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ABSTRACT: Besides the flourishment in photovoltaics,  halide perovskites 
hold great promise to  compete with leading contenders among solution- 
processed emitters, such as organics and semiconductor colloidal nanocrystals, 
in  the  field  of   light   emission. Halide  perovskites exhibit outstanding 
optoelectronic properties, including high photoluminescence quantum yields, 
facile bandgap tunability, narrow emission line widths, and respectable carrier 
mobilities,  promoting them to thrive in versatile light-emitting  applications 
such as light-emitting diodes, lasers, X-ray scintillators, and circularly polarized 
light sources. Herein, we discuss the underlying physics of light emission in 
state-of-the-art perovskite light-emitting devices and  focus on  promising 
strategies for further improvement of device performance. 
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alide perovskites  slowly emerged into the spotlight for 

photovoltaic applications starting in 2009, but not really 

attracting attention until 2013. Since then, perovskite solar 

cells have undergone rapid development with the  highest 

reported power conversion efficiency (PCE), increasing from 

3.8% to over 25% in single-junction architectures, now 

comparable to the state-of-the-art Si solar cells.
1,2 

Generally, 
halide perovskites can be represented by an ABX3 composition, 

where A is a  large monovalent cation (methylammonium 

crystals, polycrystalline  bulk films, and colloidal nanocrystals, 

endowing diverse research directions to researchers.
10,11

 

After decades of development, organic semiconductors and 

colloidal metal  chalcogenide or  pnictide  semiconductor 

nanocrystals (colloidal nanocrystals hereafter) have become 

leading emitter candidates in the commercial market of flat 

panel displays. Vivid, high color purity displays could become 

more mainstream  if emitters can be developed with narrower 

emission spectra than organic emitters (fwhm ∼ 50 nm) and 

CH3NH3

 

(MA )  or formamidinium  CH(NH2)2

 

(FA )  or
 

colloidal nanocrystals  (fwhm ∼ 20−40 nm). Halide perov-
 

+ + + + 

cesium Cs+), B is a divalent metal cation (typically Pb2+, Sn2+, 

Ge2+, etc.), and X is a halogen anion (Cl−,  Br−, I−). Besides 
great success in  the  field of  photovoltaics, the  additional 
advantages of perovskites, including high photoluminescence 

quantum  yield (PLQY)  approaching 100%,
3−6  

respectable 

carrier mobility in excess of 10 cm2 V−1 s−1,
7,8  

widely tunable 

emission wavelength and narrow emission line width motivate 

researchers to explore their applications in the field of light 

emission. In  particular, emission wavelengths  of perovskite 
films can be easily tuned from ultraviolet (UV) to near-infrared 
(NIR)  by changing their  composition and  dimensionality, 

leading to a wide color gamut (≈140%) that is broader than 
the National Television System Committee (NTSC) standard 
on a CIE chromaticity diagram. Meanwhile, perovskites exhibit 

narrow and symmetric PL spectra (full width at half-maximum 

fwhm ≈ 12−40 nm), leading to a high color purity suited for 
more  vivid and  natural color  displays.

9 
Moreover, halide 

perovskites can  have various crystal forms such as  single 
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skites and related perovskite-inspired materials with control- 

lable dimensionalities have attracted researchers’ attention for 

their bright luminescence with narrow emission spectra (fwhm 

∼ 20 nm) and simple fabrication/synthesis, even in ambient 
conditions at  room temperature. The  past five years have 

witnessed an  unprecedented advance in  the  field of light 

emission in  halide perovskites, which may advance more 

quickly than previous technologies by building on  existing 

achievements from organic light-emitting diodes (OLEDs) and 

quantum dot LEDs (QLEDs) over the last few decades, just as 

perovskite photovoltaic (PV) advanced rapidly from existing 
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Figure 1. (a) Individual fractions of molecular, bimolecular, and Auger recombination  contributing to overall recombination  at various carrier 

densities. Typical values of k1 ≈ 107 s−1, k2 ≈ 10−9 cm3 s−1, and k3 ≈ 10−28 cm6 s−1 for 3D perovskites were taken from literature. (b) Calculated 
radiative efficiency vs charge-carrier density varying k1 values for 3D perovskites, while k2 and k3 values are fixed. (c) Calculated radiative efficiency 

vs charge-carrier density for quasi-2D perovskites with different k1,trap values, while k1,exc, k2, and k3 values are fixed.
 

 

 
knowledge in the fields of dye-sensitized,  organic, and QD 

PVs.
12,13 

Tan et al. developed the first perovskite light-emitting diodes 

(PeLEDs) at room temperature using 3D polycrystalline films 

(MAPbX3) in  2014.
14  

The  maximum external quantum 

efficiency (EQE) achieved at that time was 0.76%, far inferior 

to those of OLEDs and QLEDs. Nevertheless, this pioneering 

work inspired more PeLED research, leading to  EQEs of 

■ BRIGHT PEROVSKITE EMITTERS 

What Do the Recombination Dynamics Tell Us? PL 
emission originates from  the  radiative recombination of 
photogenerated charge carriers, in  competition with  non- 
radiative recombination  processes. The general charge carrier 
recombination kinetics can be described as below:

29
 

 

dn(t)  
=  −k n −  k n

2 −  k n
3 

∼20%, which unambiguously proved the  prospect of  3D 
perovskites as next-generation light emitters.15−17 In a parallel 

dt 
1 2 3

 (1) 

development with 3D perovskites, quasi-2D perovskites were 

rediscovered and  applied successfully  in  high-efficiency 

PeLEDs by the Sargent and Huang groups in 2016.
18,19 

The 

quasi-2D perovskites refer to  a perovskite family with the 

chemical formula L2An−1MnX3n+1, where L is a larger organic, 
typically ammonium, cation  (e.g.,  phenylethylammonium 

(PEA) and butylammonium (BA)). The assembly of layered 

perovskites forms structures akin to multiple quantum wells 

(MQWs) and leads to high EQEs of over 20.1% and 11% for 

NIR and sky-blue emitting PeLEDs, respectively.
6,20  

Perovskite 

nanocrystals (NCs),  benefiting from quantum confinement 

and surface passivation, have shown outstanding performance 

in PeLEDs as well. Blue, green, and red perovskite NC LEDs 

have achieved peak EQEs of 12.3%, 22%, and  21.3%, 

respectively.
21,22  

In addition to efficient luminescence, strong 

coherent emission properties of perovskites contribute to their 

remarkable performance in  lasing applications. It  is  also 

encouraging that  continuous-wave  (CW)  amplified sponta- 

neous emission (ASE) and lasing of perovskites have been 

demonstrated recently.
23−25 

where t is time and n is charge carrier density. k1, k2, and k3 are 
monomolecular,  bimolecular,  and Auger recombination rate 
constants, respectively. Monomolecular recombination can be 
divided into trap-assisted  Shockley-Read-Hall  recombination 
(k1,trap), excitonic recombination (k1,exc), and pseudo-first-order 
recombination (k1,dopant)  of  photogenerated carriers with 
dopant carriers.

30 
The former is nonradiative, while the latter 

two can be radiative. Bimolecular recombination  is a radiative 
process  dominated  by  free  electron−hole pairs.  Auger 
recombination is a three-particle nonradiative process, where 
the energy released upon recombination of an electron−hole 
pair excites the third carrier rather than creating a photon. 

To obtain a high-PLQY light emitter, the proportion of the 
radiative recombination to  total  recombination should be 

maximized. Assuming typical values of k1 ≈ 107 s−1, k2 ≈ 10−9
 

cm3 s−1, and k3 ≈ 10−28 cm6 s−1 for 3D perovskites,8,29,31,32 we 
show that the dominant recombination pathway changes with 
increasing carrier density (Figure 1a). At low carrier densities 
(n  < 1015  cm−3), charge carriers mainly undergo mono- 

molecular recombination. In the regime of 1015∼1018 cm−3, 
radiative bimolecular recombination  starts to take precedence 
over other pathways. At high carrier densities (n > 1018 cm−3), 

33
 

In this Review, we first examine the underlying photophysics many-body Auger recombination dominates. In  the  LED 
12 16 −3

 

of various effective approaches to obtain highly luminescent
 operation regime (n = 10 ∼10 cm  ), k1 may be the most 

 

perovskite films, then we provide a brief review on the progress
 crucial factor affecting the PLQY of 3D perovskites compared 

29
 

 

and opportunities of halide perovskites in the field of light-
 with k2  and k3. Given the relatively small exciton binding 

 

emission applications, including LEDs, lasers, X-ray scintilla- 

tors, and circularly  polarized light sources. For commercial 

applications, far more attention needs to be devoted toward 

understanding and  improving the  stability of perovskite 

materials and devices. However,  here we focus more on the 

light-emission properties of perovskites and, therefore, point 

energy (Eb) of 3D perovskites at room temperature,
34,35 

their 
photogenerated excitons can be quickly dissociated into free 

electrons and holes, leading to a negligible k1,exc. In addition, 
k1,dopant  is usually much less than k1,trap  in 3D perovskites.

