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Abstract
Hybrid organic lead trihalide perovskites continue to generate significant interest for use in optoelectronic devices such as solar cells and light emitting devices. However, the toxicity of lead is considered one of the main obstacles to the commercialization of this technology. Although challenging, the replacement of lead by tin is currently the most promising alternative. Herein, we explore a class of low-dimensional, lead-free perovskite materials (2D (PEA)2SnIxBr4-x, where PEA ≡ C6H5CH2CH2NH3+) with tunable optical properties in the visible region of the spectrum. Specifically, we show that 2D, (PEA)2SnI4 perovskite exhibits superior photoluminescence properties than conventional 3D CH3NH3SnI3 and that (PEA)2SnI4 can act as a sensitizer on mesoporous TiO2. We go onto demonstrate visible (~630 nm) electroluminescence from a device employing a (PEA)2SnI4 emitter sandwiched between ITO/PEDOT:PSS and F8/LiF/Al as hole and electron injection electrodes, respectively. These devices reach a luminance of 0.15 cd/m2 at 4.7 mA/cm2 and an efficacy of 0.029 cd/A at 3.6 V. This proof-of-principle device indicates a viable path to low-dimensional, lead-free perovskite optoelectronics.
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Organic lead halide perovskites have been reported as an outstanding class of semiconducting materials for optoelectronic applications, with numerous examples in the specific fields of solar cells1–5 and light-emitting diodes (LEDs)6–9. The main advantages that make this family of materials attractive for such applications are their low-cost preparation via solution processing, good charge transport properties and their structural flexibility for optical band-gap tuning10,11. However, the relatively low stability of perovskite materials12 and the high toxicity of lead remains a problem. Lead-free perovskite alternatives based on tin (e.g. 3D CH3NH3SnI3) have already been investigated both as absorbers13–15 and light emitters16,17 in optoelectronic devices with promising results. However, the replacement of Pb2+ by Sn2+ worsens the stability of the perovskite material, as tin in its 2+ oxidation state is prone to undergo oxidation in ambient conditions. More specifically, degradation of CH3NH3SnI3 perovskites is known to introduce p-type self-doping in the material due to the spontaneous formation of Sn4+ species/Sn2+ vacancies in the structure, which makes the perovskite material exhibit metal-like behaviour18–21. Unfortunately, the high intrinsic conductivity of tin-based hybrid perovskites usually compromises device performance, reproducibility and stability due to the unwanted carrier recombination and current leakage21. At present, the most commonly used method to partially overcome this issue involves the addition of tin(II) halides in perovskite film processing solutions to act as vacancy modulators15,21,22. However, self-doping in tin-based perovskites remains an issue to the realization of lead-free optoelectronic devices. As such, the design and synthesis of Sn-based perovskite materials with preferable innate semiconducting properties and improved stability is needed. 
Interestingly, Mitzi et al. have demonstrated that the metallic conductivity of conventional 3D organic tin halide perovskites can be suppressed by progressively reducing the crystal dimensionality, causing a metal-to-semiconductor shift when increasing the 2D or layered character of the perovskite structure23. Therefore, this class of 2D hybrid tin-based perovskites represents a pathway to overcome the aforementioned intrinsic limitations of their 3D counterparts. In addition to the undesired metallic behaviour of conventional 3D CH3NH3SnI3 perovskites, the ability to tune the emission properties in such 3D tin based materials into the visible (e.g. red, green and blue) also remains a challenge, with reports based only on NIR emitters16,17. Herein, we demonstrate tunable visible emission properties (e.g. ~ 640 nm to ~ 450 nm) in 2D (PEA)2SnIxBr4-x through varying the I/Br ratio. 
