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Crystal Structure of Organic-Inorganic Perovskites
~

A=Cs*, MA* or FA*
X=I, Br or CI
B=Pb?* or Sn?*

Methyl Ammonium Lead lodide
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The First Perovskite-sensitized Solar Cells
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Liguid-type Perovskite-sensitized Solar Cells
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All-Solid-State
Perovskite Solar Cells



TiO,-based Perovskite-sensitized SC
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Lead lodide Perovskite Sensitized
All-Solid-State Submicron Thin Film

Mesoscopic Solar Cell with Efficiency
TR Exceeding 9%

INCRGANIC CHEMSTRY

@

SUBJECT AREAS

NANOROTONCS

AMUED MyScCs

Hui-Seon Kim', Chong-Ryul Lee', Jeong-Hyeck Im’, K-Beom Lee', Thomas Moshl, Arienna Marchicro’
Soc-Jin Moon?, Robin Humphry-Boker®, Jun-Ho Yum’®, Jocques E Maser’, Michoel Gréitzd®

Received & Nam-Gyv Park
5 My 2012
S
s
g 40 EF'
CB
1.5eV
' HOMO
(CH;NH,)Pbl,
Nam Gyu Park  wjichael Gritzel Tio, MeOTAD

Seal

active
area

Current density (mA/cm?)

5]
o

70
1 60
] 50
] 40
30
20
10

-
(8]

17.6 mA/cm®
888 mV

°
n < S~
n " II
IPCE (%)

L area: 0.207 cm’
at one sun

(8)]

0
300 400 500 600 700 800

0 L 1 i 1 " 1 i L
00 02 04 06 08

1.0
Voltage (V) Wavelength (nm)
20+ 1.0
~ 18 -
e 1 i T T ~ 081q °
3] T - - .
2 16{° 5 e - " 2 L
£ 8 . l . o 0
~ * > 084
g 141 .
=
12 T T T T T T T T T T T T T T T T T T
06 08 08 1.0 1.1 1.2 13 14 15 06 08 09 1.0 11 12 13 14 15
0.7 10 4
.
91 T
. - S~ g
0.6 e 8 /\; a- s v,
L ¢ e -, E .
e - - L =7 .
o .
0.5 1 B -
T L T T T T T T T 5 T T T T T T T T T
06 08 09101112 13 14 15 06 0.8 09 1.0 1.1 1.2 1.3 1.4 15

TiO, film thickness (um)



Al,O;-based Perovskite Solar Cells

Efficient Hybrid Solar Cells Based

on Meso-Superstructured

Organometal Halide Perovskites

Michael M. Lee," Joél Teuscher,* Tsutomu Miyasaka,” Takurou N. Murakami,>* Henry ]. Snaith
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A Two-step Approach for PCE 15 %
LETTER |

doi:10.1038/nature12340

Sequential deposition as a route to high-performance
perovskite-sensitized solar cells

Julian Burschka'®, Norman Pellet"-**, Soo-Jin Moon', Robin Humphry-Baker!, Peng Gao', Mohammad K. Nazeeruddin'

& Michael Gritzel
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Table 1 | Photovoltaics performance at different light intensities

Intensity Jse (MACm ™ 2) Voe (MV) Fill factor PCE (%)
(mWcm™2)

9.3 1.7 901 0.77 12.6
49.8 89 973 0.75 13.0
95.6 17.1 992 0.73 129

P, 964mWem?

J,  200mAcm?

v, s

FF 073

PCE 15.0%
T T T T T T
0.0 0.2 04 0.6 08 1.0
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Nature 2013, 499, 316-320




A Thin-filmn Approach for PCE Exceeding 1 5 %
LETTER

Efficient planar heterojunction perovskite solar cells
by vapour deposition

Mingzhen Liu', Michael B. Johnston' & Henry J. Snaith

doi:10.1038/nature12509
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PHJ PSC Reaching PCE 19.3 % in 2014

Interface engineering of highly
efficient perovskite solar cells
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World Record Attaining PCE 20.2 % in 2015

