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Intro: Solar Energy KAIST

Wikipedia s A R R Wikipedia

Energy consumed by human in 2017: ~10%!J/year

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




Intro: Emergence of Organohalide Perovskite KAIST

Best Research-Cell Efficiencies IiNREL

NATIONAL RENEWABLE ENERGY LABORATORY

52

48 -
=
44 — 4.4%)°4

40

w
(¢}
|

20

Efficiency (%)
T

e
L
kL

1
12.
12 .

16 -

1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

Perovskite solar cells are emerging as candidates to replace Si solar cells.




Intro: Emergence of Organohalide Perovskite

KAIST

Emergence of Organohalide Perovskite for Solar Energy Conversion

FAPbI,

MAPbBr,

-5.7eV

-6.5 eV

Pros:

Direct Bandgap = 1.5 eV
High Quantum Efficiency (PCE = 23.3%)

(Potentially) Low Cost

Bendable
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* Chemically Instable

* Toxic (contains Pb)




Intro: Various Perovskite Materials
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Too Large Band Gap
(E;=2.0eV)

Park et al, Adv.Mater. 2015, 27, 6806
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Cs,'Bi'Ag!'CI,

(_

Indirect Band Gap
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Cs,In'Sb"X,

Low Chemical Stability

\ Volonakis et al, J.Phys.Chem.Lett. 2016, 7, 1254 j

\ Zhao et al, J.Am.Chem.Soc. 2017, 139, 2630 )

Non-Toxicity Proper E, Direct E, Stability
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Cs,Au,l. : Lead-Free Perovskite Material KAIST

6s

Riggs, J. Cryst. Growth, 2012, 355, 13 Liu, Phys. Rev. B, 1999, 59, 12

Mixed valence perovskite Cs,Au,l, was already studied, but not for photovoltaics

Shed new light on mixed valence perovskite Cs,Au,l. as photovoltaic material




Cs,Au,l. : Band Structure and Optical Absorption KAIST

Crystal Structure Electronic Band Structure Optical Absorption (Im{e})
6 30 ——
o 25| by _
4 ol AN Y — _g"J_
520 e | D HSE_ | T = |
w O—M : M ; i 10+
= 5l
-2
o 1 2 3 4 5 6

Photon Energy (eV)

Electronic Transition Calculation

First Principle Calculation
Density functional Theory

Many-Body ’ rs[::rct EZ
(=) VV\NV\’ >
FRA E =hv E

l—>f _|<f|H |l)|2

Done by Lamjed Debbichi, EEWS, KAIST 9




Cs,Au,l, : Permittivity

Im{e}
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Cs,Au,l. : Absorption Coefficient and Current Density  KAIST

Absorption Coefficient Current Density
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Cs,Au,l (1.31eV) exhibit absorption spectra better matched to

solar irradiance spectrum than MAPbI,(1.55eV)
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Cs,Au,l. : Performance in Real Device KAIST

% 1'0_ Cs,Au,l(Poly)
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Material J,(mA/cm?) V,.(V) FF PCE(%)
Single-Cs,Au, |, 25.4 0.91 0.8 18.5
Poly-Cs,Au, |, 29.5 0.91 0.8 21.5
MAPbI, 22.6 1.15 0.8 20.8

12




Cs,Au,l, : PhotoConversion Efficiency(PCE)
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Adv. Mater. 2018, 1707001

Perovskite Cs,Au,l.: Thin-Film Pb-Free Solar Cell with High Efficiency
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Intro: OLED Display

Samsung Infinity Flex Display

KAIST

LCD OLED
Thickness Thick Thin
Contrast Ratio 5000:1 o0
Response Time ms IS
Viewing Angle Narrow Wide
Price Lower Higher(Catching up...)

