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Materials and Methods 

 

1.  Synthetic procedures 

 

1.1  Chemicals  

Oleic acid (OLA, 90% technical grade, Aldrich), Octylamine (OA, 99%, Aldrich), Lead (II) bromide 

(PbBr2, 98+%, Acros Organics), Toluene (99.8%, Fisher Chemical), tert-butyl alcohol (t-BuOH, for 

analysis, Fisher Chemical), N,N-Dimethylformamide (DMF, >99.8%, Aldrich), Ethanol (EtOH, 

absolute for analysis, Merck), Hydrobromic acid (HBr, 48% in water, Sigma-Aldrich), Methylamine 

(33% in absolute Ethanol, Acros Organics), Formamidine acetate (99%, Acros Organics), Diethyl 

ether (>99.8%, Thommen-Furler AG). All chemicals listed above were used without any further 

treatment. 

 

1.2  Synthesis of MABr and FABr precursors  

Methylammonium bromide (MABr) was synthesized using the synthetic procedure reported by Pathak 

et al.1. MABr was synthesized by mixing 10 mL of methylamine (33% in EtOH) with 7.5 mL of HBr 

(48% in H2O) in 100 mL EtOH. The reaction mixture was stirred for 60 min under ambient conditions 

and followed by removal of the solvent at 60 °C by means of rotary evaporator. The resulting solid 

was washed several times with diethylether and recrystallized with EtOH. Finally the purified powder 

was dried overnight in vacuum oven at 60 °C. Formamidinium bromide (FABr) was synthesized 

according to the synthetic route developed by Eperon et al.2 Formamidine acetate was dissolved in 2 

molar equivalents of HBr (48% in H2O) and left under stirring for 10 min at 50 °C. The solvent was 

removed at 100 °C by means of rotary evaporator. The resulting solid was washed several times with 

diethylether and recrystallized with EtOH followed by drying in vacuum oven at 60 °C. 

 

1.3  Synthesis of perovskite CQWs  

The 2D perovskites, FAPbBr3 and MAPbBr3 were synthesized using modified synthetic route reported 

in our earlier report.3-4 Briefly, the perovskite precursors, FABr and MABr (0.53 M) were distinctly 

dissolved in ethanol, while PbBr2 (0.4 M) was dissolved in polar N,N-dimethylformamide (DMF) 

solvent. OLA (625 μL) and OA (25 μL) were mixed with non-polar solvent (Toluene, 12.5 mL). Both 

FABr and MABr solutions were premixed in different proportion before final reaction. Subsequently, 

the precursor solutions mentioned above were added dropwise (375 μL of FA/MA stoichiometric 

solution and 625 μL of PbBr2) to a non-polar toluene solution consisting long chain organic surfactants, 

OA as long chain ligand and OLA as stabilizer under constant stirring. An instantaneous colloidal 

crystallization is triggered due to poor solubility of perovskite precursors in nonpolar toluene. A 

precipitate is formed immediately and is separated from the reaction mixture by means of 

centrifugation. The resultant supernatant is discarded and the precipitate containing FAxMA1-xPbBr3 

perovskite CQWs is dispersed in 2.5 mL of fresh toluene, which results the final product. 

 

2.  Photophysical Characterization 

 

2.1  Absorption spectra of perovskite CQWs superstructures were collected using a JASCO V670 

spectrometer. 

 

2.2  Photoluminescence (PL) spectra and absolute PLQY were recorded with Hamamatsu CCD 

spectrometer (wavelength resolution < 2 nm). The absolute PLQYs in colloidal solutions (in toluene) 

and spin-casted thin films were determined using the Quantaurus QY (C11347-11) from Hamamatsu 

equipped with 150 W xenon light source and a 3.3 inches integrating sphere, which is coated with 

highly reflective Spectralon. Fig. S2 shows the schematic procedure and estimation principle to 

measure the absolute PLQYs.    

