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Abstract 

Metal halide perovskite materials are crystalline semiconductors which can be processed at 

room temperature via solution processable deposition techniques. In few years, perovskite 

based solar cell efficiency has seen a huge boost from 3% to 22.1%. These are direct band 

gap materials which makes them potential candidate for other optoelectronic device 

applications such as photo detector, light emitting transistor and light emitting diode. In this 

review, we discuss the present scenario in the research and development of perovskite light 

emitting diodes (PeLEDs) based on metal halide perovskite semiconductors with an emphasis 

on size of the crystallites and its consequence on optical properties, device architectures and 

corresponding PeLED performance parameters. A uniform pin-hole free morphology with 

small grain size is essential for high performance PeLED. For this purpose, a p-i-n type device 

architecture with PEDOT:PSS p-type layer has been found more suitable over the n-i-p type. 

In PeLEDs based on the bulk phase of the perovskites, the average size of the crystallites is in 

the range  100 - 500 nm. The efficiency can be improved further by using perovskite 

nanoparticles with size  100 nm. Color of the emitted light from these materials is tuned over 

a wide range, NIR (775 nm) to near-UV (410 nm), simply by changing the halide ion and the 

stochiometric ratio between halide ions in mixed halide type perovskites. Change of 

stochiometry also affects the structural properties and the final film morphology which in turn 

influences the radiative and non-radiative recombination rates of the charge carriers and 

hence the device performance. Furthermore, we also provide recent parallel developments in 

inorganic perovskite nano-crystals based PeLEDs, which is complimenting the efforts being 

made in hybrid PeLEDs. 

Keywords: Metal halide perovskites, Structural properties, Photoluminescence, Perovskite 

light emitting diodes. 
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1. Introduction 

Light emitting diodes (LEDs) are basic optoelectronics device which are regularly being used 

in display technology, medical science and optical communication. LED based lighting 

technology is economically more attractive due to its high intensity light output at low operating 

voltage coupled with low heating loses and long lifetime.[1] Electroluminescence (EL) was first 

observed in silicon carbide (SiC) by Henry Round  in 1907, who reported yellow colored EL at 

high voltage levels.[2,3] A follow up of this work was reported by Oleg Lossev et. al. in 1927.[4] 

However, more practical cases of LEDs were reported only in 1955 when Braunstein et. al. 

reported infrared LED, operating at room temperature and at 77K, using simple diode structure 

of GaAs, InP, GaSb and SiGe.[5] Soon after this discovery, in 1961 Biard et. al. reported the 

LED device using GaAs with diffused Zn p-n junction. This GaAs LED had efficient emission in 

infrared region (900 nm) [6] and it was the first commercialized LED. Subsequently, in 1972 

Holonyak et. al. reported visible red LED using Ga(As1-xPx).
[7] In addition to red and green, for 

production of white light, blue EL was required. In 1994 Shuji Nakamura and coworkers 

reported InGaN based bright blue LED and paved the way for white light generation. He was 

awarded Nobel Prize in the year 2014 for his discovery.[8]  

Color of EL can be controlled by proper tuning of bandgap. In inorganic semiconductors, band 

gap can be tuned from UV-Vis to NIR and it is done by using alloy method, (see Figure1). 

Inorganic semiconductors have long life time and stability, but still, these are color impure (e.g. 

GaN and InGaN based LEDs have green emission band along with the characteristic blue 

emission) [9,10,11] and require expensive high temperature, high vacuum based processes for 

fabrication. Meanwhile researchers started working on low-cost solution processable organic 

semiconductors (polymers and small molecules) as emissive layer for LEDs (Organic LEDs or 

OLEDs). In 1950s EL was observed by Bernanose et. al. using Acridine orange (C17H19N3) 
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[12,13,14] although the reliability of the device was poor. In 1960 Kallmann et. al. reported EL 

from organic crystal, anthracene, at very high AC voltage (500-1500V).[15] First report of EL in 

organic polymer, Poly N-Vinylcarbazole (PVK) was in 1985 from Roger Partridge of National 

Physical Laboratory. This device did not attract great attention due to poor performance. But 

soon afterwards, two milestone discoveries in the field of organic LEDs were reported. First 

one by Tang et. al. in 1987, where EL was observed in organic small molecules[16] and the 

second one by the group in Cavendish Laboratory led by Richard Friend in the year 1990, 

when Burroughes et. al. reported high efficiency green LED using PPV polymer.[17] 

 

Figure 1 Inorganic semiconductors and metal halide perovskite materials (with generic formula 

MAPbX3, wherein MA = methylammonium (CH3NH3); X = Cl, Br or I or mixed halide) and their 

corresponding light emission wavelength along with the eye response curve. Using metal halide 

perovskite materials, band gap can be tuned from NIR to UV-Vis and span the same colour window as 

spanned by inorganic ones. 

Since then, enormous research has been done on OLEDs and at present OLEDs are 

commercialized in various display based industries. Despite its impressive success, OLED 

technology is still struggling to become competitive with inorganic LEDs. Short lifetime and low 

efficiency of blue OLEDs are the main hurdles to be overcome.[18] 
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Recently, metal halide based perovskite materials with generic formula CH3NH3PbX3 (wherein 

X= Cl, Br, I or any mixed halide) has boosted photovoltaic energy conversion efficiency to a 

great extent. Within five years, power conversion efficiency (PCE) in perovskite solar cells has 

reached 22.1% from a very modest 3.4%.[19] Due to high absorption coefficient (α ≈ 105 cm-1), 

[20] long charge carrier diffusion length (LD>1μm),[21] high mobility (  1-10 cm2/V-s) [22] and 

tunable optical bandgap (from UV-visible to NIR),[ 23 ] these class of materials are now 

extensively being investigated for their application in solar cell. According to principle of detail 

balance a good solar cell material can become a good LED material and vice versa when the 

light absorption and emission properties are compared. A good solar cell operating under 

open circuit condition should have only radiative recombination channels active and all the 

non-radiative channels suppressed. Perovskite materials manifest this reciprocity efficiently 

where both devices, solar cells and LEDs, benefit from the high photoluminescence quantum 

efficiency (PLQE), albeit under high excitation intensities.[ 24 ] Historically, 2D layered 

perovskites were investigated for LED application. However, EL was observed only at low 

temperatures (77K), restricting its application in real life.[ 25 , 26 , 27 ] Using 3D perovskites, 

Schmidt et. al. reported for the first time the EL observed at room-temperature. It remained 

unnoticed until the next report in 2014 on room-temperature operation of multi-color (NIR, red 

and green) metal halide perovskite-based LEDs by Tan et al..[28,29] The green LED of Tan et. 

al. demonstrated external quantum efficiency (EQE) of 0.1%. Since this very recent discovery, 

a huge advancement has been made in the field of perovskite based LED over short span of 

time. So far, highest reported EQE for near-IR and green PeLEDs are 10.4% and 10.4% 

respectively.[30,31] Blue LEDs reported for the first time by our group [32] and also by Sadhalana 

et. al. [33] and Li et. al. (using inorganic nano-crystal approach) has lower EQE value of 0.004% 

at the initial stages.[ 34 ] Nevertheless, these discoveries set the foundation for white light 

generation using perovskite materials, a crucial requirement for display technology.[35] In this 
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review, we highlight recent progresses in metal  halide based PeLEDs, mainly the perovskites 

with methyl ammonium (MA = CH3NH3
+) and lead (Pb2+) metal cations,  giving emphasis on 

the structural properties and consequent optical properties, different device architectures and 

the corresponding performance parameters.  

2. Structural Properties 

Metal halide perovskite materials are designated by generic formula MAPbX3 (CH3NH3PbX3) 

where the X anions are halides, Cl-, Br- or I-  or mixed halides such as IBr, BrCl, ICl or IBrCl.  

