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Optoelectronic Devices
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To enhance conversion efficiency...

Laser Diode

QCL

Photodiode

Solar Cell CCD

Photoresistor LED

OLED

Electrical MethodsOptical Methods
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Intro: Solar Energy
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Energy consumed by human in 2017: ~1021 J/year

Energy the Earth receives from the Sun: ~1023-24 J/year

Wikipedia Wikipedia



Intro: Emergence of Organohalide Perovskite
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Perovskite solar cells are emerging as candidates to replace Si solar cells.
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Intro: Emergence of Organohalide Perovskite
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Emergence of Organohalide Perovskite for Solar Energy Conversion

Pros:

• Direct Bandgap ≈ 1.5 eV

• High Quantum Efficiency (PCE ≈ 23.3%) 

• (Potentially) Low Cost

• Bendable

Cons:

• Chemically Instable

• Toxic (contains Pb)



Cs3
IBi2

IIIX9 Cs2
IBiIAgIIICl6 Cs2InISbIIIX6

Intro: Various Perovskite Materials
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Too Large Band Gap
(Eg ≈ 2.0 eV)

Indirect Band Gap Low Chemical Stability

Park et al, Adv.Mater. 2015, 27, 6806 Volonakis et al, J.Phys.Chem.Lett. 2016, 7, 1254 Zhao et al, J.Am.Chem.Soc. 2017, 139, 2630

Non-Toxicity Proper Eg Direct Eg Stability

MAPbI3 X O O △

Cs3
IBi2

IIIX9 O X O O

Cs2
IBiIAgIIICl6 O O X O

Cs2InIBiIIIX6 O O O X



Cs2Au2I6 : Lead-Free Perovskite Material
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Riggs, J. Cryst. Growth, 2012, 355, 13 Liu, Phys. Rev. B, 1999, 59, 12

Shed new light on mixed valence perovskite Cs2Au2I6 as photovoltaic material

Mixed valence perovskite Cs2Au2I6 was already studied, but not for photovoltaics



Cs2Au2I6 : Band Structure and Optical Absorption

9Done by Lamjed Debbichi, EEWS, KAIST

Electronic Band StructureCrystal Structure

First Principle Calculation
Density functional Theory 

Optical Absorption (Im{𝜀})

Electronic Transition Calculation

Γ𝑖→𝑓 =
2𝜋

ℏ
𝑓ۦ 𝐻′ ۧ𝑖 2𝜌

E2

E1𝐸 = ℎ𝜈



Cs2Au2I6 : Permittivity
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𝜀′ 𝜔 = 1 +
1

𝜋
𝑃න

−∞

∞ 𝜀′′ 𝜔′

𝜔′ − 𝜔
𝑑𝜔′

Kramers-Kronig Relation

𝜀poly =
1

4
𝜀⊥ + 𝜀⊥

2 + 8𝜀⊥𝜀∥

Re{𝜀}Im{𝜀}

Effective Medium Theory

𝜀single = 𝜀⊥



Cs2Au2I6 : Absorption Coefficient and Current Density
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Cs2Au2I6(1.31eV) exhibit absorption spectra better matched to 
solar irradiance spectrum than MAPbI3(1.55eV)

Current DensityAbsorption Coefficient

𝐽sc = 𝑒න
𝜆min

𝜆g AM1.5G 𝜆 × 1 − exp 𝛼𝑑

ℎ𝑐/𝜆
𝑑𝜆

Current Density



Cs2Au2I6 : Performance in Real Device
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Material Jsc(mA/cm2) Voc(V) FF PCE(%)

Single-Cs2Au2I6 25.4 0.91 0.8 18.5

Poly-Cs2Au2I6 29.5 0.91 0.8 21.5

MAPbI3 22.6 1.15 0.8 20.8

350nm

40nm

150nm

200nm



Cs2Au2I6 : PhotoConversion Efficiency(PCE)
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10~200nm

10~350nm

40nm

150nm

Adv. Mater. 2018, 1707001

Perovskite Cs2Au2I6: Thin-Film Pb-Free Solar Cell with High Efficiency
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Intro: OLED Display
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Samsung Infinity Flex Display

LCD: Liquid Crystal Display
OLED: Organic Light-Emitting Diode

LCD OLED

Thickness Thick Thin

Contrast Ratio 5000: 1 ∞

Response Time ms μs

Viewing Angle Narrow Wide

Price Lower Higher(Catching up...)



