around 200-250 nm thick. The energy level alignment of the PEAI 15 

and 4-FPEAI TinPSCs is illustrated in Figure S9 based on the 2D/3D heterostructures derived above. As 16 

mentioned above, the TinPVK films undergo lateral growth and heterostructure formation over spin time 17 

that largely affect the device performance by both pinhole elimination and band alignment. Therefore, we 18 



vary the spin time when fabricating the TinPVK layers and summarize the photovoltaic parameters in 1 

Figure S10-11 for PEAI and 4-FPEAI devices, respectively. The PEAI devices show the highest PCE 2 

distributions at 10 s spin time, and the performance continuously drops as the spin time increases. This 3 

mainly originates from the loss in the short circuit current density (JSC). We attribute the JSC loss to the 4 

randomly oriented 3D FASnI3 grains and lower crystal quality after the redissolution and regrowth by the 5 

remaining solvents during spin coating. The 2D (n = 1) phase at the grain boundaries may also hinder the 6 

charge transport. Since the PEAI films all adopt ‘2D-3D-mix’ heterostructures at any spin time, the band 7 

alignment between the TinPVK layer and the transport layers are similar, and therefore the changes in 8 

open circuit voltage (VOC) are insignificant. In comparison, the 4-FPEAI devices exhibit lower PCE than the 9 

PEAI devices at 10 s spin time, owing to the low fill factor (FF). As revealed by the top-view SEM images, 10 

the incomplete surface coverage of the 10 s 4-FPEAI films can give rise to shunt channels, severely 11 

impacting the charge extraction. With 25-40 s of spin time, the 4-FPEAI films can fully cover the substrate 12 

via slow lateral growth. The device PCEs are greatly improved at 40 s of spin time, thanks to the above 70% 13 

FF and slightly improved JSC. However, at longer spin time, there is a large loss in VOC and minor losses in 14 

both JSC and FF. As indicated by the in-situ GIWAXS results, the 2D (n = 2) phase will continue to expand 15 

into multilayered thick 2D phase over spin time. Due to the slow mobility in the out-of-plane direction of 16 

2D TinPVK, it will inevitably limit the charge transport across the device, even though the ‘3D-over-2D’ 17 

possesses a favorable energy alignment for p-i-n stacked solar cells. Besides, the 4-FPEAI devices may also 18 

suffer from defect formation by the redissolution and regrowth at excessively long spin times, similarly as 19 

the PEAI devices. Overall, there is an optimum spin time window for 4-FPEAI devices, which leverages the 20 

2D phase formation, grain orientation and attachment, and crystal lateral growth.  21 

The J-V curves of the best-performing devices are demonstrated in Figure 5b. The champion 4-FPEAI 22 

device, with 40 s spin time, achieves a PCE of 13.07% with a VOC of 0.94 V, a JSC of 19.62 mA cm-2, and a FF 23 

of 71.1%. In contrast, the PEAI device, with 10 s spin time, produces a PCE of 9.69% with a VOC of 0.76 V, a 24 

JSC of 19.56 mA cm 2, and a FF of 65.1%. The JSC of both devices are consistent with the integrated current 25 

density calculated from their external quantum efficiency (EQE) spectra (Figure 5c). The 4-FPEAI device 26 

only shows marginally better photon harvesting behavior in the 400-700 nm region. Statistical analysis of 27 

the 10 s PEAI and 40 s 4-FPEAI devices is summarized in Figure 5d. The main difference is due to higher 28 

VOC, which stems from the more favorable energy alignment by the ‘3D-over-2D’ heterostructure of the 4-29 

FPEAI devices over the ‘2D-3D-mix’ bulk heterostructure of the PEAI devices. Additionally, such alignment 30 

also improves the charge transport, manifested by the higher FF. Time-resolved photoluminescence (TRPL) 31 

shows a single exponential decay kinetics (Figure 5e), with a time constant τ of 2.33 ns and 7.18 ns for the 32 

10 s PEAI and 40 s 4-FPEAI films, respectively. The longer decay time in the 4-FPEAI film suggests a reduced 33 

nonradiative recombination rate, which may stem from a lower bulk defect density by more controlled 34 

crystallization process with 4-FPEAI. The lower defect density in the 4-FPEAI film is also reflected in the 35 

device, as shown in the light intensity dependent VOC measurements (Figure 5f). The VOC follows the 36 

formula ln(I)nkT/q, where I and n are the light intensity and the diode ideality factor, respectively. The 37 

calculated ideality factors are 2.59 and 1.84 for the 10 s PEAI and 40 s 4-FPEAI devices, respectively, 38 

indicating that trap-assisted recombination is more suppressed in the 40 s 4-FPEAI device. To gain more 39 

understanding on the trap state density of the TinPVKs, we fabricated electron-only devices with a device 40 

architecture of ITO/ICBA/TinPVK/ICBA/Ag and measured the dark J-V curves (Figure 5g). The electron trap 41 

state density, Ntrap, can be calculated with the space charge-limited current (SCLC) model: Ntrap = 42 