36
 

Thereby, we can generally assume k1 ≈ k1,trap, and the PLQY of 
3D perovskites (η3D) can be expressed as

32
 

 

k  n   
interested readers to  existing literature focused on  stabil- 

ity.
26−28 

η
3D 

= 
2 

k  +  k n +  k n2
 

 
(2) 

https://dx.doi.org/10.1021/acsphotonics.0c01394?ref=pdf
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Figure 2. Promising strategies for obtaining highly luminescent perovskite films, including (a) excitonic recombination enhancement, (b) energy 
funneling modulation, and (c) defect passivation. 

 

Since radiative processes of 3D perovskites are dominated by 
free-carrier  bimolecular  recombination, the η3D  value would 
not  rise with increasing carrier density until k2n starts to 
outrank k1. Therefore, it is understandable  why early developed 
3D  PeLEDs (with  high  k1   values) show  relatively poor 

enhancing excitonic recombination via Eb   modulation and 
reducing defect state densities should be considered for quasi- 
2D perovskites and perovskite NCs. 

Strategies to Boost PLQY. Based on the analysis from the 
view of  photophysics,   we  have  concluded  three  generic 

performance. η3D peaks at a carrier density of n = k1/k3  with strategies that can be effective to boost the PLQY of perovskite 

a maximum value of η
max 

= 
1 

1 + 2(k1k3)
0.5 / k2 

.  The reduction of 
emitters (Figure 2). 

Enhance Excitonic Recombination. Enhancing  the Eb is a 
the k1 value can not only increase η3D, but also shifts the η3D 

peak toward the low carrier-density regime, which is beneficial 
to  PeLED operation  (Figure  1b).  Meanwhile, it  is  also 
nontrivial to increase k2, as this will bring about a broadening 
of the PLQY peak that will extend into both the low and high 
carrier density regions, which could further improve the peak 
EQE of PeLEDs and suppress the efficiency roll-off. 

In the case of quasi-2D perovskites and perovskite NCs, 
strong quantum confinement leads to enhanced Eb, changing 

the leading dynamics in monomolecular recombination from 
nonradiative trap-assisted to radiative excitonic recombination. 
At the same time, this also shifts dominant radiative processes 

key strategy to improve the excitonic recombination rate in 
perovskites (Figure 2a). In 3D perovskites, reducing grain size 
is  an  effective way to  provide some  degree of  quantum 
confinement and thus increase Eb. Solvent nanocrystal pinning 

(S-NCP) can facilitate the uniform growth of small grains in 

perovskite films.
38  

In  addition, ligands  or  additives in 
perovskite precursors can  control  crystal growth kinetics, 
benefiting the high-PLQY perovskite film with reduced grain 

size and enhanced Eb.
39,40

 

From the perspective of quantum confinement promoting 
radiative excitonic recombination, it is not strange to see that 
perovskite NCs have shown superior PLQYs intrinsically. In 

from  second-order bimolecular to  first  order  excitonic 
recombination which peaks at a lower carrier density. The

 contrast  with  the  relatively small Eb (65  meV)  of  bulk 
 

PLQY of quasi-2D perovskites and perovskite NCs (η0D/2D) 
can be described by

37
 

k1,exc +  k 2n 

MAPbBr3, MAPbBr3  NCs exhibited a remarkably larger Eb (up 
to 375 meV).

41 
As a consequence, the PLQY of the colloidal 

solution reached over 70%.
41,42 

Similarly, quasi-2D perovskites 
can provide strong quantum confinement originating from 

η
0D/2D  

=  
k +  k

 
+  k n +  k n

2 MQWs. 18,19,43,44 A high PLQY up to 60% was already achieved 
1,exc 1,trap  2 3 (3) when they were first rediscovered in 2016.19

 

where the monomolecular recombination rate (k1) is split into 

an exciton radiative rate (k1,exc) and a trap-assisted nonradiative 

rate (k1,trap). We calculated the dependence of η0D/2D on carrier 

density using different k1,trap values (Figure 1c). It is noticeable 

that there is a regime with nearly invariant PLQY at low carrier 
densities. The  near-constant PLQY value is determined by 
k1,exc/(k1,exc  + k1,trap). When k1,exc is much greater than k1,trap, 

high PLQY values can be obtained for a wide range of carrier 
densities in  the  LED  operation  regime. Therefore, both 

Energy Funneling. Although  quasi-2D  perovskites  possess 
intrinsic radiative excitonic recombination, it is still essential to 
build up an efficient energy funneling channel to avoid exciton 
quenching.  Solution processed quasi-2D perovskite films 
usually consist of multiple phase domains with different n 
values. Such an inhomogeneous energy distribution can funnel 
energy from larger bandgap phases (lower  n)  to  smaller 

bandgap phases (higher n)  rapidly (within ∼50 ps).29   The 
ultrafast exciton transfer can  essentially outcompete  non- 

https://dx.doi.org/10.1021/acsphotonics.0c01394?ref=pdf
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4− 

 

Table 1. Summary of High-PQLY Perovskite Emitters 
 

 
emitting materials 

 
improvement strategy 

 
PL wavelength (nm) 

PLQY (%)/excitation power 
(mW/cm2) 

 
ref 

3D (Cs,FA,MA)Pb(I0.85Br0.15)3-KI potassium passivation ∼800 ∼95/∼1200 
4 

3D CsPbBr3-PEO PEO additive in precursor 521 60 40 

3D FAPbI3-DDS DDS additive in precursor ∼800 ∼85/∼65 
51 

3D CsPbBr3-MABr MABr passivation 528 ∼80 
15 

3D FAPbI3-5-AVA 

OPA-CsPbBr3  NCs 

DDAB-CsPbBr3  NCs 

5-AVA passivation 

OPA ligand passivation 

DDAB ligand passivation 

800 

∼516 

510 

∼70/∼1−100 

∼90a
 

80a
 

17 
 

57 
 

73 

DAT-CsPb(BrxCl1−x)3  NCs 

DBSA-CsPbBr3  NCs 

An-HI-CsPbI3  NCs 

NH4SCN-CsPbBr3 NCs 

KBr-CsPbI3−xBrx  NCs 

CdCl2-CsPbCl3 NCs 

DTA ligand passivation 

DBSA ligand passivation 

An-HI ligand passivation 

NH4SCN post-treatment 

KBr post-treatment 

CdCl2 post-treatment and doping 

469 

∼513 

644 

∼510 

∼640 

406 

100a
 

>90a
 

69a  (21) 

100a
 

93a
 

98a
 

3 
 

59 
 

21 
 

60 
 

62 
 

67 

ZnBr2-CsPbBr3  NCs 

Ni-CsPbCl3 NCs 

ZnBr2 post-treatment 

Ni2+  doping 

514 

∼406 

93a
 

96.5a
 

61 
 

69 

quasi-2D (NMA)2(FA)m−1PbmBr3m+1 precursor stoichiometry modulation ∼780 ∼70/3.5 
33 

quasi-2D (PEA, IPA)2(MA)m−1PbmBr3m+1 using PEA and IPA as co-organic spacer 477 88 74 

quasi-2D (PEA)2(FAPbBr3)m−1PbBr4-TOPO TOPO surface passivation ∼532 73.8 50 

quasi-2D (PEA)2Cs2.4MA0.6Pb4Br13-TPPO TPPO surface passivation 517 98/2.3 63 

quasi-2D (PEA)2(Rb, Cs)m−1PbmBr3m+1-RbBr RbBr passivation 476 82/∼1−100 
75 

quasi-2D (PEA)2Csm−1PbmBr3m+1-crown crown additive in precursor ∼515 70 ± 8/1.5 76 

aThe PLQY value is measured in a colloidal suspension in a solvent; otherwise, the PLQY is measured on a thin-film. 
 