Intro: Importance of Improving 𝜼𝐨𝐮𝐭
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𝜂out ≈
1

2𝑛e
2~20%

(𝑛e = 1.7 − 1.8)



Intro: Various Light Extraction Structures
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• Photonic crystal

• Repeated high index pattern

Appl. Phys. Lett. 2003, 82, 3779
Nat. Photonics. 2015, 9, 758

• Low index grid

• Conductive low index grid

Nat. Photonics. 2008, 2, 483
Adv. Mater. 2010, 22, 1849

• 1D Corrugation

• 2D Corrugation

Nat. Photonics. 2010, 4, 222
Opt. Express. 2012, 20, 309



𝑢 =
𝑘∥
𝑘e

= sin 𝜃

Snell's law: 𝑘∥ is preserved

Normalizing 𝑘∥ by 𝑘e:

160 nm

100 nm

40 nm
𝑧

𝑥
𝑦

𝜃

𝜃𝑐

15 nm

ITO

Ca

Al

EML

0 < 𝑢 < 1/𝑛e 1/𝑛e < 𝑢 < 1

(iii) Waveguided(WG)

(i) Outcoupled(OUT)

(ii) Absorbed(ABS)

1 < 𝑢

(iv) Surface Plasmon(SPP)

𝜃𝑐

Loss Channels in Planar OLED

𝜃𝑐
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Conventional EM Simulation: FDTD/FEM
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VerticalHorizontal 

x: 10 μm 
y: 10 μm 
z: 815 nm 

Components Horizontal Vertical Average

𝜂out 33.45 % 1.65 % 24.32 %

𝜂abs X X X

𝜂WG X X X

𝜂SPP X X X

Purcell. ENH 0.86 0.63 0.78

40nm

160nm

15nm

100nm

Average: (2×Horizontal + 1×Vertical)/3
Polar Angle 𝜃 (deg)

Normalized Power

Purcell. ENH = Purcell/ne

Average



Limitations of FDTD/FEM
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FDTD FEM

Disadvantage

Massive calculation: 0.5 – 1 hr / dipole

Loss channel analysis is difficult
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• Decompose dipole emission into plane waves

𝐄 𝑥, 𝑦, 𝑧 = නන
∞

෨𝐄 𝑘𝑥, 𝑘𝑦 𝑒𝑖(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧)𝑑𝑘𝑥𝑑𝑘𝑦

• Track propagation of each wave component (TMM)

• Obtain power density of each wave component (specified by 𝑘∥)

Chance, Prock, & Silbey(CPS) Model for Planar OLED

TMM: Transfer Matrix Method

𝑧+

𝑧−

𝜃
𝑎+
TM

𝑎−
TM

𝑘𝑧

𝑘∥

𝑟−
TM

𝑟+
TM

𝑎+
TM = 𝑟+

TMexp(2𝑗𝑘z,e𝑧+)

𝑎−
TM = 𝑟−

TMexp(2𝑗𝑘z,e𝑧−)



𝑧+

𝑧−

CPS Model for Planar OLED
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𝐾v 𝑢 = 𝐾TMv 𝑢

=
3

4
Re

𝑢2

1 − 𝑢2
× 1 +

𝑎−
TM

1 − 𝑎−
TM𝑎+

TM +
𝑎−
TM𝑎+

TM

1 − 𝑎−
TM𝑎+

TM +
𝑎+
TM

1 − 𝑎+
TM𝑎−

TM
+

𝑎+
TM𝑎−

TM

1 − 𝑎+
TM𝑎−

TM

Normalized power density per unit normalized in-plane wavevector

Chance, Advances in chemical physics, 1978 
Lukosz, Physical Review B, 1980
Neyts, Journal of Optical Society of America, 1998

𝑟−
TM

𝑟+
TM

𝑎+
TM𝑎−
TM 𝑎+

TM𝑎−
TM



CPS Model for Planar OLED
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OUT WG SPP

15nm

100nm

100nm

ABS

OUT WG SPP

Components Condition

OUT+ABS 0׬
1/𝑛e 2𝑢𝐾 𝑑𝑢

WG 𝑛e/1׬
1

2𝑢𝐾 𝑑𝑢

SPP 1׬
∞
2𝑢𝐾 𝑑𝑢

OUT 0׬
1/𝑛e 2𝑢𝐾′ 𝑑𝑢

Purcell(F) 0׬
∞
2𝑢𝐾 𝑑𝑢

N.In-Plane Wavevector 𝑢
Po

w
er

 D
en

si
ty

 (
𝑢
𝐾

)

