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Abstract: We report significant enhancement in the luminescence and superior photo-physical properties of CH3NH3PbBr3 thin-films prepared via simple single step spin coating process involving a novel additive mediated solvent extraction step. This process results in significantly lower disorder in CH3NH3PbBr3 perovskites with Urbach energies reducing from ~35 meV to ~17 meV, which is the lowest reported value to date. The additive mediated process also results in a remarkable improvement in the photoluminescence quantum yields (PLQY) from 1% to 30%. Coupled with the overall increase in surface roughness we estimate a significant increase the internal PLQY from 7% to 77% indicating the superior quality of the treated thin-films. The resultant high quality CH3NH3PbBr3 perovskites with remarkable photo-physical properties can be used in realising highly efficient optoelectronic devices. We here demonstrate highly efficient LEDs using these perovskites.

1. Introduction

Solution processable hybrid organic-inorganic perovskites have shown remarkable performance in various optoelectronics applications like - photovoltaics (PVs),[1–3] light emitting diodes (LEDs)[4] and field effect transistors (FETs)[5] in a span of few years. Power conversion efficiencies (PCE) of perovskite-based solar cells have reached ~22% show promise for future photovoltaic technology advancement.[1] Photo-physical properties of this family of materials including, high absorption coefficients,[6] low energetic disorder,[7,8] high photoluminescence quantum yields (PLQYs),[9] long diffusion lengths for carriers,[10,11] and easy bandgap tunability, [12–15]give many opportunities for further development. Owing to their high PLQYs, luminescence- based applications of perovskites including- LEDs [4,13,14,16–20] and lasers [9,21,22] are now receiving attention. Methyl ammonium lead tri-bromide(MAPbBr3) has been shown to demonstrate efficient performance in LEDs when used as an emissive layer.[23–25]Moreover, this material possesses relatively high exciton binding energy (> 25meV) compared to MAPbI3 perovskite and demonstrates greater air stability.[17,26,27]
There are various routes of obtaining high semiconductor quality and ideal morphology of perovskite thin films by making minor modifications in single step spin coating and two step deposition processes along with other supramolecular passivation methods. [28–32] Recently, Cho et. al. demonstrated high LED efficiencies by altering crystallization of MAPbBr3 perovskite during spin-coating process resulting in small but highly luminescent nano-grain morphology.[4] However, use of such solution processed methods to enhance the PLQYs is less studied. We here demonstrate a novel additive mediated solvent engineering method to form highly luminescent perovskite thin films with superior semiconductor quality. Post treatment we observe a significant enhancement in PLQYs and PL decay lifetimes in the MAPbBr​3 thin-films. We performed detailed structural and photo-physical studies using X-ray diffraction (XRD), UV-Visible spectroscopy (UV-Vis), time resolved photoluminescence (TRPL) and photothermal deflection spectroscopy (PDS) techniques to understand these subtle changes upon the treatment. Furthermore, we demonstrate efficient LEDs using the treated perovskite layer as an emissive layer.

Complete coverage of perovskite thin-films on any substrate is a primary requirement for fabricating any optoelectronic device and many attempts have been made to achieve this. [28,31,33–35] Fabricating perovskites using lead (II) Acetate (PbAc2) as a precursor instead of PbX2 (X = I, Br or Cl) has attracted interest in this regards because of the complete coverage that it can achieve. [36–38]We also use this PbAc2 based MAPbBr3 perovskite thin-film fabrication method in our work. 
2. Results and Discussion

