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Abstract 

Black orthorhombic (B-γ) CsSnI3 with low toxicity and excellent optoelectronic 

properties is a promising candidate for perovskite solar cell (PSC). However, the 

performance of the B-γ CsSnI3-based PSCs is much lower than their lead-based or 

mailto:tvy5161@psu.edu


organotin-based counterparts due to the heavy self-doping of Sn2+ to form Sn4+ under

ambient-air condition. Here, this undesirable oxidation in CsSnI3 is restricted by

engineering the localized electron density with phthalimide (PTM) additive. The lone 

electron pairs of NH and two CO units of PTM are designed to form trigeminal 

coordination bonding with Sn2+, resulting in reduced defect density and relatively grain-

ordered perovskite film. The champion efficiencies of 10.1% and 9.6% are obtained for

the modified rigid and flexible B-γ CsSnI3-based PSCs, respectively. These

encapsulated devices maintain 94.3%, 83.4%, and 81.3% of their initial efficiencies

under inert (60 days), ambient (45 days), and 1 Sun continuous illumination at ~70 oC

(2000 min) conditions, respectively.

TOC

Intensive efforts have been invested in lead-free tin halide perovskite for solar cell 

fabrication due to its low toxicity and high theoretical power conversion efficiency 

(PCE).1-3 One of the promising candidates within tin halide perovskite family is the

fully-inorganic cesium tin triiodide (CsSnI3).4-6 This material can crystallize into two 



different phases at room temperature: one-dimensional double-chain structure (Y 

CsSnI3), a photoinactive phase; and a three-dimensional perovskite structure (B-γ), a 

desired photoactive phase.7,8 The bandgap of ~1.31 eV for the B-γ CsSnI3 at room 

temperature (RT) is located within the ideal bandgap range in which the PCE of a 

single-junction photovoltaic device can approach the Shockley-Queisser limit.9 The 

low-cost solution process deposited B-γ CsSnI3 also possesses excellent optoelectronic 

properties, including high optical absorption coefficient, low exciton binding energy, 

high charge mobilities, and high stability as compared to the organotin based 

perovskites.4,5,10 Thus, high photocurrent can be generated within the B-γ CsSnI3-based 

perovskite solar cells (PSCs). However, the photoactive B-γ CsSnI3 is known to rapidly 

degrade to the yellow polymorph structure (Y CsSnI3) and subsequently transfer to 

photoinactive Cs2SnI6 because of self-doping from Sn2+ to form Sn4+ under ambient-air 

conditions.7,8 Thus, restricting undesirable oxidation from Sn2+ to Sn4+ is an efficient 

way for achieving high PCE and stable B-γ CsSnI3 PSCs.11 

 

B-γ CsSnI3 was used as hole transport layer in an all-solid-state dye-sensitized solar 

cell, and a PCE as high as 10.2% was documented.12 After that, a Schottky solar cell 

with a configuration of: indium tin oxide (ITO)/CsSnI3/Au/Ti, has been fabricated and 

a PCE of 0.9% has been reported.13 To reduce the self-doping from Sn2+ to Sn4+ (defect 

density) in the B-γ CsSnI3 system, some methods have been implemented, such as 

optimization of charge carrier transport layer,14 incorporation of additives4,6,15-17 and 

manipulation18 of dimensionality. However, the highest PCE of the resulting PSCs has 



been limited to ~8%.16 This value is much lower than that of the lead-based (25.5%)19-

21 or organotin-based (13.24%) PSCs22-24. Furthermore, the operational stability results 

on the B-γ CsSnI3 devices have been rarely discussed in the literature. At this juncture, 

promising stabilization approaches that simultaneously enhance PCE and stability of 

B-γ CsSnI3 PSCs are urgently required. 

 

Here, we report on the localized electron density engineering through trigeminal 

coordination interactions between phthalimide (PTM) and B-γ CsSnI3 to form a 

relatively grain-ordered, low defect density, and highly stable perovskite light absorber. 

Through systematically coupled theory and experiments, we demonstrate that the lone 

electron pairs of NH and two CO functional groups in the PTM form coordination 

interactions with Sn2+ in the CsSnI3 and protect it from oxidation to Sn4+. The highest 

PCEs of 10.1% and 9.6% are obtained for the rigid and flexible PTM modified PSCs, 

respectively. Further, we demonstrate that the PTM modified PSCs are highly stable 

under inert, ambient-air, and 1 Sun continuous illumination at 70 oC conditions for long 

periods. 

