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Solid state light-emitting devices based on direct bandgap semiconductors have, over the 

past two decades, been utilized as energy efficient sources of lighting. However, the fabrication of 

these devices typically relies on expensive high temperature and high vacuum processes, 

rendering them uneconomical for use in large area displays. Here, we report high brightness light-

emitting diodes based on solution-processed organometal halide perovskites. We demonstrate 

electroluminescence in the near-infrared, green and red by tuning the halide compositions in the 

perovskite. In our infrared device, a thin 15 nm layer of CH3NH3PbI3-xClx perovskite emitter is 

sandwiched between larger bandgap titanium dioxide (TiO2) and poly(9,9'-dioctylfluorene) (F8) 

layers, effectively confining electrons and holes in the perovskite layer for radiative recombination. 

We report an infrared radiance of 13.2 W sr-1 m-2 at a current density of 363 mA cm-2, with highest 

external and internal quantum efficiencies of 0.76 % and 3.4 % respectively. In our green light-

emitting device with an ITO/PEDOT:PSS/CH3NH3PbBr3/F8/Ca/Ag structure, we achieved a 

luminance of 364 cd m-2 at a current density of 123 mA cm-2, giving external and internal quantum 

efficiencies of 0.1 % and 0.4 % respectively. We show, using photoluminescence studies, that 

radiative bimolecular recombination is dominant at higher excitation densities. Hence, the 

quantum efficiencies of the perovskite light-emitting diodes (PeLED) increase at higher current 

density. This demonstration of effective perovskite electroluminescence offers scope for 

developing this unique class of materials into efficient and color tunable light emitters for low-cost 

display, lighting and optical communication applications. 

Recent reports on earth-abundant organometal halide based perovskite for high efficiency 

photovoltaics have demonstrated this class of materials to be excellent semiconductors for 

optoelectronic devices.1-7 Their primary advantages lie in the fact that they can be easily solution 

processed, require no high temperature heating, and they possess an optical bandgap which is 

tunable in the visible to infrared regions,8,9 making them very attractive materials for use in low-cost 

and large area optoelectronic applications. Previous works have shown these perovskites to possess 

strong photoluminescent properties,10,11 hence making them potential candidates for use in light-

emitting devices. There were previous attempts to fabricate light-emitting devices using related 
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perovskite materials.12-14 However, electroluminescence could only be achieved at liquid nitrogen 

temperatures, rendering those devices impractical for applications. In this work, we demonstrate the 

first high brightness infrared and visible electroluminescence from solution-processed organometal 

halide perovskites, using two unique device architectures. All electroluminescence and device 

characteristics were measured in air at room temperature. 

In our infrared PeLED, we use a simple 3-layered structure of TiO2/CH3NH3PbI3-xClx/F8 (Fig. 

1a), which is sandwiched between indium tin oxide (ITO) and MoO3/Ag as the cathode and anode 

respectively. We designed the perovskite to be placed between two large bandgap semiconductors, 

in a double heterostructure architecture, so as to confine injected charges for better light emission. 

A thin (25 nm) layer of TiO2 was deposited using atomic layer deposition (ALD) onto an ITO-coated 

glass substrate. The TiO2 serves as an efficient electron injector, as well as a hole-blocking layer for 

the perovskite device. A thin (15 nm) layer of perovskite was deposited on the TiO2 by spin-coating, 

followed by annealing at 100 °C (see Fig. 1b for perovskite structure). The perovskite layer was 

designed to be thin in order to spatially confine electrons and holes for bimolecular recombination. 

