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Abstract: Lead-free two-dimensional perovskites based on tin halide octahedron slabs 

with Dion-Jacobson (DJ) phases have drawn attention due to their improved stability; still, 

reports on light-emitting DJ lead-free perovskites are scarce. Herein, a room-temperature 

ligand assisted re-precipitation method was used to produce ODASnBr4 perovskite 

microcrystals (ODA denotes protonated 1,8-octanediamine, protonation arising through 

the addition of HBr). After incorporating molecular dopants chloroform and 

dichloromethane, not only the crystallinity of the DJ perovskite phase improves, but their 

emission becomes much stronger due to the formation of hydrogen bonds between 

[SnBr6]4- octahedra and acidic C-H proton donors. ODASnBr4 perovskite microcrystals 

doped with these molecules show a high photoluminescence quantum yield (PLQY) 

approaching 90%, and their emission remains stable under a continuous ultraviolet 

irradiation, with less than 10% loss in intensity over 6 hours. Moreover, by tuning the 

pristine ODASnBr4 with various degrees of exposure to the molecular dopants, the 

maximum of their self-trapped exciton emission could be fine-tuned over a spectral range 

of 570-608 nm while maintaining high PLQYs of 83-88%. This provides a convenient way 

to adjust the spectral position of DJ perovskite emission without changing halides or A-

site spacers. Thus, stable and strongly emitting lead-free DJ perovskite materials have been 

developed. 

 

Introduction 

 

Metal halide perovskites with a general formulae ABX3, where A = CH3NH3
+ 

(methylammonium), HC(NH2)2
+

 (formamidinium), Cs+; B = Pb2+, Ge2+, Sn2+; and X = I-, 

Br-, Cl- have been recently considered for a variety of applications, including 

photovoltaics,[1] light-emitting diodes (LEDs),[2] lasers,[3] photodetectors,[4]  and memory 

(data storage) media.[5] However, their intrinsic ionic nature causes inferior stability against 

polar solvents, ultraviolet light, and electric fields, which greatly restricts their practical 

use.[6] Moreover, there is a strong push towards eliminating/substituting their most 

common toxic ingredient – lead. Demand for stable perovskites has triggered development 

of their two-dimensional (2D) analogues, which keep the main feature of the perovskite 

structure where octahedral metal halide units are connected by sharing the corners.[7] The 
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interlayer spacers between the planes of the octahedra in those 2D perovskites could be 

either monovalent or divalent long-chain organic cations, which subsequently form two 

kinds of structures, namely Ruddlesden-Popper (RP) or Dion-Jacobson (DJ) perovskite 

phases.[8] A wide range of such 2D structures could be generated by adopting different 

organic spacers and configuring the number of inorganic layers with alternative 

methylammonium, formamidinium, or Cs ions.[9] Lead-containing 2D perovskite films in 

the RP phase have already been adopted in both photovoltaics and LEDs.[10] Their lead-

free counterparts usually show photoluminescence (PL) originating from self-trapped 

excitons (STEs) by direct relaxation, or thermal activation and tunneling across a certain 

level of potential barrier of height Eb that transforms free excitons to STEs (Figure S1).[11] 

Still, lead-free RP perovskites generally suffer from undesirably low PL quantum yields 

(QYs) and presently their structural stability issues prevent any practical applications due 

to their long monovalent organic chains and the weak van der Waals forces across the large 

gaps between each layer, which reduce material stability and thus impact device 

performance.[7a, 12]  

Offering stronger interactions between the perovskite octahedra layers without such 

a wide van der Waals gap, shorter-chain organic diamines (with amines on each extremum 

of the molecule) have emerged as interlayer spacers to structure another, DJ perovskite 

phase, which provides a stable perovskite framework for improved carrier channels.[12-13] 

However, to the best of our knowledge there have been no reports so far on luminescent 

lead-free DJ perovskites. In this work, by combining the widely used ligand assisted 

reprecipitation (LARP) method and liquid-phase crystallization,[14] we developed a room-

temperature synthetic routine to obtain yellow-emitting 2D perovskite microcrystals with 

a general formula of ODASnBr4 (ODA denotes protonated 1,8-octanediamine). Following 

the synthetic strategy of the LARP method, dimethylformamide (DMF) was chosen as the 

“good” solvent for perovskite precursors, and toluene was used as the “bad” solvent. As 

seen for other tin-based perovskites, 2D tin bromide perovskites often suffer from oxidation 

under ultraviolet excitation.[7a, 15] To address this issue, we tuned their structure with acidic 