Figure 1(a) shows the schematic of the additive mediated solvent engineering approach process.  Process (A) shows the conventional perovskite film formation route in which we have spin coated perovskite precursor solution onto the glass substrate directly followed by thermal annealing (250-300 nm),[38] while process (B) depicts our modified method. As part of process (B), we undertake one additional step in comparison to process (A), of dispensing few drops of 0.1M tetrabutyl ammonium bromide (TBAB) solution in chloroform, onto the substrate 10 seconds into the spin-coating process. This is followed by a short annealing step of 5 minutes at 1000C giving us a 230-280 nm thin-film. The thin films prepared using the process (A) show uniform films with no luminescence visible to the eye under a UV-lamp (λexc = 365 nm) whereas, the thin films prepared using process (B) gives very bright green luminescence. Similarly, thin-films with chloroform treatment (anti-solvent treatment) were prepared to confirm the specific beneficial effects of TBAB treatment. These chloroform treated perovskite thin-films show marginal improvement in morphologies, structural and PL properties (Figure S1). The resulting PLQY’s of the chloroform treated thin-films improve to reach 10%. However, TBAB treated perovskite thin-films show far superior optical properties than the chloroform treated perovskite thin-films (Figure S1). During the spin coating process, the first few seconds initiates the solvent evaporation increasing the overall concentration of the perovskite precursor solution on the substrate. Our process (B) consists of the addition of anti-solvent (Chloroform) that helps in the quick removal of DMF leading to a homogenous thin-film formation.[28] In addition, our process (B) includes a quaternary alkyl ammonium salt – TBAB dissolved in chloroform that has been used in the past as phase transfer catalyst and as the capping agent in the synthesis of gold nanoparticles.[39,40] As we set out below, the presence of TBAB appears to influence the crystallization process helping achieve the superior optoelectronic properties that we measure using PDS, PL and PLQY’s. [29]
PDS spectra for MAPbBr3 thin films with and without TBAB additive treatment are shown in Figure 1(b). PDS is a highly sensitive absorption technique used to measure the absorption near the band edge and the measurements are less affected by light scattering effects.[8] The band edges of both treated and untreated films demonstrate sharp band edges. However, the TBAB treated perovskite thin films show a steeper fall in the band-tail than its untreated counterpart falling to an absorbance almost two orders of magnitude lower. These sub-bandgap transitions are non-radiative in nature because PDS specifically measures heat produced due to non-radiative recombination of photoexcited charge carriers. By fitting to the exponential fall in the band-tail absorption A [image: image2.png]


 exp(E/EU), we parameterise the energetic disorder in a semiconductor material system in terms of the Urbach energy “EU”.[7,8] The Urbach energy extracted from the PDS data reveals the significant reduction in the energetic disorder in the TBAB treated thin-films reducing from 35 meV to 17 meV, which to our knowledge is the lowest reported value to date.[8,14,17] Figure 1(c) shows the normalised photoluminescence spectra of TBAB treated and untreated MAPbBr3 thin-films. We observe a very large increase in the PL intensity of the TBAB treated thin-film. PLQY values measured using an integrated sphere for the treated and untreated films are1% and 30% respectively and we note a small blue shift for the treated samples. This significant enhancement in the PLQY along with a significant reduction in the non-radiative sub-bandgap absorption indicates a significant reduction in the defect density. To explore this aspect, we looked at the PL lifetimes for each of these thin-films measured with excitation at 407nm at ~1J.cm-2 fluence. The PL decays given in Figure 1(d) were fitted using a bi-exponential fits for both of these thin films. We obtain a significant increase in the PL lifetime in the TBAB treated thin films from 20 ns to 160 ns respectively. At these fluences these monomolecular decay rates are known to be associated with defect-mediated non-radiative decay.[41]These results indicate a significant reduction in the non-radiative pathways leading to significant improvement in the luminescence in TBAB treated perovskite thin-films, as compared to their untreated counterparts. All the above results indicate the reduction of defects in the TBAB treated MAPbBr3 thin-films. TBAB used in this work binds strongly to the surface of perovskite crystals to stabilize the uncoordinated halide ions,[29] which could be helping in passivation of defects. 

To evaluate the thermal stability of the luminescence properties of the TBAB treated MAPbBr3 thin films we annealed these thin films at 1000C for different prolonged time periods. All the PL data were recorded immediately after taking out the thin-films from the hot plate. Figure S2 shows the stability of PL intensity after different duration of thermal treatment. Even after annealing film for 30 mins at 1000C the PL intensity remains the same. The PL intensity drops to 75% of initial intensity after 2 hrs of annealing; suggesting the superior thermal stability of the luminescence properties of the TBAB treated perovskite thin films. We have also performed UV-Vis, XRD and FE-SEM analysis on these films after heating at 1000C in air atmosphere (relative humidity 65%). (Figure S2) FE-SEM analysis showed increase in grain size with annealing time but, we retain the overall luminescence in the resulting thin-films. 