In a crystal unit cell, MA cations are situated at the corner sites, Pb2+ cations are located at the 

body center and X anions are at the face-centers. Pb2+ cations are surrounded by 6 anions (X) 

and thus have coordination 6, while MA-cations have coordination 12 (see in Figure 2a). [36, 37, 

38,39]  Estimation of formability of stable crystal structure of perovskite is based on Goldschmidt 

tolerance factor.[40] 

t = (RMA + RX)/[2(RPb + RX)] 

Wherein RMA, RPb, and RX are the effective ionic radii for the ions MA, Pb, and X respectively. 

For formation of ideal cubic structure this factor should be 0.89t1 for oxide perovskites [41] 

and should be 0.85t1.11 for halide perovskites.[42,43,44] Outside this tolerance range, for t1, 

octahedral tilting is expected. To further improve the predictability of formation of perovskite 

crystal structure, an additional parameter, called the octahedral factor () was introduced by Li 

et. al.[42] Octahedral factor is given by the ratio of Pb cation to the X anion,  = RPb/RX, and 

therefore it provides direct information of the [PbX6] octahedron. Halide perovskite formation 

occurs for  > 0.442, whereas below this value [PbX6] octahedron becomes unstable and a 

perovskite structure does not form. The t and  factors have been calculated for MAPbCl3, 
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MAPbBr3 and MAPbI3 (Table-1). As the ionic radii increases from Cl to I, the t factor 

decreases indicating increasing deviation from ideal cubic crystal structure. [45,46]  

Table1. Estimation of t- factors for three different MAPbX3 type perovskite materials. 
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Pb2+  

(1.19 Å) 

Cl- (RCl = 1.81 Å) CH3NH3
+ 

(RMA  = 1.8 Å) 
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Figure 2 (a) Standard crystal structure of perovskite materials MAPbX3 where MA and X are CH3NH3
+ 

or monovalent metal (Cs+) and halogen (Cl-,Br- or I-) respectively. (b) Characteristic XRD peaks of 

MAPbCl3, MAPbBr3 and MAPbI3 (c) Lattice parameter and bandgap as a function of molar 

concentration of Cl and Br in mixed-halide type perovskites. [32, 38,47, 48] 

 At room temperature MAPbCl3 and MAPbBr3 both has cubic crystal structure whereas MAPbI3 

has tetragonal crystal structure.[47,49] The corresponding x-ray diffraction (XRD) peaks are 

shown in Figure 2b.[ 50,51] XRD peaks are shifted towards low diffraction angle as deviation 

from cubic structure increases (from Cl to I). These materials have other phase also but those 

(tetragonal, orthorhombic) exist only at low temperature.[52 ] Well-defined and sharp XRD-

peaks suggest that perovskites are crystalline in nature with long-range order. Upon changing 

the ratio of halide ion in mixed-halide type perovskites, such as, MAPb(Br1-xClx)3, MAPb(I1-

xBrx)3, CsPb(Br1-xClx)3 and CsPb(I1-xBrx)3 lattice parameter and bandgap are modified without 

affecting the crystallinity.[32,39,48] Figure 2c shows change in lattice parameter and bandgap for 

MAPb(Br1-xClx)3 and MAPb(I1-xBrx)3 perovskite systems as a function of varying halide molar 

ratio. For MAPb(Br1-xClx)3 perovskite system, a linear variation of lattice parameter is obtained 

throughout the halide composition (x = 0 to 1) mainly because, both MAPbCl3 and MAPbBr3 

perovskites have cubic crystal structure at room temperature.[32] But MAPb(I1-xBrx)3 perovskite 

displays two slopes which is mainly attributed to the tetragonal crystal structure of MAPbI3. 

Below x = 0.20  crystal structure of MAPb(I1-xBrx)3 is tetragonal and above x = 0.20 it becomes 

cubic.[48, 53 ] In both systems lattice parameter decreases monotonically as chlorine and 

bromine concentration increases and thus affects the bandgap (Eg) (since, Eg ~1/a, where, ‘a’ 

is lattice parameter).[54] Additionally, increasing the concentration of chlorine ions, not only 

affects the lattice constant, it also greatly enhances the grain size of the perovskite [32,49,55] and 

increases photoluminescence lifetime.[21,56] Hence the interplay between stochiometry, optical 

bandgap and crystal grain size and their effect on electronic and optical property is rather 
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complex and is a subject of intense research. In the next section we discuss the optical 

properties of the perovskites which is relevant to the LED based research in the light of grain 

size effect and some of recent findings in this direction. 

3. Optical Properties 

3.1 Tuning optical bandgap in mixed halide perovskite: 

Perovskites materials are strong light absorbing semiconductors ideally suited for photovoltaic 

technology. Moreover, additional features are in absorption spectra of these materials such as 

sharp absorption edge indicates the presence of direct band gap with minimal disorder.  

Figure 3a shows absorbance spectra of tri and mixed perovskite materials. Metal Halide 

perovskites, MAPbCl3 or CsPbCl3, MAPbBr3 or CsPbBr3  and MAPbI3 or CsPbI3 have band 

gap of 3.1 eV, 2.3 eV and 1.6 eV or 1.8 eV, respectively.[32,39,48] These values come from the 

energy difference between (Pb)6s(X)np(VBM) and (Pb)6p(CBM) orbitals; wherein X = Cl, Br or 

I. [57, 58]  
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Figure 3(a) absorbance and (b) photoluminescence spectra of metal halide perovskite materials. 

Using the simple intermixing of halide ion, band gap can be varied from UV (410 nm) to NIR (775 nm) 

(c) Photoluminescence quantum yield (PLQY) and PL- FWHM (full width at half maxima) 

corresponding to different wavelengths of emitted light. In perovskite nanocrystal system, PLQY has 

reached 90%. [28,32 ,59,60,61,62,63,64,65] 
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 Bandgap can be tuned from 1.6 eV to 2.3 eV by changing halide (I/Br) ratio [48,66] which is 

shown in Figure 3a and also from 2.3 eV to 3.1 eV by controlling Cl/Br ratio. [32,67] Overall, by 

changing the halide ratio, the band gap is tuned from 3.1eV (UV) to 1.6 eV (NIR). As the 

perovskite composition changes from iodine-rich to chlorine-rich, the appearance of a strong 

excitonic peak (just before the onset of band to band absorbance) can be observed at room 

temperature. The excitonic feature is more pronounced in chlorine-based perovskites. Similar 

excitonic features are also observed for GaAs semiconductor, although at low 

temperatures.[68] This is clear indication of formation of Wannier type exciton (binding energy 

is slightly higher than GaAs Wannier exciton, but much less than Frenkel exciton observed in 

organic semiconductor) with exciton binding energy lying in the range 25 to 74 meV. This large 

variation in binding energy is attributed to decrease in dielectric constant as the halide 

composition changes from I to Cl. [32,69] Thus, at room temperature (26 meV) most of the 

Wannier-type excitons should dissociate into free charges. Hence, at room temperature one 

should observed a mixture of exciton and free carriers in film and as fluence power increases 

(to a level > 1016 cm-3) free carrier density dominates over exciton population density. [70] 