 



S3 

 

2.3  Time resolved photoluminescence (TRPL) spectra of perovskite CQWs (FAnMA1-nPbBr3) 

with varying x component from 0 to 1, a regular interval of 0.2, were performed using a Hamamatsu 

Quantaurus-Tau (Q-τau) Fluorescence Lifetime Spectrometer (C11367-31) equipped with a photon 

counting measurement system. The samples were exited using a 365 nm and 470 nm pulsed emission 

with repetition rate of 500 kHz and 1 MHz.  

 

2.4  X-rays diffraction (XRD) patterns of 2D perovskites were collected using a PANalytical 

X’Pert PRO-MPD diffractometer with Cu-Kα radiation. The data were recorded in the range of 5-70° 

2θ at room temperature with an angular step size of 0.05° and a counting time of 0.23 seconds per step. 

 

2.5  Transmission electron microscopy (TEM) images of perovskite CQWs were captured in 

cryogenic conditions using STEM (Hitachi HD 2700) equipped with cryo-holder (liquid nitrogen) with 

high beam acceleration voltages from 80 to 200 kV. Room temperature TEM images were acquired 

using Titan Krios FEG TEM. 

 

2.6  Scanning electron microscopy (SEM) was utilized to obtain the cross-section image of LED 

device and surface morphologies of pure FA0.5MA0.5PbBr3 and FA0.5MA0.5PbBr3 + PMMA complex 

emissive layers using Zeiss ULTRA 55 plus SEM operated at 5 kV and 2 kV, respectively.  

 

2.7  Surface profiler (DektakXT Bruker) was used to evaluate the film thickness of various device 

layers. 

 

3.  Materials, Fabrication, and Characterization of LED Devices 

 

3.1  Materials: Indium tin oxide (ITO) coated glass substrates with a sheet resistance of 15 Ω □̸ 

are purchased from Lumtech Corp. The hole injection material poly(3,4-ethylene-dioxythiophene)-

poly(styrene sulfonate) (PEDOT:PSS, Clevios AI 4083) is purchased from Heraeus. Highly pure GPC 

grade hole transporting materials, poly[N,N'-bis(4-butylphenyl)-N,N'-bis(phenyl)-benzidine] (Poly-

TPD), poly(9-vinylcarbazole) (PVK), and poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4'-(N-(4-sec-

butylphenyl) diphenylamine)] (TFB), 4,4’-Bis(N-carbazolyl)-1,1’-biphenyl (CBP), and N,N’-Di(1-

naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) are supplied by Lumtech Corp. The 

neutral host matrix poly methyl methyacrylate (PMMA, average M. W. 350,000) is purchased from 

Sigma-Aldrich. Ultrapure sublimed grade electron transporting materials 2,2',2"-(1,3,5-benzinetriyl)-

tris(1-phenyl-1-H-benzimidazole) (TPBi) and tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)borane 

(3TPYMB), and 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T) are procured from 

Lumtech corp. Lithium fluoride (LiF, 99.98%) is purchased from Lumtech corp. and Acros Organics, 

respectively. Aluminum (Al) pellets (99.999%) were obtained from Kurt J. Lesker Co. Ltd. Above 

materials were used as received without any further purification. 

 

3.2  LED fabrication: Patterned ITO coated glass substrates were sequentially washed in the 

Extran MA02 neutral detergent and deionized (DI) water mixture (1:3), acetone, and isopropanol. The 

substrates were then treated by oxygen plasma for 10 min. Thereafter, the aqueous PEDOT: PSS was 

spin-coated onto the plasma-irradiated substrates at a speed of 4000 rpm for 20 s then annealed at 130 
oC for 30 min. in the ambient conditions. All substrates were then transferred into a glovebox for the 

deposition of successive layers. An optional 0.5 - 4.0 mg ml-1 of hole transporting layer (HTL) of Poly-

TPD, TFB, PVK, CBP, NPB, and mixture of polymeric and molecular hole transporting materials (in 

chlorobenzene) was spin-coated on PEDOT:PSS layer at 3000 rpm for 40 s then annealed at 130 oC for 