Given the small exciton binding energy in this material,5,15,16 the confinement of injected charges 

within a thin “well” enhances electron-hole capture and improves radiative recombination. The 

perovskite film was capped with a 50 nm layer of F8 polymer by spin-coating from solution. The F8 

polymer layer, with a deep ionization potential and a shallow electron affinity, was chosen to form a 

type-I heterojunction with the perovskite (see Fig. 1c for energy-level diagram). This allows holes to 

be confined within the perovskite well and electrons to be blocked from exiting via the anode. A high 

work function MoO3/Ag anode was used to provide ohmic hole injection into the device.17 The 

ionization potentials of the materials are estimated from values in the literature,18,19 and the 

electron affinity values are estimated based on the optical bandgap of the materials. 

 
Figure 1 | Structure and energy-level diagram of perovskite LED. a, Device architecture of CH3NH3PbI3-xClx 
perovskite light-emitting diode (PeLED). b, Single unit-cell of an ABX3 perovskite crystal, where A is 
methylammonium, B is Pb and X is I, Br or Cl. c, Energy-level diagram of different layers of materials in the 
infrared PeLED, showing conduction and valence band levels with respect to vacuum. 
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The optical absorption and emission spectra of the CH3NH3PbI3-xClx perovskite thin film are 

shown in Fig. 2. Absorption onset occurs at approximately 780 nm, consistent with previous reports.1 

The non-zero baseline in the absorption spectra can be attributed to light scattering and 

interference effects, since we measure a clear absorption edge in photothermal deflection 

spectroscopy (PDS), which is a technique immune to optical scattering artifacts (Supplementary Fig. 

1). A strong near-infrared photoluminescence (PL), centered at 773 nm, was measured when the 

perovskite thin film was excited with a 532 nm continuous wave laser. Using the integrating sphere 

method,20 we measured a relatively high photoluminescence quantum efficiency (PLQE) of 26 %. The 

electroluminescence (EL) of the infrared PeLED is slightly blue shifted from the PL, peaking at 754 nm. 

The emission band is narrow with a full width at half maximum (FWHM) of 35 nm. No 

electroluminescence was observed from the F8 polymer, indicating that F8 serves only as a hole-

transporting and electron-blocking layer, and does not participate in light emission. 

 
Figure 2 | Absorption and emission spectra of CH3NH3PbI3-xClx perovskite. Absorption spectrum (black) onset 
occurs at 780 nm. Electroluminescence (green) occurs at 754 nm and photoluminescence (red) occurs at 773 
nm. 

 

The current density vs. voltage characteristics and the corresponding radiance of the 

infrared PeLED is shown in Fig. 3a. A clear turn-on of light emission was observed at 1.5 V, close to 

the photon emission energy. A radiance of 6.8 W sr-1 m-2 was achieved at a current density of 605 

mA cm-2 when driven at 6.2 V. An external quantum efficiency (EQE) of 0.23 % was achieved at 

494 mA cm-2 and 5.3 V (Fig. 3b), calculated assuming a Lambertian emission profile. This gives an 

internal quantum efficiency (IQE) of 1.0 %, calculated using the relation IQE = 2n2 EQE.21 We selected 

the refractive index of glass (n = 1.5) to estimate IQE because we consider light to be emitted 

isotropically into the glass substrate, given the thinness (<< wavelength λ) of our emissive perovskite 

layer. The EQE in our devices rises with increasing voltage and current density, indicating that a high 

density of charges is required for efficient radiative recombination. 
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To investigate the reasons for the decline in radiance and efficiency at higher current 

densities, we turned to pulse voltage measurements where a bias of 14 V was applied to drive 

currents up to 1500 mA cm-2. Using square voltage pulses at a width of 1 ms and frequency of 100 Hz, 

we achieved a two-times higher radiance of 13.1 W sr-1 m-2 at a current density of 1467 mA cm-2 (Fig. 

3c). This indicates that the device degradation and efficiency drop-off are driven by heating at high 

current densities since a higher radiance could be achieved when the device is given time to cool 

between the pulses. 

