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I Light Propagation Inside an OLED
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I Light Extraction Efficiency (LEE) & Front LEE

Front Emission :

=
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$ https://www.samsung.com/uk/support/mobile-devices/which-galaxy-smartphones-are-compatible-with-which-gear-vrs/

https://www.bhphotovideo.com/explora/computers/buying-guide/virtual-reality-headset-a-buying-guide

Lig h t CO n e http://it.chosun.com/site/data/html_dir/2020/09/17/2020091700810.html

VR devices

Outcoupled Light Intensity

Nout =

Emissive Light Intensity at Emissive Layer

Layer
Front Emiited light Intensity/sr

Nout,front =

Light Intensity at Emissive Layer
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I Various Methods for Increasing LEE & Front LEE
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Optical Properties Calculation & Peak Shift Method
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Finite-Difference Time-Domain Simulation (FDTD)

Purcell factor \ /— Transmittance 4\
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I Chance, Prock and Silbey (CPS) Model

Normalized spectral power density:
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I Planar Optimization Result

1=460nm Front Light Extraction Efficiency (/sr) Wave angle — Light Intensity Graph
10? '
350 0.4
Active layer CPS ‘E 300 ‘ = 100
(n=1.8) E, - 03 5
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Thickness (h) 2 200 @ 0.2 € 107}
. ® 150 " =
Dipole Pos (x) ‘\ S 100 g 2
— V4
&
MATLAB 50 . .
0 107°
100 200 300 400 0.5 1 1.5 2
Active Layer Thickness (nm) u (= sin(0))
Optimization by CPS with MATLAB I
Active layer
(n=1.8) ! 5

u-K digarm: Light propagation direction (u=sin(6gpm..)) — Light intensity (K)

V
Optimized EML Thickness = 384nm, Optimized Dipole Position = 201nm
Front LEE: 0.4547/sr _
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I Diffraction in Corrugated Structure

Diffraction angle can be modulated by tuning the
corrugation period

Diffraction equation

n X sin(Bip.) = n X sin(Bgier) + k X A We choose the corrugation by looking into the u-K
U = Sin(H) graph of planar structure

102

Uine = Ugier T+ K A

100 |
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u = sin(0)
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I Peak Shift Method

Assumptions

y
v

102
OC_ 1. Corrugation amplitude is small enough
10 = Corrugation doesn’t change the u-K
5 diagram of orginal planar structure
v 107°]
1074 2. The exchange ratio by corrugation is
the same between uy and u, for every x.
107 | | |
0 0.5 1 1.5 2 3. Higher order diffraction is neglected.

uy interaction with u, by corrugation (u-K graph)

u —L@A— 4
a " nxA T nXug
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I Peak Shift Method

A=460nm
Al A2

Ag 15nm
A

Active layer
(n=1.8)

384nm

—>
Period(A)

Each Peak in u-K graph correspond to an arc in far-field

Front LEE of Corrugation

Front LEE of Planar _ _ 0277

Corrugation: 350 nm, Amplitude: 50 nm
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Peak Shift Method

Corrugation shape: z = %lcos(

A

A
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I Peak Shift Method for 1D, 2D Corrugation
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Peak Shift Method for 1D, 2D Corrugation

Front Efficiency (/sr)
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- Planar, 1D corrugation, 2D square corrugation, 2D hexagonal corrugation
- Amplitude: 50nm, Period: 290 nm (1D), 296 nm (2D square), 300 nm (2D hexagonal)
- Front LEE 0.45/sr, 0.73/sr, 1.39/sr, 1.15/sr, respectively Proper period by Peakshift: 304 nm
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Analysis of the Corrugation Parameters and Front LEE
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Base Planar Structure

A=460nm

Far-field graph for corrugated
structure with period of 245 nm

Wave angle — Light Intensity Graph_
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303nm
149nm 1 (n=1.94)

Corrugation period for A= 460 nm

Arcs does not meet at the center

A=—22_ —2444nm ~ 245 nm, Corrugation Amplitude: 50 nm

 1.94x0.97 => 245 nm is not the optimal period
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Optimal period: prediction vs real

Far-field graph of 245 nm period
corrugated structure

Prediction: 245 nm
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Intensity

Angular LEE Distribution of Corrugated Structure

Source intensity distribution
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Farfield at glass layer

JLAB | KAIST

Planar Structure
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Optimal period: prediction vs real