 

Firstly, 3.0 mg (0.0068 mmol) PTM was fully dissolved in 1 mL of 0.8 M CsSnI3 

solutions (abbreviated as CsSnI3-PTM, Supplementary Fig. 1). The perovskite films 

were deposited via a two-step spin-coating process and the chlorobenzene was used as 

an antisolvent23,24 to obtain mirror-like surface of the perovskite films (Supplementary 

Fig. 2). For a solar cell, the bandgap of the light absorber is a critical factor. The bandgap 



of the CsSnI3-PTM is 1.31 eV, which is identical with that of the plain CsSnI3 sample, 

as shown in the Tauc plots of optical absorption spectra in Fig. 1a. The emission 

properties of the as-prepared perovskite films on top of quartz substrates have been 

measured with steady-state photoluminescence (PL) spectroscopy, as presented in Fig. 

1b. An enhanced PL peak can be found for the CsSnI3-PTM sample as compared with 

its CsSnI3 counterpart, indicating that lower defect density25,26 was generated within the 

PTM modified CsSnI3 sample after incorporation of PTM, which is consistent with the 

smaller Urbach energy of the CsSnI3-PTM film (Supplementary Fig. 3). The PL peak 

intensity decreased with more PTM addition within the system, as the PL spectra shown 

in Supplementary Fig. 4. Supplementary Fig. 5 shows the time-resolved 

photoluminescence (TRPL) spectra of the CsSnI3 and CsSnI3-PTM samples and two 

PL lifetimes of each spectrum can be extracted accordingly (the fitting method are 

presented in Supplementary Note 1). The average PL decay lifetime was calculated to 

be 3.39 ns for the CsSnI3 sample, where τ1 and τ2 were found to be 1.16 and 4.52 ns 

with A1 and A2 of 66.48% and 33.52%, respectively. After the incorporation of PTM, 

the average PL lifetime increased significantly to 11.97 ns, where τ1 and τ2 were 

increased to 5.00 and 16.04 ns with A1 and A2 of 65.20% and 34.80%, respectively 

(Supplementary Table 1). Typically, the fast lifetime component originates from the 

quenching of charge carriers at surface, while the slow lifetime component corresponds 

to the trap-induced non-radiative recombination of charge carriers within the bulk 

perovskite film25,26. Therefore, the defect density in the CsSnI3-PTM sample was much 

decreased as compared to its CsSnI3 counterpart. 



 

The grazing incidence X-ray diffraction (GIXRD) patterns of as-prepared CsSnI3 and 

CsSnI3-PTM films are shown in Fig. 1c. Both perovskite samples exhibited typical 

XRD pattern corresponding to a B-γ CsSnI3 structure (the simulated XRD pattern of B-

γ CsSnI3 is shown in Supplementary Fig. 6).7,27 After the addition of PTM, the peak 

intensity of [101] facets was remarkably enhanced but the peak intensity of (220) and 

(022) facets was reduced when compared to the simulated and plain CsSnI3 samples. 

This indicates that the relatively ordered arrangement of the CsSnI3 grains arises from 

the interactions between the PTM and perovskite.28,29 These relatively ordered crystal 

grains will reduce the surface area of the grain boundaries and further improve the 

charge carrier transport25,30 within the CsSnI3-PTM film, resulting in higher 

performance of photovoltaic devices. 

 

The surface morphology of the perovskite films was investigated using scanning 

electron microscopy (SEM), as shown in Fig. 1d and 1e. Both samples exhibited smooth 

surface except for minor pits were found on the surface of bare CsSnI3 sample, which 

may increase non-radiative recombination.22,31 However, over addition of PTM may 

decrease the grain size (Supplementary Fig. 7), resulting in more grain boundaries in 

the perovskite film and thereby reducing the charge carrier transport (Supplementary 

Fig. 4) and device performance.26 To characterize the nanostructure of as-deposited 

perovskite samples, high-resolution transmission electron microscopy (HRTEM) has 

been conducted and the results are shown in Figs. 1f and 1g (the images without marks 



are shown in Supplementary Figs. 8 and 9). With regards to plain CsSnI3 sample, the 

d-spacing value was 0.31 nm, which corresponds to the (202) facet of B-γ CsSnI3 (the 

simulated d-spacing values of different B-γ CsSnI3 facets can be seen in Supplementary 

Table 2). In case of the CsSnI3-PTM sample (Fig. 1g), the ~1.2 nm thick layer of PTM 

was found to cover the crystalline CsSnI3 grain in the CsSnI3-PTM sample (forming a 

core-shell structure). The clearer lattice fringes of perovskite crystal grain could be 

found in the CsSnI3-PTM sample, indicating that higher crystallinity of the perovskite 

grains. The high crystallinity will decrease the non-radiative charge carrier 

recombination28,30 within the CsSnI3-PTM film, leading to enhanced performance of 

PSCs. This is also confirmed by the energy dispersive X-ray (EDS) elemental mapping 

in Supplementary Fig. 10. Thus, the CsSnI3-PTM material is a good candidate for PSC 

fabrication due to its proper bandgap, lower defect density, relatively ordered crystal 

grains, and high ambient-air stability. 