Reduction in crystal grain size also enhances the chance of finding electrons and holes within 

their coulomb capture radius and form stable exciton at room temperature. Below the excitonic 

peak, the absorption coefficient due to sub-bandgap absorption follows an exponential 

behavior. The slope of this exponential part is called Urbach energy and is found to lie in the 

range 15-50 meV for perovskites. These are low values for Urbach energy which is close to 

the Urbach energy of GaAs indicating the high degree of crystalline order in perovskite 

film.[32,33,66,71] The band gap (Eg) of direct bandgap semiconductors is estimated using the 

relation, (  )   (    ), where E is the photon energy and  is the measured absorption 

coefficient. A commonly known Tauc-plot method [72] uses a linear fit near the band-edge in 

the (  )  versus energy ( ) plot to determine the intercept with the energy axis and hence the 
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bandgap. Use of this method has been shown to yield erroneous results in the cases where 

excitonic features dominate the absorption spectrum.[32, 73, 74] The exciton energy levels are 

given by a Rydberg series,   
        

   ⁄ , where    is the bandgap,   
  the exciton 

Rydberg constant and n is an integer. As n increases, the exciton lines become closer in 

energy and at the band edge the absorption coefficient becomes large and constant instead of 

being zero. More accurate way of determining perovskite bandgap using Elliot or Sommerfield 

theory [75,76] has been elucidated by Kumawat et. al. along with others[77, 78] for perovskite 

semiconductors and using this method the bandgap  was found to vary from 2.42 eV (in case 

of MAPbBr3) to 3.16 eV (in case of MAPbCl3) as the concentration of Cl ion (x) varies from 0 to 

1 in MAPb(Br1-xClx)3.
[32]  

3.2 Photoluminescence property and effect of grain size 

In addition to tunable band-gap, perovskite materials demonstrates strong photoluminescent 

behaviour.[48,79­83] Schematic representation of photoluminescence (PL) spectra of perovskites 

are shown in Figure 3b. With varying the halide ratio (Cl/Br or I/Br), PL peak shifts accordingly 

following the shift in absorption edge. We have observed that under optical excitation, these 

materials have sharp PL peak (FWHM ~ 20-30 nm) indicating the monochromatic nature of 

the emission which is shown in Figure 3c for both organic and inorganic type perovskites, 

MAPbX3 and CsPbX3. Photoluminescence quantum yield (PLQY) of these materials lie in the 

range 20-30% (ηMAPbI3  26%,[29] ηMAPbBr3  36%[84], ηMAPb(Br1-xClx)3 ~ 20%[32] and ηMAPb(I1-xBrx)3 ~ 

4%[49]). These are the PLQY-values of bulk and thin film of perovskites which is rather low and 

considered as unsuitable for efficient LED application. However, surprisingly high PLQY  

70% in  MAPbI3–xClx system was recently reported by Deschler et. al.[85] at high power density 

levels (1000 mW/cm2). In another recent breakthrough, PLQY~90% was reported by 

Protesescu et. al. in an all-inorganic metal halide (CsPbX3) nanoparticle system (Figure 3c).[86] 
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Such high PLQY was further exploited to construct and demonstrate optically pumped 

laser[87,88]Therefore, despite low exciton binding energy (25-74meV) and low efficiency of 

exciton formation and recombination, these results suggest that the perovskites can as well be 

used for LED applications especially at large current densities. High level of charge carrier 

density increases the probability of exciton formation and helps to suppress the trap-assisted 

non-radiative decay channels by filling up the defect sites.  

Charge carrier recombination dynamics play an important role in LED device performance. 

Charge carrier recombination in semiconductors is modeled by the following equation:  

  ( )

  
     ( )    ( )    ( )  

where G is the charge carrier generation rate, n(t) is the carrier concentration at time t, A, B 

and C are the monomolecular, bimolecular and the Auger recombination rate constants. Since 

exciton formation probability of perovskites are extremely low at room temperature, the first 

order monomolecular recombination involving geminate exciton is fairly negligible. The 

monomolecular recombination is largely attributed to trap assisted SRH recombination of free 

electron and hole. Monomolecular recombination rate for MAPbI3 system was found by Herz 

and coworkers in the range between A = 5 106 and 15106 s−1. However, SRH recombination 

probability is proportional to the trap density and hence depends on material processing and 

film formation methods and a wide spectrum of values for A exists in literature.[89]  The non-

geminate bimolecular recombination rate constant B is associated with recombination between 

electrons in the conduction band and holes in the valence band. Bimolecular recombination is 

the only radiative recombination process that dominantly contributes towards fluorescence and 

light emission. It has low dependency on the trap-state density hence on material processing. 

Yang et al. extracted the values of B for MAPbBr3 and MAPbI3 as 4.9±0.2×10−10 cm3 s-1 and 
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1.5±0.1×10−10 cm3 s-1 respectively.[ 90] Herz et. al. has reported values at room temperature for 

MAPbI3 in the range between 0.6×10−10 and 9.2×10−10 cm3 s−1 which is comparable with the 

bimolecular recombination rate constant of  4 ×10−10 cm3 s−1
 for the direct-bandgap inorganic 

semiconductor GaAs.[89,91] Bimolecular recombination in low mobility materials are described 

in the framework of Langevin model, which assumes that electron and holes will recombine 

once they move inside the mutual coulomb capture radius. The ratio (  )⁄  (where   is the 

mobility of carriers) is estimated in Langevin theory as (  ⁄ )        ⁄  (where e is the 

elementary charge and the    is the appropriate value of the dielectric constant). This theory 

has been shown to highly overestimate the value of B as compared to the value obtained in 

experiment. The experimental value is almost 4 orders of magnitude lower than that predicted 

by Langevin theory.[92] Therefore, the dominant radiative recombination mechanism in PeLEDs 

are quite inefficient as compared to the conjugated polymers which are predominantly 

excitonic emitters in nature. The luminescence observed in perovskites is primarily due to 

band-to-band recombination as opposed to excitonic recombination which can be understood 

by examining the Stokes shifts between absorption onset and photoluminescence emission 

peaks that are of the order of few meV for MAPbI3 at room temperature.[89,93]  It should be 

noted that, in perovskite materials, there is some fraction of excitons which remain 

undissociated at room temperature. These excitons also contributes to the PL and EL. The 

third-order Auger recombination rate becomes important at high carrier densities when an 

electron−hole pair recombines non-radiatively across the gap, thereby facilitating excitation of 

a third carrier (electron or hole) to a higher energy state. In perovskite materials C was found 

to be  10-29 cm6 s-1. This is higher than that of GaAs (C ≈ 10−30 cm6 s−1) and CdTe (C ≈ 0.5 × 

10−29 cm6 s−1) but is of the same order of magnitude for bulk PbSe (C ≈ 8 × 10−28 cm6 s−1).[90] 

This third-order process is mostly unimportant in case of LEDs, although, in lasers, this 

mechanism is highly relevant where a reduced Auger rate is a desired criterion. 
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From the preceding discussion it is evident that exciton formation probability of free carriers by 

moving into their joint capture radius is low and hence the bimolecular recombination rate is 

small in perovskites. The probability of co-capture of electron and hole can be enhanced by i) 

increasing the charge carrier density and ii) reducing the crystal grain size. In an interesting 

finding, D'Innocenzo et al. elucidated the dependence of luminescence properties on the 

crystal grain-size.[94, 95] MAPbI3 grown on a flat substrate give rise to large size crystalline 

grains ( 500 nm) and when infiltrated into a mesoporous oxide scaffold, grain size reduces ( 

60-100 nm). As the grain size becomes bigger, PL lifetime increases. Transient PL data 

reveals a lifetime of  2 ns for small crystals ( 250 nm), as the crystallite size grows, PL 

lifetime increases upto 100 ns for the largest crystallites ( 1 m). Bimolecular radiative 

recombination rate was extracted from the excitation density dependent PL lifetime data and 

was found to be lower in case of large crystallites (Brad = 0.620.0610-9 cm3s-1) than in case 

of smaller ones (Brad = 3.70.210-9 cm3s-1). All these results points towards the need to 

reduce the grain-size of perovskite crystallites in PeLEDs. The size of the crystalline grains 

and uniform morphology of the film depends on manifold of process-parameters such as 

choice of solvent, the annealing and drying conditions, concentration of precursors, deposition 

sequence, stochiometric ratio of the precursors etc. A vast number of articles address this 

critical issue of morphology optimization for best device performance.[96] However, we confine 

ourselves to processing techniques that are relevant to LEDs only as focus on the recent 

progress in perovskite based LED research.  