In order to understand the role of TBAB treatment on the crystal size and morphology, we performed FE-SEM analysis of these thin-films. Figure 2(a) shows the FE-SEM image of a pin-hole free full coverage MAPbBr3 perovskite thin-film obtained through process (A). Figure 2(c) shows the high resolution image of Figure 2(a) in which the crystalline grains are of the order of a few hundreds of nanometres. Whereas, figure 2(b-d) shows that the thin films obtained via process (B) shows a uniform coverage but with a very small crystalline grain size in the range of 50-70 nm. However, figure 2(c) shows a rough surface of perovskite film but, with a full coverage. The TBAB treatment has clearly affected overall crystal growth during perovskite film formation and a dense film consisting nanocrystalline MAPbBr3 perovskite is obtained. Thus, the TBAB solution dripping arrests the overall crystal growth of MAPbBr3 during the thin film formation. The tiny nanocrystalline morphology with a possible surface treatment could be the dual contribution of TBAB treatment which offers defect passivation and major enhancement in PLQY of the MAPbBr3 thin-film. Atomic force microscopy (AFM) analysis shown in Figure S3 of the un-treated and treated perovskite thin films reveals an increased surface roughness from7.9 to 29.2 nm, which results in improved light out-coupling in the TBAB treated thin-films explaining the higher forward PL intensity compared to the relative increase in PLQY.[42,43]
By considering photon re-absorption and photon recycling, the external PLQY[image: image4.png]


 can be related to the internal PLQY[image: image6.png]


and light escape probability [image: image8.png]


 via[42]
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In the supporting information, we estimate the escape probability for a planar film of bromide perovskite to be 13 %. The untreated and treated bromide thin-film show surface roughness values of 7.9 nm and 29.2 nm, respectively, which are well below the wavelength of emitted light emitted (~540 nm). Therefore, both these untreated and treated bromide thin-films can be treated as fully planar. By using equation 1, we estimate the internal PLQY for the untreated thin-film to be 7 %. The external PLQY of the treated thin-film is 30% which is higher than the internal PLQY of the untreated film. This demonstrates that the boosts in external PLQY cannot purely originate from an improved light outcoupling but that the internal PLQY must have increased significantly. This is in good agreement with the reduced non-radiative recombination which we observed in transient PL and PDS measurements. We estimate the internal PLQY of the TBAB treated thin-film to be 77 % according to equation 1.

The role of defects in determining the optical properties needs to be studied in detail. Using our optical, morphological and structural studies we understand that the TBAB treatment is reducing the density of non-radiative states below the band-gap and this seems to be the dominant factor in enhancing the luminescent properties. The defect density should also reduce in conjunction with this observation in order for us to observe such considerable enhancement in luminescence. Zhu et.al[44] in their recent work suggest an intrinsic origin of the below gap excitonic and carrier traps in the case of lead iodide perovskites, possibly originating from electron-phonon coupling at surfaces/interfaces of perovskite crystals. Their analysis of the comparison of optical and structural characterizations of MAPbI3 perovskite thin-ﬁlms with and without chloride addition suggests that the trap states are associated with interfaces of crystallites lacking well-deﬁned facets of low Miller indices. They also suggest that growth of sufficiently large crystallites with low Miller indices, passivation of surfaces/interfaces traps with organic molecules, or realization of a rigid termination layer, such as PbI2, may hold the key to the control of the sub-gap defect states rendering betterment of the optical properties. Since in our case the grain size growth is impeded by salt addition, surface passivation appears to be the primary reason for the observed dramatic enhancement of the luminescence properties.