30 min. The emission layer (EML) was then spin-coated at 2500 rpm for 40 s, which comprised the 

mixture of PMMA with the perovskite CQWs. All substrates were transferred in the ultrahigh vacuum 

chamber (upto 8×10-8 mbar). Subsequently, a 25 to 50 nm ETL (TPBi, 3TPYMB, and PO-T2T) and 1 

nm EIL (LiF) was thermally evaporated on the EML through thermal evaporation. Finally, a 70 nm Al 

cathode layer was also deposited on the EIL through a shadow mask. Each substrate is designed to 

realize four pixels, each with an active area of 25 mm2 as defined by the overlapping between Al and 



S4 

 

ITO layers. All the devices were stored in the glove box and characterized under the ambient 

conditions. 

ITO coated 0.2 mm thin polyethylene terephthalate (PET) flexible substrates were purchased from 

Aldrich. Firstly, 30 × 30 mm substrates were cut from the 150 × 150 mm PET sheets. Standard ITO 

pattern was prepared using photolithography. The patterned ITO substrates were exposed to oxygen 

plasma for 10 min. Thereafter, the PEDOT:PSS (4000 rpm for 20 s) and Poly-TPD (3000 rpm for 40 s) 

were sequentially spin-coated onto the substrates then annealed at 130 oC for 30 min. after each step. 

Subsequently, EML, a mixture of perovskite CQWs and dielectric polymer was then spin-coated on 

the Poly-TPD layer. Then successive layers of 3TPYMB or PO-T2T (45 nm), Liq (3 nm), and 70 nm 

Al cathode were thermally-evaporated in a high vacuum chamber (8×10-8 mbar) with their respective 

deposition rates of 0.05, 0.02, 0.1-0.3 nm.s-1. Similar to glass substrates, each substrate is patterned to 

realize for device with an active area of 25 mm2, which is defined by the overlapping between the ITO 

anode and Al cathode layers.   

 

3.3  LED characterization: Current density-voltage-luminance (J-V-L) characteristics of the 

perovskite LEDs were measured using a Keithley 2400 source meter and Photo Research PR 655 

spectroradiometer. The electroluminance (EL) spectra of all the devices were also recorded by using a 

PR 655 spectroradiometer. The Commission Internationale de I'éclairage (CIE) coordinates of 

perovskite LEDs were calculated using a calibrated CCD spectrometer (ASEQ LR1-Tv.2). The ext. 

was calculated as the total number of emitted photons divided by the total number of injected electrons 

by assuming a Lambertian-type emission pattern. The operational lifetime of PerLED devices was 

measured using smart Ossila Lifetime System (E642) under a constant current. 

 

3.4 LED device optimization: 

A series of experiments were performed to optimize the PeLED based on x = 0.5 perovskite CQW 

emitter by testing a variety of HTL/ETL materials and thicknesses. The control device with an 

architecture of ITO/PEDOT:PSS/Perovskite CQWs/ TPBi/LiF/Al shows a ηCE of 2.76 cd A-1 and a 

maximum external quantum efficiency of (ηext) of 0.67% with a maximum luminance (Lmax) of 654 cd 

m-2. Subsequently, the ηCE, ηext, and Lmax increased to 6.24 cd A-1, 1.51% and 2331 cd m-2, respectively, 

upon mixing a 7.5±0.5 wt% dielectric polymer, PMMA, in the perovskite EML. Fig. S9 shows the 

SEM images of pristine FA0.5MA0.5PbrB3 perovskite CQWs and perovskite CQWs – PMMA mixture 

thin films on the plasma treated silicon oxide (SiOx) substrates, comprising three different 

compositions (A) SiOx / pristine FA0.5MA0.5PbrB3 perovskite CQWs, (B) SiOx / FA0.5MA0.5PbrB3 

perovskite CQWs – PMMA mixture, and (C) SiOx / PEDOT:PSS / FA0.5MA0.5PbrB3 perovskite 

CQWs – PMMA mixture. Fig. S9A shows large uncovered patches in the thin film morphology. 

Whereas, a patch free uniform surface morphology observed in the CQWs – PMMA thin film (Fig. 