 

Kelvin probe force microscopy (KPFM) measurements were conducted to characterize 

the electronic properties of CsSnI3 before and after the addition of PTM, and the results 

are shown in Fig. 1h-1j. The contact potential difference (CPD) images of the pristine 

CsSnI3 and CsSnI3-PTM samples are presented with identical potential range in same 

color scale (Fig. 1h and 1i). CPD is a metrics of the potential difference between work 

function of sample surface (Φsample) and tip (Φtip), which is often used to calculate Fermi 

level of a sample (as illustrated in Supplementary Figs. 11-13 and Supplementary Note 

2).32,33 The Fermi level distribution of the two samples is shown in Fig. 1j, where the 



Fermi levels were estimated to be -4.54 and -4.38 eV for the pristine CsSnI3 and CsSnI3-

PTM samples, respectively. These results are consistent with the ultraviolet 

photoelectron spectroscopy (UPS) and optical absorption results (Fig. 1a) that the Fermi 

level of the CsSnI3-PTM (-4.40 eV) is shallower than that of the CsSnI3 (-4.52 eV), as 

illustrated in Supplementary Figs. 14 and 15, and Supplementary Note 3. It is widely 

reported8,11,23 that the performance of tin halide perovskite films suffers from their p-

type behavior due to the self-doping from Sn2+ to Sn4+ upon oxidation. The 

incorporation of PTM shifted the surface Fermi level of CsSnI3 towards shallower value, 

indicating that the defects were passivated within the sample. 

 

 

Fig. 1. Deposition of perovskite films. (a) Bandgaps of CsSnI3 and CsSnI3-PTM films 



extracted from Tauc plots of the optical absorption spectra. (b) Steady-state PL spectra 

of CsSnI3 and CsSnI3-PTM samples, Xenon light was irradiated on the perovskite 

sample surface. (c) GIXRD patterns of the CsSnI3 and CsSnI3-PTM samples. Surface 

SEM images of the (d) CsSnI3 and (e) CsSnI3-PTM samples, respectively. (f) HRTEM 

image shows the lattice structure of the CsSnI3 sample. (g) HRTEM image shows the 

coherent interface between PTM and CsSnI3 within the CsSnI3-PTM sample. Surface 

potential mapping features measured by KPFM method for (h) CsSnI3 and (i) CsSnI3-

PTM samples, respectively. (j) Fermi level profiles of the CsSnI3 and CsSnI3-PTM 

films. 

 

Thermo-gravimetric analysis (TGA) measurements34 were conducted on CsSnI3 and 

CsSnI3-PTM samples, as shown in Supplementary Fig. 16. The PTM modified sample 

lost 4.1% of its initial weight at 152 oC, while the loss of the pristine CsSnI3 sample 

was 7.2% at 161 oC. The initial stage of weight loss was originated from the sublimation 

of SnI4,35,36 so the addition of PTM could hinder the self-doped oxidization of Sn2+ to 

Sn4+ within the sample. The CsSnI3-PTM sample also exhibited higher thermal stability 

(maintains 58.9% of its initial weight at 330 oC) as compared to the CsSnI3 sample 

(retains 53.9% of its initial weight at 330 oC). The phase transition temperature from 

precursor to B-γ CsSnI3 was reduced from ~70 oC of bare CsSnI3 sample to ~64 oC of 

CsSnI3-PTM sample, as shown by the differential scanning calorimetry (DSC) results 

in Supplementary Fig. 17. 

 



These advantages provided by PTM originate from the trigeminal coordination between 

Sn2+ in CsSnI3 and the NH as well as two CO units in PTM. Strong coordination 

interactions can be formed when the lone electron pairs of the NH unit are delocalized 

to the 5p empty orbitals of Sn2+ (4d105s2) in CsSnI3,28,37 and the lone electron pairs of 

the two relatively far CO units of PTM can form weak coordination interactions with 

the Sn2+ in CsSnI3. To verify this mechanism, various characterizations were conducted 

to quantify the chemical interactions. The remarkable cyclic voltammetry (CV) scan 

difference (Supplementary Fig. 18) between CsSnI3 and CsSnI3-PTM indicated that the 

PTM could form coordination bonding with the CsSnI3. The Fourier transform infrared 

(FTIR) spectroscopy measurements provided the information on chemical interactions 

between the PTM and CsSnI3, as shown in Figs. 2a-2c (the full spectra can be found in 

Supplementary Fig. 19). The NH stretching vibration (Fig. 2a) of the PTM sample was 

identified at 3206 cm-1, which showed a shift to 3202 cm-1 for the CsSnI3-PTM sample. 