We performed XPS analysis to study the chemical changes in the MAPbBr3 thin-films without and with the TBAB treatment. The survey spectrum in Figure 2(e) shows strong peaks for Pb4f (~138 and 143 eV), Br3d (68 eV), N1s (401eV) and C1s (285eV). These values match well with the literature reports.[18] The deconvolution of Pb4f spectrum [Figure 2(f)] shows the Pb4f3/2 and Pb4f5/2 peaks at 138.5eV and 143.4eV, respectively. For the untreated sample we can observe two additional peaks which can be correlated to the presence of Pb0 on the surface of MAPbBr3 [45,46] [indicated by *] whereas in the TBAB treated samples these peaks are weakened in intensity, confirming the reduction in the Pb0 density on the surface of MAPbBr3 thin-films; a case suggesting passivation using our modified protocol. With our TBAB treatment the Pb4f core level peaks shift to lower binding energy (B.E.)[0.4eV], whereas the N1s peak shifts to higher B.E.[0.5eV] This shift to low B.E. for Pb4f case suggests that the surface of perovskite becomes more p-type which can also be attributed to the reduced Pb0 density on the surface. In our case TBAB acts as a ligand which binds strongly to the surface of perovskite and hence a shift is observed in N1s. These shifts in B.E. for core levels of hybrid perovskites have been studied well in the literature for probing the degradation mechanisms under various conditions.[47] In Figure 2(i) we show the XRD pattern for MAPbBr3 thin films with and without TBAB treatment. It shows the formation of cubic phase MAPbBr3 with space group Pm[image: image11.png]


m.[8]  The XRD pattern reflects the peaks at 2θ =150, 300 and 460 which can be assigned to (100), (200) and (300) planes of MAPbBr3 thin films. 

Figure 2(j) shows the tauc’s plot obtained from the UV-Vis data of the MAPbBr3 thin-films. The tauc’s plot shows a minor blue-shift in the bandgap of the TBAB treated thin-films compared to the conventionally processed ones. This shift is in line with the increase in the lattice parameter and also reflects in the minor blue-shift in the PL as shown in the inset of Figure 1(c).

In addition to this, we have also explored the effect of the halogen part of the quaternary ammonium halide salts by using Tetrabutylammonium chloride (TBAC) as an additive in this process. We have followed the same procedure as depicted in figure 1(a) but instead of 0.1M TBAB solution we have used 0.1M TBAC solution in chloroform as an additive during spin coating. Use of TBAC resulted in blue-shift in the bandgap of the resulting perovskite compared to the sample treated with TBAB, indicating an incorporation of Cl- ion from TBAC in MAPbBr3 crystal lattice.[13] Figure 3(a) shows the XRD pattern for TBAC treated perovskite film comparing it with the untreated film. The XRD pattern shows shift to higher angles suggesting lowering in the lattice parameters, which is in accordance with the earlier reported work where chloride (Cl-) ion replaces the bromide (Br-) ion in the MAPbBr3 perovskite.[13] The composition we obtain on TBAC treatment corresponds very well to MAPb(Br0.6Cl0.4)3 perovskite reported earlier,[13] and as seen from the corresponding XRD patterns. This indicates that out of the total halide content around 40% is Cl- and remaining 60% is Br-. Figure 3(b) shows PDS data for the samples untreated, MAPb(Br0.6Cl0.4)3 and TBAC treated perovskite thin-film samples, indicating the blue shift upon TBAC treatment with respect to the untreated MAPbBr3 perovskite and the shift corresponds to the MAPb(Br0.6Cl0.4)3 perovskite. The Urbach energy reduces to 24.5 meV for the TBAC treated sample compared to 25 meV for the MAPb(Br0.6Cl0.4)3 perovskite and 36meV for the untreated MAPbBr3 perovskite. Figure 3(c) shows the corresponding PL data for the samples in figure 3(b) and it is evident that the TBAC leads to a significant PL enhancement indicating the superior quality of perovskite obtained upon TBAC treatment. We consider that our additive mediated solvent extraction process can also be used to achieve effective band gap tuning in concurrence with less electronic disorder in the perovskite thin films. This adds a new dimension in the utility of the quaternary ammonium halide salts in tailoring the optoelectronic properties of the perovskites.