C-H proton donors such as chloroform (CFM, CHCl3) and dichloromethane (DCM, 

CH2Cl2). We note that DCM is often employed as a solvent to wash low-dimensional 

perovskite crystals or protonated amine precursors, while it would probably form hydrogen 
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bonds within perovskite lattices and improve crystallinity and thus PL intensity (Table 

1).[7a, 8c, 16] Meanwhile, hydrogen bonds that form between the perovskite lattice and the 

introduced C-H protons could, and indeed do, influence their overall PL performance. As 

a result, the ODASnBr4 perovskite microcrystals showed greatly improved PLQYs 

approaching 90% with adjustable PL peaks from 570 nm to 608 nm through regulating the 

amount of the molecular dopants CFM and DCM. Furthermore, they retained stable PL 

emission under a continuous ultraviolet irradiation, with less than 10% loss in intensity 

over 6 hours. In contrast, neither tetrachloromethane nor bromoform triggered similar 

effects, which shows that the hydrogen bond formed between the C-H protons and the 

[SnBr6]4- octahedra is the prerequisite for this doping strategy, rather than simply the 

polarity of the C-Cl bond.  

Table 1. Comparison of PL characteristics of selected lead-free metal halide perovskites 

Materials Use of small 
molecules 

τavg. 

(µs) 
PL peak 

(nm) 
T90 

(min) 
PLQY 

(%) Ref. 

(C4N2H14Br)4SnBr6 DCM - ~ 560 - - [7a] 
(ODA)Sn2I6 DCM 1.11 631 - 36 [8c] 

(C8H14N2)2SnBr6 - 1.04 507 - 36 [8b] 
[(PEA)4SnBr6][(PEA)Br]2[CCl2H2]2 DCM 2.7 566 < 10 89.5 [16a] 

(C9NH20)2SnBr4 - 6.5 695 60 46 [17] 
Bmpip2SnBr4 - 4 666 - 75 [18] 

(C4N2H14Br)4SnBr3I3 DCM 0.7 582 > 60 85 [16b] 
(C4N2H14Br)4SnBr6 DCM 2.2 570 - 95 [19] 
(C4H14N2)2In2Br10 - 3.2 670 - 3 [20] 

ODASnBr4 
DCM >2.9 592-608 100 83±4   

88±4 
This 
work Chloroform >2.4 570-598 400 

 

Results and Discussion 

 

Once a 20 μl DMF/perovskite precursor solution droplet was exposed to 1 ml of 

the bad solvent toluene (feed volume ratio between DMF and toluene, FVR: 2%), the 

ODASnBr4[2%] perovskite phase would form rapidly, where each of the octahedra slabs 

is connected through hydrogen bonds by the protonated ODA ligands. Rapid nucleation 

and growth processes result in the formation of spherical microcrystals, as shown in the 

scanning electron microscopy (SEM) images in Figures 1a,b. In comparison, the same 

synthetic routine could not generate luminescent materials with monovalent amines. This 
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suggests a comparatively low formation energy for the DJ structure which could be 

attributed to the use of the diamine compound with amine groups at either end, which 

readily stabilized the 2D framework by forming hydrogen bonds with the inorganic 

octahedra.  

 

  
Figure 1. (a,b) SEM images, (c) TEM image and (d) confocal microscopy image of the pristine 
ODASnBr4[2%] microcrystals, (e,f) focussed ion beam micro-sectioning images and (g) elemental 
mapping images of the ODASnBr4[2%-DCM]. (h) Structural arrangement of ODASnBr4. (i) 
Powder XRD spectra and (j) normalized Raman spectra of protonated ODA, pristine 
ODASnBr4[2%], ODASnBr4[2%-CFM] and ODASnBr4[2%-DCM]. Inset in (c) is a HRTEM 
image of a pristine ODASnBr4[2%] microcrystal; inset in (f) is a close-up part of the spherical 
perovskite ablation. 
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Transmission electron microscopy (TEM) and high-resolution (HR)TEM images 

in Figure 1c show that the pristine ODASnBr4[2%] microcrystals consist of layered 

perovskites stacking over each other, with a Sn:Br:N atomic ratio of about 1:4:2 according 

to the TEM-EDS (energy dispersive spectroscopy) mapping data provided in Figure S2. 