Despite the preferable properties shown by layered 2D tin-based materials, their incorporation in optoelectronic and electronic devices remains largely unexplored, with only few examples in literature based on field-effect transistors24–26. Whilst the lead-containing version of reduced-dimensionality perovskites27–29 has been recently used in the fabrication of solar cells with enhanced ambient stability27,30–32, as well as in light emitting devices33–40, tin-based materials are yet to be exploited in photovoltaic and light emitting diode applications. In this study, we present the preparation and optical characterization of tunable 2D (PEA)2SnIxBr4-x (PEA ≡ C6H5CH2CH2NH3+; x = 0 to 4) perovskite thin films. More specifically, we demonstrate that: (i) 2D (PEA)2SnI4 exhibits superior photoluminescence properties relative to CH3NH3SnI3 and (ii) 2D (PEA)2SnI4 perovskites can function as a light harvesting agent and sensitizer on mesoporous TiO2. Moreover, to demonstrate that reduced dimensionality, 2D (PEA)2SnIxBr4-x perovskites can be used in optoelectronic devices we report light emitting diodes based on (PEA)2SnI4 emitter layers.
2D (PEA)2SnIxBr4-x perovskites were prepared as described in the experimental section (see Supporting Information). In order to achieve full 2D structure, the methylammonium cation in the CH3NH3SnIxBr3-x perovskite formula was replaced by a phenylethylammonium (PEA) cation with the purpose of introducing steric hindrance during crystallisation. This is known to drive a self-assembly crystallisation process in which an alternating stack of organic-inorganic layers is obtained (Figure 1a). It has been previously shown that semiconducting character of the inorganic layers in the 2D material provides smaller energy-level gaps that act as charge carrier radiative recombination sites by concentrating electrons and holes in these regions and strengthening their mutual interaction (increase in exciton binding energy41,42). Powder X-Ray Diffraction (P-XRD) patterns of (PEA)2SnI4 perovskite thin films (Figure 1b) confirm the high crystallinity of our samples. The presence of only (00l) reflections in the XRD spectrum suggests parallel orientation of the perovskite planes with respect to the substrate, as previously reported for this family of materials24,43. P-XRD data of all the synthesized (PEA)2SnIxBr4-x perovskites (Figure S1) confirms the presence of isostructural crystal lattices in this family of tunable materials.  We note that no peaks corresponding to SnI2, SnBr2, PEAI or PEABr were detected in the X-Ray diffraction patterns, thus confirming complete reaction between both precursors. From the (002) reflections we estimate a separation (d spacing) between inorganic layers of d = 16.06 (for x = 4) and 16.34 (for x = 3, 2, 1, 0) Å, indicating that Br replacement slightly increases the distance between the perovskite sheets.
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Figure 1. a, General crystal schematic of a (PEA)2SnIxBr4-x perovskite (light grey balls: -NH3+ groups; red polyhedra: corner-sharing SnX64- octahedra, where X represents a halide) with alternating organic-inorganic layers. b, P-XRD pattern of a (PEA)2SnI4 thin film processed on glass. Peaks were assigned to crystal planes by using literature references24. c, Normalised absorbance (solid lines) and photoluminescence (dashed lines) spectra of (PEA)2SnI4 (black lines), (PEA)2SnI3Br (red lines), (PEA)2SnI2Br2 (orange lines), (PEA)2SnIBr3 (green lines) and (PEA)2SnBr4 (blue lines) perovskite thin films processed on glass (photographs of samples shown for each x value). d, Time-resolved PL of (PEA)2SnI4 (black squares; probe: 635 nm), (PEA)2SnI3Br (red squares; probe: 580 nm), (PEA)2SnI2Br2 (orange squares; probe: 556 nm), (PEA)2SnIBr3 (green squares; probe: 522 nm) and (PEA)2SnBr4 (blue squares; probe: 468 nm) obtained with 404 nm excitation. 