To demonstrate the potential utility of the TBAB treated thin films in various optoelectronic applications, we fabricated LEDs based on these thin films. The devices were fabricated by depositing 50nm PEDOT:PSS:PFI onto the ITO-coated glass substrate, followed by a 1nm Al2O3 layer. The TBAB treated perovskite thin-film deposition was then deposited onto this substrate. A 50nm electron injection layer comprised of 2,2′,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) was then spin-coated onto the perovskite layer followed by thermal evaporation of Ca/Al (10nm/100nm) on top. We need to highlight a fact that the morphology, optical and structural properties of the MAPbBr3 thin-films fabricated on quartz/PEDOT-PSS/PFI/Al2O3 based substrates are similar to that obtained on quartz or glass substrates (Figure S4). The PLQY obtained for films fabricated on this substrate approach 30% similar to those fabricated on quartz substrates. The Figure 4(a) shows the energy diagram and the type-I heterojunction that the perovskite forms with the electron and hole injection layers. Use of such structure results in negligible PL quenching and superior confinement of injected charge carriers making it ideal for fabricating efficient LEDs. We measured the electroluminescence spectra (EL) for such TBAB treated perovskite-based devices (figure 4b). At 5.5 V bias we obtain a peak luminance of around 7675 cd.m-2 compared to 280 cd.m-2 peak reached at 6.6 V by the untreated perovskite thin film based LED (figure 4 c-d). The peak external quantum efficiency (EQE) of 0.5% was obtained for the treated counterpart compared to the 0.05% EQE for the untreated counterpart [Figure S5]. The device structure being the same, we attribute this increase in luminescence efficiency of the LED to the improved semiconductor quality and superior photo-physical properties of the TBAB treated thin-films. Recent demonstration of enhanced external PLQYs approaching internal PLQYs by enhancing out-coupling using rough surface morphology can be used to enhance the luminescence efficiencies in devices.[41] We believe that with further optimizations in fabrication of the LEDs, we can reach even higher luminescence efficiencies. We believe that these enhancements are importanant not only for obtaining better LEDs but, the improvement in semiconductor quality can be exploited to realize efficient solar cells, improved mobilities in field effect transistors and to move towards realizing improved low threshold lasing applications.

3. Conclusion

We report a novel and easily scalable additive mediated solvent extraction process for the fabrication of highly luminescent and low disorder MAPbBr3 based perovskite thin-films. We demonstrate a significant reduction in disorder - one of the lowest Urbach energy value ever reported, significant enhancement in luminescence properties, upon TBAB treatment of MAPbBr3 perovskites. Similarly, the PLQY showed a remarkable increase from 1% (for untreated samples) to 30% (treated samples) with most of the increase coming due to a significant improvement in the IQE, upon TBAB treatment. We further demonstrated highly luminescent perovskite thin films based LEDs using the TBAB treatment. Such high-quality perovskite obtained on TBAB treatment can pave the way for not only realising highly efficient LEDs and lasing applications but also, to realise highly efficient large bandgap solar cells that can be used for water-splitting and tandem solar cell applications along with use in optoelectronic applications.

4. Experimental Section

MAPbBr3 film formation:

MAPbBr3 perovskite precursor solution was prepared by dissolving lead acetate (PbAc2) and methylammonium bromide (MABr) in 1:3 molar ratio in DMF to get 40wt% solution. 0.1M Tetrabutylammonium bromide (TBAB) solution was prepared by dissolving 161.2mg of TBAB in 5mL of chloroform. Perovskite solution was spin coated on glass at 2000 rpm for 60 seconds. For TBAB treated thin-films, during spin coating after 10 seconds 100μL of TBAB solution was dripped onto the rotating film surface. Further, the thin films were annealed at 100 ͦ C for 5 minutes, washed with chloroform and dried at room temperature. We have also made control thin-films under the same conditions without additive treatment. These thin-films are called as ‘w/o TBAB’ while TBAB treated thin-films are called as ‘w TBAB’.

Light emitting diode (LED) device fabrication: 

Patterned ITO glass was washed by sonicating in Acetone and isopropanol sequentially for 15 minutes. Oxygen plasma treatment was given for about 1 minute to cleaned substrate. 50nm PEDOT-PSS layer comprised of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) (CleviosTM P VP AI 4083), perfluorinated ionomer, tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7- octane sulfonic acid copolymer (PFI) (PEDOT:PSS:PFI = 1:6:12 (w:w:w)), and a small amount of DMSO additive was deposited by spin coating at 5000 rpm for 30 seconds. Further annealing of PEDOT:PSS:PFI layer was done at 180 ͦ C for 15 minutes in air. A very thin layer (~1 nm) of Al2O3 was deposited by atomic layer deposition method. Later TBAB treated perovskite thin films were deposited as mentioned in the film fabrication protocol [Process B]. A 50 nm electron injection layer comprised of a 30 nm 2,2′,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) layer deposited from a 15mg/ml solution in chloroform, spin-coated at 3000 RPM for 60 sec. Later Ca/Al (10nm/100nm) electrodes were thermally evaporated as the top electrode.