The interplanar spacing of the DJ perovskite observed in the high-resolution TEM images 

is about 3.2 Å. Furthermore, ODASnBr4[2%] microcrystals were studied by confocal 

microscopy (Figure 1d). The pearlescent appearance of their surface may be attributed to 

thin-film interference due to the light waves reflected by the upper and lower boundaries 

of the 2D perovskites, leading to intensification of certain wavelengths while attenuating 

others. A focused-ion-beam SEM was used to resolve the inner part of the DCM doped 

perovskite microcrystals (ODASnBr4[2%-DCM]), which maintains the same spherical 

morphology as the pristine ODASnBr4[2%], consisting of stacked perovskite layers 

(Figure 1e, f). SEM-EDS mapping images provided in Figure 1g show the presence of Br, 

Sn, N and Cl elements in ODASnBr4[2%-DCM], with the atomic ratios of 56%, 14%, 27% 

and 3%. The occurrence of a few Cl atoms co-localized with a large excess of Br in the 

doped DJ structure further indicates the formation of hydrogen bonds surrounding the 

[SnBr6]4- octahedra.  

Crystal structure of ODASnBr4, as determined by single-crystal X-ray diffraction 

(XRD), is shown in Figure 1h;  ODASnBr4 exhibits a typical layered DJ-type n=1 motive 

within a centrosymmetric monoclinic P21/c space group with lattice parameters of a = 

8.2206(17) Å, b = 7.984(3) Å, c = 26.966(6) Å (as listed in Table S1).[21] Powder XRD was 

used to gain an insight into structural changes induced by the incorporation of small 

molecules (CFM and DCM) into a pristine ODASnBr4[2%] lattice (Figure 1i); from the 

intensity of diffraction reflections it is evident that both CFM and DCM doping induced 

enhancement of perovskite ordering and crystallinity compared to pristine sample, but also 

gave rise to some lattice rearrangements. Le Bail fitting (Figure S3) on the pristine 

(ODASnBr4[2%]) powder XRD data, as well as on the doped (ODASnBr4[2%-DCM] and 

ODASnBr4[2%-CFM]) data was performed by using the unit-cell determined from the 

single crystal analysis as a starting structural model.  Pristine ODASnBr4[2%] crystallizes 

in P21/c space group with a = 8.78(1) Å, b = 7.28(3) Å, c = 28.65(2) Å and β= 93.28(5)°; 

the observed difference in unit-cell as compared to that obtained from the single crystal 
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analysis may be attributed to lattice strain and distortions occurring during the rapid 

nucleation and growth processes. As expected, the most pronounced difference is observed 

in c-direction due to the packing flexibility of ODA cations. When dopant molecules have 

been introduced, the shift of 002 reflection, from ~6.18° (for ODASnBr4[2%]) to 6.14° and 

6.08° for ODASnBr4[2%-DCM] and ODASnBr4[2%-CFM], respectively, was observed. 

The shift of 00l reflections towards the smaller 2θ is the first indication that solvent 

molecules are indeed incorporated within the perovskite lattice. Refined unit-cells of CFM- 

and DCM-doped perovskites {ODASnBr4[2%-CFM]: a = 8.79(1) Å, b = 7.35(1) Å, c = 

29.02(1) Å and β= 92.83(4)°; ODASnBr4[2%-DCM]: a = 8.78(1) Å, b = 7.33(3) Å, c = 

28.75(1) Å and β= 92.99(8)°} confirmed that the doping induced the lattice expansion 

(especially along the c-direction) while retaining the typical n=1 DJ structure.  

Raman spectra further highlighted the observed lattice expansion. As shown in 

Figure 1j, the Raman active mode, 𝜈𝜈 (𝐴𝐴1𝑔𝑔), related to the Sn-Br symmetric stretching 

inside [SnBr6]4- octahedra,[22] first appeared in the pristine ODASnBr4[2%] at 197 cm-1 and 

then gradually shifted to 191 cm-1 for ODASnBr4[2%-DCM], and to 184 cm-1 for 

ODASnBr4[2%-CFM]. This indicates that, consequent to the doping process, the [SnBr6]4- 

octahedra were under increased tensile strain resulting in longer Sn-Br bond lengths, and 

thus a shift to lower resonant frequencies for the Raman active vibrational mode was 

observed. This suggests that hydrogen bonds formed between the Sn-Br octahedra and the 

acidic C-H protons caused a certain degree of lattice expansion which benefitted the 

crystallinity and PL performance.[23] Of note, the pristine ODASnBr4[2%] could gradually 

precipitate in CFM and DCM solvents but not in tetrachloromethane and bromoform 

(Figure S4), indicating that the successful formation of C-H…Br hydrogen bonds requires 

not only proton donors but strong acidic conditions as well, which are not offered in the 

latter solvents, thereby being incapable of replacing the initial O-H…Br hydrogen bonds. 