S9B). Moreover, almost defect free uniform surface morphology is achieved in SiOx / PEDOT:PSS / 

FA0.5MA0.5PbrB3 perovskite CQWs – PMMA thin film (Fig. S9C). Resultant smooth thin film 

morphology suppresses the leakage current and results in a higher device efficiency. High device 

performance (ηCE = 8.85 cd A-1, ηext = 2.16%, and Lmax = 2825 cd m-2) was realized by substituting the 

TPBi layer with a boron core based 3TPYMB electron transporting material. Further enhancement in 

the device efficiency is achieved through further optimization of 3TPYMB and Al layer thicknesses. 

Moreover, our champion device with a 45 nm 3TPYMB and 70 nm Al layers shows a ηCE = 30.41 cd 

A-1 and a ηext = 7.37% (ηPE = 27.30 lm W-1) at an operational voltage of 3.5 V. We attribute the higher 

device performance to five key mechanisms: (i) low carrier injection barrier due to energy levels of 

charge transporting layers, (ii) balance charge carrier injection in the EML, (iii) effective hole and 

electron confinement, (iv) significantly suppress the non-radiative surface plasmon polariton loss at 

3TPYMB and Al cathode interface through optimize ETL thicknesses, and (v) a reasonably thick ETL 

also minimizes the exciton quenching through Al cathode layer by increasing the distance between 

EML and Al layer.5 The device also demonstrates a low turn-on voltage at 2.8 V, which is attributed to 

low electron injection barrier from 3TPYMB ETL based devices. Typically, the ηCE of PeLEDs exhibit 

large efficiency roll-off, at high luminance, because of strong imbalance charge carrier injection in the 

EML, which is occurred due to higher hole mobility than that of electron mobility. Nearly 20% roll-off 

in the ηCE was observed at 1000 cd m-2. Interestingly, we observed a considerably low efficiency roll-
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off in the LEDs, < 7% roll-off in the ηCE and ηext. at 5000 cd m-2 and 4.53 V, when a poly-TPD layer is 

deposited between the PEDOT:PSS and composite EML of PMMA and perovskite CQWs. The 

significantly low-efficiency roll-off is achieved because of two critical factors, first, poly-TPD 

possessed a higher hole mobility and facilitates more balance charge carrier injection, and second, 

poly-TPD enables an adequate energy barrier to confine the injected electrons and expedites effective 

carrier recombination in the EML. Besides, the device illustrates very stable EL spectra with a peak 

emission at 528 nm through different operational voltages (Fig S11). 

 The operational lifetime of colloidal nanocrystals based PeLEDs remains a central challenge to 

utilize these emitters in display devices. Here, we studied lifetime (LT50) of encapsulated PeLED 

device under a constant driving current using an architecture of ITO/PEDOT:PSS/Poly-

TPD/Perovskite CQWs + PMMA/3TPYMB/LiF/Al. Most interestingly, the device shows very stable 

EL peak at 528 nm before and after the operational lifetime test. 

 Moreover, an electron transporting material, PO-T2T, with a high thermal stability (Td = 460 ºC) 

and nearly two order of magnitude higher electron mobility, 1.7 × 10-3 cm2.V-1s-1, than the 3TPYMB 

(Td = 230 ºC and E = 10-5 cm2 V-1s-1) counterpart.6-7 We observed a sub-bandgap turn-on voltage (Von) 

of 2.2 V and an average ηCE of ~19 cd A-1 (Fig. S15). Low Von is attributed to high electron mobility 

and low lying LUMO energy level that possessed a low electron injection barrier from cathode layer.  

Most interestingly, the resultant perovskite LEDs show very stable EL spectrum throughout the 

voltage range, which is also consistent with the 3TPYMB based device. Later on, the operational 

stability of perovskite CQWs based LEDs is measured at 10 mA cm-2 and result a significantly high 

LT50 of 184 min. An unencapsulated device was also tested at L0 = 74 cd m-2 (J = 0.84 mA cm-2), 

showing an LT10 value of 262 minutes (Fig. S16), which is one of the highest value for the 

unencapsulated perovskite LEDs. 

