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Rapid Progress of PSC on 2014-2022
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CH3NH3PbBr3

Tom Miyasaka
(Toin U of Yokohama)

The First Perovskite-sensitized Solar Cells

h = 3.8 %

h = 3.1 %

J. Am. Chem. Soc. 131(17), 2009, 6050–6051.



Nam Gyu Park

(SKKU)

Liquid-type Perovskite-sensitized Solar Cells

Nanoscale Research Letters 2012, 7, 353
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Nanoscale 2011, 3, 4088–4093
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Electrolyte : 

Iodide/triiodide

Sensitizer :

CH3NH3PbI3

C2H5NH3PbI3



All-Solid-State 

Perovskite Solar Cells



Nam Gyu Park

TiO2-based Perovskite-sensitized SC

Michael Grätzel

Scientific Reports 2(1), 2012, 591



7.6 % 10.9 %

Al2O3-based Perovskite Solar Cells

Henry Snaith

(Oxford U)

Tom Miyasaka

(Toin University)

Science, 338, 2012, 643−647.



A Two-step Approach for PCE 15 %

Nature 2013, 499, 316-320

Spin coating

PbI2
in DMF

Dry

Dipping

CH3NH3I 

in 2-propanol



Nature 2013, 501, 395-398.

A Thin-film Approach for PCE Exceeding 15 % 

Henry Snaith

15.4 %8.6 %

Vapour-deposited Solution-processed



PHJ PSC Reaching PCE 19.3 %  in 2014

Yang Yang

UCLA

Science 2014, 345, 542−546.



World Record Attaining PCE 20.2 %  in 2015

Sang Il Seok

UNIST, Korea

h = 20.2 %

Science 2015, 348, 1234-1237.

World record

PCE = 25.8%



Multiple Cations for PCE 21.6 %  in 2016

Science 2016, 354, 206-209.

Michael Grätzel



2D/3D Structure for PCE 23.4 %  in 2019

Energy Environ. Sci., 2019, 12, 2192-2199.



Flouro-Spiro HTM for PCE 24.8 % in 2020

Science 2020, 369, 1615–1620.

Chemical structures of Spiro-OMeTAD and its fluorinated analogs Spiro-mF and Spiro-

oF. (B) UV-Vis absorption spectra of Spiro-OMeTAD, Spiro-mF, and Spiro-oF in dilute

chlorobenzene solution (sol) and as thin films. (C) Molecular energy level alignments.

(D) Electron density distributions of HOMO and LUMO for Spiro-mF and Spiro-oF.



Anion-engineering for FAPbI3 PSC with PCE 25.6%

Nature 2021, 592, 381–385.

2% Formamidine 

Formate (FAHCOO)

was added to the 

FAPbI3 precursor

solution to enhance

the PCE to 25.6 %.  

Michael Grätzel



Coherent Interlayer Engineering with PCE 25.8%

New world record of PCE 25.8% of FAPbI3 PSC was

achieved by forming a coherent interlayer FASnCl3
between electron-transporting (SnO2) and perovskite

layers by coupling chlorine (Cl)-bonded SnO2 with a

Cl-containing perovskite precursor to reduce

interfacial defects for retarded interfacial charge

recombination. Nature 2021, 598, 444–450.

Sang Il Seok

UNIST, Korea

NREL 

certified

PCE = 25.7%

Spiro-OMeTAD

SnO2



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).

2. Electrode Configurations: carbon-based and HTM-free.

3. Morphology Control: anti-solvent, delayed annealing, 

solvent annealing and effect of additives.

4. Device and Film Characterizations: IV/IPCE, EIS, EA/EPL 

Spectra, PIA/TAS, Femtosecond Spectroscopy.

FTO or ITO 

NiO or PEDOT (p-type)

TCO electrode

Glass

Au, Ag, or Al Back contact electrode

Spiro or PCBM Charge transport layer

Mesoscopic or PlanarPerovskite layer

TiO2 or ZnO (n-type)Compact layer

Perovskite Crystal Structure



Chem. Soc. Rev. 2011, 40, 5406–5441.