Assumptions

1. Corrugation amplitude is small enough

—> Corrugation doesn’t change the u-K diagram of orginal
planar structure

2. The exchange ratio by corrugation is the same between
Uy and u, for every x.

3. Higher order diffraction is neglected.
Uq

Flaws in the assumption

1. Corrugation amplitude is NOT small enough

EML thickness: 303 nm
Corrugation amplitude: 50 nm (Peak to Peak : 100 nm)

2. The exchange ratio by corrugation is the Different
between uy and u, for every x.

3. Higher order diffraction is neglected.

=> OK. Higher order diffraction is negligible
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Parameters defining a corrugated OLED

Parameters

- Period
= Diffraction angle
Diffraction efficiency

I Amplitude (4)

- Amplitude
= Diffraction efficiency

- Corrugation position
= Mode coupling

- Corrugation shape
—> Diffraction efficiency
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Corrugation period

- Sine shaped corrugation at Anode, EML boundary

Front Efficiency (/sr)

251 ' ‘ I ——— - Corrugation period: 230, 235, 240, 245, 250 nm

—230
—235

- Corrugation amplitude: 50 nm

% Proper period by peakshift method @ 460 nm
i A=—20  _2444nm ~245nm
g 1.94x0.97

Proper period by spectral distribution @ 460 nm
235 nm

420 440 460 480 500
Wavelength (nm) Reason of difference: Distortion of u-K graph
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Amplitude of a Corrugation

Front Efficiency (/sr)

2.5 T T T T I
—10
—20
30
2 - —40
—50
— 100
w —Planar
51.5 —
: N
‘c
=
L
e 1r
e
L
0.5
0 | 1 | 1 1
420 440 460 480 500
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Wavelength (nm)

- Sine shaped corrugation at Anode, EML boundary

- Corrugation period: 245 nm

- Corrugation amplitude: 10, 20, 30, 40, 50, 100 nm

10 - 50nm range: Front LEE increase as amplitude increase
100nm: Front LEE decrease at almost everywhere

Small amplitude: corrugation effect << Stacked planar
= Less u-K distortion

Large amplitude: corrugation effect >> Stacked planar
= u-K graph distorted
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Shape of a corrugation

Front Efficiency (/sr)

1.2 :

o
o
|

Front Efficiency (/sr)
>
|

©
~
|

0.2

1

——Sine Corr
— Step Corr

420
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440

460
Wavelength (nm)

480

200

- Sine shaped & Step shaped corrugation
at Anode, EML boundary

- Corrugation period: 235 nm

- Corrugation amplitude: 50 nm

Sine shape: Peak at 427 nm, 439 nm, 464 nm
Step shape: Peak at 426 nm, 433 nm, 469 nm

- Diffraction efficiency is different

- Amount of u-K distortion is different
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Changing the Base Planar Structure

Film (n=1.5)

Top T
corrugation
CPL(n=1.89) _
‘ . Cathode (n=0.162-286)) T~ CPL (n=1.89)
Film (n=1.5) ° Emission
_ (n=f;Z; Refractive index difference is too small
Anode v
I 98nm CPL (n=1.89) (n=0.0826-2.41i) New
C cmeemoasase) Structure

A Film (n=1.5)

° Emission Film (n=1.5)

layer Bottom VN _ y N

149nm (n=1.94) corrugation CPL (n=2.3)

CPL (n=1.89)

Y ~ Cathode (n=0.162-2.86i)
Anode ‘ . P Emission
(n=0.0826-2.41i) . T layer
(n=1.94) (n=1.94)
Anode Anode
(n=0.0826:2.411) (n=0.0826-2.41i)
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Corrugation: which boundary

Tuning CPL index (1.89 -> 2.3)

Front Efficiency (/sr) Optimized structure parameter

1.2 — X, =173 nm, X, =308 nm, X; = 152 nm
1 L
= - Sine shaped corrugation at CPL, Passivation boundary
5 08
3
S 0.6 - Corrugation period: 210, 220, 240, 250, 260 nm
.é’
®© 04t _ ,
*g’ - Corrugation amplitude: 30 nm
L 0.2
Corrugation at CPL-Passivation boundary is not effective

10 420 430 440 450 460 470 480 490 500 510

Wavelength (nm) Mode coupling at each boundary
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Corrugation: which boundary

Bottom corrugation

Top corrugation

Total corrugation

Front efficiency(%/sr)

—235

240
245

235
240
245
250
255
260

Planar| ]|

A=15nm

235
- 240
245
— 250
255
260

Planar

A=15nm
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Mode Profile
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Optimized Planar Structure with Corrugation