Components CPS FDTD

𝜂out 21.34 % 21.12 %

𝜂abs 12.35 % X

𝜂WG 30.03 % X

𝜂SPP 36.28 % X

Purcell. ENH 1.27 1.26

Polar Angle 𝜃 (deg)

Normalized Power

FDTD

CPS

Purcell. ENH = Purcell/ne



CPS Model for Planar OLED: Verification via FDTD
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Outcoupling Efficiency (%) Purcell Enhancement

FDTD

CPS

Simulation Size (μm)

FDTD

CPS

Simulation Size(μm)

Simulation Size (μm) 𝜼𝐨𝐮𝐭 Purcell. ENH Simulation Time (s)

2 μm 14.30 % 1.26 7×102

3 μm 18.39 % 1.26 7×102

4 μm 19.91 % 1.26 8×102

5 μm 20.51 % 1.26 1.0×103

10 μm 21.07 % 1.26 2.4×103

15 μm 21.12 % 1.26 3.6×103

CPS(∞) 21.34 % 1.27 1



CPS Model for Planar OLED: Complex Structure
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Calculation time: 1 sec

CPS

FDTD
OUT WG SPP

ABS

Components Horizontal Vertical Average

𝜂out 19.21 0.56 13.22

𝜂abs 11.17 0.52 7.75

𝜂WG 68.78 95.38 77.33

𝜂SPP 0.84 3.54 1.71

Purcell. ENH 0.57 0.54 0.56

Components Horizontal Vertical Average

𝜂out 18.92 0.54 13.01

𝜂abs X X X

𝜂WG X X X

𝜂SPP X X X

Purcell. ENH 0.57 0.54 0.56

Color Filter

Air

Ag

Organic 
Layers

Po
w

er
 D

en
si

ty
 (
𝑢
𝐾

)
Polar Angle 𝜃 (deg)

Normalized Power

CPS FDTD

Calculation time: 3.6×103 sec

N.In-Plane Wavevector 𝑢



Principle of 𝜼𝐨𝐮𝐭 Improvement
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Planar Device 1D Corrugated Device

𝐴 = 50 nm

Period (𝑃)

𝑧+ = 75 nm𝑧

𝑥
𝑦

𝜃

𝑢𝑥

𝑢𝑦𝐾(𝑢𝑥, 𝑢𝑦)

1 = 1

1/𝑛e

𝐾(𝑢𝑥, 𝑢𝑦)

1

1/𝑛e

𝐺 =
2𝜋

𝑃

𝑢𝑥

𝑢𝑦

150 nm

15 nm

100 nm

𝑧+ = 75 nm
Ag

Al

𝑧

𝑥
𝑦

𝜃
EML



1D Corrugated OLED: FDTD Calculation
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𝜂out is enhanced due to diffraction

600 nm

Planar 
구조

500 nmPlanar 700 nm

Period (nm) 𝜼𝐨𝐮𝐭 Purcell. ENH Simulation Time (s)

500 12.86 % 1.07 3×104

600 13.25 % 1.07 3×104

700 13.47 % 1.08 3×104

800 13.63 % 1.08 3×104

900 13.74 % 1.07 3×104

1000 13.78 % 1.08 3×104

∞(Planar, FDTD) 6.20 % 0.78 3.6×103

∞(Planar, CPS) 6.39 % 0.79 1



Ongoing: Extend CPS Model to 1D Corrgated OLED

28

Challenge:
(i) 𝑢 is not preserved for each reflection/transmission event.

RCWA: Spatial Fourier transform of permittivity and light 
to calculate transmission and reflection coefficients

𝑘𝑥𝑖 = 𝑘 sin 𝜃 + 𝑚𝐺, 𝐺 = 2𝜋/Λ

ne = 1.8

nair

Ag Ag AgAg

-1st

0th

0th-1st
-2nd

x

z

Order kz,e kz,air Rs Ts

-3 Imag Imag -0.1171 + 0.1841i -0.0532 + 0.1281i

-2 Real Imag -0.2015 + 0.2897i -0.1126 + 0.4166i

-1 Real Real 0.0722 + 0.1842i -0.1448 + 0.5430i

0 Real Real -0.4095 - 0.5359i 0.0773 + 0.3696i

1 Imag Imag 0.2794 - 0.2272i 0.1134 + 0.0414i

2 Imag Imag 0.0552 - 0.0750i 0.0409 - 0.0463i

3 Imag Imag -0.0234 + 0.0176i -0.0048 - 0.0171iPeriod: 500 nm
Wavelength: 520 nm
Thickness: 100 nm
Angle of incidence: 30 deg

(ii) Polarization of light is also not preserved.