Various Solution Deposition Methods



APL Mater. 8, 2020, 110903.

Preparation of Halide Perovskite Thin Films



Timeline of thin-film fabrication methods for 

inorganic and hybrid halide perovskites

APL Mater. 8, 2020, 110903.



Control of Morphology for 

Perovskite Nanocrystals



2014, 13, 897-903

Solvent Engineering to Attain PCE 16.2 %

Sang Il Seok



Angew. Chem. Int. Ed. 2014, 53, 9898-9903.

Solvent–Assisted Crystallization

Yi-Bing Cheng Leone Spiccia

25 wt % 35 wt % 55 wt %

45 wt %, 6 s

Delay = 4 sDelay = 2 s Delay = 8 s



Gas–Assisted Crystallization

Yi-Bing Cheng Leone Spiccia

100 C, 30 sNo annealing

Pristine Gas-assisted

40 psi, 1 s

100 C, 5 min

Nano Energy 2014, 10, 10-18.



Interdiffusion and Solvent Annealing

Jinsong Huang
Energy Environ. Sci. 2014, 7, 2619−2623.

Adv. Mater. 2014, 26, 6503-6509.

h = 15.6 % h = 14.5 %

Thermal Annealing

(TA)

Solvent  Annealing

(SA)

2 m m 2 m m



CH3NH3PbI3 in DMF
Chlorobenzene

Anti-Solvent (AS) Approach

FTO FTO

DMF vapor

Solvent-Annealing (SA) Approach

FTO

A Sequential Anti-solvent and Solvent Annealing

500 nm

(d) SA 5 min

500 nm

(e) SA 10 min

500 nm

(f) SA 30 min

500 nm

(a) Delay 4s

500 nm

(b) Delay 6s

500 nm

(c) Delay 8s

AS treatment in 

varied delay periods

AS (6s) followed by 

SA in varied delay 

periods



Nucleation and Crystal Growth

Perovskite

Anti-solvent Accelerate 

Nucleation

Time

Crystal Growth

Solvent-annealing
Decelerate

Crystal Growth

Nucleation

Time



Stability Issue:

Carbon-based HTM-free 

Perovskite Solar Cells



Fabrication of Carbon-based PSC

Etching

FTO

Screen
printing

TiO2

SprayDense TiO2

Screen
printing

Al2O3

Drop cast

Screen
printing

Carbon Perovskite

(1) Screen-printing and solution processing

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.



Han and co-workers, Journal of Materials Chemistry A 2014, 2, 17115-17121.

Carbon-based PSC with a Multi-layer Configuration

Drop 1M PbI2 

infiltrating for 10min
Dipping in MAI for 20 min

70℃-30min 70℃-30min

A sequential (two-step) approach

JSC (mA cm-2) VOC (mV) FF η (%)

17.5 928 0.70 11.4

HD1

HD3

Our approach
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Film Configuration
JSC VOC FF η

/mA cm-2 /mV /%

HD1/Al2O3/CE 20.357 857 0.646 11.3
HD1/HD3/Al2O3/CE 16.112 742 0.653 7.8
HD1/Al2O3/HD3/CE 18.833 861 0.572 9.3

Our Best Results with a HD1/Al2O3/CE Configuration



Han and co-workers, Sci. Rep. 2013, 3, 3132.

Carbon-based PSC with a Multi-layer Configuration

A one-step approach

40% PSK in γ-butyrolactone

Infiltration

Annealing at 

60℃ for 30 min

Han and co-workers, Science 2014, 345, 295-298.

(5-AVA)x(MA)1-xPbI3

JSC (mA cm-2) VOC (mV) FF η (%)

22.80 858 0.66 12.84



Zhu and co-workers, Journal of Materials Chemistry A 2015, 3, 8178-8184.

The Solvent-Extraction Crystal Growth Approach

Our approach

Dropping 40% PSK in 

NMP Dipping in Ether for 30 min

Infiltration
Room-temperature 

crystal growth

Chan et al, Journal of Materials Chemistry A 2016, 4, 3872-3878.