radiative loss caused by defect trapping (Figure 2b). However, 
the distribution of phase domains needs to be modulated such 
that energy is funneling from larger bandgap domains into a 

small subpopulation of narrower bandgap domains.
45 

More- 
over, the spatial distribution for each of the phase domains 
should  be  uniform  to  prevent  energy  accumulation in 
unwanted areas without low bandgap domains. The energy 
funneling can be regulated through engineering control of the 
stoichiometry, solvent, composition, and  additive.   The 
dimensionality of  quasi-2D perovskites can  be  tuned  by 
varying the  amount of the  organic spacer, which can 
subsequently change the pathway of energy funneling. Various 
organic solvents can be added to control the arrangement of 
perovskite layers and grains, the high boiling point of toluene 

Defect Passivation. In typical 3D perovskites,  crystal 
defects are mainly generated at grain boundaries or on crystal 
surfaces. These defects act as luminescence quenching centers, 
accounting for nonradiative recombination loss. To date, many 
organic molecules and inorganic salts have been employed to 

passivate defects through  Lewis acid−base and  hydrogen- 
bonding interactions (Figure 2c). Specifically, ethylenediamine 
(EDA),  n-trioctylphosphine oxide (TOPO),   poly(ethylene 

oxide) (PEO),  4,4′-diaminodiphenyl  sulfone (DDS),  LiBr, 
KBr, and so on can be regarded as Lewis bases to passivate 
uncoordinated  Pb  or  halide  vacancy defects  (Lewis 

acids).
40,49−53    

Besides, ammonium-based cations, such  as 
MA+, fluorophenylmethylammonium  (FPMA+), and so on, 
have been used for passivating defects through hydrogen- 

would facilitate the unitary distribution of phase domains (flat bonding interactions with PbX6 octahedral. The ammonium 
energy landscape), while chloroform, with faster evaporation, 
would lead to the graded distribution of domains with different 

bandgaps and thus higher radiative efficiency.
45 

Rational 
selection and design of organic spacers also affect the 

distribution of phase domains.
46 

Yuan et al. employed a dual 
organic spacer strategy to modulate the domain distribution, 
leading to  a high-quality  perovskite film with deep-blue 
emission (465 nm) and a PLQY up to 77%. Specifically, the 
mixed spacer system enabled them to simultaneously suppress 
n =  1  perovskite domains that  have severe recombination 
pathways and increase the number of n = 3 domains that 

represents the population of emission species.
47 

Besides the 
regulation of phase domains, Qin et al. found quenching of 
triplet excitons by the organic cation is a major loss path in 
quasi-2D perovskite films, which competes with the energy 
transfer from larger bandgap perovskites to narrower bandgap 
perovskites. By employing an organic cation with a high triplet 
energy level (PEA), they achieved a quasi-2D PeLED with a 
EQE of 12.4%. In contrast, the use of 1-naphthylmethylamine 
(NMA) with a low triplet energy level leads to a poor 

performance.
48

 

cations are routinely employed together with Lewis bases, 
including halide  anions  (X−),  trifluoroacetate (TFA−), 
carboxyl (−COOH), and so on.15,17,54,55

 

For  perovskite NCs, commonly used long-chain organic 
ligands, such as oleic acid (OA) and oleylamine (OLA), can 
easily detach from NC surfaces, inducing surface traps, NC 
aggregation, and  poor  PL  emission. However, colloidal 
synthesis dictates that  the  ligands attach  to  the  surface, 
which may not be the case in thin film crystallization. In NCs, 
ligand exchange or  passivation is of great significance and 
indispensable for perovskite NC emitters with high PLQYs. 
Generally, effective passivation agents are organic molecules, 
inorganic salts, or their hybrids with strong bonding affinity, 

such as didodecyl dimethylammonium  bromide (DDAB),
56 

octylphosphonic acid  (OPA),
57    

2,2′-iminodibenzoic acid 
(IDA),

58  
n-dodecylammonium thiocyanate (DAT),

3  
dodecyl- 

benzenesulfonic  acid (DBSA),
59  

aniline hydoroiodide (An- 
HI),

21  
ammonium thiocyanate (NH4SCN),

60  
ZnBr2,

61  
KBr,

62
 

and  so  on.  For  instance, through  a  post-treatment with 

NH4SCN, the PLQYs of both fresh and aged CsPbBr3 NCs 

increased to  100% because of   strong  Lewis acid−base 

https://dx.doi.org/10.1021/acsphotonics.0c01394?ref=pdf
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■ 

 

interaction between SCN−  and Pb.
60   

Defect passivation is 
nontrivial for quasi-2D perovskites as  well since the 
inhomogeneous domain distribution brings in phase impurity 

and  defects. Through  strong  Lewis acid−base interaction 
between P O and Pb, triphenylphosphine oxide (TPPO) was 
demonstrated effective to passivate and stabilize the edge state 

of quasi-2D perovskites PEA2Csn−1PbnBr3n+1  (n = 3), leading 
to an excellent PLQY of close to 100%.

63
 

Apart from  surface defects, structure-related defects, 
typically originated from local lattice strain, short-range lattice 
disorder, and so on, also have an impact on the PLQY. In this 
vein, cation doping/incorporation can alleviate or overcome 
this problem.

64,65 
Specifically, in some cases, the A-site cations 

4−
 

 

(increase qeff):  the  nonradiative recombination should  be 
suppressed,  especially under LED operation condition where 
the carrier density is typically less than 1016  cm−3. (4)  High 
light outcoupling efficiency (increase ηout): the power fraction 
of outcoupled light from PeLEDs to air should be maximized. 

Strategies to Improve EQE. Based on these criteria, we 
provide promising strategies to improve device efficiency of 
PeLEDs (Figure 3). Among them, we have illustrated effective 

in corner-shared PbX6 octahedral units lead to slight tilting 
of  octahedral units,  which can  generate trapping centers 
through affecting the short-range order of lattice.

66 
Therefore, 

metal cation doping (Cd2+, Mn2+, Ni2+, Sr2+, etc.) at B-site or 
monovalent cation alloying at A-site can suppress this tilting or 
distortion to some extent, thus, significantly reduce the density 
of trap states.

67−72 
Furthermore, the relaxation of lattice strain 

can further improve the thermodynamic stability. 
Comparison of Various Perovskite Emitters for Light- 

Emitting Applications. Benefiting from the rapid progress of 
fabrication techniques for perovskite films in the past several 
years, all above-mentioned  perovskite materials, including 3D, 
quasi-2D perovskites, and  perovskite NCs,  are  capable of 
achieving high PLQYs for LED and display applications.

32   
We 

summarize these high-PLQY perovskite  emitters in Table 1. 
For the coherent light emission applications such as lasing, 3D 
perovskites may have advantages over perovskite NCs because 
of a reduced contribution from Auger recombination at high 
carrier densities and more accessibility  of intense current 
injection due to the absence of insulating organic ligand or 
spacer.

53  
For  quasi-2D perovskites and  NCs,  the  organic 

spacers or ligands are indispensable for efficient PL emissions 
and even the formation of the stacked 2D-layer structure or 
colloidal dispersion; however, they can  hinder the  charge 
injection and transportation in devices as well. Hence, this 
trade-off between  high  PLQY and  electrical conductivity 
should be taken into great consideration. 

 

LEDS EXPLOITING  PEROVSKITE EMITTERS 

Limiting Factors on PeLED Efficiency. A typical PeLED 
stack is composed of anode, hole transport layer (HTL), 
perovskite emitter, electron transport layer  (ETL)  and 
cathode. The  EQE of a  PeLED can be  described by the 
following equation:

77
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Promising strategies for improving the device efficiency of 

PeLEDs. 
 
 
methods to  prepare high PLQY perovskite films in Bright 
Perovskite Emitters.  Therefore,  we will  focus  on  other 
strategies in the following. 

Charge Injection Balance.  Charge injection balance is 
important in determining the device efficiency of PeLEDs. In 
addition, unbalanced charge injection favors Auger recombi- 
nation at high current densities, exacerbating efficiency roll-off 
(droop) and limiting achievable brightness.

79  
Yang et al. found 

MA- and FA-based quasi-2D perovskites (n = 3 composition) 
show  similar  PLQYs;   however,   the  FA-based perovskite 
exhibits a much higher external quantum efficiency (15.4%) 
than the MA-based perovskite (0.93%) in LEDs, which could 
be attributed to the poor hole injection into the MA-based 
quasi-2D perovskite due to the existing n = 1 phase domains.

80
 

To  balance electron and  hole injection, one  can select 
proper charge transport layers and tune their properties such as 

EQE =  η
out 

IQE =  η
out
γ

bal
γ
e − hηS/T

q
eff 

 

(4) 
thickness and  carrier  mobility. To  slow down  electron 
injection, a thin insulator layer with an optimized thickness 

where ηout  is the light outcoupling efficiency and IQE is the 
internal quantum efficiency, which is the product of charge 

injection balance (γbal), probability of forming electron−hole 

pairs (γe−h), singlet/triplet capture ratio (ηS/T),  and effective 
radiative quantum yield (qeff). Generally, the ηS/T  is close to 
unity for perovskite films, thus, we can usually neglect this 
term.

