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Light Emitting of Perovskites

2

Perovskite LEDs Perovskite lasers



Halide Perovskite Composition
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Chemical formula: 𝑨𝑩𝑿𝟑

A-site:
methylammonium cation (𝑀𝐴'), formamidinium cation (𝐹𝐴'), 𝐶𝑠'

B-site:
𝑃𝑏-', 𝑆𝑛-'

X-site:
𝐶𝑙1, 𝐵𝑟1, 𝐼1

𝑀𝐴' 𝐹𝐴'
Examples:

• Single composition:𝑀𝐴𝑃𝑏𝐼5, 𝐹𝐴𝑃𝑏𝐼5, 𝐶𝑠𝑃𝑏𝐵𝑟5

• Mixed composition: 𝑀𝐴𝑃𝑏𝐼6𝐵𝑟516, 𝑀𝐴6𝐶𝑠716𝐵𝑟5

• Lead-free perovskite: 𝑀𝐴𝑆𝑛𝐼5, 𝑀𝐴𝑆𝑛𝐵𝑟5



Perovskite Crystal Structure
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Tolerance factor: 𝑡 =
𝑟: + 𝑟<
2(𝑟? + 𝑟<)

t Crystal system

> 1.0 Hexagonal or Tetragonal

0.9 ~ 1.0 Cubic

0.71 ~ 0.9 Orthorhombic/Rhombohedral

< 0.71 Different structures

Composition Crystal system at RT
𝑀𝐴𝑃𝑏𝐼5 Tetragonal

𝑀𝐴𝑃𝑏𝐵𝑟5 Cubic

Temperature Crystal system of 𝑴𝑨𝑷𝒃𝑰𝟑
< 162 K Orthorhombic 

162 K ~ 327 K Tetragonal 

> 327 K Cubic

Composition effect Temperature effect

Quarti et al. Energy Environ. Sci., 2016, 9, 155-163.



Perovskite Properties
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A semiconductor with tunable band gap

𝐌𝐀𝐏𝐛𝐗𝟑

Pathak et al. Chem. Mater., 2015, 27, 8066−8075.

Pathak et al. Chem. Sci., 2015, 6, 613–617.



Perovskite Properties
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Defect tolerance: Dominant intrinsic defects are mainly shallow defects

Buin et al. Nano Lett., 2014, 14, 6281−6286



Perovskite Properties
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• Narrow Emission linewidth

• High PLQY

PLQY > 90%

Protesescu et al. Nano Lett., 2015, 15, 3692−3696

Long carrier diffusion 
length

Stranks et al. Science, 2013, 342, 341-343



Quasi-2D Perovskite
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𝐵𝑋K1L octahedron

Bulky organic cation

A-site cation

Layered structure

Example of bulky organic cation:

Kim et al. Small Methods, 2018, 2, 1700310.

Phenethylammonium (PEA) n-butylammonium (BA)

Advantages of quasi-2D perovskite:

• Improved stability (higher formation 
energy)

• Defect passivation by amine group 
(high PLQY)



Fabrication of Perovskite
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Precursor solution Anti-solvent

Hot plate

Thermal annealing

Spin coating

substrate

Precursor solvents:

Dimethylformamide (DMF), Dimethyl sulfoxide (DMSO), N-Methyl-2-pyrrolidone (NMP)

Antisolvents:

Chlorobenzene (CB), Toluene, Chloroform
Anti-solvent dripping is used to control crystal 
growth and morphology

Perovskite



Device Structure of PeLED
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ITO
HTL

Perovskite

ETL
Cathode

Conventional structure Inverted structure

ITO
ETL

Perovskite

HTL
Cathode

Adjokatse et al. Mater. Today, 2017, 20, 413-424.



Performance of PeLEDs
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Lin et al. Nature, 2018, 562, 245-248.

Green PeLED

Red PeLED

Cao et al. Nature, 2018, 562, 249-253.



Ion Migration in Perovskites
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The short operational lifetime of PeLED compared to OLED is mainly due to ion migration. 

Christie L.C. (2018), Perovskite photovoltaics (Chapter 6). Academic Press.

Both Halide ion and 𝑀𝐴' are mobile

Eames et al. Nat. Commun., 2015, 6, 7497.



Degradation Mechanism
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Ion migration is the main reason for device degradation

Fresh perovskite After degradation

Lee et al. ACS Appl. Mater. Interfaces, 2019, 11, 11667−11673.

𝐵𝑟1and 𝑀𝐴' in Al electrode by SIMS



Improve Stability by Passivation
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PEI EDA

Electrode corrosion by 𝐵𝑟1 migration Lee et al. J. Phys. Chem. Lett., 2017, 8, 1784-1792.



Improve Stability by Ion Blocking Layer
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• Metal oxides (ZnO and NiOx) function as ion blocking layer

• Stability of PeLEDs can be improved Zhuang et al. Ceram. Int., 2018, 44, 4685-4688.



Perovskite Lasers
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General properties of laser:

• Monochromatic
• Directional 
• Coherent 
• High intensity

Light Amplification by Stimulated Emission of Radiation (LASER)

Wide applications of laser:

Manufacturing, medical, data storage, communication, display, spectroscopy, military and so on. 

Perovskite materials can be used for semiconductor lasers. 