The NH bending vibration (Fig. 2b) at 1606 cm-1 was measured for the PTM molecule, 

which shifted to 1598 cm-1 in the CsSnI3-PTM sample. The CO stretching vibration 

(Fig. 2c) was located at 1755 cm-1 of the PTM sample and it shifted to 1747 cm-1 in the 

CsSnI3-PTM sample. The infrared peak variations demonstrate that PTM was not only 

physically absorbed on the surface of CsSnI3, but also chemically interacted with 

CsSnI3 through the NH and two CO units. Fig. 2d shows the 119Sn NMR spectra38 for 

the CsSnI3 and CsSnI3-PTM samples prepared with dimethyl sulfoxide-d6 (DMSO-d6) 

as solvent. A chemical shift from -616.99 ppm of plain CsSnI3 sample to -616.21 ppm 

of CsSnI3-PTM sample can be found in the 119Sn NMR spectra, indicating that Sn 



should be the active site within CsSnI3 and the electron density of Sn is increased. In 

1H NMR spectra (Supplementary Figs. 20 and 21) of the neat PTM sample, the 

resonance signal attributes to the NH (Fig. 2e) units, appearing at δ = 11.32 ppm. The 

resonance signal showed an overall chemical shift of Δδ ≈ 0.23 ppm to 11.09 ppm for 

the CsSnI3-PTM sample, revealing that the chemical interaction between NH group and 

CsSnI3. Furthermore, 13C NMR results (Supplementary Figs. 22 and 23) showed that 

the resonance signal of δ = 169.40 ppm arising from the CO group (Fig. 2f) in PTM 

underwent a chemical shift of Δδ ≈ 0.28 ppm to δ = 169.68 ppm for the CsSnI3-PTM 

sample. Such variations of PTM molecular structure further verified the occurance of 

the chemical interactions between the CO group of PTM and perovskite. Next, XPS 

measurements were conducted to investigate the chemical interactions between the 

PTM and CsSnI3. The full XPS spectra of the PTM, CsSnI3, and CsSnI3-PTM samples 

are shown in Supplementary Fig. 24. The Sn 3d5/2 XPS spectra in Fig. 2g further 

confirmed that the Sn from CsSnI3 should be the active site to coordinate with the NH 

and CO units in PTM since the peak binding energy of the Sn 3d5/2 spectrum exhibited 

a clear shift towards lower binding energy (~0.1 eV) from CsSnI3 to CsSnI3-PTM while 

the differences of Cs 3d5/2 and I 3d5/2 XPS spectra between CsSnI3 and CsSnI3-PTM 

samples were not remarkable, as shown in Fig. 2h and Supplementary Fig. 25. It is 

noteworthy that the proportion of Sn4+ was much reduced in the CsSnI3-PTM sample, 

indicating that the self-doping of Sn2+ to Sn4+ has been significantly restrained.18 

Generally, the defect density of CsSnI3 is strongly associated with the density of 

Sn4+.7,8,11,18,39 These results indicate that the device fabricated using PTM modified 



CsSnI3 light absorber with lower defect density will exhibit promising performance. 

Fig. 2i shows the O 1s XPS spectra for the PTM and CsSnI3-PTM samples and a clear 

fitted CO peak shift towards lower binding energy and a small fitted peak can be 

observed after the formation of the coordination bonding (adjusting of localized 

electron density) between CO units and CsSnI3. A small fitted peak also can be found 

in the N 1s XPS spectra of CsSnI3-PTM sample (Supplementary Fig. 26), indicating 

that the coordination bonding between NH units and CsSnI3. These FTIR, NMR, and 

XPS results indicate that the chemical environment (localized electron density) of Sn 

can be increased via the lone electron pairs from the functional groups (NH and CO) 

within PTM. Apart from the common fragile single-site coordination17,18 between 

additives and CsSnI3, the proposed trigeminal coordination approach that engages one 

main coordination site (NH) with two symmetrical active sites (CO) is shown to provide 

more effective increase in the electron density around the Sn2+ offering excellent 

protection from oxidation to Sn4+. 

 



Fig. 2. The trigeminal coordination interactions between PTM and CsSnI3. FTIR 

spectra of (a) NH stretching vibration, (b) NH bending vibration, and (c) CO stretching 

vibration for the CsSnI3, CsSnI3-PTM and PTM samples, respectively. (d) 119Sn NMR 

spectra of CsSnI3 and CsSnI3-PTM samples in deuterated DMSO-d6 solution. (e) 1H 

NMR (NH) spectra of CsSnI3-PTM and PTM samples in deuterated DMSO-d6 solution. 

(f) 13C NMR (CO) spectra of CsSnI3-PTM and PTM samples in deuterated DMSO-d6

solution. (g) XPS Sn 3d5/2 spectra of CsSnI3 and CsSnI3-PTM samples. (h) XPS Cs 

3d5/2 spectra of CsSnI3 and CsSnI3-PTM samples. (i) XPS O 1s spectra of PTM and

CsSnI3-PTM samples.