 Lastly, we fabricate highly flexible conformable and large area LEDs based on x = 0.5 

perovskite CQWs. The EL spectra remain intact throughout the operation voltage that varies from 3.0 

to 5.5 V (Fig. S12). A large-area flexible device (225 mm2) shows commendable stability under both 

positive and negative bending conditions. On the other hand, a large-area (400 mm2) device, with the 

optimized device structure (Fig. S13), shows high performance as well. The device also shows an EL 

emission at 528 nm, which is strongly consistent with our standard 25 mm2 device.  

 

 

4. Energy Transfer Modeling 

 

4.1  ET Efficiency Model:  
Under the assumptions that: (i) all emission comes from n = 7 CQWs and (ii) the quantum yields for n 

= i CQWs are constant and independent of wavelength, the quantum yield as a function of excitation 

wavelength is given by: 

 

 
 

where Absn=i() and PL,n=i are the absorption and quantum yield for intrinsic n = i CQW, respectively, 

and ET,n=i is the energy transfer efficiency from n = i to n = 7 CQW. Accordingly, we can determine 

ET,n=i. And since we obtained nearly wavelength-independent quantum yields, as well as considerable 

absorption from the donor CQWs, we determine ET ~ 1.  

 

4.2  ET Kinetic Model:  
We consider the following kinetics to calculate the emission events resulting from energy transfer 

from the donor (D; n = 1, 3, and 4) to the acceptor (A; n = 7) CQWs.  
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where the superscript * represents photoexcited species, kET = 1/ET and kRA = 1/RA, corresponding to 

the rate constants for ET and radiative emission of the acceptor, respectively (see main text). The 

photon generation events IETPL is therefore given by:  

 

 
 

where  is a constant, proportional to the absorbance of the acceptor CQWs. The time required to 

reach the maximum, tmax, is therefore give by:  

 

 
 

Accordingly, with two fitting parameters,  and kET, we can least-square fit the experimentally-

obtained ET PL response, allowing us to determine tmax and ET.  

 

Note that if the energy transfer involves photon emission from the donor CQWs (DRET), the kinetics 

may be also written as:  

 

            

            

            

 

Accordingly, the photon generation events IETPL is given by: 

 

 
 

corresponding to tmax given by:  

 

 

We determined ET with the former model but in fact the physical pictures in both cases are the same. 

In addition, the most important conclusion based the calculations, which is the energy transfer 

mechanism is dominated by the DRET, remains hold for both kinetic models.  
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Supplementary Tables 

 

Table S1. Summary of perovskite LED characteristics in literature.  

VT 

(V) 

ηCE 

(cd/A) 
ηext. 

(%) 
λEL  

(nm) 

 

Emitter 

 

Reference 

 Colloidal Nanocrystals and Quantum Dots 

2.60 18.80 8.73 513 CsPbBr3  8 

3.4 13.30 6.27 512 CsPbBr3  9 

3.1 11.49 3.80 512 MAPbBr3  10 

2.9 --.-- 10.67 524 MAPbBr3  11 

2.75 13.02 3.04 529 FAPbBr3  4 

3.2 8.10 2.31 520 MAPbBr3  3 

2.8 7.96 3.79 519 CsPbBr3  12 

3.4 15.50 5.09 522 MAPbBr3  13 

2.5 14.20 4.40 512 Ce3+-doped CsPbBr3  14 

3.5 10.09 2.80 526 FA0.8Cs0.2PbBr3  15 

3.0 8.50 3.00 515 CsPbX3 (X = Br, Cl)  16 

4.6 8.98 2.21 527 CsPbBr3 – CsPb2Br5  17 

2.5 2.25 2.39 522 CsPbBr3  18 

 Quasi-2D perovskites (Ruddlesden-Popper Phase) 