3. Perovskite Light Emitting Diodes (PeLEDs) 

In case of LED, an emissive layer is sandwiched between a hole injecting and an electron 

injecting electrode as shown in Figure 4(a) and 4(b). A hole injection electrode/layer (HIL) is a 

p-type material (e.g. PEDOT:PSS, MoO3, NiO etc, Figure 4c) while for efficient electron 
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injection layer (EIL) n-type materials such as ZnO, TiO2  (Figure 4c) are used. With proper 

work function alignment to the valance and conduction levels of the emissive materials, 

efficient injection of electron and hole into the emissive layer is possible, where recombination 

of injected charge carriers take place. In designing an efficient perovskite based LED, one 

important aspect is to optimize perovskite processing conditions in order to achieve high 

quality, pin-hole free, crystalline film on top of substrates. For fabrication purpose, two different 

device configurations are adapted (see figure 4(a) and 4(b)). In one case, the so called p-i-n 

configuration, LED is built on top of p-type hole injecting electrode (PEDOT:PSS) and the n-

type material is a fullerene derivative (PC61BM), while in the other, it is built atop an n-type 

electron injection electrode (ZnO or TiO2) and the configuration is called n-i-p. The p-type layer 

is a hole transport material such as a deep HOMO p-type semiconductor (for a more complete 

list, see Figure 4c). In both the cases, a transparent substrate (glass/indium or fluorine doped 

tin oxide (ITO or FTO) enables the light to come out from the device. The choice of the 

configuration is sometimes driven by the fact that perovskite film growth and crystallinity 

depends on the surface energy of the underlying layer.  

Perovskite surface morphology is an important issue for the success of the light emitting 

devices. Particularly for LED devices, one needs pin-hole free perovskite layer which is also 

having low surface roughness value to prevent shunting pathway in devices. This is one of the 

reason, most of the PeLED devices are made on PEDOT:PSS rather than on TiO2 or ZnO and 

mesoporous Al2O3 scaffolds. Planar compact TiO2 layer was used very successfully for 

growing large size crystalline domains. As the crystallinity increases, the surface roughness 

also increases.[ 97 ] On top of PEDOT:PSS, on the other hand, perovskite film is more 

amorphous and comprised of small sized crystalline grains. This rather amorphous but 

compact layer of perovskite offers low surface roughness. Surface energy of the underlying 

layer plays a major role in initiation of nucleation and growth of perovskite material. A 
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hydrophilic surface like PEDOT:PSS offers better wetability and thus faster nucleation which 

ultimately leads to small grain-sized crystals and uniform film.[98] In Figure 5a-5d, we have 

summarized the number of publications reporting a p-i-n configuration and those reporting an 

n-i-p configuration. Clearly, p-i-n configuration has been more preferred and successful 

geometry for PeLEDs. Organic-inorganic and inorganic PeLEDs EQE for green, red, orange 

and blue emission are shown by Figure 5e & 5f. In the report on LED operating at room 

temperature by Tan et al., 3D- perovskite materials MAPbI3-xClx, MAPbBr3 and MAPbBr2I was 

used to demonstrate infrared, green and red color emission, respectively. The device 

configuration for MAPbI3-xClx device was n-i-p type where, perovskite layer was spin coated on 

top of n-type TiO2 layer. Due to poor coverage of perovskite material atop TiO2, the device 

configuration was changed to p-i-n type diode, ITO/PEDOT:PSS/MAPbBr3/F8/Ca/Ag and 

bright green EL with luminance of 364 cd/m2 was observed.[29] Coverage on PEDOT:PSS is 

substantially better as compared to TiO2 or ZnO, however, PEDOT:PSS poses certain 

limitations that are detrimental to device efficiency.  At the PEDOT:PSS-MAPbBr3 perovskite 

interface, there exist injection barrier for hole (~ 0.8 eV). In addition, quenching of excitons 

take place at the interface, contributing to the losses. Therefore interlayer is used to prevent 

the quenching and improve charge injection in PeLED. Following this approach Kim et. al. 

improved the efficiency by using a perfluorinated polymeric acid, tetrafluoroethylene-perfluoro-

3,6-dioxa-4-methyl-7-octene-sulfonic acid copolymer (PFI) layer in between 

PEDOT:PSS/MAPbBr3 interface and achieved 417 cd/m2 in 

glass/ITO/PEDOT:PSS/PFI/MAPbBr3/1,3,5-tris(1-phenyl-1H-benzimidazol-

2yl)benzene(TPBi)/LiF/Al diode.[ 99 ] This "self-organized" PFI layer prevents exciton from 

quenching at the interface and removes hole injection barrier by modifying the work-function of 

PEDOT:PSS, at the same time it makes PEDOT:PSS more electron blocking. Meanwhile, 

Hoye et. al. used spatial atmospheric atomic layer-deposited (SAALD) ZnO as a electron 
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injection layer with Mg doping in ITO/PEDOT:PSS/MAPbBr3/ZnO (or Mg doped ZnO)/Ca/Ag 

configuration and achieved luminance of 550 cd/m2 with very low turn-on voltage of 2V. In this 

device structure electron injection barrier was reduced and the hole blocking was enhanced by 

doping ZnO with Mg.[100] Surface modification of ZnO with high electron affinity material is an 

useful and well known technique to enhance the electron injection/collection by modifying its 

work function by means of surface dipole moments.[101,102] Recently, this concept was utilized 

by Wang et. al. who modified ZnO with polyethylenimine (PEI) in 

ITO/ZnO/PEI/MAPbBr3/TFB/MoO3/Au device structure and reported luminance of 20,000 

cd/m2. This device gave an EQE of 0.8%, corresponding IQE of 3.6% and 4 lm/W power 

efficiency.[ 103 ] Furthermore, PEI layer was shown to promote high quality pin-hole free 

perovskite film formation with high degree of crystallinity. A similar approach was adopted by 

Yu et. al. who used a thin layer of a polar-solvent, ethanolamine (EA) on top of compact TiO2 

(c-TiO2) as a modifier of TiO2 work-function and the surface-energy.[104] The electron injection 

barrier was lowered by 0.3 eV and as a result, green color LED with luminance of 544 cd/m2 at 

5.8V was reported with the device configuration, ITO/c-TiO2/EA/MAPbBr3/SPB-02T/MoO3/Au.  

Based on the similar strategy Wang et. al. used amino-acid based self assembled monolayer 

on top of ZnO layer to demonstrate EQE  0.43% and brightness of 5000 cd/m2 in MAPbBr3 

based LED.[105] Thus, the usage of interlayer can boost the performance of the device in three 

different ways, by reducing the injection barrier, suppressing the exciton quenching at the 

interface and promoting a uniform pin-hole free perovskite film growth. 

Due to the low binding energy, in perovskite material excitons are readily dissociated at room 

temperature leading to quenching of the luminescence. In order to enhance the probability of 

free electron and free hole capture and their subsequent bimolecular radiative recombination, 

it is therefore required to confine the charge carriers within the emissive layer. In order to 

construct such a "well" it is therefore required to sandwich the perovskite layer between two 
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electrodes which will inject one type of charge carrier efficiently and block the other. Tan et. al. 

used TiO2 and poly(9,9′-dioctylfluorene)(F8) combination. F8 by virtue of its large bandgap 

with deep HOMO level and shallow LUMO, it allows holes to inject and confine them in the 

perovskite layer while it blocks electron efficiently.[29] Several other researchers,[ 106 , 107 ] 

including Kumawat et al. [49] used N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine (TPD) to 

efficiently block electrons and confine holes in the emissive layer. Alternatively, the 

confinement of free carriers can be achieved via reduction in the thickness of the emissive 

perovskite layer and reduction in crystal grain size. [29,84]  Tan et al. used only 15 nm thick 

perovskite layer to limit the free carrier diffusion length and thereby forcing electron-hole 

capture and recombination. [29] Reduction in grain size and increase in grain-boundary region 

facilitates the spatial confinement of exciton and charge carriers by preventing their diffusion 

and thereby increases the radiative recombination.[84] These requirements are completely 

opposite for solar cells where larger grain sizes are required in order to promote free carrier 

generation.[108]  
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Figure 4 Standard PeLED device configurations:  (a) p-i-n (b) n-i-p  (c) Energy level diagram 

of perovskite with hole and electron injection layers for better charge carrier injection balance 

in PeLEDs where energy level values of HOMO and LUMO has been taken from literature. 