The electron density differences and density of states (DOSs) for the PTM, CsSnI3 and 

CsSnI3-PTM samples have been simulated with DFT methods.7,37,40-45 B-γ CsSnI3



exhibits an orthorhombic structure with the Pnma space group symmetry. The 

optimized lattice parameters (a = 8.93 Å, b = 12.67 Å, and c = 9.05 Å) of the B-γ CsSnI3 

were similar to the experimental parameters (a = 8.69 Å, b = 12.38 Å, and c = 8.64 

Å).5,7 According to the XRD results, the (202) surface of B-γ CsSnI3 is preferentially 

exposed after the addition of PTM, so it is cleaved in the DFT simulations. The 

adsorption energy of a PTM molecule on the (202) facet was calculated to be -0.45 eV. 

Fig. 3a-3c show the electron density differences of the (CO)2NH unit of a PTM 

molecule, Sn element of the CsSnI3, and (CO)2NH-Sn unit of CsSnI3-PTM with same 

isovalues (± 0.03 e Å-3) for the isosurface. The red dotted area in Fig. 3c clearly shows 

two regions of electron density change; the blue region indicates that the electron 

accumulation around Sn and the yellow region indicates that the electron depletion of 

the PTM. This provides the visualization for the strong coordination bonding between 

PTM and CsSnI3. The partial DOS (PDOS) spectra of Sn in plain CsSnI3 and CsSnI3-

PTM are shown in Fig. 3d. After the PTM is adsorbed on the (202) surface of CsSnI3, 

the s and p orbital PDOSs of Sn (referred as sSn and pSn) vary in a large energy range 

(2-9 eV), indicating that the electronic environment of the Sn has been remarkably 

tuned. Fig. 3e shows that the sH (NH) is significantly changed when the PTM is 

adsorbed on the (202) surface of CsSnI3. The sH (NH) is heavily overlapped with 

PDOSs of Sn within the CsSbI3-PTM, indicating that strong coordination bonding 

between H (NH) and Sn is formed (the DOSs results of N are shown in Supplementary 

Fig. 27). Also, the PDOSs of two O (CO) are slightly different when the PTM is 

adsorbed on the (202) surface of CsSnI3 and the PDOSs of both O1 and O2 are 



overlapped with the PDOSs of Sn within the CsSbI3-PTM, as shown in Figs. 3f and 3g,

revealing the existence of coordination interactions between the two O (CO) and Sn. 

Interestingly, the PDOSs of the symmetrical O1 and O2 are nearly identical within the 

pure PTM molecule, while they are quite different in the CsSnI3-PTM sample (as 

presented in Supplementary Figs. 28 and 29), exhibiting the self-adjusting behavior of 

the three functional units in PTM (with NH holding the primary coordinating position 

and two identical CO adjusting the suitable secondary positions). The total DOS

patterns of the samples are presented in Supplementary Figs. 30 and 31.

Fig. 3. DFT simulations. (a) Electron density difference of (CO)2NH structural unit 

within a PTM molecule. (b) Electron density difference of a Sn element on the (202) 



surface of CsSnI3. (c) Electron density difference of (CO)2NH-Sn structural unit when 

a PTM molecule was adsorbed on the (202) surface of CsSnI3. In (a-c), the isovalues 

for the isosurface is ± 0.03 e Å-3. DFT-calculated PDOS profiles of (d) Sn, (e) H, (f) O1, 

and (g) O2 before and after adsorption of PTM on the (202) surface of CsSnI3. 

 

Inverted PSCs were fabricated with a configuration of: ITO/poly (3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/perovskite/indene-C60 

bisadduct (ICBA)/BCP/Ag (The detailed fabrication process can be found in Materials 

and Methods section in Supporting Information). ICBA used here due to the suitable 

band energy alignment with the Sn-based perovskite film.22 The cross-section SEM 

images of the PSCs fabricated with CsSnI3 and CsSnI3-PTM are shown in Fig. 4a and 

4b. Functional layers in the CsSnI3-PTM device were compact, which agrees well with 

the surface SEM images (Fig. 1d). The PCE of PSCs increased gradually with the 

increase of PTM addition amount and reached the peak for CsSnI3-3.0 devices, then 

decreased with more PTM added into the system, as shown in Fig. 4c. Fig. 4d shows 

the current density-voltage (J-V) characteristics for the small area (0.08 cm2) CsSnI3 

and CsSnI3-PTM devices under simulated air mass (AM) 1.5G radiation. The CsSnI3-

PTM device exhibited an overall PCE of 10.1% with open-circuit voltage (Voc) of 0.64 

V, short-circuit current density (Jsc) of 21.81 mA cm-2 and fill factor (FF) of 0.721 (the 

PCEs of the state-of-the-art Sn-based PSCs can be found in Supplementary Table 3). In 

comparison, the PCE for CsSnI3 device was 5.5%, with Voc of 0.47 V, Jsc of 18.09 mA 

cm-2 and FF of 0.648. The hysteresis between the forward (FW) and backward (BW) 



scans for the CsSnI3-PTM device was small, as demonstrated in Supplementary Fig. 32. 