78   
By analyzing eq  4,  several conditions should  be 

satisfied to  achieve a  high-efficiency PeLED. (1)   Charge 
injection balance (increase γbal): the number of electrons and 

holes should be as similar as possible so that all charge carriers 
are  likely to  be  paired  for  radiative recombination. (2) 

Negligible  leakage current (increase γe−h): the probability of 
charge carriers passing through the perovskite layer without 
recombining should be minimized. (3)  High PLQY emitters 

can be inserted between the ETL and perovskite layer (Figure 
4a).

15,72 
In addition, Fakharuddin et al. showed that doping the 

ETL (4,7-diphenyl-1,10-phenanthroline, bphen) with a small 
molecule, such  as  tris(8-hydroxy-quinolinato)   aluminum 
(Alq3), can decrease the electron mobility (Figure 4b).

81  
To 

facilitate hole injection, Zou et al. adopted a stepwise HTL to 
reduce hole-injection barrier between the ITO and perovskite 

layer.
53 

Kim et al. designed a high work-function  HTL by 
incorporating perfluorinated ionomer (PFI) into conventional 
poly(3,4-ethylenedioxythiophene)  polystyrenesulfonate (PE- 

DOT:PSS).
82  

PeLEDs with modified HTL showed 300-fold 
improved current  efficiency over  those  with  conventional 
PEDOT:PSS. Engineering perovskite materials   has  been 
proven effective as well. Wang et  al. reduced the  average 
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Figure 4. (a) Enhancing PeLED performance by inserting a very thin PMMA layer between the perovskite and the ETL. (b) Current density− 
voltage curves for electron-only and hole-only devices, the electron-only device with bphen-doped ETL shows reduced current density. (c) Top 
panel: SEM images (from left to right) of CsPbBr3 deposited on ZnO, ZnO/PVP and Cs0.87MA0.13PbBr3  on ZnO/PVP, respectively. Bottom panel: 

real time contact angle measurements of perovskite precursor on ZnO and ZnO/PVP. (d) Power distribution in different optical modes of PeLEDs 
as the thickness of the MAPbI3 layer varies. (e) Dependence of outcoupling efficiency on the angle of the emissive transition dipole moments 

(TDM) and the refractive index of the emitter. (f) Simulated EQEs with PR (closed red circles), without PR (closed gray squares), and without 
reabsorption (open navy squares), as well as relative PR contribution (violet dashed lines) for a perfect PeLED (IQE = 100%) with various 
perovskite layer thickness. (a) Reprinted with permission from ref 15. Copyright 2018 Springer Nature. (b) Reprinted with permission from ref 81. 
Copyright 2019 John Wiley and Sons. (c) Reprinted with permission from ref 72. Copyright 2017 Springer Nature. (d) Reprinted with permission 
from ref 78. Copyright 2018 John Wiley and Sons. (e)  Reprinted with permission from ref 96. Copyright 2020 Elsevier. (f) Reprinted with 
permission from ref 95. Copyright 2020 Springer Nature. 

 

interdot distance between perovskite NCs to argument hole 

mobility for a more balanced charge transport.
83 

Zhang et al. 
fabricated a vertically  orientated highly crystalline  quasi-2D 
perovskite film  with the  assistance of an  ammonium 

thiocyanate (NH4SCN)   additive.
84   

The  hole  mobility 

increased 100 times to (2.28 ±  0.56) × 10−3 cm2  V−1 s−1, 
compared with the randomly oriented film. As a result, more 

balanced electron and hole transport was achieved with the 
value of μe/μh  declining from 89.4 to 1.19. 

Uniform and Luminescent  Perovskite Films. Morphology 
control also plays a significant role in the performance of 
PeLEDs. Poor surface morphology accompanied by pinholes 
would lead to a low-resistance shunting path and nonradiative 
losses at  grain boundaries. Spin-coating is widely used in 
fabricating solution-processed perovskite films. However, 
disconnected island-type crystal grains are usually formed in 
perovskite films, presumably due  to  growth of  perovskite 
crystals (up  to  micron-size) and  dewetting of  perovskite 

precursor solution on underlying substrates.
85,86

 

To fabricate a smooth perovskite film with good coverage, 
many strategies have been undertaken. An antisolvent-dripping 
technology (i.e., solvent nanocrystal pinning (S-NCP))  was 
adopted to induce fast and uniform crystallization, which yields 

a smooth perovskite film with uniformly small grains.
38,86 

A 
compositional engineering method based on the stoichiometric 

control of precursor solution was also reported. Zhang et al. 
showed that a small amount of MABr added into the CsPbBr3 

precursor could improve film  morphology greatly (Figure 

4c).
72 

They hypothesized that molecular pinning would better 

control the crystallization kinetics of the CsPbBr3  films, leading 
to a perovskite film with a negligible density of pinholes. The 
quasi-2D Ruddlesden−Popper (RP)   structure  is  another 
choice to  obtain  high-quality films. The  incorporation of 
bulky alkylammonium cations like PEABr hinders  crystal 
growth during crystal pinning, forming smooth perovskite films 

with minimal surface roughness less than 1 nm.
18  

Additive 
engineering was proposed as an efficient approach to control 
the nucleation and growth of perovskite crystals. Polymers, 
macromolecules,  and inorganic salts can act as additives or 

dopants in the perovskite precursor solution.6,40,52,76,87−89
 

Apart from engineering perovskite films, it is also beneficial 

to  modify  the surface energy of  the underlying  layers. 
Perovskite precursors usually have a poor wetting ability on 

hydrophobic surfaces of common organic layers, resulting in a 
smaller number of nucleation sites and thus discontinuous 
island-like crystal growth. Real-time contact  angle results 
revealed that polyvinyl pyrrolidine (PVP)-modified  ZnO films 

increase surface hydrophilicity, leading to uniform growth of 
perovskite films with reduced pinholes (Figure 4c). Other 

organic polymers with hydrophilic surfaces like poly[(9,9- 
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bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9- 
dioctylfluorene)] (PFN)  and betaine were also successfully 
introduced  as  interlayers to  improve interfacial contact 

between HTLs and perovskite layers.
90,91  

The interfacial layers 
can  reduce  luminescence quenching and  decrease energy 
barrier for charge injection as well. The perovskite film on top 
of  ZnO  showed  significantly enhanced  PL  after  PVP 

modification.
72 

Polyethylenimine (PEI)-modified ZnO films 
not only showed better wettability, but also decreased work 
function of ZnO  from 3.7 to  3.2 eV, reducing the energy 

barrier for electron injection.
92,93

 

Extract Light from PeLEDs  More Efficiently.  While the 
internal PLQYs of perovskites are already approaching their 

full potential,
3−5,94 

the studies on light outcoupling of PeLEDs 

have just began. If we look back to the progress on OLEDs and 
QLEDs, research efforts are devoted to material development 
at the beginning, but once materials have been developed to 
maturity, researchers focus on light extraction. PeLEDs are 
likely to  follow the  same trend. The  refractive indices of 

perovskites (≈2.6 for MAPbI3) are usually higher than those of 
organic emitters (<1.8).

95 
As a result, the waveguided mode of 

the  generated light can be a major optical energy loss in 
PeLEDs due to total internal reflection (TIR) at the interfaces 
of perovskite emitters, limiting the light outcoupling efficiency 

to 20−30% (Figure 4d).
78,96  

This highlights the importance of 
light extraction management for PeLEDs and leaves consid- 
erable opportunities for  efficiency improvement. Several 
general strategies can be considered to improve light extraction 
from PeLEDs. 

First, a simple approach is to adhere an index-matched half- 
ball lens or a microlens array to  the substrate, which can 
efficiently extract the  light trapped in  the  substrate mode 

without altering angular emission profiles.
97,98   

Second, 
significant optical energy losses in waveguide  mode can be 
minimized by embedding patterned nanostructures in func- 
tional layers. This  approach has  been  well-established  in 
OLEDs in which Qu et al. demonstrated that a nondiffractive 
dielectric grid layer placed between the transparent anode and 
the substrate could couple out all waveguided light into the 

substrate without changing the device electrical properties.
99

 

Similar approaches have been applied in PeLEDs,
100−102 

Shen 
et al. integrated bioinspired moth eye nanostructures into a 
ZnO layer to reduce the waveguided light loss.