Front Efficiency (/sr)
2.5 I 1 | I |

= Planar

460 nm optimization planar structure + Corrugation
—> Max Front LEE in 475 nm

Structure parameters at planar should be change
to increase front LEE

= Dipole position, EML thickness

Front Efficiency (/sr)

Dipole position -> peak height
EML thickness -> shape of u-K graph

Change EML thickness

420 440 460 480 500
Wavelength (nm)

JLAB | KAIST 31




Layer Thickness

Optimized Planar structure at 460nm

Front Efficiency (/sr)
1.5 T T T 1 1

——235nm corr w opt planar
——235nm corr w diff planar

Glass (n=1.5)

Capping layer (n=1.89)

Active layer (n=1.94) :05__ 1
149nm sosnm &
6L k5
O
0O 04 08 1.2 16 2 E
! £

=05

Optimized Planar structure at 440nm

Glass (n=1.5) Inf(pm) 2 N

! u=0.97
Capping layer (n=1.89) | s1nm X | 420 440 460 480 500
catrote rose2288) fum | &0 ‘ Wavelength (nm)
Active layer (n=1.94) 1 4 . .

* | 2s0nm Optimal Planar + Corrugation

145nm L
-6

0 04 08 12 16 2 + Optimal Corrugation

u
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Hollistic optimization of periodically corrugated OLED
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I Hollistic Optimization

Optimized Planar + Corrugation + Optimized Corrugation

=

w

=
!

2 .

A — A
Active layer C PS Active layer nxXu Active layer

(n=1.8) (n=1.8) target (n=1.8)

201nm
Planar ‘ Variable
Optimization (amp, period, etc)
adjustment

Active layer Active layer

(n=1.8) (n=1.8)

Hollistic
Optimization
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I Front LEE Calculation

Planar structure

u-K Diagram

Dipole number: 5 (consider symmetry: 3)

CPS :Z: X, Y, Z dipole ))) > 15 hours

Total 9 simulations per one structure

x 107
‘ 10
M ATLA B 107

0 0.5 1 1.5 2

o 2 X dipole

/ Y dipole

Corrugation structure

| ] -

& lumerical
= Z dipole

= A8 b i E;

- K % Fine mesh g §
Ey /,, Hx ) Ex :I\,Ey H)( region B 30000 e -

EZ /’// l.!’

Ex
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I Front LEE Calculation with FDTD

Amplitude

. & " /lumerical “\\‘
th::’:;ss }>}> Structure and Mesh setting }>}>

FDTD calculation
(dipole x,y,z direction)

Dipole height

15 hours ~ 3 Days/structure = Calcultion time for LEE or Front LEE

Duty cycle

Only possible for a small sweep
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Front LEE Calculation with the in-house Code

Reflection Region

. . Ao
nesing =mn sinf - mT

Transmission Region
RCWA: Calculate reflection, n_sin@, =n._sinb, — mi_a
transmission coefficient by solving ' P
boudary condition & eigen value

- Calculate reflection, transmission coefficient by each ray direction. (by RCWA)
- Decompse the dipole ray into plane wave

- Calculates the entire set of diffracted rays from a single incident ray

- Tracks plane wave to consider diffraction and infinite reflections

- Sum all the diffracted rays from the device and calculates the front LEE
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I Front LEE Calculation with the in-house Code

Amplitude

RCWA (calcuates the r, t coefficients of
a corrugation structure)

Period
Calculation done by considering the

infinite reflections and dipole

Layer decomposition
thickness
Dipole height ~ 30 min/structure = Calcultion time for LEE
~ 4 sec/structure = Calcultion time for front LEE
Duty cycle Hollistic optimization feasible
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Base Planar Structure

Ta rget structure Blue Light Intensity

Active layer Pie
(l'l=1.8) -7

Emissive
layer height

Amplitude §

0 1 1 1
400 450 500 550 600
Wavelength (nm)

- Three-layer OLED system, corrugation at EML-anode boundary
- Broadband source (blue light) dipole
- Five structral parameters to optimize

- EML thickness, Dipole height

- Period, Amplitude, Duty cycle
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Planar optimization

10.4

o
o

-

=
o

b
-

Max Front LEE

9
~

Dipole height/EML thickness
o
()

200 400 600
EML thickness (nm)

EML thickness: 211 nm

Dipole height: 52 nm

Front LEE: 0.4547/sr
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Optimization Method