Interestingly, we observed during our pulse experiments that the radiance and quantum 

efficiency of the PeLED increase across the duration of the voltage pulse, while the current density 

remains approximately constant (Supplementary Fig. 2). We show, in Supplementary Fig. 3, that this 

increase in light-emitting efficiency is related to the history of electric field polarization across the 

device. In our experiments, a device which is pre-polarized with an external bias emits at a higher 

radiance and efficiency. Over the duration of the voltage pulse, the perovskite device becomes 

increasingly polarized, hence giving higher electroluminescence with longer pulse durations. This 

polarization effect is also reflected in the hysteretic current-voltage characteristics of the PeLED, as 

shown in Supplementary Fig. 4. A potential sweep from forward bias to reverse bias (i.e. larger 

polarization history to smaller polarization) leads to higher radiance and EQE, compared to a sweep 

from reverse to forward bias. We postulate that a high polarization voltage drives the ionic traps out 

of the bulk emissive layer, therefore suppressing non-radiative trap-mediated recombination and 

enhancing the radiative bimolecular recombination. A detailed discussion can be found in the 

supplementary information. 

In our experiments, we observe an increase in EL quantum efficiency with both increasing 

voltage and current density (Fig. 3b and 3d). In order to investigate the relation of radiative 

recombination with charge (or excitation) density, we measured photoluminescence quantum 

efficiency (PLQE) as a function of laser excitation flux (Fig. 3d). We used a thin film structure of 

TiO2/CH3NH3PbI3-xClx/F8 that is identical to our devices for measurement. The PLQE rises with laser 

photon flux in a trend that is similar to the rise of device quantum efficiency with current density, 

confirming that high charge densities are essential for efficient radiative recombination. In Fig. 3d, 

we compare IQE vs. current density in the same plot as PLQE vs. absorbed photon flux, and find good 

agreement between the quantum efficiencies obtained via laser excitation and electrical injection. 

The extrapolation of IQE suggests that higher electroluminescence quantum efficiency may be 

achievable at higher current densities. We note that the quantum efficiency of the pulsed device 

also exhibits the same increase with current density, although efficiencies are lower compared to 

the steady-state measurements due to the short pulse width of 1 ms (Supplementary Fig. 2). The 

lower device EL quantum efficiencies compared to the PLQE suggest non-radiative losses by 

electrical injection, which may be reduced by the optimization of device fabrication process if these 

losses are predominantly due to high leakage currents. 

We have previously demonstrated that radiative recombination in CH3NH3PbI3-xClx 

perovskites is bimolecular in nature.10 The need for high excitation densities for efficient radiative 

recombination suggests the presence of a competing non-radiative recombination pathway. Since 

bimolecular recombination kinetics follow an n2 relationship (where n = excitation density), a 

radiative bimolecular pathway can dominate at higher charge densities. With the fluxes produced in 
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our devices, charge densities are relatively low and the competing non-radiative channels dominate, 

giving rise to a modest EL quantum efficiency. 

It is interesting to note that a PLQE of 10 % can be achieved in a TiO2/CH3NH3PbI3-xClx/F8 film 

structure. This is compared to a PLQE of 26 % for a pristine perovskite film of equivalent thickness at 

an equivalent laser excitation flux. This confirms the formation of a charge confining well structure in 

our devices, where excitations are only slightly quenched at the heterojunctions, despite an emissive 

layer thickness of only 15 nm. To further demonstrate the effectiveness of our thin well structure, 

we fabricated devices using thicker perovskite films (Supplementary Fig. 5). The radiance and 

quantum efficiency of the devices decrease markedly at larger perovskite thicknesses, 

demonstrating the need for spatial confinement of charges to ensure a high rate of electron-hole 

capture and radiative recombination. In addition, reabsorption losses are likely to be lower in the 

thinner films. 