102 
The EQE 

was improved from 13.4% for the planar PeLED to 20.4% for 
the patterned PeLED. Combining with a glass half-ball lens, 
they achieved a record-high EQE of 28.2% for PeLEDs at that 
time. 

However, these  photonic  nanostructures usually require 
complicated fabrication  procedures, which may not  be 
practically suited  for  manufacturing. Therefore, the  third 
strategy, engineering the  morphologies and  optoelectronic 
properties of perovskite films, could be a cost-effective option. 
Cao et al. demonstrated that spontaneously  formed submi- 
crometer-scale structures in solution-processed perovskite films 

could improve light outcoupling from PeLEDs.
17 

Zhao et al. 
showed the  optimal outcoupling efficiency occurs with 

perovskite thicknesses in  the  range of 35−40 nm.
103   

The 
optical simulation reveals the light interference effect exists in 
the  PeLED  cavity, the  outcoupling efficiency shows an 
oscillating behavior when the  thickness of  the  perovskite 
layer varies. The transitional dipole moment orientation also 

plays an  important role in  light extraction (Figure 4e).
96

 

Vertically orientated dipoles mainly emit light traveling with a 

 

large angle to the surface normal, which can be easily trapped 

inside the  device stack.
104  

Therefore, horizontally oriented 
dipoles are preferred over vertically oriented dipoles. The 
fraction of horizontal dipoles to total dipoles can be defined as 
α, and it is equal to 0.67 in the isotropic dipole case as two- 
thirds  of  emissions come  from  the  in-plane (horizontal) 
dipoles. Recent reports show CsPbBr3  nanoplate films have an 

increased α value when the thickness decreases, which is due to 
the  progressive confinement of  excitons within the  nano- 

plates.
96,105,106  

Similarly, 2D layered perovskite films show a 
high α value (around 0.8) due to the in-plane confinement 
within 2D structures. In contrast, 3D bulk films show a more 

isotropic emission (α ≈ 0.6).
107,108  

By virtue of high α, it is 
possible for quasi-2D PeLEDs to have a higher outcoupling 
efficiency than 3D counterparts. However, it should be noted 
that the dipole orientation is also highly dependent on film 
morphology, crystal structure,  and  dielectric environ- 
ment.

96,105−107
 

At last, perovskites usually have relatively small Stokes-shifts 
(strong overlap between absorption and emission spectra) and 
sufficiently high radiation efficiency, which leads to the 

occurrence of  substantial photon  recycling (PR).
109     

If 
nonradiative processes can  be  substantially suppressed, 
photons absorbed in the emitter are reemitted without loss, 

increasing the probability to leave the device.
77 

The process of 
PR can be useful for extracting trapped light in the perovskite 
layer as this provides the opportunity for a large fraction of 
waveguide photons to be reemitted and outcoupled to the air. 
Cho et al. showed that PR can contribute more than 70% to 

the overall emission (Figure 4f).
95 

Taking the PR phenomenon 
into consideration, they showed that PeLEDs can achieve a 
maximum EQE  of  100% theoretically for  a  perfect IQE. 
However, parasitic absorption loss from metal electrodes 
becomes an important limiting factor and prevents PeLEDs 
from  achieving this  theoretical efficiency.   Practically, the 
maximum achievable EQE is restricted to between 20% and 
25% in current PeLED architectures. However, this value can 
be further increased by maximizing PR, for example, increasing 
the  reabsorption and PLQY. A dedicated design of nano- 
structured electrodes with reduced electrode areas can be 

utilized to  minimize parasitic absorption.
95  

Compared to 
OLEDs where the  emitters usually have large Stokes-shift, 
attention to  photon recycling  can improve efficiency in 
PeLEDs. 

■ CURRENT STAGE OF HYBRID PEROVSKITE 

LASERS AND FUTURE OPPORTUNITIES 

Why Hybrid Perovskite Emitters Are Excellent Gain 
Media. Over the  past  several decades, solution-processed 
semiconductor emitters have gathered much attention and 
experienced sufficient development in  LED and  laser 
applications. However, researchers are still looking for a low 
cost, solution-processable,  flexible material capable of electri- 
cally pumped  lasing. Leading contenders include organic 
semiconductors, inorganic colloidal nanocrystals and  now 

hybrid perovskites.
110  

Achieving CW  lasing under  optical 
pumping is regarded as an important step toward electrically 
pumped lasing. However, it  still remains a  challenging 

objective for the organic semiconductor family,
111 

colloidal 
nanocrystals only made this step recently, almost two decades 
after initial investigations.

112−114  
Nevertheless, further progress 

toward the electrically pumped lasing is expected to be highly 
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Figure 5. Amplified spontaneous emission and population inversion lasing based on perovskite emitters. (a) The emission spectrum evolution from a 

broadband PL spectrum (fwhm ∼ 15−20 nm) to a narrowband ASE spectrum (fwhm ∼ 2 nm) with increasing excitation intensities. (b) PL, ASE, 
and fwhm as a function of the CW excitation intensity, the CW ASE threshold is 387 W cm−2. (c) NW emission spectra around the lasing 
threshold. Inset: Integrated emission intensity and fwhm as a function of P showing the lasing threshold at 600 nJ cm−2. Top: fluorescent images of 
a NW at different excitation fluence. (d) Cross-sectional SEM image of the second-order DFB laser architecture. (e) Streak camera image of ASE 
emission from the MAPbI3 film optically pumped by 920 ns-long pulses when the substrate temperature is lowered to T = 106 K. (f) Schematic 

device structure of the perovskite disk laser, and lasing spectra with varying disk radii at excitation of 1.15 × Pth. (a, b) Reprinted with permission 

from ref 23. Copyright 2019 Springer Nature. (c) Reprinted with permission from ref 121. Copyright 2015 Springer Nature. (d, e) Reprinted with 
permission from ref 24. Copyright 2017 Springer Nature. (f) Reprinted with permission from ref 137. Copyright 2018 American Chemical Society. 

 

challenging for colloidal NCs  due  to  their limited charge 
transport properties from insulating ligands. 

A well-known  issue with organic lasers is triplet accumu- 

lation.
115   

The  radiative decay of triplets in  organic semi- 
conductors is generally spin-forbidden and thus extremely slow 
(microseconds or longer). Once a molecule is in the triplet 

state, it is no longer available  for stimulated emission.
116 

It 
appears that  triplet  accumulation is  less of  an  issue for 
perovskite lasers, at least for some certain types of perov- 

skites.
116 

Becker et al. have demonstrated the strong spin− 
orbit coupling combined with the Rashba effect could lead to 
highly emissive triplet states in cesium lead halide perovskites, 

which is a unique advantage for achieving CW lasing.
117 

As a 
result, very recently, Qin et al. achieved CW lasing in quasi-2D 
perovskite films at room temperature, which is encouraging 
news in the perovskite laser community. 

Compared to other solution-processed  materials, although 
perovskites exhibit similar thermal conductivity values, they 
possess much higher carrier mobilities (e.g., perovskite single 
crystals have shown ultrahigh carrier mobilities of 190 and 217 
cm2   V−1  s−1   for  electrons and  holes, respectively).

110,118
 

Therefore, the Joule heating in perovskites is lower, and thus, 

perovskite materials are amenable to higher injection currents. 
In addition, the facile bandgap tunability of perovskites gain 
media could enable tunable lasing from UV to NIR spectral 
regions. 

Amplified  Spontaneous Emission and  Population 
Inversion  Lasing. For  the  occurrence of  ASE, the  gain 
medium needs to be excited by an intense pump to build up 
population inversion and enable stimulated emission. Xing et 

al. reported ASE from a  65  nm  thick MAPbI3  film at  a 
remarkably low threshold (12 μJ cm−2) in 2014.

119 
Since then, 

intensive research has been devoted to exploring perovskites 
for lasing applications. CW ASE at low temperatures (T < 120 
K) was demonstrated  by Brenner et al. by using a triple-cation 
perovskite Cs0.1(MA0.17FA0.83)0.9Pb0.84(I0.84Br0.16)2.68 (Figure 
5a,b). At temperatures higher than 120 K, the material tends 
to degrade due to the thermal accumulation before the CW 
ASE threshold is reached. Thermal management is thus further 
required to overcome this issue and achieve CW lasing at room 
temperature.