BOBYQA
(Bound Optimization BY
Quadratic Approximation)

Genetic algorithm

&

Particle swarm

=

!
lteration # 0

lteration # N

Trust region optimization
Find local maximum

Numerical optimization algorithm

Mimics natural selection
Selection, crossover, mutation

Metaheuristic algorithm

Considers movement of each &
total particles

Metaheuristic algorithm

JLAB | KAIST
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I Optimization Result

6 1 I I

- Optimized parameters

EML thickness: 515 nm
Dipole height: 220 nm
Period: 261.3 nm

Amplitude: 75.1 nm

Front LEE/ Opt Planar Front LEE

10 20 30 40 Duty cycle: Period X 0.391
lteration
EML thickness: 100 nm — 600 nm - Optimized front LEE: 2.5463/sr

Dipole height: 0.1 — 0.9 X EML thickness

Period: 100 nm — 500 nm - Partical Swarm, 100 population, 40 iteration

Amplitude: 10 nm- 100 nm

Duty cycle: 0.1 - 0.9 - Low intial value dependency
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I Compare Optimization Result

Optimized Planar Structure Optimized Planar Structure + Corrugation Optimized Corrugated Structure
Active layer 1 Active layer 1 Active layer
(n=1.8) (n=1.8) (n=1.8)
Emissive 211nm Emissive
® layer height layer height
Dipole 52nm Period/2 Dipole Duty cycle
height +— “—>
Amplitude $ Amplitude $
EML thickness: 515 nm
Dipole height: 220 nm
EML thickness: 211 nm Period: 292 nm Period: 261 nm
Dipole height: 52 nm Amplitude: 32 nm Amplitude: 75 nm
Duty cycle: 102 nm
Front LEE: 0.4547/sr Front LEE: 0.8527/sr Front LEE: 2.5463/sr

> 5xOptimized planar Front LEE
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Front LEE/ Opt Planar Front LEE

10 20 30 40
Iteration

Compare Optimization Parameters

w

Front LEE/ Opt Planar Front LEE

10 20 30 40
lteration

D

&3

I

w

Front LEE/ Opt Planar Front LEE

N

10 20 30
lteration

Fix planar structure
EML thickness: 211 nm
Dipole pos: 52 nm
Front LEE: 0.8527

Fix duty cycle
Duty cycle: 0.5Xperiod

Front LEE: 2.09

Hollistic optimization

Front LEE: 2.5463
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Dependancy of Front LEE on Planar Structure Parameters

i
I 1.9 102
IS 1 Active layer I
g (n=1.8) 10"
) 186 211nm
c_% | ‘ ~ 10_2>
a 52nm Period/2
8_1'84 Amplitude $| FOSSS N @~ 10_4,
m v
Ll 1.82 10 |
5 18 , , . 0 0.5 1 1.5 2
- 10 20 30 40 u
Iteration o
u-K graph is fixed
Fix planar structure (even changed by corrugation, but overall shape does not change)
EML thickness: 211 nm = Maximum peak height, width is fixed
Dipole pos: 52 nm Front LEE: 0.8527/sr (Fixed planar structure) -> 2.5463/sr (Hollistic)
Front LEE: 0.8527 Dependancy of Front LEE on planar structure parameters is high
JLAB | KAIST
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Dependancy of Front LEE on Duty Cycle

m 5 T T T
—l
I=
O45¢ -
LL
S
g 4 |
(a
a i il
S35
|
4 3 ]
[
Pl 2-5 1 1 1
L 10 20 30 40
lteration
Fix planar structure
Duty cycle: 0.5Xperiod
Front LEE: 2.09
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Front Efficiency (/sr)

1.2 T T T T

Front Efficiency (/sr)

—S8ine Corr
— Step Corr

420 440 460 480

Wavelength (nm)

500

Diffraction efficiency is changed

= Similar to changing of corrugation shape

Dependancy of Front LEE on duty cycle is lower than

Dependancy of Front LEE on planar structure parameters

Front LEE: 2.09/sr (Fixed planar structure) -> 2.5463/sr (Hollistic)
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Conclusion & Further Work
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I Replacing RCWA with Neural Network

JLAB | KAIST

1
regionl g |
7;1 A :
segion , LA !

: |
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region2 g, ;_1 : :
|

transmitted waves

RCWA is the bottleneck of our in-house

LEE calculation code

— Replace RCWA with neural network

LEE

/U

lambda

2
S|P

Far-field Purcell enhancement