In Figure 1c we present the UV-Vis absorption and photoluminescence properties of (PEA)2SnIxBr4-x. It can be seen that optical absorption and emission spectra of perovskite (PEA)2SnIxBr4-x films become more blue-shifted with increasing bromide content. The optical band gaps of (PEA)2SnIxBr4-x films were estimated to be ~1.97, ~2.13, ~2.28, ~2.47, and ~2.66 eV for samples with x = 4, 3, 2, 1 and 0, respectively. In the absorbance spectra (solid lines), sharp absorption bands can be observed, which are attributed to the excitonic behaviour of these materials. We note that the optical band gap of perovskites becomes larger when reducing the dimensionality of the material from 3D CH3NH3SnI3 to 2D (PEA)2SnI4 (1.26 eV vs 1.97 eV, respectively; see Figure S2). We attribute this to a quantum size effect, as reported elsewhere for similar perovskite materials27,44. On the other hand, the photoluminescence (PL) spectra of (PEA)2SnIxBr4-x (dashed lines) exhibit peaks at 627 (x = 4), 580 (x = 3), 556 (x = 2), 522 (x = 1) and 468 (x = 0) nm. The variation in the steady-state PL peak wavelengths of our perovskites is linear with respect to the x value in (PEA)2SnIxBr4-x, which is consistent with the Vegard’s law (Figure S3). We note that the small Stokes shift observed in these 2D perovskites (x = 4: 16 nm; x = 3: 24 nm; x = 2: 52 nm; x = 1: 55 nm; x = 0: 29 nm) suggests minimal vibronic lattice relaxation after photon absorption, as expected from a reduced dimensionality crystalline material. Red-shifted emission tails in mixed-halide (PEA)2SnIxBr4-x PL spectra become more prominent with higher bromide content in perovskites, which may be related to defect luminescence in the perovskites with increased Br content. Time-resolved PL decays of (PEA)2SnIxBr4-x are shown in Figure 1d. It is pertinent to note that an increase in Br leads to shorter decay lifetimes (x = 4: τ1 = 8.85 ± 0.18 ns; x = 3: τ1 = 5.99 ± 0.18 ns; x = 2: τ1 = 5.52 ± 0.21 ns; x = 1: τ1 = 5.24 ± 1.57 ns; x = 0: τ1 = 1.84 ± 0.69 ns; see Table S1 for fitting details). This observation is consistent with Br-rich perovskites exhibiting higher lattice disorder17, causing crystal defects that act as trap states and give rise to shorter-lived photoluminescence. This assertion is supported by Photoluminescence Quantum Efficiency (PLQE) values presented in Table 1. These data show that increasing the Br content in the mixed iodide-bromide perovskites (e.g. (PEA)2SnIxBr4-x where x = 3 to 1) leads to a reduction in PLQE values.
We next consider the photophysical properties of tin-based 2D perovskites relative to conventionally used 3D hybrid organic tin halide perovskite materials (Figure 2a). For this purpose, we compared the photoluminescence properties of 2D (PEA)2SnI4 and the prototypical compound namely 3D CH3NH3SnI3. Time-resolved PL decays were collected by measuring the emission at ~ 900 nm for CH3NH3SnI3 and 635 nm for (PEA)2SnI4 following excitation at 404 nm. The corresponding steady-state PL spectra normalised to sample absorption (Figure S4) are shown in Figure 2a (inset). From the data presented in Figure 2a (inset), it can be seen that CH3NH3SnI3 exhibits a relatively weak emission band centred at ~ 950 nm (blue curve); this observation being in agreement with previous work10. In contrast, (PEA)2SnI4 displays a more intense (~7.5 times) and blue shifted emission (red curve) relative to CH3NH3SnI3. As can be seen in Figure 2a, (PEA)2SnI4 thin films show PL dynamics with a noticeably longer decay time relative to CH3NH3SnI3 (dominant time constant τ1: 8.851 ± 0.176 ns vs 0.109 ± 0.005 ns, respectively; see Table S1). Decay times obtained for 3D CH3NH3SnI3 perovskite are comparable to those previously reported in literature16. Our observation of a longer time constant τ1 in (PEA)2SnI4 relative to CH3NH3SnI3 is consistent with a higher PL quantum efficiency in the 2D material. This is in agreement with the directly measured photoluminescence quantum efficiency (PLQE) values ((PEA)2SnI4: 0.24%, CH3NH3SnI3: 0.01%; Table 1). The better PLQE of (PEA)2SnI4 as compared to CH3NH3SnI3 is consistent with the aforementioned excitonic character of (PEA)2SnI4. The 2D structure of this material provides a greater spatial confinement of electrons and holes, which in turn leads to a stronger Coulomb interaction between them than that occurring in its 3D counterpart, thus increasing the likelihood of radiative recombination. 