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

15



Intro: Importance of Improving Ngut KAIST

4 ! Metal electrode Surfgoe plasmon polariton

EML  Stacked Organic Layers
(Norg~ 1.7 ~1.8)

Transparent electrode (n;e=1.9~2.2)

i Substrate ,#*
Y mOde 7’
Glass substrate (n,,,=1.5) i \ % ’

Courtesy of Jacho Lee (nae=1) Nout = 1/(21!0,-92) Outcoupled
mode

1
Nout = 75 ~20%

(n. = 1.7 — 1.8)
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Intro: Various Light Extraction Structures
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* 1D Corrugation
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Loss Channels in Planar OLED KAIST

40nmi{ 9‘ ITO

Snell's law: k is preserved
160 nm EML
n.=1.74 k,
15 nm Ca Normalizing k; by ke: U="= sin 6
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Conventional EM Simulation: FDTD/FEM KAIST

Vertical

Horizontal .
40nm

ITO

160nm ———
Organic=

15nm I
100nm

: 815 nm
,40“"‘\ ‘

‘%‘ A0

Normalized Power

Components | Horizontal Vertical Average 0.15
Average
Nout 33.45% 1.65 % 24.32 % 0.1
Nabs X X X
nwa X X X 0.05/
Nspp X X X
Purcell. ENH 0.86 0.63 0.78 0 20 40 60 80

Average: (2xHorizontal + 1xVertical)/3

Purcell. ENH = Purcell/n, Polar Angle 6 (deg)
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Limitations of FDTD/FEM

FDTD
Ex

Graded mesh
region

KAIST

Disadvantage
Massive calculation: 0.5 -1 hr / dipole

Loss channel analysis is difficult

20



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

 Decompose dipole emission into plane waves

KAIST

E(x,y,z) = ff E(kx: ky)ei(kxx+kyy+kzz)dkxdky

* Track propagation of each wave component (TMM)
TMM: Transfer Matrix Method

T I e 2k, o22)
a™ = v ™exp(2jk, z_)
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CPS Model for Planar OLED KAIST

Normalized power density per unit normalized in-plane wavevector

K,(u) = Krmy(u)
_ ERe u? y ( R a™ aMqgI™ at™ aitMqgIM )]
1—a™g™

4 W1 = u? 2

1—a™gIM " |1 — gITMgTM " |1 — qTMgTM

Chance, Advances in chemical physics, 1978 2 2
Lukosz, Physical Review B, 1980
Neyts, Journal of Optical Society of America, 1998




CPS Model for Planar OLED KAIST

‘ Components Condition
15nm $ < ABS 1/ne
3 OUT+ABS fo 2uK du
>
= 1
100nm % WG f1 e 2uK du
() (o'}
5 SPP J, 2uK du
100nm S ouT fol/ne 2uK' du
0 1 2 3 Purcell(F) [ 2uK du
N.In-Plane Wavevector u 0

Normalized Power
Components CPS FDTD 0.3
Nout 21.34% 21.12 %
Nabs 12.35% X O CPs
Tt 30.03 % X 0| PIP
Nspp 36.28 % X
Purcell. ENH 1.27 1.26 % 20 40 60 80
Purcell. ENH = Purcell/n, Polar Angle 6 (deg)
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CPS Model for Planar OLED: Verification via FDTD KAIST

Outcoupling Efficiency (%) Purcell Enhancement
25 ‘ : 15
....... GRS g LCP3
20t /ﬁ FDTD 1 FDTD
15+ . "
10+
0.5+
5l
00 5 1I0 15 00 5 1I0 15
Simulation Size (um) Simulation Size(um)
Simulation Size (um) Nout Purcell. ENH Simulation Time (s)
2 um 14.30 % 1.26 7 %102
3 um 18.39% 1.26 7x10?
4 um 19.91 % 1.26 8x10?
5pum 20.51 % 1.26 1.0x103
10 um 21.07 % 1.26 2.4x103
15 um 21.12 % 1.26 3.6x103
CPS(o0) 21.34 % 1.27 1
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CPS Model for Planar OLED: Complex Structure