[84,109,110,111,112,113] 
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Figure 5 Number of PeLEDs using (a) MAPbX3 and (b) CsPbX3 perovskite materials as emissive layer. 

Reports on green LEDs are more in number as compared to orange, red, blue and orange LEDs. (c) & 

(d) Number of reports on PeLED in two configuration p-i-n and n-i-p and our data suggests that p-i-n 

configuration is more favorable for PeLED than n-i-p for both types of perovskites (MAPbX3 and 

CsPbX3). (e) & (f) EQE of PeLEDs having NIR, red, green, orange and blue emissive perovskites 

along with the year of reporting for organic-inorganic (MAPbX3) 
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114 , 115 , 116 , 117 , 118 , 119 , 120 , 121 , 122 , 123 , 124 ]
 and inorganic (CsPbX3) PeLEDs. 

[65, 125 , 126 , 

127,128,129,130,131,132,133,134,135,136]
 

In order to achieve film uniformity in perovskite film and reduce the grain size, anti-solvent 

treatment is used frequently. Rapid crystallization of perovskite using an anti-solvent is 

perhaps the most effective technique to obtain uniform pin-hole free layer with large surface 

coverage. [84,137] In this technique, an solvent (such as toluene, chlorobenzene, benzene, p-

xylene, chloroform etc.) which is a bad solvent or anti-solvent for the perovskite precursor but 

completely miscible with the host solvent in which perovskite precursors are dissolved (such 

as DMSO, DMF, GBL etc.) is introduced by direct dripping on the film during spin coating. 

Presence of the anti-solvent reduces the solubility of the perovskite precursors, forcing the 

rapid precipitation of the precursor components and at the same time good solvent DMSO and 

DMF, mixed with the anti-solvent is removed by spinning off and gives the high nucleation 

rate.[84] Removal of DMSO is crucial since a slow evaporation of DMSO prevents the rapid 

reaction between perovskite precursors by forming DMSO-lead halide complexes. By adding 

anti-solvent, supersaturation condition is achieved much faster and hence nucleation of 

perovskite crystals is initiated rapidly. Jeon et. al. used toluene as an anti-solvent[138] whereas 

chlorobenzene was chosen as anti-solvent by Xiao et. al.[139] Cho et. al. used nanocrystal 

pinning (solvent-based NCP or S-NCP) technique where, an low boiling point anti-solvent 

chloroform is used.[84] Chloroform evaporates faster and thus removes DMSO at a faster rate 

forcing rapid crystallization. Additionally, Cho et al.  used a small molecule 2,2′,2″-(1,3,5-

benzinetriyl)-tris (1-phenyl-1-H-benzimidazole) (TPBi) as an additive to chloroform (additive-

based NCP or A-NCP) to further reduce growth of crystal and reducing the grain size. By 

limiting the MAPbBr3 grain size to an average diameter of 99 nm and optimizing the 

methylammonium bromide (MABr) concentration in the MAPbBr3 solution, luminance of 10000 

cd/m2 at 7.5 V was achieved with EQE of 8.53%.[84]  
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In contrast, there is an opposite approach where an acid (such as HBr and HI) is used to 

achieve the supersaturation state at the later stage of spin coating promoting a thinner layer 

with high surface coverage of perovskite. Heo et. al. demonstrated this technique by mixing 

controlled amount of HBr in DMF.[140] As the solubility parameter increases, during the spin 

coating process, perovskite nucleation starts at a much later stage when DMF+HBr has 

evaporated to some extent and concentration of perovskite in the wet film has reached 

supersaturation point. Since this happens over longer time scale, the thickness of the spinning 

film reduces and hence a compact film of perovskite is obtained. Adapting a similar technique, 

Yu et al. optimized the device using MAPbBr3 perovskite material and DMF/HBr solvent 

combination (6 vol% HBr in DMF) that yielded maximum luminance of 3490 cd/m2  and 

luminous efficiency of 0.43 cd/A (at 4.3 V). [117,141] 

Precursor stochiometry, is another key parameter that affects the final film morphology to a 

great extent. In the initial stages of development of this field, MAI (methylammonium iodide) 

and PbI2 (lead iodide) was mixed in equal molar ratio (1:1) in -butyrolacetone solvent and 

resultant solution was spun on mesoporous TiO2 substrates. Later, it was found that, a non-

stochiometric mixture of MAI:PbCl2 in the ratio 3:1, greatly increases the quality of the 

crystalline film as compared to the pure halide based perovskites (MAPbI3 or MAPbBr3).
[142] 

Mixed halide perovskite of type MAPbI3-xClX and MAPb(I1-xBrX)3 has been extensively studied 

by Kumawat et al. for light emitting applications.[32,49] Among the mixed halide perovskite films 

deposited on PEDOT:PSS substrate, MAPbI3-xClx had much bigger crystalline domain size as 

compared to MAPbBr3 and MAPbI3-xBrx. The large Urbach energy in MAPbI3-xBrx also 

indicated the large disorder present in these films. A somewhat similar finding was reported by 

Sadhalana et al. where, changing the Br content in MAPbI3-xBrx, increased the disorder in the 

film and a high Urbach energy of 90 meV was found for MAPbI0.6Br2.4.
[66] However, changing 

the chlorine molar concentration in MAPb(Br1-xClx)3 type mixed halide, from x=0 (MAPbBr3) to 
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x = 3 (MAPbCl3), it was found that the Urbach energy does not change significantly. 

Incorporation of chlorine therefore does not introduce any structural disorder, however, the 

grain size of the film was seen to vary.[32] Effect of stochiometry was further explored by Cho 

et. al. By controlling the MABr and PbBr2 ratio, they tried to minimize the Pb content in the 

film.[84] Metallic lead clusters act as non-radiative recombination site which exists throughout 

the bulk of the crystal as was confirmed by XPS studies.[84,143] To reduce the lead content, the 

ratio of MABr and PbBr2 was varied (MABr:PbBr2 = 1.05:1, 1:1 and 1:1.05). In addition to that, 

nanocrystal pinning (NCP) method (as described before) was used. The resultant film was 

uniform and comprised of small size crystals of 150-200 nm average crystallite size (see in 

Figure 6a & 6b for device structure and device performance).  