	Sample
	PLQE (%)

	CH3NH3SnI3
	0.01

	(PEA)2SnI4
	0.24

	(PEA)2SnI3Br
	0.13

	(PEA)2SnI2Br2
	0.12

	(PEA)2SnIBr3
	0.02

	(PEA)2SnBr4
	0.04

	
	


Table 1. Photoluminescence Quantum Efficiency (PLQE) values for (PEA)2SnI4, (PEA)2SnI3Br, (PEA)2SnI2Br2, (PEA)2SnIBr3, (PEA)2SnBr4 and CH3NH3SnI3 thin films processed on glass.
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Figure 2. a, Time-resolved PL corresponding to (PEA)2SnI4 (red squares; probe: 635 nm; grey line: triexponential fitting), mp-TiO2/(PEA)2SnI4 (black squares; probe: 635 nm; grey line: biexponential fitting) and CH3NH3SnI3 (blue squares; probe: 900 nm) films, obtained with 404 nm excitation. Inset: steady-state PL spectra of (PEA)2SnI4 (red line), mp-TiO2/(PEA)2SnI4 (black curve) and CH3NH3SnI3 (blue line) registered after 500 nm excitation (spectra were normalised to the absorption of each sample at 500 nm). b, µ-TAS signals of mp-TiO2/(PEA)2SnI4 (black trace; pump: 567 nm), mp-Al2O3/(PEA)2SnI4 (green trace; pump: 567 nm) and mp-TiO2/CH3NH3SnI3 (orange trace; pump: 567 nm) samples registered at 1600 nm. Inset: transient absorption spectra of mp-TiO2/(PEA)2SnI4 (black circles) and mp-TiO2/CH3NH3SnI3 (orange circles) samples. c, Energy band diagrams showing photoinduced interfacial electron transfer from (PEA)2SnI4 to mp-TiO2 (left) and the absence of interfacial electron transfer from (PEA)2SnI4 to mp-Al2O3 (right). Energy values obtained from literature references26,45,46. d, Time evolution of relative absorption at 600 nm of (PEA)2SnI4 (red squares) and CH3NH3SnI3 (blue squares) thin films processed on mp-Al2O3 and measured under dark and air conditions.
Next, we investigated whether (PEA)2SnI4 can act as a sensitizer on mesoporous (mp) TiO2. To this end, the (PEA)2SnI4 perovskite was deposited onto mp-TiO2 layers to form mp-TiO2/(PEA)2SnI4 heterojunctions as described in the methods section (Supporting Information); in this architecture, TiO2 functions as the electron acceptor and (PEA)2SnI4 as the electron donor. First, PL quenching was used to study photoinduced charge separation in mp-TiO2/(PEA)2SnI4 films. Figure 2a (inset) presents the steady-state PL for mp-TiO2/(PEA)2SnI4 (red curve) and pristine (PEA)2SnI4 films (black curve) following excitation of the perovskite at 500 nm (spectra normalised to sample absorption at 500 nm; Figure S3). By evaluation of the peak heights, we observe a 4-fold decrease in the (PEA)2SnI4 PL signal when depositing the material onto mp-TiO2. PL quenching in (PEA)2SnI4/mp-TiO2 films was further investigated using via time-resolved PL spectroscopy (Figure 2a). We note that the dominant lifetime τ1 is shorter for mp-TiO2/(PEA)2SnI4 (black squares) than for control (PEA)2SnI4 sample (red squares), (1.529 ± 0.644 ns vs 8.851 ± 0.176 ns, respectively; see Table S1). This observation is consistent with less carriers recombining radiatively in the mp-TiO2/perovskite sample. 