The Voc enhancement from CsSnI3 device to CsSnI3-PTM was derived from the reduced 

trap density within the light absorber after the incorporation of PTM by suppressing 

self-doping of Sn2+ to Sn4+. As compared to other results,8,18 the Voc enhancement of 

the CsSnI3-based devices could be ascribed to the timely removing of the solvent vapor 

during the device fabrication within the glovebox.39 It is worth noted that the Voc of all 

the PSCs is relatively low as compared to the bandgap of the B-γ CsSnI3 which may 

originate from the defects (Sn4+) within the perovskite films,14,22 so the PCE of the 

CsSnI3 based PSCs can be further improved by fine-tuning the perovskite light 

absorbers. The incident photon-to-electron conversion efficiency (IPCE) spectra of the 

CsSnI3 and CsSnI3-PTM devices are shown in Fig. 4e. The integrated current values 

were 21.45 and 17.05 mA cm-2 for the CsSnI3-PTM and CsSnI3 devices, respectively, 

which agrees closely with the Jsc values extracted from J-V characteristics. The IPCE 

enhancement at longer wavelength of the CsSnI3-PTM could be ascribed to the higher 

optical absorption at this region and better film quality formed after the incorporation 

of PTM (will be discussed later). It should be noted that the IPCE extended to ~970 nm 

due to the shallow defects within the perovskite films.4,7,10, 31,39 The steady-state output 

of the CsSnI3-PTM device at maximum power point (MPP)46,47 is shown in Fig. 4f. It 

exhibited a stable efficiency of 9.7% within a 5 min period. Furthermore, the suitability 

of the CsSnI3-PTM film for large-area (1 cm2) device fabrication has been explored, as 

shown in Fig. 4g. PCEs of 7.3% and 7.8% were extracted from the FW and BW J-V 

scans for the large-area rigid CsSnI3-PTM device (histogram of PCEs for 25 devices 



can be seen in Supplementary Fig. 33). 

 

To check the suitability of CsSnI3-PTM film for flexible device fabrication, the rigid 

ITO glass substrate was replaced by ITO polyethylene naphthalate (PEN) substrate but 

the deposition methods for other functional layers were kept identical to that for rigid 

device. Supplementary Fig. 34a shows the FW and BW J-V curves of the small-area 

(0.08 cm2) CsSnI3-PTM flexible device. PCEs of 9.4% and 9.3% were obtained for the 

FW and BW scans, respectively (histogram of PCEs for 25 devices can be seen in 

Supplementary Fig. 35). With regards to large-area (1 cm2) CsSnI3-PTM flexible device 

(Supplementary Fig. 34b), the PCEs of 6.2% and 6.6% were extracted from the FW and 

BW J-V scans, respectively (histogram of PCEs for 25 devices can be seen in 

Supplementary Fig. 36). The mechanical stability of the flexible device was also 

investigated, as shown in Supplementary Fig. 34c. The CsSnI3-PTM device retained 

~77% of its original PCE after 2000 times of small radius (4 mm) bending cycles. These 

results indicate that the CsSnI3-PTM film offers a good choice for flexible device 

fabrication. The applicability of the localized electron density enhancement strategy 

through PTM incorporation was further confirmed within the FASnI3 (where FA is 

formamidinium) PSCs, and the photovoltaic results could be found in Supplementary 

Figs. 37-39 and Supplementary Note 4. 

 



Fig. 4. Photovoltaic performances of PSCs. Cross-section SEM images of (a) CsSnI3

and (b) CsSnI3-PTM PSCs, respectively. (c) PCE distribution of the 0.08 cm2 rigid 

PSCs fabricated with precursor solutions with different amounts of PTM and the 

reference devices (25 devices for each group). (d) J-V curves of the small-area 

champion rigid PSCs fabricated with CsSnI3 and CsSnI3-PTM films under simulated 

AM 1.5G radiation. (e) IPCE spectra and integrated current densities of the rigid PSCs 

fabricated with CsSnI3 and CsSnI3-PTM films. (f) Steady-state MPP output of the rigid

CsSnI3-PTM PSC. (g) J-V curves (FW and BW scans) of the large-area champion rigid

CsSnI3-PTM PSC under simulated AM 1.5G radiation. All insets show the real images 

of the PSCs used for J-V measurements or bending tests.

In order to understand the photogenerated hole injection/transport mechanism within 

the device structure, an ITO glass/PEDOT:PSS/perovskite sample was fabricated. Fig.