The formation of C-H…Br hydrogen bonds was further verified by performing 1H NMR 

(nuclear magnetic resonance) measurements. As shown in Figure S5a, active protons in 

CFM could form C-H…O hydrogen bonds with deuterated DMSO-d6 to generate a 

resonance signal with a chemical shift at 8.31 ppm, while it shifted to 8.33 ppm and 8.34 

ppm for the samples of ODASnBr4[8%-CFM] dissolved in DMSO-d6 with concentrations 

of 9 mg/ml and 18 mg/ml, respectively. This downfield chemical shift can be attributed to 
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the formation of C-H…Br hydrogen bonds, corresponding to the reduced electron density 

and increasing number of de-shielded protons. Similar trends providing evidence on the 

formation of C-H..Br hydrogen bonds can be derived from 1H NMR spectra of pure DCM 

and 20 mg/ml ODASnBr4[2%] and ODASnBr4[2%-DCM] samples, as presented in Figure 

S5b. 

 
Figure 2. Characterisation of pristine ODASnBr4, ODASnBr4[2%-CFM] and ODASnBr4[2%-
DCM]. (a) Absorption spectra represented by Kubelka-Munk function, F(R), (b) PL and PLE 
spectra, (c) photographs taken under sun-light and 365 nm UV lamp illumination, (d) FTIR spectra, 
and (e,f) XPS spectra of Sn3d, Br3d and Cl2p core levels. 
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There were no obvious ultraviolet (UV) absorption peaks for the pristine 

ODASnBr4[2%], as shown in Figure 2a, although there were weak features at around 

260nm and 300nm. ODASnBr4[2%-DCM] and ODASnBr4[2%-CFM] showed absorption 

peaks at 240 nm and 300 nm, with a broad shoulder at around 350 nm. Figure 2b shows 

the photoluminescence excitation (PLE) and PL spectra of the three samples. We notice 

that the pristine ODASnBr4[2%] degraded too fast (within a few minutes) to record the 

PLQYs once exposed to air and yielded only a weak PL peak (located at ~595 nm) and 

low-intensity PLE curves, though initial PL was quite bright from direct observation. On 

the contrary, ODASnBr4[2%-DCM] and ODASnBr4[2%-CFM] microcrystal powders 

delivered PLQYs of ~90% (excitation wavelength: 335 nm) with 608 nm emission peak 

and ~85% at 598 nm, respectively, with three obvious apparent PLE peak at 290 nm, 319 

nm, and 335 nm. This means that the improved emission originates from the improved 

crystallinity and improved stability of the DJ perovskite structure.  However, if we take 

into account the absorption features seen in Figure 2a, remarked on above, it is most likely 

that these three PLE peaks are in fact part of one much larger, broad PLE peak with strong 

dips between the peaks arising from absorption features at 240 nm, 300 nm and 365nm 

which do not contribute to the PL emission (at 608 nm at least). Even though the doped 

ODASnBr4 samples had a low PLE intensity at 365 nm which is around 35% of that at 335 

nm, they still generated a strong and stable yellow emission under the excitation of a 365 

nm UV lamp (Figure 2c).  

According to the Fourier transform infrared (FTIR) spectra in Figure 2d, the N-H 

stretching vibration of neat ODA shifted from 3347 cm-1 to 3117 cm-1, indicating the 

presence of protonated amine when added into DMF with HBr due to the increased 

effective reduced mass as the N-H group couples via the hydrogen to the octahedral lattice, 

which leads to a lower vibrational frequency.[9a] After introducing CFM or DCM molecules, 

the peak at 3117 cm-1 solely dominated the FTIR spectrum, while the intensity of the N-H 

bending vibration at around 1657 cm-1 was greatly reduced, pointing out on the occurrence 

of steric impedance for this mode due to the formation of C-H…Br hydrogen bonds. 