PeLED fabrication is also done via vacuum deposition processes. In vacuum deposition 

process, both the precursors are either co-evaporated [144] or evaporated sequentially, where 

the deposition of PbX2 was preceded by deposition of MAX.[145] In hybrid type of process, the 

lead halide film is deposited by spin-coating and subsequently it is exposed to 

methylammonium halide vapour [146] or dipped into the solution containing methylammonium 

halide.[ 147 ] Gil-Escrig et al. reported LED devices fabricated via a combination of co-

evaporation and hybrid deposition technique.[107] First a layer of MAPbI3 was deposited by co-

evaporation of precursors (MAI and PbI2). On top of this layer a single layer of PbBr2 was 

evaporated which was subsequently converted to MAPbBr3 layer by exposure to MABr 

solution via spin coating. 
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Figure 6 (a) Schematic diagram of PeLED and (b) corresponding current efficiency (cd/A) 

versus applied voltage characteristics corresponding to different grain-sizes (shown in the 

inset).[84] Figure 6a and 6b suggest that optimized molar ratio and reduced grain size can 

result in high PeLED performance. (c) Schematic flat energy level diagram and (d) 

corresponding current efficiency (cd/A) versus applied voltage characteristics for 

ITO/ZnO/PEIE/MAPbBr3/PCDTBT/MoO3/Au device (n-i-p configuration) with optimized molar 

ratio of MABr (0.27M) and PbBr2 (1.5M). Inset of figure shows the FESEM image of MAPbBr3 

on ZnO/PEIE substrate.[148]  

This bilayer structure of MAPbI3 and MAPbBr3 was annealed to form a hybrid perovskite 

MAPb(I1-XBrX)3. LED devices were fabricated in p-i-n geometry atop a ITO/ PEDOT:PSS/poly-

TPD layer, albeit low EQE value of  0.06%. Kumawat et. al.  has demonstrated MAPbBr3 thin 
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film deposition via sequential deposition technique with optimized molar ratio of MABr and 

PbBr2 (MABr:PbBr2 = 0.27M:1.5M). First a layer of PbBr2 is spin coated on substrate, 

subsequently a layer of MABr is spin coated atop PbBr2 thin film. This technique resulted in a 

compact morphology for PeLEDs and a current efficiency of 0.1cd/A was achieved using 

ITO/ZnO/PEIE/MAPbBr3/PCDTBT/MoO3/Au device configuration (shown in Figure 6(c) and 

Figure 6(d). FESEM image of spin coated sequentially deposited MAPbBr3 thin film reveals an 

average grain size of 300nm (Figure 6d inset).[148] Optimization of molar ratio of MABr and 

PbBr2 in conjunction with reduction in grain-size is, therefore, a promising approach towards 

high efficiency PeLED.[84,148]  

Although, bulk perovskite film based LED technology has shown great promise, the highest 

reported EQE of 10.4% is still much below than that of quantum dot based LED ( 20%) and 

organic LED ( 30%).[30,31, 149 , 150 ] The large grain size (100-500 nm) of the bulk-phase 

perovskite is definitely a roadblock to achieve high quantum efficiency. Several processing 

techniques like anti-solvent treatment, acidic treatment, sequential deposition, vacuum 

evaporation give rise to huge variation in the resultant film morphology and consequently 

introduces defect states that can quench PL via non-radiative SRH recombination.[84] It is 

proposed that trap sites that quench the PL in these materials are situated not only at the 

surface but also in the interior (bulk) of the crystals, the later being more difficult to deactivate 

via background illumination. Hence one has to use high fluence or apply large bias voltage to 

achieve large carrier density (> 1016 cm-3) which will fill up the deep trap states and increase 

radiative recombination.[70] In small sized crystallites or nanoparticles of perovskites, 

subbandgap defect states due to bulk trap states are much lower and it is easier to deactivate 

surface trap states by chemical passivation. Although, one should note, if not passivated 

properly, nanoparticles have high density of trap states ( 1018 cm-3 for 10 nm MAPbBr3 as 

compared to  109 cm-3 for large millimeter sized MAPbBr3 crystal) due to increased surface to 
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volume ratio.[70, 151, 152] Strong exciton confinement due to small size effect (particle diameter  

exciton Bohr diameter) in case of perovskite nanoparticles also contributes to the bright PL 

with reported PLQY value reaching upto 90% from a modest 20% as in the case of bulk phase 

thin films. [32,84,59 -65] 

 

 

Figure 7 (a) Schematic diagram of inorganic PeLED device structure and (b) corresponding 

current efficiency (cd/A) versus applied voltage characteristics for 

ITO/PEDOT:PSS/CsPbBr3/TPBi/LiF/Al device. Inset of the figure is the FESEM image of bulk 

CsPbBr3 thin film with anti-solvent treatment [132] (c) Flat energy level diagram of CsPbBr3 

nanoparticle-based PeLED and (d) corresponding current efficiency (cd/A) versus applied 

Bulk CsPbBr3
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voltage characteristics. TEM image of the nanoparticles is shown in the inset.[128] 

Nanoparticles of inorganic PeLEDs also yield improved performance over the bulk-phase. 

Synthesis techniques of nano-particles include two major approaches, namely, hot-injection 

technique[86] and addition of precursor solution in a good solvent (e.g. DMF) to a bad solvent 

(e.g Toluene) followed by stabilizing with ligands (e.g. oleic acid and oleylamine).[128-136] 

Although the high PLQY is obtained in solution of nanoparticles, it is often difficult to obtain 

high EL in devices. It is mainly because of the fact that PLQY drops to some extent upon 

formation of film. This drop can be attributed to increased surface states that promotes non-

radiative recombination.[128 -139] Furthermore, using nano particles, pin-hole free thin film is 

difficult to achieve. Li et al. in Cavendish Lab circumvented this problem by embedding 

perovskite nano-particles in an insulating polyimide precursor (PIP) matrix. Using a p-i-n type 

configuration, ITO/PEDOT:PSS/MAPbBr3:PIP/F8/Ca/Ag this group reported EQE of 1.2% and 

luminance of 200 cd/m2 at current density of 3.1 mA/cm2.[114] An improvement over this 

approach was obtained by using an ionic conductive polymer, poly(ethylene oxide) (PEO)-

perovskite composite emissive layer and a luminance of 4064 cd/m2 was reported.[116] For  the 

green emitting MAPbBr3, best demonstrated EQE and luminance of 0.48% and 10590 cd/m2 

was achieved by Ling et. al. via synthesis of nanosized perovskite platelets.[60,123
 
] Using these 

nanoplatelets in conjunction with a capping layer of charge transporting polymers (poly(9-

vinylcarbazole) (PVK) and 2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole) (PBD), Ling et. al. 

reported green light emission with luminance of 10590 cd/m2 at 12V. PVK and PBD polymers 

were blended together in an optimized ratio and was spin coated on top of perovskite to 

reduced the surface roughness of film and improve the charge injection balance in the device. 

Apart from the nanoplatelets, LED based on MAPbBr3 quantum dots (with size  10 nm), has 

been demonstrated in p-i-n configuration ITO/PEDOT:PSS/MAPbBr3/TPBi/CsF/Al, and EQE of 

1.1% and luminance of 2503 cd/m2 was reported. [59]. So far, there are only few reports on the 
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successful demonstration of the methylammonium (MA) cation based perovskites nanoparticle 

LED. Difficulty to obtain pin-hole free layer and large amount of surface defect states are the 

major roadblock to achieve higher efficiency numbers.  

Poor thermal stability of MAPbX3 type perovskites is also a major concern that reduces the 

operational lifetime of the LED. At high current densities, self-heating effect may lead to the 

disintegration of the perovskite. In some of the recent studies it has been shown that an 

optimized thermal annealing procedure can be beneficial for the stability.[59,120 ,121] A more 

successful and well accepted approach to circumvent this problem is to replace the MA cation 

with Cs cation.[153] CsPbBr3 shows much higher evaporation/decomposition onset ( 650 °C) 

as compared to MAPbBr3 ( 220 °C).[154] A very high PLQY ( 90%) with high degree of colour 

purity (12  FWHM  42 nm) and wide range of color tunability (410-700 nm) for these all 

inorganic (CsPbX3: X= Cl, Br, I) perovskite nanoparticles ( 4-15 nm in size) has been 

reported by Protesescu et. al.[86] Using nano-particles of CsPbCl3-xBrX for blue emission, 

CsPbBr3 for green emission and CsPbI3-xBrX for red emission, Song et. al. reported LED 

devices with EQE of 0.07%, 0.12% and 0.09% for blue, green and red LED respectively.[125] A 

big improvement in the EQE values was achieved by Li et. al.[127] who used a cross linking 

method to freeze the nanoparticles in the film and by stopping it from dissolving in any solvent. 