5a shows the PL spectra of the CsSnI3 and CsSnI3-PTM samples with the light 

irradiating from the ITO side. A significantly reduced PL peak intensity has been 



recorded for the CsSnI3-PTM sample, indicating that faster hole extraction/transport 

within the sample. Supplementary Fig. 40 shows the TRPL spectra of the ITO 

glass/PEDOT:PSS/perovskite samples. The PL decay lifetime was calculated to be 1.14 

ns for the CsSnI3 sample, while it decreased to only 0.53 ns for the CsSnI3-PTM sample, 

indicating that the photogenerated holes in the ITO glass/PEDOT:PSS/CsSnI3-PTM 

sample were efficiently extracted from perovskite film into PEDOT:PSS layer with 

reduced non-radiative recombination loss.33 Therefore, the PL results obtained from 

bare perovskite films and HTM/perovskite heterojunctions demonstrated that the PTM 

addition would not only reduce the defect density within the perovskite film, but also 

improve the photogenerated hole extraction/transport at the HTM/perovskite interface. 

 

The hole-only devices with a configuration of ITO glass/PEDOT:PSS/perovskite (with 

and without PTM)/Au were fabricated to calculate the trap density of CsSnI3 and 

CsSnI3-PTM samples. Fig. 5b shows J-V curves of the hole-only devices measured 

under the dark condition. An ohmic response within low bias region is obtained since 

the linear correlation between current and bias voltage. Traps are filled by injected 

carriers (nonlinear increase of current) when the applied voltage increases above the 

trap-filled limit voltage (VTFL).33,48 The hole trap density of the CsSnI3 film was 

estimated to be 3.88 × 1015 cm−3. After the incorporation of PTM, the hole trap density 

was reduced to 3.15 × 1015 cm−3 (Supplementary Fig. 41 and Supplementary Note 5). 

The current exhibits a quadratic relationship with voltage in the high bias region. The 

hole mobilities of the CsSnI3 and CsSnI3-PTM films were calculated as 2.40 cm2 V-1 s-



1 and 5.91 cm2 V-1 s-1, respectively (Supplementary Note 5). The later hole mobility 

value of CsSnI3-PTM film is consistent with the hole mobility value of 6.21 cm2 V-1 s-

1 measured with Hall effect measurement.4 The electron-only devices with a 

configuration of ITO glass/SnO2/perovskite (with and without PTM)/Ag were 

fabricated to calculate the electron trap density of CsSnI3 and CsSnI3-PTM samples. 

The electron trap densities of the CsSnI3 and CsSnI3-PTM film were estimated to be 

4.02 × 1015 cm−3 and 3.18 × 1015 cm−3, respectively (Supplementary Fig. 42). The 

electron mobilities of the CsSnI3 and CsSnI3-PTM films were calculated as 5.60 cm2 

V-1 s-1 and 7.63 cm2 V-1 s-1, respectively. Thus, the small amount of PTM addition 

assisted the formation of B-γ CsSnI3 film with reduced trap density and enhanced 

charge mobility. 

 

Electrochemical impedance spectroscopy (EIS) was conducted to quantify the charge 

transfer and recombination dynamics in the devices. Fig. 5c shows the Nyquist plots 

and the equivalent circuit model of the CsSnI3 and CsSnI3-PTM solar cells measured 

under dark condition at Voc. The corresponding fitting parameters are listed in 

Supplementary Table 4. After the insertion of the PTM, the recombination resistance 

(Rrec)33,49 was significantly increased from 996 Ω to 1790 Ω, indicating that the defect 

passivation by reducing Sn4+ content through PTM modification suppresses charge 

recombination. These results suggest that the charge carrier recombination within the 

CsSnI3-PTM PSC was effectively reduced with the decrease in defect density. 

 



The stabilities of the perovskite films with and without PTM incorporation, and 

corresponding devices were tested under different conditions, including inert, ambient, 

MPP operation under continuous 1 Sun illumination in ambient at 70 oC. 

Supplementary Fig. 43 shows the precursor solution aging results for the as-prepared 

CsSnI3 and CsSnI3-PTM solutions under ambient atmosphere at RT. It is obvious that 

the clear plain CsSnI3 solution gradually turns to muddy, which means increasing 

oxidation of Sn2+ to Sn4+ in the solution, while the CsSnI3-PTM solution keeps clear 

and remains its original color. The real images of devices in Supplementary Fig. 44 

reflect the color/transparency evolution of the CsSnI3 and CsSnI3-PTM devices. The 

CsSnI3-PTM device kept its original dense black nature after 10 days of ambient-air 

exposure, while the CsSnI3 device gradually became slightly transparent during the 

same period under identical condition. Supplementary Fig. 45 shows the water contact 

angle results of the CsSnI3 and CsSnI3-PTM films, which suggest that the PTM addition 

increases the water contact angle from 55.2o of CsSnI3 film to 72.4o of CsSnI3-PTM 

film. This implies that the incorporation of PTM may increase the ambient air stability 

of the CsSnI3-PTM devices. Supplementary Fig. 46 shows the evolution of normalized 

absorbance at 500 nm for the CsSnI3 and CsSnI3-PTM films within a 1 h of continuous 

measurement.6 The intensity change of the CsSnI3-PTM film was negligible while it 

reduced gradually for the CsSnI3 sample and just retained ~81% of its initial value after 