Time-Correlated Single Photon Counting (TCSPC) measurement:
A home-built setup was used to measure the time integrated PL spectra. A 500 mm SpectraPro2500i spectrograph (Princeton Instruments) and a thermoelectrically cooled PIXIS 100-F CCD camera (Princeton Instruments) used as a detector. A 407 nm diode laseris used as an excitation source. They are driven using DH400, PicoQuant laser controller. The lasers generate pulses with 80 ps full width at half maximum (FWHM) with available repetition rates over 2.5 to 40 MHz. The same setup can also be used to measure PL decay time using a ‘time correlated single photon counting’ setup (TCSPC). This setup comprises of a monochromator coupled with a micro channel plate photomultiplier tube (MCP-PMT from Hamamatsu - R3809U-50) and TCSPC electronics (Lifespec-pc and VTC900 PC card from Edinburgh Instruments). The excitation densities in all our perovskite thin-films during the PL and TCSPC measurements are ~ 1018 cm-3.
Photoluminescence quantum efficiencies (PLQY) measurements:

The PLQY of the thin film samples was measured using an integrating sphere method, described elsewhere [48]. A continuous-wave 407 nm blue diode laser with an excitation power of 30 mW and a focused beam spot of ∼0.3 mm2 was used to photo-excite the samples. Emission was measured using an AndoriDus DU490A InGaAs detector. The samples were encapsulated between two glass cover slips before measurements.

General Characterization: 

The morphology of MAPbBr3 thin films was studied by the scanning electron microscope (FE-SEM, Nova Nano SEM 450). The XRD pattern was recorded using Xpert 1712 PANanalytical diffractometer with source radiation of Cu Kα (λ = 1.542 Å). The absorption data for MAPbBr3 thin films was recorded using Perkin Elmer Lambda 950 spectrometer. The blank quartz plate was used as reference. PDS measurements were carried out on the MAPbBr3 thin-films. The details of PDS set up and measurements, and calculation for Urbach energy are given in Sadhanala et al. [8] XPS measurements were carried out Phi 5000 VersaProbe II, Physical Electronics, ULVAC PHI system.

Supporting Information

Contains additional ﬁgures, including PL stability data and LED device performance data.
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Figure 1: (a) shows the schematic diagram of perovskite thin film formation with additive mediated solvent extraction process. Figure 1(b) shows the PDS spectra; (c) shows the normalised photoluminescence spectra for thin-films of MAPbBr3 obtained through Process (A and B). Figure 1(d) shows the time resolved photoluminescence spectra for MAPbBr3 thin-films. (Excitation at 407nm and fluence of 1µJ/cm2)
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Figure 2: FE-SEM images for MAPbBr3 thin-films. (a and c) shows the thin-films obtained with process (A) and (b and d) shows the films obtained with process (B). Figure 2(e-h) shows the shows the XPS survey spectrum; Pb4f spectra; Br3d spectra; N1s spectra respectively Figure 2(i) shows the XRD spectrum; Figure 2(j) shows tauc’s plot for MAPbBr3 thin-films with process (A) and (B).
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Figure 3: XRD pattern for the untreated perovskite, MAPb(Br0.6Cl0.4)3and TBAC treated MAPbBr3 perovskite respectively, indicating incorporation of Cl- ions into the perovskite lattice upon TBAC treatment. (b) shows the PDS spectra for the same indicting blue shift in the MAPbBr3 absorption upon TBAC treatment, and the inset shows the calculated Urbach energies for the same indicating lower disorder for the TBAC treated perovskite samples. (c) shows the PL spectra measured for the untreated MAPbBr3, MAPb(Br0.6Cl0.4)3 and TBAC treated MAPbBr3 perovskite thin-films respectively indicating the blue shift in PL compared to the untreated sample and the corresponding MAPb(Br0.6Cl0.4)3perovskite thin-film.
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Figure 4: (a) shows the schematic of LED device.