3.0 --.-- 7.00 526 MAPbBr3 + PEABr   19 

3.0 62.43 14.36 532 (PEA2(FAPbBr3)n-1PbBr4 (n = 2, 3, 4, 5, 6)  20 

3.6 4.90 --.-- 520 MPEA16(MAPbBr3+(PEA)2PbBr4)  21 

3.0 --.-- 7.40 526 PEA2MAn-1PbBr3n+1 (n = 5)  22 

2.2 --.-- 0.10 518 NFPb7 (NMABr: FABr:PbBr2)  23 

3.0 6.16 1.97 511 PEABr + CsPbBr3 (0.8 : 1)  24 

Bulk perovskite film 

2.8 31.20 10.40 514 CsPbBr3 TCQW  25 

3.6 17.10 9.30 513 20:100  (BABr:MAPbBr3)  26 

2.8 55.20 12.10 536  MAPbBr3   27 

2.2 57.60 13.40 533 2D (OA)2(FA)n-1PbnBr3n+1 & 3D FAPbBr3   28 

2.9 33.90 10.43 520 Cs0.87MA0.13PbBr3  29 

4.0 42.90 8.53 540 MAPbBr3  30 

1.9 22.60 5.70 530 CsPbBr3:PEO:PVP composite film  31 

2.8 18.13 6.50 516 OPA-CsPbBr3  32 

2.4 23.70 7.30 569 Cs10(MA0.17FA0.83)(100−x)Pb(BrxI1−x)3  33 

3.6 34.46 8.21 542 MAPbBr3:PbBr2  34
 

3.4 24.22 7.17 532 7% Rb doped FAPbBr3  35 

2.5 15.67 4.26 521 CsPbBr3  36 

4.0 15.25 3.38 531 MAPbBr3  37 

2.65 45.2 14.40 512 PEA2(CsPbBr3)n−1PbBr4  38 
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Table S2.  Photophysical characteristics of FAxMA1-xPbBr3 perovskite CQWs. 

                   x 

Properties 

Sample 

type 

 

0 

 

0.2 

 

0.4 

 

0.5 

 

0.6 

 

0.8 

 

1.0 

PL (nm)  

 

Solution 520 523 525 527 527 528 530 

Film 521 523 525 527.4 528 529 531 

FWHM (nm)  

 

Solution 24.5 24.4 24.0 23.2 24.4 23.2 22.7 

Film 23.6 23.7 23.0 22.7 22.7 22.2 22.0 

ηPL (%) Solution 79.0 84.0 87.8 85.7 90.0 91.9 88.0 

Film 86.0 88.6 92.5 99.6 91.7 86.4 94.0 

 

 

Table S3. Device characteristics of fabricated perovskite NC LEDs as a function of x. All data points 

were taken from same experiment.   

FAxMA1-xPbBr3 VT (V) CE (cd/A) PE (lm/W) ext (%) Lmax (cd/m2) 

max. / at 1000 cd/m2 

x = 0.0 2.75 9.41 / 8.22  7.42 / 5.72 2.48 / 2.17 2394 

x = 0.2 2.75 15.76 / 14.28 14.15 / 10.93 3.86 / 3.54 2991 

x = 0.4 2.75 18.60 / 17.95 16.69 / 14.55 4.55 / 4.42 4575 

x = 0.5 2.75 29.72 / 26.46 26.68 / 20.85 7.34 / 6.53 4052 

x = 0.6 2.75 22.07 / 21.54 17.34 / 16.47 5.39 / 4.13 3626 

x = 0.8 2.75 19.99 / 18.47 17.94 / 15.13 4.92 / 4.54 4964 

x = 1.0 2.75 12.76 / 11.34 13.36 / 10.18 3.04 / 2.74 2939 
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Supplementary Figures 
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Figure S1. Calculated color gamut coverage on the Rec. 2020 as a function of emission wavelength 

and FWHM. The dashed line corresponds to the optimal emission wavelength as a function of FWHM. 