SOLAR CELLS

Sang Il Seok

High-performance photovoltaic UNIST, Korea

perovskite layers fabricated through
intramolecular exchange

Woon Seok Yang,'* Jun Hong Noh,'* Nam Joong Jeon," Young Chan Kim,'
Seungchan Ryu,! Jangwon Seo,’ Sang Il Seok"Zt
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PCE = 25.8%
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Multiple Cations for PCE 21.6 % in 2016

Incorporation of rubidium cations
into perovskite solar cells improves

photovoltaic performance

Michael Saliba,'*t Taisuke Matsui,”?+ Konrad Domanski,'t Ji-Youn Seo,’
Amita Ummadisingu,’ Shaik M. Zakeeruddin,' Juan-Pablo Correa-Baena,Z
Wolfgang R. Tress,! Antonio Abate,’ Anders Hagfeldt,” Michael Griitzel™*
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LP Precursor
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2D/3D Structure for PCE 23.4 % in 2019

An interface stabilized perovskite solar cell with
high stabilized efficiency and low voltage loss¥
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Flouro-Spiro HTM for PCE 24.8 % in 2020

SOLAR CELLS

Stable perovskite solar cells with efficiency
exceeding 24.8% and 0.3-V voltage loss

Mingyu Jeong'*, In Woo Choi?>3*, Eun Min Go**, Yongjoon Cho?, Minjin Kim?, Byongkyu Lee?,
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Anion-engineering for FAPHI, PSC with PCE 25.6%

Pseudo-halide anion engineering for
o-FAPDI; perovskite solar cells
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Coherent Interfayer Engineering with PCE 25.8%

b

ETL Perovskite HTL
]
Evac

N Spiro-OMeTAD

New world record of PCE 25.8% of FAPbl; PSC was
achieved by forming a coherent interlayer FASNClI,
between electron-transporting (SnO,) and perovskite ™ |

layers by coupling chlorine (Cl)-bonded SnO, with a ir

Cl-containing perovskite precursor to reduce | 4% s,

Interfacial defects for retarded interfacial charge !

NREL
certified
PCE = 25.7%

Sang Il Seok
UNIST, Korea

recombination. . Nature 2021, 598, 444-450. !




Device Configuration and
Fabrication of PSC



Perovskite Solar Cells

1. Device Configurations: n-type vs. p-type and mesoscopic
heterojunction (MHJ) vs. planar heterojunction (PHJ).

W N

solvent annealing and effect of additives.
4. Device and Film Characterizations: W/WPCE, EIS, EA/EPL
Spectra, PIA/TAS, Femtosecond Spectroscopy.

-

&

e Crystal Structure

Electrode Configurations: carbon-based and HTM-free.
Morphology Control: anti-solvent, delayed annealing,

Back contact electrode Au, Ag, or Al

Perovskite layer——>

Compact layer —>

@

Glass

Charge transport layer —— Spiro or PCBM

Mesoscopic or Planar

TiO, or ZnO (n-type)

NiO or PEDOT (p-type)

TCO electrode ——> | FTO or ITO




Varnious Solution Deposition Methods
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Preparation of Halide Perovskite Thin Films

a) Anti-solvent method

6 Anti-solvent
CBZ Cb drop casting

b) Hybrid vapor-solution

T T

c) Blade coating
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Timeline of thin-filrn fabrication methods for
inorganic and hybrid halide perovskites

Deposition of

Hybrid Chemical

Vapour  Sequential
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Control of Morphology for
Perovskite Nanocrystals
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Solveni-Assisted Crystallization

45 wt %, 6 S

400 nm
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Gas—Assisted Crystallization

Nano Energy 2014, 10, 10-18. il
Ar flow
Perovskite solution spread Spinning Gasblowing Dried film
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Interdiffusion and Solvent Annealing
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A Seguential Anti-solvent and Solvent Annealing

DMF vapor

CH;3;NH,PDbl, in DMF
Chlorobenzene

&y

Anti-Solvent (AS) Approach  Solvent-Annealing (SA) Approach

AS treatment in
> Varied delay periods

"(d)}SA5Mmin. 1 () SA10 mi

AS (6s) followed by
SAin varied delay
periods




Nucleation and Crystal Growth

Perovskite
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Stability Issue:
Carbon-based HTM-free
Perovskite Solar Cells



Fabrication of Carbon-based PSC

Dense TiO, _ Spray
RSP

Screen

: TiO
Etching N printing N\
\ \ _—> /’ A —_—
FTO )
Screen Screen
printing \ printing .
R e\
Drop cast
Perovskite (1) Screen-printing and solution processing
salt solution | Carbon layer

Spacer layer

¥ }) ~_Scaffold layer

Compact layer

,1Transparent conducting layer

suitable for large-scale production.