RCWA: Rigorous Coupled-Wave Analysis



Ongoing: Transforming Equations into Matrix Form
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Normalized power density per unit normalized in-plane wavevector

𝑲𝐯 𝑢𝑥, 𝑢𝑦

=
3

4𝜋
Re

𝑢2

1 − 𝑢2
× 𝑰 +

𝒂−
𝐓𝐄/𝐓𝐌

𝑰 − 𝒂−
𝐓𝐄/𝐓𝐌

𝒂+
𝐓𝐄/𝐓𝐌

+
𝒂−
𝐓𝐄/𝐓𝐌𝒂+

𝐓𝐄/𝐓𝐌

𝑰 − 𝒂−
𝐓𝐄/𝐓𝐌

𝒂+
𝐓𝐄/𝐓𝐌

+
𝒂+
𝐓𝐄/𝐓𝐌

𝑰 − 𝒂+
𝐓𝐄/𝐓𝐌

𝒂−
𝐓𝐄/𝐓𝐌

+
𝒂+
𝐓𝐄/𝐓𝐌

𝒂−
𝐓𝐄/𝐓𝐌

𝑰 − 𝒂+
𝐓𝐄/𝐓𝐌

𝒂−
𝐓𝐄/𝐓𝐌

Planar Interface Periodic Structure

𝐾(𝑢∥) 𝐾(𝑢𝑥, 𝑢𝑦)



Ongoing: Transforming Equations into Matrix Form

• In case of conical diffraction(𝜙 ≠ 0): TE/TM Mixing

• TE, TM can be considered in matrix form at once

30

Normalized power density per unit normalized in-plane wavevector

𝑲𝐯 𝑢𝑥, 𝑢𝑦

=
3

4𝜋
Re

𝑢2

1 − 𝑢2
× 𝑰 +

𝒂−
𝐓𝐄/𝐓𝐌

𝑰 − 𝒂−
𝐓𝐄/𝐓𝐌

𝒂+
𝐓𝐄/𝐓𝐌

+
𝒂−
𝐓𝐄/𝐓𝐌𝒂+

𝐓𝐄/𝐓𝐌

𝑰 − 𝒂−
𝐓𝐄/𝐓𝐌

𝒂+
𝐓𝐄/𝐓𝐌

+
𝒂+
𝐓𝐄/𝐓𝐌

𝑰 − 𝒂+
𝐓𝐄/𝐓𝐌

𝒂−
𝐓𝐄/𝐓𝐌

+
𝒂+
𝐓𝐄/𝐓𝐌

𝒂−
𝐓𝐄/𝐓𝐌

𝑰 − 𝒂+
𝐓𝐄/𝐓𝐌

𝒂−
𝐓𝐄/𝐓𝐌

𝑦

𝑥

𝑧

𝑟±
𝑇𝐸/𝑇𝑀

=
𝑟±
𝑇𝐸,𝑇𝐸 𝑟±

𝑇𝐸,𝑇𝑀

𝑟±
𝑇𝑀,𝑇𝐸 𝑟±

𝑇𝑀,𝑇𝑀



Ongoing: Calculation Results

31FDTD 27000 sec → CPS 800 sec

𝑢𝑥

FDTD CPS(Matrix)

𝜂out 0.19 %
0.42 %

𝜂abs X

𝜂WG X 34.40 %

𝜂SPP X 65.18 %

Purcell. ENH 0.62 0.63

Time 3.6×103 6×102

P = 600nm

FDTD CPS(Matrix)

𝜂out 2.05 %
1.86 %

𝜂abs X

𝜂WG X 28.26 %

𝜂SPP X 69.89 %

Purcell. ENH 0.88 0.66

Time 2.7×104 8×102

Planar

𝑢
𝑦

𝑢𝑥

𝑢
𝑦

Power Density(K) Power Density(K)



Summary
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Part I. Solar Cell Part II. OLED

With Hyungjun Kim's LAB, EEWS With Seunghyup Yoo's LAB, EE

Perovskite Cs2Au2I6

Non-toxic and High efficiency

1D corrugated OLED

Making extended CPS model
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Thank you for listening
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