Next, we turned to microsecond Transient Absorption Spectroscopy (µs-TAS) to obtain direct evidence for the presence of charge separation in mp-TiO2/(PEA)2SnI4 films (Figure 2b). Pulsed optical excitation (567 nm, 7 J·cm-2, 4 Hz) of mp-TiO2/(PEA)2SnI4 resulted in the appearance of a broad transient absorption feature in the near-infrared region (Figure 2b, inset black circles) which we mainly attribute to oxidised (PEA)2SnI4, although a small contribution of electrons in TiO2 cannot be excluded. The dynamics of the charge recombination reaction between electrons in the TiO2 and photo-oxidized (PEA)2SnI4 were determined by monitoring the decay of the transient absorption band at 1600 nm. Typical kinetic traces (Figure 2b; black curve) display multi-exponential behaviour on micro–millisecond timescales similar to those generally observed in TiO2/dye systems. We note that the absence of a growth in OD signal on early timescales in the mp-TiO2/(PEA)2SnI4 sample indicates that the primary charge separation reaction (Figure 2c, left panel) is occurring on time scales faster than the instrument response (IR) of our transient spectrometer (IR ~ 100 ns). We further note that no transient absorption feature, and therefore charge separation, was observed in control mp-Al2O3/(PEA)2SnI4 samples (Figure 2b; green curve); this observation being consistent with the unfavourable energy level alignment at the mp-Al2O3/(PEA)2SnI4 heterojunction, as illustrated in Figure 2c (right panel). Moreover, it is pertinent to note that in contrast to the mp-TiO2/(PEA)2SnI4 system no transient absorption features were observed in mp-TiO2/3D CH3NH3SnI3 films (Figure 2b, orange trace) in any of the analysed probe wavelengths in the TAS spectrum (Figure 2b, inset orange circles). This observation suggests that interfacial charge carrier recombination kinetics in this system is either occurring on timescales faster than the instrument response of the spectrometer or that the yield of charge separation is negligible. In contrast, optical excitation of the mp-TiO2/(PEA)2SnI4 system is likely to result in the formation of tightly bound excitons (electron-hole pairs) in (PEA)2SnI4. It is highly plausible that the energy difference (E ~ 0.3 eV, Figure 2c) between the conduction band edges of the TiO2 and (PEA)2SnI4 provides the necessary driving force to overcome the exciton binding energy of (PEA)2SnI4 (~0.190 eV43) and split the electron-hole pair. The present findings clearly show that (PEA)2SnI4 can function as a sensitiser on mp-TiO2 leading to high-yield and long-lived charge separation.
The next question that arises relates to the origin of the superior photoluminescence properties of (PEA)2SnI4 as compared to CH3NH3SnI3. Most probably, this behaviour can be attributed to the previously mentioned self-doping of the 3D material, CH3NH3SnI3. The unwanted oxidation of Sn2+ to Sn4+ and the formation of Sn2+ vacancies increase the background concentration of free holes in the valence band of perovskite, which in turn could make photoexcited electrons in the conduction band recombine back to the ground state unusually fast (consistently with the short decay time constant in CH3NH3SnI3; Table S1) and non-radiatively47. Moreover, low-dimensional perovskites show semiconducting properties23,48 and represent a way of intrinsically avoiding unwanted metallic behaviour seen in conventional 3D materials.  Interestingly, we also find that the 2D (PEA)2SnI4 perovskite displays better stability than CH3NH3SnI3 when aged under ambient air in the dark as shown in Figure 2d. Raw absorbance versus ageing profiles are presented in the Supporting Information of this manuscript (Figure S5). We therefore believe that an increase in the organic cation size provides a physical barrier to slow down oxygen diffusion into the perovskite film and its subsequent degradation, as observed in layered hybrid lead perovskites30.
So far, we have shown that 2D (PEA)2SnI4 displays superior light emission properties, and in particular PL properties, relative to 3D CH3NH3SnI3. This observation raises an obvious question, namely if (PEA)2SnI4  can be used as an emitter in visible electroluminescent devices. To investigate this, we fabricated light emitting diodes with the following architecture, [ITO/PEDOT:PSS/(PEA)2SnI4/F8/LiF/Al], as illustrated in Figure 3a.  PEDOT:PSS and F8 were selected as hole and electron injection layers to help confine the charge carriers in (PEA)2SnI4, thus favouring exciton formation and radiative recombination (see Figure 3b for device energy diagram). In addition, the small energy difference between the contacts and their respective adjacent layers allows efficient charge carrier injection. Devices were prepared as described in the Experimental Section. Briefly, (PEA)2SnI4 films were deposited onto PEDOT:PSS coated ITO glass substrates by spin-coating from a DMF solution containing  PEAI and SnI2 (2:1 molar ratio) followed by mild annealing at 80ºC. Following deposition of F8, a LiF/Al top contact was evaporated as a low-workfunction cathode. Cross-sectional scanning electron microscopy images (Figure 3c) confirmed perovskite layer compactness and the layered structure of our device. From the data presented in Figure 3c, device layer thicknesses were estimated to be ~230 nm ((PEA)2SnI4), ~150 nm (F8) and ~130 nm (LiF/Al).  