(2) Using mesoporous carbon layer to
replace Au electrode for low-cost
production.

(3) No organic charge collection layers for
excellent long-term stability.

(4) No liquid electrolyte for feasible device
encapsulation.




Carbon-based PSC with a Multi-layer Configuration

A sequential (two-step) approach

Drop 1M Pbl,
infiltrating for 10min

70°C-30min

Dipping in MAI for 20 min

70°C-30min

Carbon layer

Zr0, layer
TiO, layer

Compact TiO,
FTO

‘ )
Glass\\\\ o . ™

Jsc(MAcm?) Vg (mV) FF n (%)
17.5 928 0.70 11.4

CE

§ HD3

Al,O,

HD1



Our Best Results with a HD1/Al,O,/CE Configuration
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Carbon-based PSC with a Multi-layer Configuration

Photocurrent (mA/cm?)

A one-step approach

40% PSK in y-butyrolactone

Infiltration

14
—=— spheroidal graphite

124 —a— flaky graphite
10
8
6 -

CE Vocdmv) lsctmaiem’y FF PCE
44 Flaky 28 106 0.46 4.08%

E.'.Ph"." _________________
2 bl ay et e
ot A

0 100 200 300 400 500 600 700 800 9S00 1000

Voltage (mV)

e W

boo

Jsc (MA cm?)

Annealing at
60°C for 30 min

S

Compact TiO, layer

C W Perovskite

Drop

(5-AVA),(MA),_Pbl,

FF
0.66

n (%)
12.84

Voc (MV)

22.80 858



The Solvent-Extraction Crystal Growth Approach

(E) Substrate
Spin-Coating Room-Temperature Room-
MAPbI, Solvent Bathing Temperature
Solution D | Drying

NMP

Precursor

E
Film
Film (in NMP)

________________________________________________________________________________

Our approach

Dropping 40% PSK in
NMP Lo _
Q\A\O Dipping in Ether for 30 min
CHy N
N~ Room-temperature

Infiltration crystal growth
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Solvent Extraction +
Slow Crystal Growtih




Slow Crystallization to Attain PCE 15 %

Voltage /V
00 01 02 03 04 05 06 07 08 0.9
24F(a) ' ' ' ' ' i ' J24 ()48 h
“-'E 22 d22
O 20 *m?ﬂr-mmrr% 420
é 18 J1s
~ 16 416 500_;1m
> i
=14 414 after . - N complete
% 1 1o infiltration nucleation crystallization grain merged crystallization
© 10 <10
% 8 Js .
S 6 16 7
o 4 J4 e \ %
2 12 b \ g :
so0 b (b’)’ 0»0“““““0»»., N 20 (\"E
(“ ””0 % g e -
7o} % 1% % SC time Jsc Voc FF n
// 416 —
60 | ‘\ - /hours /mAcm2  /mV 1%
R N c
< sof ’\ 1 & 0 1.27 750 0.511 0.5
W 4o . {0 & 24 3.57 798 0.676 1.9
o 7 48 ~
= =y \ 16 % 72 13.77 840 0.745 8.6
ST (W g 96 20.43 841  0.734 126
e 9
o R 120 22.43 893  0.747 150
0350 400 450 500 550 600 650 700 750 800 858
—___________________ .
WENS B I | J. Mater. Chem. A 2017, 5, 739-747. |

- __ I



Long-term Stability Examination
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Large-Scale Carbon-based PSC

TiO,

Carbon

Laser etching Laser etching Laser etching



Carbon-Based Perovskite Modules

Laser etch FTO Spray compact TiO,  Screen Print TiO, Screen Print Al,O;
Experimental process {\ {\ {\
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Advantages