Further, one could clearly notice the absence of any O-H vibration in both ODASnBr4[2%-

CFM] and ODASnBr4[2%-DCM], microcrystals, which illustrates the successful 

displacement of adsorbed water from HBr by formation of O-H…Br hydrogen bond. 
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Thermogravimetric analysis and derivative thermogravimetry further showed the existence 

of the adsorbed water in the pristine ODASnBr4[2%], which appeared as a broad peak at 

around 100 ºC (Figure S6). In contrast, ODASnBr4[2%-CFM] and ODASnBr4[2%-DCM] 

showed sharp peaks at 150 ºC and 153 ºC, respectively, due to the cleavage of C-H…Br 

hydrogen bonds, while broad peaks below 90 oC correspond to the release of weakly 

adsorbed CFM and DCM from the perovskite surface. X-ray photoelectron spectroscopy 

(XPS) measurements demonstrated that the binding energy of nitrogen in all doped samples 

is 0.1 eV higher than in the pristine ODASnBr4[2%], revealing an improved coordination 

between the protonated amine and the [SnBr6]4- octahedral slabs (Figure S7). To some 

extent, the appearance of the free amine could reflect the interaction between [SnBr6]4- 

octahedra and CFM molecules which resulted in the deprotonation of -NH2·HBr from 

poorly crystalized perovskite lattices and/or protonated ODA. As shown in Figure 2e, the 

binding energy of Sn(II) in both doped samples is 0.2 eV lower than that in the pristine 

ODASnBr4. The proportion of oxidized Sn(IV) also decreased from 24% (pristine 

ODASnBr4[2%]) to 16% (ODASnBr4[2%-CFM]) and 11% (ODASnBr4[2%-DCM]).[24] In 

each case here the Sn(II) contents are given in absolute atomic %. Further, the Br:Sn:N:Cl 

elemental ratio of the ODASnBr4 microcrystal changed from 57:13:30:0 (pristine 

ODASnBr4[2%]) to 55:13:27:5 (ODASnBr4[2%-CFM]) and 56:13:29:2 (ODASnBr4[2%-

DCM]), which matches well with the element ratios derived from the SEM-EDS data. The 

presence of the chlorine further suggests the successful incorporation of the molecular 

dopants CFM and DCM (Figure 2f). 

It is widely accepted that STEs dominate the radiative recombination process in 

low-dimensional lead-free perovskites, while their emission maximum position is limited 

by the depth of the self-trapped state, subject to other band gap modifying factors related 

to the choices of the A-site ions or halides.[16b] As depicted in Figure S1, the reconfiguration 

of the upper manifold of the excited state from the free exciton case to the STE arrangement 

can significantly influence the radiative emission energy. With this in mind, we originally 

tried to prolong the treatment time and increase the volume of the doping solvents in an 

attempt to manipulate the STE state to tune the emission wavelength via that mechanism, 

which however proved to be ineffective. This suggests that the achievable maximum 

content of dopants is strictly limited by the level of lattice distortions, rather than the 
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amount of dopant or any extended durations allowed for further dopant uptake. Therefore, 

we moved to regulate the FVR (x%) between the good and the bad solvent, in an attempt 

to obtain pristine ODASnBr4[x%] perovskite microcrystals with various levels of lattice 

distortions providing the opportunity for different exposure levels to C-H proton donors. 

The FVR was chosen as 2%, 8%, 16%, 30%, 50% and 70%, meaning that 20 µl, 80 µl, 160 

µl, 300 µl, 500 µl and 700 µl precursor mixture was injected into 1 ml toluene, respectively. 

After 8 min, the precipitates, named “pristine lattice [x%]” (e.g. ODASnBr4[x%]), were 

collected by centrifuging at 2000 rpm for 2 min and transferred into 2 ml CFM or DCM 

for 30 min. In this way, as shown in Figures 3a,b, PL peaks of the resulting samples could 

be fine-tuned, according to the amount of lattice distortion imparted to the pristine forms. 

The emission spectra, under an excitation wavelength of 335 nm, showed a shift in the PL 

peak intensities across a window of 28 nm (from 608 nm to 592 nm, PLQYs: 83 ± 4%) and 

16 nm (from 598 nm to 570 nm, PLQYs: 88 ± 4%) for ODASnBr4[x%-DCM] and 

ODASnBr4[x%-CFM], respectively. Here the sample nomenclature has CFM or DCM 

added to denote the molecular dopant used to treat the distorted pristine forms. But note 

that the x% token denotes the FVR of good and bad solvent used to obtain the distorted 

pristine lattices, and does not indicate any feed ratio for DCM or CFM. These dopants are 

administered to saturate the available and accessible sites furnished via the lattice 

distortions. The PLE spectra show the same apparent PLE peaks at 290 nm, 319 nm and 