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Figure 3. a, Device structure of the (PEA)2SnI4 LED. b, Energy levels vs vacuum of the different layers that define the LED. Values were obtained from literature references6,26,49,50. c, Cross-section image of the ITO/PEDOT:PSS/(PEA)2SnI4/F8/LiF/Al device (scale bar: 200 nm). d,. Electroluminescence spectrum of a (PEA)2SnI4 device, registered by applying a 4 V bias to the device. Inset: image of the LED under operation. e, Current density-voltage (black line) and luminance-voltage (red dots) curves of the (PEA)2SnI4 device. f, Luminous efficacy curve of the LED.

The electroluminescence (EL) spectral characteristics of the (PEA)2SnI4 LED are shown in Figure 3d along with a photograph of a functioning device. Device characterisation experiments were performed under N2 in a sealed environmental chamber. The data presented in Figure 3d shows that the light emitted by the (PEA)2SnI4 devices is red (peak ~618 nm), and it represents the first example of visible light electroluminescence on 2D lead-free perovskite. The luminance and current density vs voltage characteristics are presented in Figure 3e, while the luminous efficacy vs current chart can be found in Figure 3f. The turn-on voltage was found to be around 3.6 V (current efficacy: ~0.029 cd/A), and the device appeared brighter as the voltage progressively increased. The maximum luminance achieved was 0.15 cd/m2 at 6 V potential difference (ITO positive with respect to Al) with a current density of 4.7 mA/cm2, corresponding to a current efficacy of ~0.003 Cd/A. 
The modest efficiency of our proof-of-concept (PEA)2SnI4 LEDs suggests that the device architecture is not optimal. More specifically, top-view Scanning Electron Microscopy images (Figure S6) reveal that topography in (PEA)2SnI4 consists in micron-sized, interconnected perovskite islands that might not facilitate full coverage when applying the F8 layer. Further morphology and perovskite formation optimisation is expected to improve device performance.  Additionally, we believe that further enhancements in performance may also be realized by tuning the orientation of the layered perovskite with respect to the substrate to facilitate electrically driven exciton generation and radiative decay. We note that the relatively broad EL spectrum seen in our LEDs may be related to perovskite morphology and/or to the presence of emissive excitons in trap states arising from crystal defects. Further, detailed studies addressing device optimization and fabrication with Br-containing (PEA)2SnIxBr4-x will form part of our future work and will be reported in due course. 
In summary, in this paper we have reported on the processing and characterisation of (PEA)2SnIxBr4-x, a family of 2D layered perovskite materials that show tunable visible light absorption and emission properties via halide band gap engineering. More importantly, the superior light emission properties of (PEA)2SnI4 over its 3D CH3NH3SnI3 counterpart are demonstrated via steady-state/time-resolved PL spectroscopy, as (PEA)2SnI4 emits more intensely upon photoexcitation, shows higher PLQE and exhibits much slower radiative recombination kinetics than CH3NH3SnI3. We have also shown that (PEA)2SnI4 effectively sensitizes mp-TiO2. We suggest that the preferable properties of this 2D material arise from the semiconducting behaviour it acquires when adopting this dimensionality23, in contrast with the p-type metallic character of CH3NH3SnI3 caused by the intrinsic presence of Sn4+ traces in its structure as a result of Sn2+ oxidation20,21. Additionally, we demonstrate superior air stability of (PEA)2SnI4 versus CH3NH3SnI3. We report a first example of visible, lead-free perovskite light-emitting diode based on 2D (PEA)2SnI4 as the emitter. This proof-of-principle demonstration of electroluminescence from low-dimensionality Sn(II) perovskites offers promising prospects for the development of lead-free perovskite optoelectronics. 
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