2ε0εrVTFL/qL2, where VTFL is the onset voltage of the trap-filled limit region, L is the TinPVK thickness, and 43 

εr of TinPVK is around 25.43 Ntrap is 3.22x1016 cm-3 in the 10 s PEAI device and is almost halved as 1.82x1016 44 



cm-3 in the 40 s 4-FPEAI device, leading to improved device performance with much lower VOC deficit. The 1 

40 s 4-FPEAI device also shows slightly better shelf stability with a T80 ~1200 h compared to T80 ~500 h for 2 

the 10 s PEAI device (Figure 5h). The compact packing of 4-FPEA ligands on the {100} facet eliminates 3 

higher order facets during crystallization and protects TinPVK grain surfaces against the superoxide ion 4 

(O2
-), effectively reducing the degradation pathways.44-45  5 

In conclusion, we systematically studied the ligand-assisted crystallization processes of tin perovskites 6 

with PEAI and 4-FPEAI. The PEAI films undergo fast grain formation and do not form 2D phase until the 7 

annealing stage, leading to a ‘2D-3D-mix’ heterostructure with random grain orientation. Owing to the 8 

‘slip-on’ packing mode of 4-FPEA ligands, the 4-FPEAI films form highly oriented 3D α-phase FASnI3 grains 9 

with their {100} facet facing perpendicularly upwards to the substrates. In the 4-FPEAI films, 2D (n = 1) and 10 

2D (n = 2) phases form preferably at the bottom of the films over long spin time, leading to a ‘3D-over-2D’ 11 

heterostructure. The energy levels of the ‘3D-over-2D’ heterostructure aligns well with the transport layers 12 

and therefore reduces the electron extraction barrier compared to the ‘2D-3D-mix’ heterostructure. As a 13 

result, the best-performing 4-FPEAI TinPSC exhibits a significantly higher VOC of 0.94 V than 0.76 V of the 14 

PEAI TinPSC, achieving a champion PCE of 13.07%. With these findings, we propose a ‘diffusion-15 

propagation’ mechanism for the formation of the ‘3D-over-2D’ heterostructure. This work deepens our 16 

understanding on tin perovskite crystallization and heterostructure formation and paves the way for high 17 

efficiency tin perovskite solar cells.  18 

 19 

Experimental Methods 20 

Materials 21 

Tin powder (Sn, 99.8%), iodine (I2, 99.99%), tin fluoride (SnF2, 99%), hydroiodic acid (HI, 99.95%, 57 wt% 22 

in H2O), formamidine acetate salt (FAAc, 99%), toluene (Tol, 99.8%, anhydrous), chlorobenzene (CB, 99.8%, 23 

anhydrous), isopropyl alcohol (IPA, 99.5%, anhydrous), N, N-dimethylformamide (DMF, 99.8%, anhydrous), 24 

dimethyl sulfoxide (DMSO, 99.9%, anhydrous) and bathocuproine (BCP, 99.99%) were purchased from 25 

Sigma-Aldrich. Phenethylammonium iodide (PEAI) and 4-fluorophenethylammonium iodide (4-FPEAI) 26 

were purchased from GreatCellSolar. Indene-C60 bisadduct (ICBA) was purchased from 1-Material. All 27 

chemicals were used as received without further purification.  28 

 29 

Tin perovskite film fabrication 30 

SnI2 solution and FAI powder were prepared according to literature.26 Tin perovskite precursors were 31 

prepared by mixing 19.9 mg PEAI (or 21.4 mg of 4-FPEAI), 123.8 mg FAI, 12.5 mg SnF2 and 1 mL of 0.8 M 32 

SnI2 solution in mixed solvent (DMF:DMSO, v:v = 4:1). The precursors were stirred at 70°C for 2 h and 33 

filtered with 0.22 μm PTFE filters before use. Tin perovskite films were deposited on substrates by spin 34 

coating at 1000 rpm for 10 s and 5000 rpm for various duration. Tol (600 µL) was cast onto the film during 35 

the second stage at the 20th second. The substrates were then annealed at 70°C for 10 min to finish the 36 

crystallization.  37 

 38 

GIWAXS measurements 39 

Grazing-incident wide-angle X-ray scattering (GIWAXS) measurements were conducted in the Complex 40 