1 h of ambient-air exposure (the full spectra can be found in Supplementary Figs. 47 

and 48). It should be noted that the CsSnI3 grain was found to degrade from edge area 

after the TEM sample was placed in ambient atmosphere, reflected by the obscure 



lattice fringes in Supplementary Figs. 49 and 50. The crystal features of CsI and Cs2SnI6 

were observed during the air-exposure process (Supplementary Figs. 49-51). Negligible 

crystal grain degradation was observed for the CsSnI3-PTM system during the identical 

ambient atmosphere exposure periods (Supplementary Figs. 52-54), indicating that the 

thin layer of PTM protected the perovskite crystal grain from degradation.28 Next, both 

inert and ambient-air stabilities of the encapsulated PSCs were investigated. The 

encapsulated devices were stored under inert condition (RT) for 60 days and the average 

PCE of the PTM modified devices slightly decreased to 94.3% of their original value 

after the storage. However, the average PCE of the CsSnI3 devices remarkably 

decreased to merely 73.5% during the same period (Fig. 5d). With regards to devices 

stored under ambient condition (RT and 30% relative humidity) for 45 days, the average 

PCE of the CsSnI3 devices decreased to 59.5% of their original PCE while the CsSnI3-

PTM devices maintained 83.4% of their original PCE (Fig. 5e). When an encapsulated 

CsSnI3-PTM device was placed more severe conditions (1 Sun continuous illumination 

in ambient atmosphere with 30% relative humidity at 70 oC), it maintained 81.3% of its 

initial PCE after 2000 min of MPP operation, while the encapsulated CsSnI3 device 

retained only 63.2% of its initial PCE under the same condition, as illustrated in Fig. 5f. 

Thus, the incorporation of PTM in the CsSnI3 not only improves the PCE of the device 

but also enhances both inert and ambient-air stability of the PSC (the stabilities of the 

state-of-the-art Sn-based PSCs can be found in Supplementary Table 3). The extra 

benefit of CsSnI3 over FASnI3 is the higher thermal and moisture stability, as the device 

and film stability results shown in Supplementary Figs. 55-58 and Supplementary Note 



6.

Fig. 5. Charge carrier dynamics and stability of the PSCs. (a) Steady-state PL 

spectra of ITO/PEDOT:PSS/CsSnI3 and ITO/PEDOT:PSS/CsSnI3-PTM samples, 

Xenon light was irradiated on the ITO side. (b) J-V curves of the hole-only devices 

fabricated with CsSnI3 and CsSnI3-PTM films measured under dark condition and the 

data is fitted by space-charge limited current (SCLC) model. (c) Nyquist plots of CsSnI3

and CsSnI3-PTM based PSCs measured at Voc under dark condition, inset is the 

equivalent circuit employed to fit the plots. Stability measurements on the encapsulated 

CsSnI3 and CsSnI3-PTM PSCs under (d) inert RT (12 devices for each group) and (e) 

ambient atmosphere with 30% relative humidity RT (12 devices for each group)

respectively. (f) MPP tracking results of the encapsulated CsSnI3 and CsSnI3-PTM 

PSCs under 1 Sun continuous illumination and ambient atmosphere with 30% relative 

humidity at ~70 oC.



This study demonstrates localized electron density engineering strategy to stabilize the 

fully-inorganic lead-free B-γ CsSnI3 by incorporating PTM with trigeminal functional 

groups. Through systematic experimental measurements and theoretical calculations, 

we found that the lone electron pairs of NH and two CO functional groups in the PTM 

enhances the electron density around the Sn2+ within the CsSnI3 and protects it from 

oxidation to Sn4+. This results in low defect density and highly stable CsSnI3-PTM film. 

After modification, the highest PCEs of 10.1% and 7.8% were documented for the 0.08 

cm2 and 1.0 cm2 rigid ITO glass-based PSCs, respectively. The PCEs of 9.6% and 6.6% 

were recorded for the 0.08 cm2 and 1.0 cm2 flexible ITO PEN-based PSCs, respectively. 

Results show that the strong trigeminal coordination bonding between PTM and CsSnI3 

stabilized the B-γ CsPbI3 grains under virous conditions. The PTM modified devices 

sustained 94.3%, 83.4% and 81.3% of their initial PCE after 60 days of storage in inert 

condition (RT), 45 days of storage in ambient condition (RT and 30% relative humidity), 

and 2000 min of MPP operation under 1 Sun continuous illumination in ambient at 70 

oC, respectively. These results provide a transformative solution for the realization of 

highly efficient and stable B-γ CsSnI3 PSCs. 
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