 
Figure 3 | Device characteristics of infrared PeLED. a, Combined radiance (black) and current density (red) vs. 
voltage characteristics of the infrared PeLED. The device turns on at 1.5 V. b, External quantum efficiency vs. 
voltage characteristics of PeLED. c, Radiance vs. current density of PeLED under steady state (black) and pulse 
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measurement (red) conditions. For pulse measurement, 1 ms square voltage pulses were applied at a 
frequency of 100 Hz. d, Photoluminescence quantum efficiency (PLQE) (black) of TiO2/CH3NH3PbI3-xClx/F8 
layers as a function of absorbed (~15%) photon flux. Device Internal quantum efficiency (IQE) in steady-state 
measurement (red) and in pulse measurement (grey) are plotted against current density on the same graph for 
comparison. Dotted lines represent extrapolation of quantum efficiencies towards higher current density. 

 

Our findings suggest that higher charge densities, higher polarization and thinner emission 

layers are possible routes towards enhancing the electroluminescence efficiency. However, we note 

that the surface coverage of the CH3NH3PbI3-xClx perovskite is incomplete (~30 % voids) in such thin 

layers (Supplementary Fig. 6), causing possible contact between the TiO2 and F8 layers. In order to 

investigate the effects of electrical shunts at TiO2/F8 interfaces, we fabricated a TiO2/F8 device 

without the thin perovskite layer. We find the current density of the TiO2/F8 device to be several 

times higher than the perovskite device at forward bias (Supplementary Fig. 7), indicating that there 

are possible current losses at the TiO2/F8 interface that do not contribute to electroluminescence. 

Optimization of thin film formation and morphology towards complete perovskite coverage is 

therefore expected to enhance device radiance and quantum efficiency. We further note that the EL 

photon flux from the F8-only device is 3 orders of magnitude lower than the perovskite device, 

confirming that the F8 layer does not participate in light emission but serves only as a hole-

transporting and electron-blocking layer. 

In an effort to optimize our device efficiencies and to minimize luminescence quenching at 

the TiO2/perovskite interface, we inserted an ultra-thin (1 nm) layer of Al2O3 in between the TiO2 and 

the perovskite layers using atomic layer deposition. With this minor modification, we achieved a 

two-fold enhanced radiance of 13.2 W sr-1 m-2 at a lower current density of 363 mA cm-2 (Fig. 4a). 

Consequently, the device EQE and IQE increased by more than 3 times to 0.76 % and 3.4 % 

respectively (Fig. 4b). This level of performance is comparable or better than some of the best 

colloidal quantum dot infrared light-emitting devices.22,23 This enhancement in luminescent 

efficiency is likely due to the surface-induced nano-structuring of the perovskite layer24 and the 

suppression of luminescence quenching at the TiO2/perovskite interface. 
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Figure 4 | Device characteristics of infrared PeLED modified with Al2O3. a, Combined radiance (black) and 
current density (red) vs. voltage characteristics of a modified ITO/TiO2/Al2O3(1nm)/CH3NH3PbI3-

xClx/F8/MoO3/Ag infrared PeLED. b, External quantum efficiency vs. voltage characteristics of modified infrared 
PeLED. 

 

In order to demonstrate the application of organometal halide perovskite as visible light 

emitters, we utilized the larger bandgap CH3NH3PbBr3 as a green emitter in our PeLED devices. Since 

a larger bandgap makes it more challenging to achieve electron injection from TiO2 into the 

perovskite conduction band, we turned to an inverted device structure with an 

ITO/PEDOT:PSS/CH3NH3PbBr3/F8/Ca/Ag architecture. PEDOT:PSS and calcium were utilized as ohmic 

hole and electron injectors respectively. The F8 polymer (50 nm) serves as a spacer layer for electron 

transport and to prevent emission quenching near the Ca metal interface. In order to spatially 

confine injected charges for efficient radiative recombination, we fabricated CH3NH3PbBr3 to a 

thickness of 20 nm (film morphology shown in Supplementary Fig. 8). As shown in Fig. 5a, bright 

green electroluminescence was achieved at 517 nm. The PL of CH3NH3PbBr3 perovskite is slightly 

red-shifted from the EL, peaking at 524 nm with a PLQE of 7 % when excited with a 405 nm laser. 