335 nm, again the features shown in the absorption spectra of Figure 2a are most likely 

introducing the dips between these apparent peaks and distorting an otherwise broader, less 

complex PLE peak. The distortion of the peak by these absorptions makes it hard to 

accurately locate the true position of the PLE maximum, though for the whole set of doped 

and pristine samples the peaks would appear to lie in the 280 nm to 340 nm range. This 

indicates that the Stokes shifts are certainly over 300 nm, and this is a very large fraction 

of the emission wavelengths, a feature strongly characteristic of STEs. We note that the 

morphology of the doped ODASnBr4 materials gradually changed to smaller and more flat 

microcrystals with increases in the FVR (Figure S8). Meanwhile, the ODASnBr4 

microcrystals with FVR over 50% tended to be better maintained in suspension, further 

suggesting that smaller microcrystals had been formed (Figure S9a). We have also 

observed a huge reduction in the PLE intensity at 290 nm for the ODASnBr4[x%-CFM] 
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with a strong absorption peak at 240 nm (Figure S9b), in comparison with ODASnBr4[x%-

DCM] (Figure S10 (a-d)). For the CFM doped material, the PLE peaks appear (taking into 

account the forementioned absorption features) to be sharper and shifted further to the red 

than for their corresponding DCM doped counterparts. These observations suggest an 

improved relaxation channel for excitons within the conduction band and more limited 

nonradiative recombination centers after incorporating DCM. At the same time, the PL 

peaks of the pristine ODASnBr4[x%] microcrystals remained almost fixed with a relatively 

narrower full width at half maximum (FWHM) of about 124 nm (Figure S9c).  

Figure 3c shows an overview of the emission performance of ODASnBr4[x%-CFM] 

and ODASnBr4[x%-DCM] including the evolution of the PL maxima and their similar 

FWHMs of about 135 nm, further demonstrating that the radiative recombination process 

arise from STEs and that more lattice distortions were involved after molecular doping.[25] 

The average PL lifetimes (τavg) of the ODASnBr4[x%] with different dopants were 

evaluated following the previously reported procedure.[26] ODASnBr4[x%-CFM] had 

shorter average PL lifetimes (2.39-2.83 µs) while ODASnBr4[x%-DCM] had slightly 

longer average PL lifetimes (3.10-3.17 µs). The decays of both sets of materials were better 

fitted by double-exponential PL decay curves with a weak (few %) second decay term. The 

DCM based samples showed noticeably less variation in the average PL lifetime compared 

with the CFM doped materials.  

Powder XRD patterns in Figure 3e,f demonstrate that both ODASnBr4[x%-CFM] 

and ODASnBr4[x%-DCM] underwent FVR-dependent lattice dilations. The XRD peak 

corresponding to the (002) plane of the DJ-phase ODASnBr4 shifted by 1.6o and 0.8o 

toward lower 2θ angles with the incremental FVR for ODASnBr4[x%-CFM] and 

ODASnBr4[x%-DCM], respectively. The dilation could be attributed to the formation of 

C-H…Br hydrogen bonds which stretched the [SnBr6]4- octahedron lattice and in turn 

modified the STE depth thereby tuning the emissions. The SEM-EDS data in Figure S9d 

demonstrate that both ODASnBr4[x%-CFM] and ODASnBr4[x%-DCM] perovskite 

microcrystals could still maintain their typical DJ structure after incorporating different 

amount of small molecular dopants. Based upon the proportions of chlorine present in the 

samples, the overall C-H donor percentages present in ODASnBr4[x%-DCM] are found to 

be slightly higher than the corresponding cases for ODASnBr4[x%-CFM], which could 
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further indicate that the over-stretched lattices in the latter samples stem from the higher 

polarity of the CFM C-H protons. 

 

 

Figure 3. PL and PLE spectra of (a) ODASnBr4[x%-CFM] and (b) ODASnBr4[x%-DCM] with 
various precursor FVRs (x%). (c) Trends for the PL peak position, FWHM and average PL lifetime 
as a function of FVR and (d) PL decay curves of these two sets of samples. Powder XRD patterns 
of (e) ODASnBr4[x%-CFM] and (f) ODASnBr4[x%-DCM] with different FVRs.  
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Comparative temperature-dependent measurements were conducted, based on 