Solvent Extraction + 

Slow Crystal Growth
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JSC VOC FF
h

/mA cm-2 /mV /%

0 1.27 750 0.511 0.5

24 3.57 798 0.676 1.9

72 13.77 840 0.745 8.6

96 20.43 841 0.734 12.6

120 22.43 893 0.747 15.0

Slow Crystallization to Attain PCE 15 %

J. Mater. Chem. A 2017, 5, 739-747.



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

FTO

Under layer

TiO2

Al2O3

Carbon



Carbon-Based Perovskite Modules



Spray
Dense TiO2

41

Etch

Screen

Printing

Inkjet printing

Advantages

• Module design flexible

• Stable materials

• Ambient condition process

• Cost effective
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Mask (19 cm2) Voc /V Isc /mA FF η/%

One Sun 7.5 23.9 0.61 7.2

T5 LED 6.0 0.41 0.70 12.5

T5-LED

0.73 mW/cm2

One Sun

100 mW/cm2

Carbon-Based Perovskite Modules



Inverted Planar

Perovskite Solar Cells



PEDOT : PSS

Perovskite

PCBM

Planar-HeterojunctionBulk-Heterojunction

PEDOT:PSS

P3HT / PCBM

PCBM

Cathode

n-type

Intrinsic Layer

p-type

Anode

p-i-n Structure

Polymer Solar Cell

(OPV)
Inverted 

Perovskite Solar CellAmorphous 

Si Solar Cell

Planar Heterojunction (PHJ) Structures



Varied Types of Hole Conductors  

Yan et el., Adv. Energy Mater. 2016, 1600474.

Organic hole conductor Inorganic hole conductor



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

Angew. Chem. Int. Ed. 2014, 53, 3588-3593;         

JACS, 2013, 135, 10286-10289;

J. Mater. Chem. A 2014, 2, 1325-1331.        



Synthesis of GO using Hummers Method



The First Inverted PSK/GO BHJ PSC

J. Mater. Chem. A 2017, 5, 13957-13965.

PSK:GO solution in mg mL-1

0.025 mg mL-1Pristine PSK 

0.05 mg mL-1
0.075 mg mL-1

500 nm

SEM of GO on ITO
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Using rGO as HEL for Flexible PHJ PSC

Adv. Energy Mater. 2018, 8, 1701640



Reduced Graphene Oxide for PHJ PSC
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Anomalous Charge-extraction Behavior
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HEL Jsc /mA cm-2 Voc /V FF PCE /%

GO 21.0 0.913 0.751 14.4 (13.6 ± 0.8)

GO-

AuNP
20.8 0.961 0.726 14.6 (12.8 ± 1.1)

GO-

MoOx

21.8 0.990 0.773 16.7 (15.4 ± 0.8)

NP-modified GO as HEL for Planar PSC

Adv. Funct. Mater. 2018, 28, 1803200.
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Devices

JSC

(mA cm-2)

Voc

(mV)
FF PCE (%)

GO 20.0 935 0.787 14.7 (13.4±0.7)

GO/Cdots 0.025 20.2 935 0.822 15.6 (14.3±0.7)

GO/Cdots 0.05 21.0 953 0.801 16.8 (14.9±0.7)

GO/Cdots 0.1 20.6 922 0.810 15.4 (12.0±1.4)

Two type of Carbon Quantum Dots :

(1) Hydrothermal: modifier of GO surface as HEL

(2) Microwave method: UV filter for back contact

(2)

(1)

Carbon-Dot-modified GO as HEL for PSC

Nano Energy 2019, 62, 781-790.



Devices Voc / mV Jsc / mA cm-2 FF /% PCE /%

w/o C-PCBOD 1042 24.7 66.6 17.2

with C-PCBOD 1046 24.6 70.5 18.3

Interfacial Engineering with Cross-Linked Fullerenes

-- Our Best n-type PSC in 2017 

ACS Appl. Mater. Interfaces 2017, 9, 38530-38536.
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The Toxicity Issue: Go Lead-Free