Materials Scattering (CMS, 11-BM) beamline of the National Synchrotron Light Source II (NSLS-II) at 41 

Brookhaven National Laboratory. The in-situ GIWAXS measurements employed a home-built spin coater 42 

stage (Figure S2). TinPVK precursor was loaded onto PEDOT:PSS coated glass substrates before the start of 43 

the measurements. A spin program of 1000 rpm for 10 s then 5000 rpm for 170 s was used. Antisolvent 44 



(Tol) was discharged onto the spinning substrate at the 20th second of the second stage with a remotely 1 

controlled syringe pump. A metal cover was used to enclose the spin coater chamber and a constant N2 2 

flow was used to create an inert atmosphere. The X-ray beam had a size of 200 μm (horizontally) × 50 μm 3 

(vertically), a divergence of 1 mrad and an energy of 13.5 keV with a resolution of 0.7%. The scattered data 4 

were collected with a customized Pilatus 800K area detector (Dectris, Switzerland), which consists of 0.172 5 

mm square pixels in a 1043 × 981 array, placed ~ 0.260 meters downstream from the sample position. The 6 

in-situ GIWAXS data was acquired with a frame rate of 5 frames/s, and the incident angle was kept constant 7 

at 0.9° throughout the data acquisition process. After each in-situ measurements, the sample was 8 

measured at a range of incident angles from 0.02° to 0.9° with an exposure time of 2 s to study the 9 

distribution of phases at different depth. The collected 2D scattering patterns were analyzed by a Python 10 

package provided by the beamline staff. 11 

 12 

Film characterization 13 

Top-view and cross-sectional scanning electron microscope (SEM) images were acquired using a Zeiss 14 

Gemini-500 FESEM operated at 2 kV. X-ray diffraction patterns were collected using a Bruker-D8-Powder-15 

Diffractometer. Time-resolved photoluminescence (TRPL) spectra were measured using an Edinburgh 16 

FLS1000 Spectrometer. Steady-state PL spectra were collected using subnanosecond pulsed laser (Picolo 17 

MOPA, InnoLas) and ICCD detector (PI-MAX4, Princeton Instruments). Transient absorption measurements 18 

were conducted with an automated transient absorption spectrometer (HELIOS, Ultrafast Systems), driven 19 

by a Yb:KGW amplifier (PHAROS-SP, Light Conversion) operating at 8 kHz. An optical parametric amplifier 20 

(OPA) and its second harmonic (SH) module (ORPHEUS and LYRA-SH, Light Conversion), pumped by a 21 

Yb:KGW amplifier (PHAROS-SP, Light Conversion) generates a 200-fs narrowband pump pulse. A portion of 22 

the fundamental was separated to generate a white light continuum probe pulse ranging from 2.53 to 1.35 23 

eV using a 1 cm YAG crystal. The beam diameters (1/e2 height) for pump and probe pulses at the sample 24 

position were 650 and 75 µm, respectively. TA spectra were collected with magic angle condition between 25 

pump and probe and in a shot-to-shot fashion. Pump-probe time delay was set by a mechanical delay 26 

stage from -3 to 7000 ps. 27 

 28 

Device fabrication and testing 29 

ITO coated glass substrates were cleaned by sequential sonication in soapy water, DI water, acetone, and 30 

IPA for 15 min each. The cleaned substrates were treated with oxygen plasma at 45 W for 15 min before 31 

spin coating. PEDOT:PSS (Clevios Al 4083) was filtered by 0.45 μm Nylon filter and spin coated onto the 32 

substrates at 5000 rpm for 40 s. The substrates were then annealed at 150 °C for 20 min. Tin perovskite 33 

films were deposited onto the PEDOT:PSS layer as described above. Next, ICBA (20 mg/mL in CB) was spin 34 

coated onto the tin perovskite layers at 1000 rpm for 30 s and annealed at 70 °C for 10 min. BCP (0.5 35 

mg/mL in IPA) was spin coated at 6000 rpm for 30 s. Finally, 100 nm Ag back electrodes were deposited 36 

under a vacuum of <10-7 torr. The electron-only devices were fabricated with a device architecture of 37 

ITO/ICBA/TinPVK/ICBA/Ag. The photocurrent density–voltage (J–V) sweeps were recorded in a N2-filled 38 

glovebox with a SS-F5-3A Solar Simulator (EnliTech). Before the measurements, the light intensity was 39 

calibrated to 100 mW cm2 using a standardized National Renewable Energy Laboratory calibrated silicon 40 

solar cell. An opening area of 0.0324 cm2 was defined by a shadow mask during the measurements. The 41 

external quantum efficiency spectra were recorded with a QE-RX system (EnliTech).  42 

 43 
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