Fundamentals of Semiconductor Laser
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Spontaneous 
emission

Stimulated 
emission Absorption 

𝐸NO : Quasi fermi level of electron

𝐸NP : Quasi fermi level of hole

Condition of population inversion (enough carrier density):

𝐸NO − 𝐸NP > 𝐸O − 𝐸P = 𝐸S

E (eV)

e- population

h+ population

𝐸NO

𝐸NP

𝐸O

𝐸P

Optical gain > 0

𝑅-7(UVWX) 𝑅-7(UYZ[) 𝑅7-(\]U)
Transition 
rate

𝑅-7(UYZ[) > 𝑅7-(\]U)

T. Numai, (2015), Fundamentals of semiconductor laser, Springer



ASE of Perovskites

18

Amplified Spontaneous Emission (ASE) 
Pumping laser: 600 nm, 150 fs,1 kHz

Materials: 𝑀𝐴𝑃𝑏𝐼5

Peovskite film

Pumping laser
PL or ASE

Xing et al. Nat. Mater., 2014, 13, 476-480.

No optical feedback



Distributed Feedback Laser by Perovskite
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Saliba et al. Adv. Mater., 2016, 28, 923-929

2neffΛ = mλBragg

m=1: edge emission mode

m=2: surface emission mode

m=1

m=2

Polymer
Perovskite



Distributed Feedback Laser by Perovskite

20Saliba et al. Adv. Mater., 2016, 28, 923-929

2neffΛ = mλBragg

m=2

2Λ ≅ λBragg
neff=1.9~2.0

Pumping laser: 532 nm, 1ns,1 kHz
2Λ ≅ λBragg



Optical Design of OLED and Perovskite LED
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Typical OLED/PeLED Structure
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e-

h+

ITO Ale-h+

EML

HTL

ETL

• Light is generated in the high refractive index thin film (< 200 nm)
• 20~30% of all the light goes to air mode

Substrate

Emitting Layer
(EML)

ITO 

Al 

Hole Transport Layer
(HTL)

Electron Transport Layer
(ETL) 

Air mode 



Optical Structure
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Asymmetric metal-clad waveguide 

R(normal) < 4% 
Total internal reflection

R ~ 90% 
Surface plasmons

Substrate
Transparent anode

Organic or Perovskite layer

Reflective cathode

Air

OLED/PeLED can be regarded as optical 
microcavities which support waveguide modes and 
SPP modes

Cladding

Metal cladding

Dielectric cladding

Core

Material Refractive Index

Perovskite 2.5
ITO 2.0

Organic 1.8
Glass 1.5

Air 1.0

Air



SPP and Waveguide Modes
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Organic/Perovskite

Metal ++--++-- ++--

Surface Plasmon Polariton (SPP) mode 

Substrate

Metal

TIR

Wave front

Waveguide Mode

Organic/Perovskite

Substrate

𝒌𝑺𝑷𝑷 𝝎 =
𝝎
𝒄

𝜺𝒅𝜺𝑴
𝜺𝑴 + 𝜺𝒅

• Both SPP and waveguide modes have quantized 
mode dispersion relation 

𝜺𝑴

𝜺𝒅
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Optical Mode Distribution
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Absorption

OLED Perovskite LED (PeLED)

Adv. Mater. 2019, 31, 1805836



Light Extraction
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Planar OLED/PeLED

ITO

Glass

Organic
/Perovskite

Metal

Microlens arrays Porous substrate

Random Scattering

Roughened surface

Suppress TIR

Half-ball lens Sub-anode grids 

Diffraction
Corrugation



Soft-Imprinted ZnO

28Adv. Mater. 2019, 31, 1901517

• Moth eye nanostructures
• periodicity ~400 nm



Spontaneously Formed Perovskite Platelets
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Nature 562.7726 (2018): 249.

100 nm

1 μm



In-plane Wavevector and Dispersion Diagram

In-plane wavevector

Glass

ITO

Organic layer/Perovskite

Metal cathode

𝜃
𝑘

𝑘||

𝑘|| = 𝑛𝑘0 sin 𝜃 =
𝜔
𝑐
𝑛 sin 𝜃

Advantage of the concept of in-plane wavevector
1. It describes light traveling under a certain angle
2. It is conserved at the interfaces
3. We could plot dispersion diagram for an OLED/PeLED 
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Dispersion diagram for an OLED

𝝎

𝒌||

SPP

TM
TE

Air
𝜔 = 𝑐 q 𝑘||

Substrate

𝜔 =
𝑐 q 𝑘||
𝑛Sr\UU

ITOqorganic

𝜔 =
𝑐 q 𝑘||
𝑛s.u.

𝜃 𝑘

𝑘||



Simulated Mode Dispersion
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Bragg Diffraction
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kWGk’WG = kG-
kG = 2π/ɅGrating Vector

Bragg Diffraction
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• Bragg diffraction is useful in PeLEDs due to the large waveguide mode portion 
and narrow spectrum



Light Extraction with Corrugated Substrates
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ITO TE WG

Corrugated 
Substrate

Al

TM WGSPP

Organic

Linear grating

Hexagonal lattice
(single crystal)

Square lattice (single crystal)

Hexagonal lattice
(poly crystal)



Mode Dispersion Comparison
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E 
(e

V)

kx(μm-1)

E 
(e

V)

TE WG

TM WG

SPP

kx(μm-1)

Corrugated OLED

• Angular EL spectra (ARES) measurements 
reveal the origin of the extracted light 

• Guides the design of devices

Rotary stage

OLED
device

Optical fiberPolarizer

Spectrometer

Planar OLED



Corrugated OLED PerformanceCorrugated OLED Performance

EQE
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Planar  27%

Planar OLED Corrugated OLED
(with lens)

Glass (n=1.5)

ITO ( n = 2.0) 

Metal

Organic Layers
(n=1.75)



Summary
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• OLED/PeLEDs are microcavity devices which support 
waveguide/substrate and SPP modes

• PeLEDs have strong waveguide loss due to the thick EML and high 
refractive index

• Current waveguide mode extraction in PeLEDs is mostly through 
random scattering, but Bragg diffraction with a periodic structure could 
be more advantageous

• Optical characterization through angle-resolved EL measurements will 
give important guidelines for optimization
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