ODASnBr4[16%-DCM] and ODASnBr4[70%-CFM], these being selected due to their 

similar doping content of C-H proton donors at around 3.1%. As summarized in Figure 4a, 

during the heating process from 77 K to 298 K, ODASnBr4[70%-CFM] experienced a 9.3% 

reduction of its initial average PL lifetime, while ODASnBr4[16%-DCM] microcrystals 

displayed a 7.5% reduction of its initial average PL lifetime. Further, red-shifted PLE 

spectra with fixed apparent peaks at 290 nm, 319 nm and 335 nm were observed without 

the emergence of free excitons (Figure S10). As already mentioned, these peaks are most 

likely the result of the absorption peaks observed (e.g. Figure 8c) which do not themselves 

contribute to the emission process.  In the temperature range from 160 K to 240 K the PL 

intensity stopped decreasing. This could suggest the occurrence of a thermal activation for 

radiative recombination which might relate to a possible (e.g. plastic crystal type) phase 

transition of the entrapped molecular dopants. In contrast, for the temperatures above 240 

K, both samples’ PL intensities started to drop again and the PL spectra became broader, 

which marks an increased electron-phonon coupling as discussed further below. 

Importantly, even when approaching room temperature, ODASnBr4[16%-DCM] and 

ODASnBr4[70%-CFM] could still maintain 82% and 73% of their initial low temperature 

PL intensities, respectively. Other low-dimensional perovskites have been reported 

declines to less than 60% of their initial PL intensity over the same temperature range 

(Table 1).[8c, 27] The difference may be attributed to the high exciton binding energy (EB) 

for STEs in the single-layered DJ perovskites. Specifically, EB can be calculated from the 

temperature-dependent PL intensity I(T) using the Arrhenius equation:[27b]  

𝐼𝐼(𝑇𝑇) =  
𝐼𝐼0

1 + 𝐴𝐴𝑒𝑒−𝐸𝐸𝐵𝐵 𝑘𝑘𝐵𝐵𝑇𝑇⁄ (1) 

where I0 is the PL intensity at 0 K, kB is the Boltzmann constant, A is a pre-exponential 

constant factor. The EB  values for ODASnBr4[70%-CFM] and ODASnBr4[16%-DCM] at 

298 K are calculated to be 61.3 meV and 70.7 meV, respectively (Figure S11), lower than 

the value reported for other low-dimensional metal halide perovskites (> 120 meV) which 

contributes to the exciton dissociation.[28] We note that the fitting process we used here 

excluded the data points at 120 K, 160 K and 200 K where there was a clear deviation from 

the simple trend predicted by equation (1). Similar, but weaker, features also appeared in 
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Figure 3d in Ref. [22b] and Figure 3c in Ref. [11b]. Larger deviations in our case could 

relate to a possible phase transition of the entrapped molecular dopants. 

 

 
Figure 4. (a) Temperature-dependent average PL lifetime and PL intensity evolution (normalized 
vs. starting intensities), (b) PL peak energy evolution, (c) PL decay curves of ODASnBr4[70%-
CFM] and ODASnBr4[16%-DCM] and (d) evaluation of their PL stability under continuous 335 
nm UV excitation (~ 300 µW/cm2, temperature 30oC, relative humidity 70%). 

 

Figure 4b shows the evolution of the energies of the PL maxima upon increasing 

temperature, which exhibits concave curves resulting from the combined contributions of 

electron-phonon interactions and the thermal dilatation of the lattice assuming a linear 

relationship between lattice constant and temperature.[29] Thermal expansion could 

decrease the interaction between the Sn-5s and Br-4p orbitals, leading to a reduction of the 

valence band maximum of the ODASnBr4 microcrystals and in turn an increase of the 
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bandgap, resulting in the blue shift of the PL spectra with increasing temperature.[30]  

Therefore, the linear increase in the PL peak energy can be attributed to the dominance of 

thermal expansion above 160 K for ODASnB r4[16%-DCM]  (0.20 meV/K), and above 

240 K for ODASnBr4[70%-CFM] (0.26 meV/K), during which the variation in the 

electron-phonon coupling is negligible. In contrast, the electron-phonon coupling 

dominates at lower temperatures, leading to the red-shift in the PL in that range. To 

evaluate the extent of the electron-phonon coupling, the temperature-dependence of the PL 

FWHM (Figure S12) was fitted based on the following equation:[31] 

FWHM (𝑇𝑇) =  2.36√𝑆𝑆ℏ𝜔𝜔𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜�coth �ℏ𝜔𝜔𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

2𝑘𝑘𝐵𝐵𝑇𝑇
� (2)  

where ℏ𝜔𝜔𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 is the phonon frequency (ℏ, reduced Plank constant), S is the electron-

phonon coupling parameter (Huang-Rhys factor), and 𝑘𝑘𝐵𝐵  is the Boltzmann constant. It 

should be noted that Luo et al. in Ref. [26] gave Stadler et al.’s expression for the FWHM 