23
 

For  population  inversion lasing,   an  optical  cavity (or 
resonator) is required to provide optical feedback for laser 
oscillation. There are mainly two categories of optical cavities: 
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Figure 6. Exciton−polariton lasing and progress toward electrically driven lasers. (a) Schematic architecture of the perovskite microcavity, CsPbCl3 

nanoplatelets are  embedded  in  a  planar  microcavity constituted  by  a  bottom  and  a  top  HfO2/SiO2   DBR. (b)   Room-temperature 
photoluminescence absorption spectra of the CsPbCl3 nanoplatelets and the polariton emission from the perovskite  microcavity. (c)  Angle- 
resolved photoluminescence spectrum measured at 1.3 Pth. (d). The lower polariton dispersion curve of the MAPbBr3  single crystal film inside the 
microcavity. Inset: schematic structure of the perovskite microcavity. (e) The intensity and fwhm of 565 nm peak changes with increasing pump 

fluences. (f) Dispersion curves of photonic mode (pink line) and exciton-polariton (black line) for the CsPbBr3 NW with a length of ∼10 μm. (g) 
EQE−J curves for reference and nanopatterned PeLEDs. Inset: schematic structure of nanopatterned PeLEDs. (h) EQE−J curves for PeLEDs on 
glass or sapphire substrates, with or without heat sink, all driven in pulsed mode. (i) Plot of EL intensity as a function of current density at various 
temperatures from 6 to 300 K. (a−c) Reprinted with permission from ref 141. Copyright 2017 American Chemical Society. (d, e) Reprinted with 
permission from ref 143. Copyright 2019 Royal Society of Chemistry. (f) Reprinted with permission from ref 145. Copyright 2018 American 
Chemical Society. (g) Reprinted with permission from ref 53. Copyright 2020 American Chemical Society. (h) Reprinted with permission from ref 
148. Copyright 2020 John Wiley and Sons. (i) Reprinted with permission from ref 151. Copyright 2020 American Institute of Physics. 

 

intrinsic and  external cavities. The  intrinsic cavity is  the 

perovskite medium itself with a particular shape that forms the 

resonant cavity, like 1D  perovskite nanowires (NWs),  2D 

microdisks, and 3D microsphere. These perovskite nanostruc- 

tures can be synthesized by liquid-phase self-assembly, liquid− 
solid  interface growth, and  vapor-phase growth  meth- 

ods.
120−124  

The perovskite NW is intrinsically a Fabry−Perot 
(FP)  cavity with two end-facets as reflectors, and the cavity 

length is the same as the NW longitudinal length (Figure 

5c).
121   

2D microdisks and 3D microspheres can constitute 

whispering-gallery-mode (WGM) cavities  with crystal lateral 

surfaces as reflectors to provide optical resonance. The spectral 

spacing between lasing modes is highly dependent on  the 

structure  geometry.
125  

Although WGM  cavities can  have 

extremely high Q factors intrinsically (on the order of 108), the 

Q factors of perovskite WGM lasers (only 103−104) are mostly 
limited by the scattering loss of perovskite films.

125−127
 

The external cavity represents an additional geometry that 

provides optical feedback, including distributed Bragg reflector 

(DBR), distributed feedback (DFB), photonic crystal (PC), 

and WGM cavities. The DBR is a dielectric mirror consisting 

of multiple pairs of alternative  layers with different refractive 

indices. The perovskite gain medium is embedded between 

bottom and top DBR mirrors (or a top metal mirror) to form 

the vertical-cavity  surface emitting laser (VCSEL). The 

number of lasing peaks in a VCSEL depends on the overlap 
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between the resonance modes supported by the DBR cavity 
and the spectral region of optical gain. Hence, single-mode 

 

(Ω), which is a function of oscillator numbers per volume (n), 
oscillator strength  ( f),   and  mode  volume  (Vm )   as 

lasing usually requires a short cavity length.
128,129

 

The DFB cavity is composed of a periodically structured 
Ω ∼ nf /Vm .

140    
According to  the  equation, the  coupling 

element, which acts as a distributed reflector in the wavelength 
range of laser action. Compared to DBR and FP lasers, DFB 
lasers are more stable and able to achieve single-frequency and 
high-power laser beams. 1D Bragg diffraction  grating and 2D 
PC are the most common DFB cavities exploited in perovskite 
lasers. For  a  1D  Bragg diffraction grating, the  resonant 

strength can be enhanced via (1)  increasing the number of 
oscillators by  improving Q  factor of  optical cavities; (2) 
boosting oscillator strength  by  increasing exciton binding 
energy; and (3) reducing mode volume of optical cavities. 

Halide perovskites are ideal materials for exciton−polariton 
lasing due to their modest exciton binding energy and coulomb 

130
 

wavelength is given by Bragg conditions described as
130 interactions. Perovskite polariton lasing has been demon- 

 

2neff Λ = mλBragg 

 
(5) 

strated by Su et al. using a CsPbCl3 nanoplate embedded DBR 
cavity (Figure 6a,b).

141  
The CVD-grown CsPbCl3 nanoplates 

were selected as the active material because of the large exciton 
where neff  is the effective refractive  index of the integrated 
structure, Λ is the grating period, m is the diffraction order, 
and λBragg is the Bragg wavelength.  The first- (m = 1) and 
second-order (m = 2)  Bragg diffractions lead to edge- and 
surface-emitting DFB lasers, respectively. 

Jia et al. achieved a CW-pumped MAPbI3 DFB laser with a 

threshold of 17 kW/cm2 at temperatures below the tetragonal- 

to-orthorhombic phase transition (T  < 160 K).
24  

They 
deposited the MAPbI3 film onto a second-order Al2O3 grating 

on a high thermal-conductivity sapphire substrate and cooled 
the device to around 100 K (Figure 5d). Tetragonal-phase 
inclusions formed inside the bulk orthorhombic host matrix 
within a few  100 ns upon intense optical excitation, 
presumably due  to  local heating (Figure 5e).  The  mixed- 
phase system creates a transient energy landscape for excitons 

that is analogous to inorganic quantum wells or organic host− 
guest matrices, thus, can avoid the lasing death phenomenon 

binding energy (72  meV) and high crystal quality.
142  

The 
highly reflective DBR mirrors can form a high-Q optical cavity. 
Above the threshold, the ground state near the minimum of 
lower polariton dispersion becomes macroscopically occupied, 
confirming polariton condensation and subsequent polariton 
lasing (Figure 6c). Recently, Tian et al. reported CW lasing in 
a perovskite single crystal VCSEL at room temperature (Figure 
6d,e).

143  
The authors attributed the extremely low CW-lasing 

threshold (34 mW/cm2)  to a high-quality  perovskite single 
crystal, low loss DBR cavity, and  possible occurrence of 
polariton   lasing  in  the  strongly   confined  optical   cavity. 
Although the authors observed a large Rabi splitting energy 
of 372 meV at room temperature, further support for polariton 
lasing in this work are in investigation. 

Besides DBR cavities, perovskite NW cavities have also been 

widely used in exciton−polariton  lasing benefiting from the 
138,140,144,145

 

for pure tetragonal phase and  lead to  continuous gain.116 ease of fabrication. Coupling between light and 

Although this demonstration of CW lasing was an impressive 
achievement, the requirement for the mixed phase system is 

the exciton resonance is enhanced in a NW cavity due to the 
reduced mode  volume and  the  cavity enhanced oscillator 

144
 

not very practical. Later, Jia et al. showed that the lasing ceases strength. Wang et al. reported exciton−polariton lasing from 
145

 

under CW operation stem from pump-induced heating and
 all-inorganic  perovskite NWs. The  energy of the  lasing 

 

photoinduced defects that  increase nonradiative Shockley- 
Read-Hall rates.

131   
They  predicted that  the  threshold of 

current DFB lasers  must be decreased by an order of 
magnitude to achieve CW operation at room temperature. 

Apart from planar microcavities,  the microspheres, capil- 
laries, and ring resonators can function as external WGM 

microcavities.
132−136    

WGM  cavities possess many  unique 
properties, such as ultrahigh Q-factors, low mode volumes, 
small sizes of resonators, and ease of fabrication.  However, 
they also usually lead to isotropic laser output, which is not 
favorable when integrating with other  optical components. 
Cegielski et  al. reported a  ring resonator composed of a 

perovskite disc and a Si3N4  bus waveguide  (Figure 5f).
137

 

Effective coupling between the perovskite microdisk and Si3N4 

waveguide enables the  directional laser output  from  the 
outcoupling Si3N4 waveguide. 