The device turns on at 3.3 V and reaches a luminance of 364 cd m-2 at a current density of 123 mA 

cm-2, as shown in Fig. 5b. This gives an efficiency of 0.3 cd A-1, or an EQE of 0.1 % and an IQE of 0.4 % 

(Fig. 5c), assuming a Lambertian emission profile. Similar to the infrared device, the EL quantum 

efficiency increases with injection current density (Fig. 5d), demonstrating a need for high charge 

densities to achieve efficient radiative recombination. We also demonstrate red 

electroluminescence at 630 nm using a CH3NH3PbBr2I mixed halide perovskite in the same device 

architecture (device characteristics in Supplementary Fig. 9), showing the versatility and wide 

bandgap tunability of these organometal halide perovskites. 
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Figure 5 | Device characteristics of visible PeLED. a, Absorption (black), electroluminescence (green, solid) and 
photoluminescence (green, dashed) spectra of CH3NH3PbBr3 perovskite. Electroluminescence of CH3NH3PbBr2I 
mixed halide perovskite shown in red. Inset image shows uniform green and red electroluminescence from 
ITO/PEDOT:PSS/CH3NH3PbBr3/F8/Ca/Ag and ITO/PEDOT:PSS/CH3NH3PbBr2I/F8/Ca/Ag PeLED respectively. b, 
Combined luminance (black) and current density (red) vs. voltage characteristics of green PeLED. The device 
turns on at 3.3 V. c, External quantum efficiency vs. voltage characteristics of green PeLED. d, External 
quantum efficiency vs. current density of green PeLED. Inset diagram shows green PeLED device structure. 

 

Our demonstration of bright visible and infrared electroluminescence from organometal 

halide based perovskites shows great promise in the development of this class of materials for large 

area optoelectronics or electrically-pumped lasing applications.10,25 Furthermore, our work 

exemplifies the fact that an efficient solar cell material is generally also a good light emitter, as given 

by the Shockley-Queisser detailed balance limit calculations.26,27 It is interesting that bright 

electroluminescence could be achieved using a simple thin emitter realized by solution processing. 

Given the versatility and low-cost processability of these organometal halide perovskites, they may 

quickly find their way into the display and lighting industry.  
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Materials and Methods 

F8 polymer was provided by Cambridge Display Technology (CDT) and was used as received. All 

other chemicals were purchased from Sigma-Aldrich and were used as received. 

CH3NH3PbI3-xClx Perovskite Synthesis. Methylammonium iodide (CH3NH3I) was prepared by adding 33 

wt % methylamine solution in ethanol (24 mL) and 57 wt % hydroiodic acid in water (10 mL) to 100 

mL of absolute ethanol. The reaction mixture was stirred at room temperature in a nitrogen 

atmosphere. The solvent was removed by rotary evaporation until white crystals started to appear. 

The product was collected using Büchner funnel filtration and was dried overnight under vacuum at 

80 °C. The mixed halide perovskite precursor solution was prepared by mixing CH3NH3I and PbCl2 in a 

3:1 molar ratio in anhydrous N,N-dimethylformamide to give a concentration of 5 wt %. 

CH3NH3PbBr3 Perovskite Synthesis. Methylammonium bromide (CH3NH3Br) was prepared by adding 

33 wt % methylamine solution in ethanol (24 mL) and 48 wt % hydrobromic acid in water (8.5 mL) to 

100 mL of absolute ethanol. The reaction mixture was stirred at room temperature. The solvent was 

removed by rotary evaporation. The obtained white crystals were washed with anhydrous diethyl 

ether and recrystallized in ethanol. The perovskite precursor solution was prepared by mixing 

CH3NH3Br and PbBr2 in a 3:1 molar ratio in anhydrous N,N-dimethylformamide to give a 

concentration of 5 wt %. For the CH3NH3PbBr2I mixed-halide precursor solution, we mixed the 

individual CH3NH3PbBr3 and CH3NH3PbI3 precursor solutions in a molar ratio of 2:1 to give an overall 

concentration of 5 wt %. 