Normalized PCE

Module design flexible
Stable materials

Ambient condition process

Cost effective
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Current Density /mA cm™

Carbon-Based Perovskite Modules
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Inverted Planar
Perovskite Solar Cells



Planar Heterojunction (PHJ) Structures

p-i-n Structure
Bulk-Heterojunction — Planar-Heterojunction
Cathode
PCBM n-type PCBM

P3HT / PCBM =~ Intrinsic Layer ¢ Perovskite

PEDOT:PSS p-type PEDOT : PSS
, An
Polymer Solar Cell e Inverted
(OPV) AmOrphous  pergyskite Solar Cell

Si Solar Cell



Varied Types of Hole Conductors
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Graphene Oxide (GO)-based
Inverted Perovskite Solar Cells



Advantages of Graphene Derivatives

* Excellent thermal and chemical stability
 High mechanical strength

* High transparency

« Large surface area

 Rapid charge mobility

« Easy to modify = GO, rGO, etc.

« Cost-effective solution-based processing
 Low-temperature fabrication

* Flexible devices

I Angew. Chem. Int. Ed. 2014, 53, 3588-3593; |
1 JACS, 2013, 135, 10286-10289; H



Synthesis of GO using Hummers Method

Graphite flake
(lg KMnO, (3 g)
H,S0, (95 mL) NaNO, (0.5 g) I i
Ice bath 37-40 °C bath

Adding water slowly -*'/ . —é
ol
o)
50
R
£
;?,5% H,0, (6 mL) Adding water slowly <—£

b Quench reaction *

Washing by Sonication for Centrifuge to
Water and DMF 30 min remove impurity  Graphene
> z 7 oxide (GO)

[OH %01 Aq Surysep




The First Inverted PSK/GO BHJ PSC
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& 3 = &
(). iR PSK:GO hybrid composite PSK:GO solution in mg mL*
£ 1. Enhanced Charge Separation
=~ 25 r T g T y T g T g T
3 2. Decreased Charge Recombination i
£ [ 0.05mg mL?
= 3. Balanced Charge Mobility Y 90 W
= - 4
o [ oy ]
£ 5[ ° ]
2 I 5 ) \ ]
2 [ Jgc *21.3mAcm 9 :
S f Vg :974mV R
= L . o |
= | FF :0.77 _
500 nm o . \ :
Pristine PSK s 3 st PCE : 16.0 % -
O I " 1 " 1 " 1 " 1 \ 1
0.0 0.2 0.4 0.6 0.8 1.0

0.05mg mL"* 0.075 mg mL B



Using rGO as HEL for Flexible PHJ PSC

| rGoNH

Intensity (a.u.)

Graphene oxide (GO)
made by Hummers method
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Reduced Graphene Oxide for PHJ PSC

Deposition of the

Deposition of the perovskite layer

Post solvent-annealing

PCBM deposition
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Anomalous Charge-extraction Behavior
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(a)

NP-modified GO as HEL for Planar PSC
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Carbon-Dot-modified GO as HEL for PSC
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-- Our Best n-type PSC in 2017

. 25}
Au LE) :
Spiro-OMeTAD < 20}
= [
— 2 s
x h b 2 + —— with C-PCBOD (PCE = 18.3 %)
?5 g 7 A 0 . ——w/0 C-PCBOD (PCE = 17.2 %)
C-PCBSD c PCBOD &
O M' &, = 5F
‘0\ | O‘ﬁ O T
110 (Au) mp Tl() | 5 [ _ . _ . _ . _ . _ .
ITO 0 200 400 600 800 1000
Voltage /mV
Devices V../mV J_/mAcm? FF /% PCE /%
w/o C-PCBOD 1042 24.7 66.6 17.2
with C-PCBOD 1046 24.6 70.5 18.3

| ACS Appl. Mater. Interfaces 2017, 9, 38530-38536.

Interfacial Engineering with Cross-Linked Fullerenes



The Toxicity Issue: Go Lead-Free

N Leadbased PSCs LeackHaea P86 |