  

 

 

 
 
Figure S2. Schematic presentation of measurement procedure (left) and principle of absolute PLQY 

calculation (right) measured by Hamamatsu Quantaurus-QY (C11347-11).  
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Figure S3. The measured thin-film ηPL values of pure FA0.5MA0.5PbBr3 and PMMA capped 

FA0.5MA0.5PbBr3 as a function of time showing excellent air stability (~50% RH) at room temperature.  
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Figure S4. (A) X-ray diffraction patterns of perovskite (FAxMA1-xPbBr3) CQWs as FA content (x) 

from 0 to 1. (B) Average d-spacing in perovskite CQWs as a function of FA content (x) from 0 to 1. 
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Figure S5. Absorption and PL spectra for FAxMA1-xPbBr3 CQW superstructures at x values varying 

from 0 to 1. 
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Figure S6. Absorption spectra of pure n = 3 and 4 layers colloidal NC assemblies and PL 

spectrum of polydisperse colloidal NC assemblies with a composition of FA0.5MA0.5PbBr3 

perovskite. 
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Figure S7. Cross-sectional SEM image of our perovskite NC LED. 
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Figure S8. Histograms of maximum (A) current efficiencies, (B) power efficiencies, and (C) external 

quantum efficiencies measured from 84 PerLEDs with the optimized device structure. 
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Figure S9. SEM images of (A) pristine FA0.5MA0.5PbrB3 perovskite CQWs spin-casted thin film on 

plasma-treated silicon oxide wafer, (B) FA0.5MA0.5PbrB3 perovskite CQWs - PMMA complex thin 

film on plasma treated silicon oxide wafer, and (C) FA0.5MA0.5PbrB3 perovskite CQWs - PMMA 

complex on PEDOT:PSS coated silicon oxide wafer. The PEDOT:PSS layer is annealed at 130 ºC for 

30 minutes before spin-casting the perovskite CQWs - PMMA emissive layer. The scale bar is 100 

nm. 
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Figure S10. (A) Current-density and luminance as a function of driving voltage. (B) Current 

efficiency as a function of driving voltage. (C) EQE as a function of driving voltage. (D) Power 

efficiency as a function of driving voltage. (E) EL spectra for various x values considered here.  
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Figure S11. (A) Schematic device architecture with ITO / PEDOT:PSS / Poly-TPD / EML (Perovskite 

CQWs + PMMA) / 3TPYMB / LiF / Al. (B) Current-density-voltage-luminance (J-V-L) characteristics, 

(C) EL spectrum of LED device for driving voltages of 2.75 to 5.50 V. 

 



S19 

 

2 3 4 5 6 7
0

20

40

60

80

100

Voltage (V)

C
u

rr
e

n
t 

d
e

n
s
it
y
 (

m
A

/c
m

2
)

A

100

101

102

103

L
u

m
in

a
n

c
e

 (c
d

/m
2)

 

10-2 10-1 100 101 102
0

2

4

6

8

10

12
B


P

E
 (
lm

/W
)

Current density (mA/cm2)
 

 

Figure S12. Flexible LED devices. (A) Current density and luminance as a function of voltage. (B) 

Power efficiency (PE) as a function of current density. (C) EL spectra of device at different driving 

voltages. Inset: Photographs of a 400 mm2 large area flexible LED at 4.5 V with a positive (top right) 

and negative (bottom right) bending radii of ~8±0.5 mm (scale bar: 15 mm). 
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Figure S13. Large-area LED devices. (A) Current-density and luminance as a function of driving 

voltage, (B) EQE (ext) as a function of current density, (C) Power efficiency (PE) as a function of 

current density, and (D) EL spectra at voltages of 3 to 5.5 V. Inset: Photographs of a 400 mm2-large 

LED at 3.5 V (scale bar: 10 mm). 
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Figure S14. Driving voltage change as a function of time under continuous electrical stress at a 

constant current density of 20 mA cm-2. 
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Figure S15. Perovskite LEDs using polydisperse CQWs at x = 0.5 and PO-T2T electron transporting 

layer. (A) J-V-L characteristics. (B) Current efficiency and external quantum efficiency as a function 

of current density. (C) Power efficiency as a function of current density. (D) EL spectrum. 
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Figure S16. Operational Lifetime test for an unencapsulated device, (A) Relative luminance and 

driving voltage change, and (B) EL spectra of device before and after lifetime test. 
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