Infrared PeLED Fabrication. ITO-coated glass substrates were cleaned successively with acetone and 

isopropanol. TiO2 (25 nm) was grown onto the cleaned substrates at 225 °C with atomic layer 

deposition (ALD), using titanium tetrachloride (TiCl4) and water as precursors. The substrates were 

transferred into a nitrogen filled glovebox for further fabrication. The CH3NH3PbI3-xClx perovskite 

precursor solution was spin-coated onto the TiO2 at 3000 rpm for 60 seconds, and annealed at 

100 °C for 5 minutes to give a thin perovskite film with an average thickness of ~15 nm, as 

determined by atomic force microscopy (AFM). A solution of F8 in chlorobenzene (10 mg/mL) was 

spin-coated onto the perovskite layer at 3000 rpm for 60 seconds to give a 50 nm film. MoO3 (5 nm) 

and Ag (100 nm) were successively deposited by vacuum thermal evaporation. Devices were tested 

in air without encapsulation. 

Green PeLED Fabrication. ITO-coated glass substrates were cleaned successively with acetone and 

isopropanol, followed by 10 minutes oxygen plasma treatment. PEDOT:PSS (Clevios P VP AI 4083) 

was spin-coated onto the substrate at 6000 rpm for 30 seconds, and annealed at 140 °C for 30 

minutes in a nitrogen atmosphere. The CH3NH3PbBr3 perovskite precursor solution was spin-coated 

onto PEDOT:PSS at 3000 rpm for 30 seconds and annealed at 100 °C for 15 minutes to give a 

perovskite film thickness of ~20 nm. A solution of F8 in chlorobenzene (10 mg/mL) was spin-coated 

onto the perovskite layer at 3000 rpm for 30 seconds to give a 50 nm film. Ca (20 nm) and Ag (100 

nm) were successively deposited by vacuum thermal evaporation. Devices were tested in air without 

encapsulation. 

PeLED Characterization. Current vs. voltage characteristics were measured using a Keithley 2400 

Source Measure Unit (SMU). Photon flux was measured simultaneously using a calibrated silicon 

photodiode centered over the light-emitting pixel. Radiance in W sr-1 m-2 and luminance in cd m-2 
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were calculated based on the emission function of the PeLED, and on the known spectral response 

of the silicon photodiode. External quantum efficiency was calculated, assuming a Lambertian 

emission profile. Electroluminescence spectra were measured using a Labsphere CDS-610 

spectrometer. 

PLQE Measurement. The PLQE of the thin film samples was measured using an integrating sphere 

method, as reported in the literature.20 A continuous wave 532 nm green diode laser with an 

excitation power of 10 – 100 mW and a focused beam spot of ~0.3 mm2 was used to photo-excite 

the samples. Emission was measured using an Andor iDus DU490A InGaAs detector. During 

measurements, the samples were kept at room temperature under a constant stream of nitrogen. 

Samples were prepared in the structure TiO2/CH3NH3PbI3-xClx/F8 on top of a spectrosil fused silica 

substrate, similar to the PeLED device structure. 

Pulse LED Measurement. A square voltage pulse with a pulse width of 1 ms and frequency of 100 Hz 

was applied to the device using a HP8116A Pulse/Function generator. A dual-channel Agilent 

Technologies DSO6032A oscilloscope, set to 50 Ω impedance, was connected in series to the device 

and the function generator to determine the current through the device. The electroluminescence 

was monitored using a calibrated Si photodiode, connected to the 2nd channel of the oscilloscope (1 

MΩ) via a Thorlabs PDA200C photodiode amplifier. 
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