KAIST

Normalized Power

102 0.08
Air <
= 0.06
>
5100}
S 0.04
Organic pu
] L
B : 0.02
I <
Ag 0 ‘ | | ‘
1 0 20 40 60 80
N.In-Plane Wavevector u Polar Angle 6 (deg)
Components | Horizontal Vertical Average Components | Horizontal Vertical Average
Nout 19.21 0.56 13.22 Nout 18.92 0.54 13.01
Nabs 11.17 0.52 7.75 Nabs X X X
TG 68.78 95.38 77.33 nwe X X X
Nspp 0.84 3.54 1.71 Nspp X X X
Purcell. ENH 0.57 0.54 0.56 Purcell. ENH 0.57 0.54 0.56
CPS FDTD

Calculation time: 1 sec

Calculation time: 3.6x 103 sec

25




Principle of n,,: Improvement

15 nm ¢ I Ag
Z ; Z, =75nm
150 nm EML
100 nm Al
Planar Device
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KAIST
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1D Corrugated OLED: FDTD Calculation

Planar
Period (nm) Nout Purcell. ENH Simulation Time (s)
500 12.86 % 1.07 3x104
600 13.25% 1.07 3x10%
700 13.47 % 1.08 3x104
800 13.63 % 1.08 3x10*
900 13.74 % 1.07 3x104
1000 13.78 % 1.08 3x10*
oo(Planar, FDTD) 6.20 % 0.78 3.6x10°
oo(Planar, CPS) 6.39 % 0.79 1

Nout 1S €nhanced due to diffraction
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Ongoing: Extend CPS Model to 1D Corrgated OLED

Challenge:

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

G =2m/A

k,; = ksinf + ma,

(ii) Polarization of light is also not preserved.

V4
nair

X e

L

Ag Ag Ag Ag

.c.. — 1 st Ot h

-
&d
R

¥ n.=1.8

Period: 500 nm
Wavelength: 520 nm
Thickness: 100 nm

Angle of incidence: 30 deg

KAIST

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

RCWA: Rigorous Coupled-Wave Analysis

Order k. K, air R, T,
-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 - 0.0171i
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Ongoing: Transforming Equations into Matrix Form KAIST

Normalized power density per unit normalized in-plane wavevector

K, (ux, uy)
3 e aTE/TM aTE/TM aTE/TM aTE/TM aTE/TM aTE/TM
= —Re x{ I+ TE_/TM TE/TM + - TE/TM+ TE/TM + TE-;TM TE/TM + s TE/TM_ TE/TM
(V1 — w2 I-a_"" "a, I-a’" "a, I-a,/ "a_ I-a, /' "a_

)

Planar Interface Periodic Structure
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Ongoing: Transforming Equations into Matrix Form KAIST

Normalized power density per unit normalized in-plane wavevector
Kv(ux, uy)
3 e aTE/™ aTE/TMaIE/TM aIE/TM aIE/TMaTE/TM
= —Re x| I+ ~ R — + + -
41 [ Vi—u2 ( [ — a'EE/TMaIE/TM - aIE/TMaIE/TM - aIE/TMaIE/TM [ — a'-II‘_E/TMaTE/TM )]
k t
Eo \V e * In case of conical diffraction(¢ = 0): TE/TM Mixing
0
Region £/ & . . .
. « TE, TM can be considered in matrix form at once
d_{ . vzf"”
: TE,TE TE,TM
T —> 1A e "T“\ TE/TM _ (ri L )
Region N + - TM,TE TM, TM
11 / %\ T'i T'_|_
y R
N
YZ
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Ongoing: Calculation Results

Power Density(K)

FDTD CPS(Matrix) FDTD CPS(Matrix)
ko 0.19% 0.42 % Tout 205% 1.86 %
Nabs X Nabs X
Wa X 34.40 % WG X 28.26 %
Nspp X 65.18 % Nspp X 69.89 %

Purcell. ENH 0.62 0.63 Purcell. ENH 0.88 0.66
Time 3.6x10° 6x10° Time 2.7x10* 8x10°

FDTD 27000 sec — CPS 800 sec 31
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