  Glass(1mm)/ITO(150nm)/PEDOT:PSS:PFI(50nm)/Al2O3(1nm)/Perovskite(230-280nm)TPBi(100nm)/Ca(10m)/Al(100nm), with the respective energy levels. (b) shows the normalized EL intensity with respect to the wavelength obtained from untreated, TBAB and TBAC treated MAPbBr3 perovskite thin films based LEDs respectively. (c) shows the voltage vs current density plot for the untreated and TBAB treated MAPbBr3 thin film based LED device and (d) shows the Luminance in (cd/m2) vs voltage that demonstrates the superior performance of the TBAB treated perovskite thin film based LEDs. 

We demonstrate a universal, simple and easily scalable additive mediated solvent extraction approach using quaternary alkyl ammonium salts for fabricating highly luminescent hybrid perovskite thin films. Our process demonstrates lowest Urbach energy value i.e. 17meV for CH3NH3PbBr3 thin films with PLQY’s enhanced from 1% to 30% post treatment.

Keywords: Perovskite LED, Quaternary alkyl ammonium salts, Low disorder, high PLQY, band-gap tuning
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[image: image17.emf]
Figure S1: Shows morphologies of MAPbBr3 thin-films prepared under different conditions (a) w/o any treatment (control film) (b) film with chloroform treatment and (c) film with TBAB treatment. (d) shows the resulting PL intensity from all the above thin-films. The film with TBAB shows smallest nanocrystalline features as compared to the untreated and chloroform treated counterparts. The TBAB treated perovskite thin-films show the highest PL intensity of all the three thin-films.

[image: image18.emf]
Figure S2: (a-c) shows the morphological stability for MAPbBr3 thin-film obtained through FE-SEM after 5min, 30min and 2hrs. (d) shows XRD diffraction pattern for MAPbBr3 thin films after 5min, 30 mins and 2 hrs of additional heating steps. (e) shows the PL stability for MAPbBr3 thin films and, (f) shows optical band gap stability obtained through UV-Vis measurements.
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Figure S3 shows the AFM analysis of MAPbBr3 thin films prepared by process A and B respevtively.

Estimate of light escape probability for a planar bromide perovskite film

For estimating the escape probability of an internally emitted photon in our bromide perovskite films, we assume that the two interfaces of the perovskite film a planar. This is a valid assumption considering that their roughnesses are between 7.9 nm and 29.2 nm which is well below the wavelength of emitted light with 540 nm. Thus, any photon that is emitted below the critical angle for total internal reflection can never leave the film and will eventually get re-absorbed. 

The probability for a photon to be transmitted through an interface between two media with refractive indices [image: image21.png]


 and [image: image23.png]


 can be calculated via
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where [image: image26.png]


 is the escape solid angle taking into account total internal reflection and T is the transmittance [49]. By considering both interfaces perovskite-glass and perovskite-air with refractive indices of 1, 1.5 and 2.4 for air, glass and bromide perovskite[50]respectively, we estimate the transmission probability to be [image: image28.png]9.2%



 for the perovskite-glass interface and 3.6% for the perovskite-air interface.The films had an optical density of about 0.2 at the PL emission wavelength. Before reaching an interface, photons will on average have travelled through an optical density of 0.1. If photons are emitted towards the perovskite-glass interface, they will be out-coupled with a probability of 9.2% when reaching the interface. If photons are emitted towards the perovskite-air interface, they will be out-coupled at that interface with 3.6% probability and after reflection at the perovskite-glass interface with (9.2%-3.6%) probability in the case their emission angle lies in between the critical angles of the two interfaces. We therefore estimate the total escape probability for a planar bromide perovskite film to be
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[image: image30.emf]
Figure S4: (a and b) shows morphology of MAPbBr3 thin film fabricated on glass and PEDOT-PSS based substrates. (c) shows XRD diffraction pattern of MAPbBr3 thin films on glass and PEDOT-PSS based substrates.
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Figure S5: shows the external quantum efficiency measurements for TBAB treated and untreated perovskite films based devices.
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