The nanoparticle film was exposed to controlled amount of trimethylaluminium (TMA) vapor 

that created a hydroxide-terminated aluminum oxide network among the nano-particles. Due 

to the cross-linking, nano-particle layer becomes completely insoluble allowing the deposition 

of a hole-injecting (and electron blocking) polymer layer via spin coating. With this technique a 

remarkably high EQE of 5.7% was achieved for the CsPbI3-nanoparticle based red emitting 

LED. Similar EQE value for green color emission has been reported very recently by Yu and 

his team, where they used CsPbBr3 , poly-(ethylene oxide) (PEO), and poly(vinylpyrrolidone) 

(PVP) composite emissive layer without any additional EIL and HIL.[134]. Zhang et. al. 
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incorporated a layer of Ag nanowires on top of PEDOT:PSS and demonstrated an enhanced 

EQE of 0.43% for green emitting CsPbBr3 nanoparticle based LEDs.[135] The performance of 

inorganic bulk-phase PeLEDs are much inferior than nanoparticle-based PeLEDs (shown in 

Figure 7). Current efficiency (cd/A) of inorganic nanoparticle PeLEDs are three times higher 

than that of bulk-phase. [128,132]   

The present state of the art LEDs based on nanoparticles with EQE and luminance values 

5.7% and 206 cd/m2 [34] for red emission, 0.48%, 10590 cd/m2 [125], 1.1%, 2503 cd/m2 [60]  and 

5.7%, 591197 cd/m2 [
134

] for green emission, are still much below than that of their competing 

technologies, namely, organic(O)-LED and quantum dot (QD)-LED. However, the progress 

has been very rapid in this field which took only two years of intense research to reach this 

level since the first report in 2014.[29] Nevertheless, few challenges such as appropriate 

passivation of surface defect states using ligands, integrity and quality of the pin hole free 

layer, overcoming the electrical injection barrier due to the presence of the ligands, are still 

remaining for the efficiency numbers to improve and become competitive. 

4. Challenges and Future Directions 

The "Perovskite Phenomenon" has come up as a hugely promising technology for light 

harvesting as well as light generation within a brief span of time. Mixed halide based 

perovskites, emitting visible colors (blue, green and red) are the front runner materials to make 

LEDs. At this exciting stage of development, the technology is facing several challenges. Poor 

reproducibility of film morphology due to lack of a single robust processing technique, poor 

thermal and environmental stability, toxicity issue due to the presence of Pb metal are some of 

the long-term challenges that has to be addressed for industrial viability. Our immediate 

research goal, on the other hand, should be concentrated on improving the device 

performance. One major part of the EL is lost due to poor out-coupling in these devices. 
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Perovskites have relatively higher refractive index (npero  2.0) as compared to the organic 

polymers (norganic  1.7) and glass substrates (nglass  1.5) which leads to light trapping due to 

total internal reflections within the device. In order to improve out-coupling there are photonic 

solutions available in the form of index grids [ 155 ], micro-lenses [ 156 ] and patterning of 

substrates.[ 157 ] Separately tackling these three efficiency parameters can easily give a 

substantial boost in existing out-coupling efficiency numbers, which is close to 5.7% (ηoc) at 

present for bulk MAPbBr3 based PeLEDs. [148] Optimal, balanced charge carrier injection into 

the emissive layer requires smooth and pin-hole free interfaces between perovskite emitter 

and the electron or hole transport layers. Nano-composite of 3D perovskites in organic matrix 

seems to provide a solution for this where combination of host material vs guest perovskite 

needs to be selected wisely by looking at electronic states so that charge transfer processes 

do not take place and it forms type-I heterostructure. A reduction in leakage current, i.e. 

enhancement in charge carrier injection balance factor can easily boost the efficiency further. 

Another future direction to boost the performance for PeLEDs is to optimize the material 

properties to enhance absolute PL efficiency, as being reported recently by making quasi-2D 

perovskites using these 3D wide bandgap perovskite semiconductors.[158,159] By substituting 

the MA cation with larger organic ammonium cation, such as, phenylethyl ammonium (PEA), 

perovskite crystal structure changes to a 2D layered structure. Consequently the exciton 

becomes more confined and the binding energy increases upto 200 meV. Optimizing the 2D-

perovskite (PEA)2PbBr4 and 3D-perovskite MAPbBr3 ratio, high efficiency green LED was 

realized.[159] Based on such quasi 2D-perovskite structure (PEA2(MA)n-1PbnI3n+1) infrared LED 

was also reported recently with EQE = 8.8%.[158] However, the efficiency values in these 2D-

perovskite based LEDs are restricted by poor mobility of charge carriers, primarily due to the 

presence of  insulating organic-ammonium groups. Nano-particles of perovskites on the other 

hand has come in the forefront with large PLQY value approaching 100% and high colour 
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purity. Despite this fact, only a few successful cases of nano-particle based LEDs has been 

reported. Although the presence of capping ligands are essential for controlling the grain-

growth and hence limiting the particle size, for prevention of the aggregation and also for 

passivating surface trap states, these insulating ligands seems to pose a problem for efficient 

injection of charge carriers. Furthermore, the large difference between the PLQY in solution 

and in thin film of these nanoparticles needs to be addressed.[160] Very recently Pan et. al. 

demonstrated a significant progress in efficiency of all inorganic perovskite (CsPbX3) 

nanoparticle based LEDs by replacing the long ligands (such as  oleylamine and oleic acid) 

with shorter ligands (such as di-dodecyl dimethyl ammonium bromide) and thereby achieving 

a maximum EQE and luminance of 3.0% and 330 cd m−2 respectively.[136] 

While the device efficiency is maturing to a competitive level, some of the challenges such as 

viability for large area fabrication, thermal and moisture stability of perovskites and toxicity 

issue due to presence of Pb has to be met with long-term solution. Depending on the 

processing techniques there is a large variability in the morphology of the thin films. Therefore 

it is challenging to obtain uniform pin hole free film over large area by employing large-area 

compatible printing technique. Recently, a fully-printed PeLED fabricated in ambient 

atmosphere has been demonstrated on flexible substrate with EQE  1.1% and luminance of 

21014 cd m-2.[118] Perovskites are unstable under exposure to moisture and tends to 

decompose. The stability issue has been discussed in some of the recent reviews.[161, 162] By 

substituting MA cation with FA (formamidinium) cation or Cs cation can improve the 

stability.[ 163 ] However, perovskite based on FA cations have much inferior charge carrier 

mobility which restricts the device performance. Hence to circumvent this problem a more 

intense research is required on right type of charge injection layers and the morphology of the 

perovskite. Toxicity problem due to presence of Pb is one more challenge for this technology. 

Some of the recent report has addressed this issue and argued that Pb contamination to the 
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environment due to exposure to moisture is either below the hazardous limit[164] or can be 

handled in an efficient manner.[165] Alternatively, by replacing Pb with more environmentally 

benign material like Sn, promising PLQY values has been obtained, although, no EL has been 

reported till date. The main stumbling block is the creation of p-type defects due to oxidation of 

Sn2+ to Sn4+ which quenches the luminescence.[166, 167] Perovskites are also unstable under 

electrical stress which is attributed to the ion-migration in some of the 3D pervoskites. Under 

prolong operation of the LEDs, the perovskite material may decompose and degrade and thus 

can become unsuitable for the long lifetime of the LEDs. Such ionic migration has been 

addressed by using appropriate charge injection and blocking layer and also by using pulsed 

electrical bias in conjunction with constant background voltage.[29] A constant background 

voltage of appropriate polarity helps to drive out the ionic traps from bulk emissive layer which 

otherwise would act as mediator for non-radiative recombination. Once these ions are moved 

away towards the contacts, the device is polarized and radiative recombination is enhanced. 