Exciton−Polariton Lasing Requires Reduced Thresh- 
old. Compared to conventional population inversion lasing, 

exciton−polariton  lasing is expected to require a lower 

threshold. The strong coupling between electron−hole  pairs 
(excitons) and photons confined in an optical microcavity 
leads to the formation of Bosonic quasi-particles, known as 

exciton−polaritons.
138  

Polariton lasers are based on the Bose− 
Einstein condensation (BEC)  of cavity exciton−polaritons, 
where a large number of Bosons condense into the lowest 
quantum state and leak coherent photons upon reaching a 

critical threshold.
139 

The exciton−photon coupling strength in 
an optical cavity can be described by the Rabi splitting energy 

peaks for CsPbBr3 NWs (green scatter dots) is well fitted by 

the  exciton−polariton model  and  situated  on  the  lower 
polariton branch (Figure 6f). A large Rabi splitting energy of 

210 ±  13, 146 ±  9, and 103 ±  5 meV was observed for 
CsPbCl3,  CsPbBr3,  and  CsPbI3   NWs, respectively, which 
follows the same trend as exciton binding energy of these 
NWs. The findings of perovskite polariton lasing may push 
forward the  development of   optically pumped  CW  and 
electrically driven lasers. 

Toward Electrically Driven Perovskite Lasers. A long- 
standing and elusive goal in solution-processed optoelectronics 
is the development of an electrically driven laser. By virtue of 
superior  optoelectronic properties,  perovskites renewed 
researchers’ hope for achieving this long-standing  goal. An 
electrically  driven perovskite laser device would require (1) 
incorporation of  well-designed optical resonant  cavity to 
reduce the lasing threshold, external cavities like DFB and 
DBR are preferred as the  fabrication process would be 
nonintrusive.  The  impact  to  perovskite films   should  be 
minimized. (2)  A highly efficient LED structure, which can 
be injected with intense current and meanwhile the emission- 
quenching process is suppressed. The purpose is to increase 
the product of current density (J) and EQE.

146
 

Typically, the  required J  ×  EQE to  achieve electrically 
pumped lasing of perovskites is estimated to be tens of A/ 

cm2.
53,147,148   

Currently, although the peak EQEs of PeLEDs 
have reached over 20%, they are usually achieved at J < 100 
mA/cm2.  The  EQEs  start  to  drop  significantly  at  high  J,  a   
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Figure 7. Perovskite emitters for applications of X-ray scintillation and circularly polarized light sources. (a) Dynamic PL decay spectra for lifetime 
measurement of CsPbBr3 NCs and conventional GOS scintillators. (b)  Multilayered design of the flat-panel X-ray imaging  system based on 

CsPbBr3 NCs. (c) X-ray image of a network interface card obtained using the flat-panel detector in (b). (d) Multicolor  X-ray scintillation from 

three types of perovskite nanocrystal scintillators. (e) Degree of circularly polarized PL (P) as a function of temperature for chiral 2D perovskites. 
(f) Postsynthetic ligand treatment of FAPbBr3  NCs with R-,S-MBA:Br. (a) Reprinted with permission from ref 161. Copyright 2018 John Wiley 
and Sons. (b−d) Reprinted with permission from ref 159. Copyright 2018 Springer Nature. (e) Reprinted with permission from ref 175. Copyright 
2019 American Chemical Society. (f) Reprinted with permission from ref 178. Copyright 2020 American Chemical Society. 

 
phenomenon termed as efficiency roll-off or droop. To reach 
the lasing threshold, it becomes necessary for developing a 
PeLED which can tolerate a high J over several hundreds  of A/ 
cm2. At such a high J, Joule heating would become a severe 
problem given the relatively  low thermal conductivity (i.e., 
MAPbI3 ∼ 1.8 Wm−1 K−1 for pseudocubic phase).

149  
Several 

strategies have been proposed for effective thermal manage- 
ment very recently. First, substrates with higher thermal 
conductivity such as sapphire and silicon could be used to take 

replace conventional glass substrates.
53,150  

Second, graphite 
and diamond heat sink adhered to top metal electrodes of 

PeLEDs could further dissipate Joule heat.
148  

Third, reduced 
device geometry with patterned current apertures could help 

dissipate Joule heat to surrounding areas.
53,148 

At last, pulsed 
current operation helps devices survive at higher J by further 
reducing the  average heating  rate.  Exploiting combined 
strategies, the maximum J  × EQE values of 2.1 and 10 A/ 
cm2 have been achieved for green and near-infrared PeLEDs, 

respectively (Figure 6g,h).
53,148 

PeLEDs that can operate at 2.5 
kA/cm2  and maintain an EQE of 1% at 1 kA/cm2  were 

achieved.
148 

The cryostat-temperature operation may be able 

to further improve the J × EQE value (Figure 6i).
151

 

As we  have mentioned  in  LEDs Exploiting Perovskite 
Emitters,  balancing charge injection is effective to suppress 
efficiency  roll-off. Herein, we want to further emphasize that 
Auger recombination  can also contribute to efficiency roll-off. 
Auger recombination becomes prominent at high charge 
carrier densities. Huang group suggested the efficiency roll-off 
in their quasi-2D PeLEDs is likely from Auger recombina- 

tion.
33    

In  quasi-2D perovskites,  the  charge carriers are 

 
concentrated in the QWs. As a result, local carrier densities 
in the QWs of quasi-2D perovskites are much higher than 
those of 3D perovskites, the Auger process thus becomes more 
important at  relatively lower carrier densities. The  specific 
point at which Auger recombination dominates has received 
some controversy as Kim et al. show high current densities 
exceeding 150 A/cm2  without the effect, and thus, this point 
requires more insight.

147
 

In future work toward electrically driven perovskite lasers, 
more  research is  needed  for  demonstrating PeLEDs with 
simultaneous high EQE and brightness. Both parameters are 
important in display and lighting applications.  At the same 
time, incorporating a  well-designed  cavity to  increase the 
light−matter interaction is also warranted. Since exciton− 
polariton lasing does not  require population inversion and 
presents a lower lasing threshold, electrically driven polariton 
lasers could be an interesting field to explore. As the electrical 
pulse duration is typically longer than the optical pulse, it will 
be  helpful to  find  perovskite emitters that  have low ASE 
thresholds and can persist lasing under long-pulse pumping 
(microsecond level). 

 
MORE APPLICATIONS OF HYBRID PEROVSKITE 
EMITTERS 

Perovskite Scintillators for X-ray Imaging. In addition 
to extensive applications in LEDs and lasers, hybrid perovskites 
have recently gathered much attention in the field of X-ray 
detections, due to their strong X-ray stopping capacity, high 
detection sensitivity, excellent charge transport properties, and 
low-cost solution-processability.  The  applications of  X-ray 
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detectors are ubiquitous in our daily life, such as medical 

diagnosis, safety inspection, and metal crack detection.
152  

At 
present,  two  methods  prevail   in  detecting  X-ray. The 
domination method is based on indirect detection using 
scintillators to convert X-ray photons to lower-energy photons 

(UV−visible-NIR) that can be detected by photodetectors. 
Commonly used scintillators  include thallium-doped cesium 
iodide (Cs:Tl)  and terbium-doped gadolinium  oxysulfide 
(Gd2O2S:Tb, GOS:Tb). The other method is based on direct 

detection using direct photoconductors such as amorphous 

selenium (a-Se) to convert X-ray photons to electron−hole 
pairs that can be collected under electric bias. This method is 
particularly suitable for  high-resolution applications like 
mammography. 

To fulfill the predominant task of X-ray imaging, large-area 
flat panel detectors (FPDs) are demanded. Kim et al. reported 
first large-area perovskite X-ray imager in 2017, which provides 
at least 10-fold higher sensitivity compared to currently used a- 

Se or CsI:Tl detectors.
153 

They printed an 830 μm thick 
polycrystalline MAPbI3 film as the direct X-ray converter on a 

thin-film transistor (TFT)  plane. However, this perovskite X- 
ray imager also presented about  a  two-order higher dark 
current and relative slower response time compared to 
stabilized a-Se detectors. Furthermore, the  relatively high 
signal crosstalk between pixels lead to worse spatial resolution, 
presumably caused by MAPbI3  crystallites of 20−200 μm sizes 
that are larger than a pixel and can overlap neighboring pixels. 
Therefore, certain  technological challenges remain  to  be 
addressed for direct-type  perovskite X-ray detectors. 

In comparison to  direct perovskite X-ray converters, the 
development of perovskite scintillators appears more com- 
petitive in the current market situation, presumably due to ease 
of  fabrication on  commercial platforms, faster scintillation 
response,  and weaker requirements for charge transport 
properties.