(T) dependence (our equation (2)) with a typographical error: the hyperbolic coth form as 

shown here is the correct version to use.[32] S and ℏ𝜔𝜔𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 for ODASnBr4[16%-DCM] 

were found to be 27.5 and 23.9 meV, respectively, while ODASnBr4[70%-CFM] showed 

a comparable Huang-Rhys factor of 26.0 and ℏ𝜔𝜔𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 of 26.7 meV, revealing strong 

electron-phonon coupling (typically corresponding to S > 10) in the DJ perovskite matrix 

modified by each of the small molecular proton donors. It is notable that the latter sample 

was again fitted without including the same three temperature points as above (120 K, 160 

K and 200 K) so as avoiding the range where a clear deviation from equation (2) was seen. 

However, if those three data points are included, the poorer overall fit still predicts an S 

factor of around 20 indicating strong electron phonon coupling nonetheless. 

Additional insights into the exciton recombination mechanism could be derived 

from the temperature-dependent time-resolved PL decays (Figure 4c). The 

ODASnBr4[16%-DCM] sample maintained single-exponential decays in the broad 

temperature range of 77 K to 298 K, while PL decays of ODASnBr4[70%-CFM] were 

slightly bi-exponential in that temperature range. In both cases the PL average lifetimes 

shortened by 0.25 µs over the course of the heating process. It is worth noting that in both 

cases the average PL lifetime/ temperature curves exhibited weak, broad local maxima in 

the region of around 200 K. This weak feature may again be an evidence of an underlying 
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weak phase transition; it points out on gradually activated thermal motion of the dopants 

which slightly impedes the radiative recombination of excitons, thus elevating the PL 

lifetimes to some extent, in that temperature range. 

While the pristine ODASnBr4[x%] perovskite microcrystals suffered from a fast 

degradation of their PL intensity in air, presumably due to oxidation, both types of doped 

samples showed greatly improved stability towards UV excitation and the presence of 

oxygen, as shown in Figure 4d. ODASnBr4[70%-CFM] perovskite could maintain over 

90% of its original intensity after 100 min (T90) continuous UV excitation at a wavelength 

of 335 nm, performed at a temperature of 30 ºC and relative humidity of 70%. The T90 

value was even higher (400 min) for ODASnBr4[16%-DCM] under the same conditions.  

 

Conclusions 

 

We synthesized lead-free ODASnBr4 DJ perovskite microcrystals with limited PL 

stability, which could be greatly improved, and obtained PLQY approaching 90% by 

doping small molecule proton donors such as CFM and DCM into the perovskite lattice. 

The process is facilitated by controlling the distortion of the lattice prior to doping in order 

to allow ready access of the dopants in a post synthesis step. The dopant molecules CFM 

and DCM that were used here are the same ones that are also frequently used to remove 

organic impurities from low-dimensional perovskite crystals during washing procedures as 

reported in the literature. The PL peak position of perovskites could be shifted through 

fine-tuning ODASnBr4 microcrystals for forming C-H…Br hydrogen bonds, with emission 

peaks ranging from 608 nm to 592 nm for ODASnBr4[DCM] and from 598 nm to 570 nm 

for ODASnBr4[CFM], while maintaining high PLQYs (83 - 88%). The ODASnBr4[16%-

DCM] perovskite microcrystals preserved over 90% of the initial PL intensity under a 

continuous UV irradiation for 400 min in air. Further, the similar variation trends in phonon 

broadening of the PL emission, temperature-dependent PL intensity and the corresponding 

PL lifetime could bring some insight into the interaction between the dopants and the lattice 

as it expands during heating cycles and that may imply some form of underlying phase 

transition warranting further investigations. The small molecule doping strategy introduced 

in this work has a great potential to improve the performance and stability of tin-based 
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perovskite materials and promote their practical applications. Our study contributes to the 

development of stable, strongly emitting lead-free DJ perovskite materials. 
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TOC Entry 

 
Small molecule dopants containing acidic C-H proton donors, such as chloroform and 
dichloromethane stretch octahedron slabs in Dion-Jacobson (DJ) tin bromide perovskites 
by forming hydrogen bonds, which results in their enhanced stability, photoluminescence 
quantum yields approaching 90%, and tunable emission maxima. 
 
 
 

  