Hence the EQE is higher in a pre-polarized PeLED as compared to a unpolarized one.  

 

5. Conclusions 

Metal halide perovskite semiconductor are not only successful for photovoltaic technology but 

it has potential to be successful material for future lighting and display technology, thanks to its 

high quantum yield, colour-tunability over large range, narrow PL emission and consequent 

colour purity and low material cost. Low exciton binding energy is a drawback which can be 

tackled via quantum confinement in nano sized particles and using 2D layered perovskites. 

Within very short interval of time, the efficiency of PeLEDs has improved to a great extent but 

still the physics of these materials is not very well understood. Apart from electrical and 

environmental stability issues, the device efficiency, particularly for red and blue emitting 

perovskite is far below than its green emitting counterpart. It is evident that nano sized 
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perovskites holds the maximum promise for future of this technology. Therefore, the exciton 

dynamics and non-radiative recombination arising due to surface defect states has to be well 

understood. With intense focus on the remaining challenges and adopting to the research 

approaches towards the right direction, it is only a matter of time to obtain the efficiency level 

comparable to inorganic LEDs. Observing the success of the photovoltaic devices, a bright-

future for organic-inorganic halide based perovskites for application in LEDs can therefore be 

envisioned. 
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Table 1 Performance parameters of perovskite light emitting diodes (PeLEDs) with different 

device structure (n-i-p and p-i-n) with different perovskite emissive layers.  

p-i-n device structure based PeLEDs 

Perovskite PeLED cd/A EQE Refs. 

ITO/PEDOT:PSS/MAPbBr3/F8/Ca/Ag 0.3 0.1 29 

ITO/PEDOT:PSS/MAPbIBr2/F8/Ca/Ag 0.03 0.018 29 

ITO/PEDOT:PSS:PFI/MAPbBr3/TPBi/LiF/Al 0.577 0.125 99 

ITO/PEDT:PSS/MAPbI3-xClx /PCBM/Ag - 0.18 49 

ITO/PEDT:PSS/ TPD/MAPbIBr2/Ag - 0.0065 49 

ITO/PEDT:PSS/ TPD/MAPbBr3 /Ag - 0.0011 49 

ITO/PEDT:PSS/MAPbI3-x-yClx Bry/PCBM/Ag - 0.28 49 
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ITO/PEDOT:PSS/MAPbBr3 :PIP/F8/Ca/Ag - 1.2 114 

ITO/PEDOT:PSS/MAPbBr3/TmPyPB/LiF/Al - 0.1 115 

ITO/PEDOT:PSS/MAPbBrCl/PCBM/Ag 3E-4 2E-4 32 

ITO/PEDOT:PSS/TPD/MAPbIBr/PCBM/Ba/Ag - 0.02 107 

ITO/PEDOT:PSS/ MAPbBr3/SPB-02T/LiF/Ag 0.43 0.10 117 

ITO/PEDOT:PSS/PVK:PBD/MAPbBr3/BCP/LiF/Al - 0.48 123 

ITO/PEDOT:PSS:PFI/MAPbBr3/TPBi/LiF/Al 42.9 8.53 84 

ITO/PEDOT:PSS/MAPbBr3-QDs/TPBI/CsF/Al 4.5 1.1 60 

ITO/PEDOT:PSS/MAPbBr3/SPW-111/LiF/Al 0.92 0.20 104 

ITO/PEDOT:PSS/MAPbBr3/TPBI/LiF/Al 0.577 0.125 121 

ITO/PEDOT:PSS/TPD/MAPbBr3NPs/TPBI/Cs2Co3/Al 11.49 3.8 124 

ITO/PEDOT:PSS/MAPbBr3/TPBI/LiF/Al 8.22 - 59 

ITO/PEDOT:PSS/CsPbBr3-NPs/TPBi/LiF/Al 8.98 2.21 128 

ITO/PEDOT:PSS/CsPbBr3/F8/Ca/Ag 0.008 0.03 126 

ITO/PEDOT:PSS:PVK/CsPbBr3-NC/TPBi/LiF/Ag 1.15 0.34 129 

ITO/PEDOT:PSS:PVK/CsPbBrCl-QDs/TPBi/LiF/Al 0.14 0.07 125 

ITO/PEDOT:PSS:PVK/CsPbBr3-QDs/TPBi/LiF/Al 0.43 0.12  125 

ITO/PEDOT:PSS:PVK/CsPbIBr-QDs/TPBi/LiF/Al 0.08 0.09 125 

ITO/PEDOT:PSS/p-TPD/CsPbBr3-QDs/TPBi/LiF/Al 13.3 6.27 133 

ITO/PEDOT:PSS/CsPbBr3/TPBi/LiF/Al 2.90 0.9 132 

 0.19 0.06 131 

ITO/NiO/MAPbBr3/TPBI/LiF/Al 15.9 - 168 

ITO/p-TPD/MAPbI3/TPBi/LiF/Al 0.09 10.4 30 

ITO/PVK/MAPbBr3/TPBi/LiF/Al 17.1 9.3 30 

ITO/PEDOT:PSS/MAPbBr3/TmpyPB/LiF/Al 15.26 3.38 169 

ITO/PEDOT:PSS/TCTA/PEO:MAPbBr3/TmPyPB/CsF/Al 15.1 4 170 

ITO/PEDOT:PSS/MAPbBr3-QD/TPBi/CsF/Al 3.72 1.06 122 

ITO/PEDOT:PSS/MAPbBr3/TPBi/LiF/Al 8.22 - 59 

ITO/PEDOT:PSS/MAPbBr3/APMs/SPW-111/LiF/Ag 28.9 6.19 141 

ITO/p-TPD/MAPbI3/TPBi/LiF/Al - 7.4 171 

n-i-p device structure based PeLEDs 

ITO/TiO2/MAPbI3-xClx/F8/MoO3/Ag 

 

- 0.76 29 

ITO/TiO2/MAPbI3-xClx/Spiro/MoO3/Au - 0.024 172 

ITO/ZnO/PEI/MAPbI3-xClx/TFB/MoO3/Au - 3.5 103 

ITO/ZnO/PEI/MAPbBr3/TFB/MoO3/Au - 0.8 103 

FTO/TiO2/MAPbI3-xClx/Spiro/Au - 0.48 173 

ITO/c-TiO2/MAPbBr3/SPB-02T/MoO3/Au 0.11 0.026 104 

ITO/c-TiO2/EA/MAPbBr3/SPB 02T/MoO3/Au 0.22 0.051 104 

ITO/ZnO/MAPbBr3/Al2O3/PEDOT:PSS/Au 0.12 0.064 119 
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ITO/ZnO/5AVA+CB/MAPbBr3/TFB/MoO3/Au  0.43 105 

ITO/ZnO/PEIE/MAPbBr3/PCDTBT/MoO3/Au 0.10 0.023 148 

FTO/c-TiO2/mp-TiO2/MAPbBr3/P3HT/Au 0.0034 1.4E-5 174 

ITO/ZnO/PEI/MAPbBr/I-NCs/CBP/TCTA/MoO3/Au 0.49 7.25 130 

c-Al2O3/n-GaN/n-MgZnOCsPbBr3-QDs/p-MgNiO/Au 2.25 2.39 65 

ITO/ZnO/CsPbI3-QDs/TFB/MoO3/Ag - 5.7 34 

ITO/ZnO/CsPbI2.25Br0.75-QDs/TFB/MoO3/Ag - 1.4 34 

ITO/ZnO/CsPbBr3-QDs/TFB/MoO3/Ag - 0.19 34 

ITO/ZnO/CsPbCl1.5Br1.5-QDs/TFB/MoO3/Ag - 0.0074 34 

ITO/ZnO/PVP/CsMAPbBr3/CBP/MoO3/Al 33.9 10.4 31 
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