152  
To  improve the  X-ray absorption coefficient 

(μ)  and reduce scintillator thickness, materials with a high 
density (ρ) and a high atomic number (Z)  are preferred as 

ρZ 4 

 

confinement and bright triplet states without accumulating 
charge carriers.

117 
Operational stability issues associated with 

ion migrations in perovskite photovoltaic and LED applica- 
tions could be largely avoided in X-ray scintillation  settings. 

Perovskite NCs show comparable photostability to  com- 
mercial scintillators under X-ray excitation, potentially enabling 
commercialized applications of perovskite  X-ray detectors.

161
 

Based on the superior optoelectronic properties of perovskite 
NCs, large area FPDs based on indirect X-ray converters of 
perovskite NCs have been successfully demonstrated (Figure 
7b,c).

159,161  
The perovskite NC films with sufficient thickness 

could be easily integrated with a-Si photodetector arrays due to 
the facile solution-processability.   The demonstrated CsPbBr3 

NC FPDs exhibit much higher spatial resolution than those of 
commercially used CsI:Tl and GOS:Tb based FPDs, which is 
likely due to the lower degree of light scattering in perovskite 
NC films with monodispersed cubic shape and uniform NC 
size, compared to  commercial bulk  scintillators made  of 
polycrystalline ceramics or column pillars. To further reduce 
signal crosstalk,  perovskite NC films could be patterned by 
photolithography to form column scintillators, mimicking the 
current design of multicolumn scintillators made of vacuum 

evaporated CsI:Tl  to  mitigate  waveguide effects.
160,162

 

Although there is still much work to be done on material 
optimization, we believe large-area perovskite NC scintillators 
can offer great potential for next-generation industrial X-ray 
sensors and imagers. 

Another  unique  advantage of   hybrid  perovskites NCs 
compared to other scintillators is the facile tunability of X- 
ray excited emission wavelengths through tailoring the halide 
composition and NC  size. This advantage offers the 
opportunity  to  achieve multicolor scintillation based  on 
perovskite NC  scintillators  (Figure 7d).  The  emission 
wavelengths of perovskite NCs  can cover a  wide spectral 

range from UV to NIR. Lanthanide ions (Yb3+,  Er3+,  Eu3+, 

Ce3+) doped perovskite NCs are an emerging material family 

that  has attracted growing interest.
163,164   

The  Yb3+-doped 
CsPbCl3  NCs  could achieve over 100% PLQY, which is 

μ ∝  
E3 , where E is the X-ray photon energy. Since common

 
elements in the halide perovskite material system, for example, 
Cs, Pb, Bi, Br, and I, have high Z, halide perovskites are thus 

very suited for X-ray scintillators.
154   

Perovskite single crystals 
have exhibited respectable scintillation behaviors but only at a 

very low  temperature (<130 K);
155   

the light  yields of 
methylammonium lead halide crystals are  less than  1000 

photons/MeV at room temperature.
156 

2D layered perovskites 

have shown higher light yields of 9000−14000 photons/MeV 
benefiting  from  reduced  dimensionality.156−158  Similarly, 
CsPbBr3 nanocrystals have been reported to possess a high 
light yield of 33000 photons/MeV.

159,160 
Among commercially 

available scintillators,  only CsI:Tl shows a higher light yield 

particularly favorable for X-ray scintillators.  Excited  electrons 
in CsPbCl3 can be divided to excite two Yb3+ ions, leading to 
blue and NIR (over 1000 nm) emission simultaneously.

165  
In 

addition, lanthanide elements have very high atomic number, 
the doping of lanthanide ions could increase the X-ray 
absorption coefficient. 

Circularly Polarized Light Sources. Perovskite emitters 
also possess advantages as light sources of circularly polarized 
luminescence (CPL), which could be used in various future 

technologies.
166−168  

Perovskites have large spin−orbit cou- 
pling and Rashba splitting due to their high Z atoms, making 
manipulation of  the  spin  freedom in  the  emitting states 
possible and thus can emit CPL. External magnetic field can 

than  CsPbBr3  NCs  (1.85-fold).
159  

However, unlike CsI:Tl induce  splitting of  spin  momentum  in  MAPbI3 crystals, 
scintillators,  which typically   have  the  issue of   afterglow 
luminescence due to long scintillation decay time (1000 ns), 
perovskite NCs exhibit a very fast response (44.6 ns) to X-rays, 
making them suitable candidates for high-speed and real-time 
X-ray imaging  applications.

159 
Heo et al. compared CsPbBr3 

NCs  with conventional GOS:Tb  scintillators. The  PeNCs 
exhibited about 3-fold higher light yield compared to GOS:Tb 
and  a  5.6-fold faster photoluminescence lifetime   (Figure 
7a).

161    
The  superior  radioluminescence and  accelerated 

radiative decay time from perovskite NC scintillators are due 
to the large exciton binding energy originated from quantum 

generating CPL at low  temperature.
169,170  

The  excellent 
tunability of dimensionality, composition and crystal forms of 

perovskites can  increase the  degree of  CPL  ([PL(σ+)  − 
PL(σ−)]/[PL(σ+) + PL(σ−)]) and induce the CPL emission 
even without magnetic field. Perovskites show controllable spin 
coherence lifetime when changing the  dimensionality and 
halide anion, which indicates that CPL intensity can be further 
enhanced.

171−173 
Chiral organic A-site cation molecules, such 

as chiral R,S-methylbenzylammonium  (R,S-MBA), can be 
incorporated into the layered perovskite  polycrystalline bulk 
films and induce asymmetric structural arrangement of Pb-X 
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inorganic lattices.
174    

The  chiral  (R-,S-MBA)2PbI4 single 
crystals exhibit a maximum degree of CPL of 17.6% at 77 K 
(Figure 7e).

175
 

Chiral organic molecules can also induce CPL from colloidal 
perovskite NCs at room temperature without magnetic field by 
attaching on  the  NC  surfaces or  inducing assembly  of 

nanocrystals.
176,177 

Very recently, chiral (R)-2-octylamine was 
used to modify the size, surface chemistry,  and photophysical 

properties of colloidal organic−inorganic FAPbBr3  nanocryst- 
als and achieve CPL from the NCs.

178,179  
Furthermore, chiral 

R-,S-MBA bromide  (R,S-MBA:Br) salts were introduced to the 
nanocrystals after purification and achieved CPL from purified 
nanocrystals, providing a way to demonstrate the spintronic 
devices based on colloidal perovskite NCs (Figure 7f). 

■ CONCLUSION AND PROSPECTS 
Due to  the accumulated knowledge and experience in the 
longstanding development of organics and colloidal nanocryst- 
als, the progress in the field of light emission with halide 
perovskites has been remarkably rapid. This exciting family of 
materials with outstanding optoelectronic properties holds 
great promise to break into the field previously dominated by 
other materials. Currently, lead-based perovskites still prevail 
due  to  their superior properties; however, this may cause 
environmental concerns, given the toxicity of lead. Further 
identification of Pb-free light emitters or on-chip sequestration 
of Pb is a critical area of focus.

180,181
 

Through engineering control of excitonic recombination, 
energy funneling, and surface defects, perovskite emitters have 
exhibited high PLQYs approaching  100%, which forms a firm 
foundation on the booming development of PeLEDs. Green, 
red, and NIR PeLEDs have achieved high EQEs of more than 
20%, through multiple strategies, including charge injection 
balance, morphology control, and  light extraction manage- 
ment,  demonstrating great  potential for  natural-color dis- 
plays.

182 
However, the development of blue PeLEDs still lags 

because of poor film quality and deficient device structure, 
which demands additional effort as blue LEDs are essential for 
displays and lighting. Meanwhile, PeLEDs still face device 
stability issues toward commercialized applications. Currently, 
the lifetimes  and stability of PeLEDs remain far from 
satisfactory:  about 250 h of  operation in air before a 50% 
luminescence reduction.

39,183  
Ion migration, electrochemical 

reactions, and interfacial reactions are regarded as the main 
degradation pathways affecting the operational stability.

26
 

For  solution-processed lasing,   the  “holy  grail” is  an 
electrically driven laser. The achievement of CW perovskite 
lasing paves the way toward this long-standing goal. Besides 
remarkable performance in conventional population-inversion 
lasing, perovskite emitters provide an alternative pathway for a 
low-threshold lasing via exciton−polaritons, which is promising 
for developing an electrically  driven perovskite laser. Other 
novel  applications  of  perovskite emitters, such as X-ray 
scintillation, chiral light sources have also been thriving, and 
more  applications (e.g.,  color  converters, single photon 
emitters, etc.) are expected to disrupt mainstream manufactur- 
ing in the field of light-emission in the near future. 
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