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Perovskite Solar Cells
• Molecular Interface Design
• Composition & Dimension Engineering 

Highlighted publications:
Adv. Mater. 2020, 32, 1908011
Adv. Mater. 2020, 32, 2000571
Adv. Mater. 2019, 31, 1901152
Adv. Mater. 2018, 30, 1802509
Adv. Energy Mater. 2021, 11, 2100784
Adv. Energy Mater. 2019, 9, 1803572
Adv. Energy Mater. 2017, 7, 1602333
Adv. Energy Mater. 2016, 6, 1501534
Adv. Funct. Mater. 2018, 28, 1707444
Angew. Chem. Int. Ed. 2019, 58, 49 
J. Phys. Chem. Lett. 2021, 12, 4882-4901
iScience 2018, 9, 337
Nat. Commun. 2020, 11, 177
Joule 2021, 3, 1900265

Organic solar cells

Highlighted publications:
Adv. Mater. 2021, 33, 2008158
Adv. Mater. 2020, 32, 2001621
Adv. Mater. 2018, 30, 1803166
Adv. Energy Mater. 2019, 9, 1803438 
Adv. Energy Mater. 2018, 8, 1801609 
Energy Environ. Sci. 2017, 10, 1784
Energy Environ. Sci. 2018, 11, 1688
J. Am. Chem. Soc. 2016, 138, 2004
Joule 2019, 3, 2241
Joule 2018, 2, 1816
Nat. Commun. 2019, 10, 4100
Nat. Commun. 2020, 11, 3943 
Nat. Photonics 2017, 11, 85
Science 2018, 361, 1094 

Perovskite LEDs
• RGB & White Perovskite LEDs
• Carrier Dynamics Study
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 Structure-property relationship study of organic and hybrid perovskite electronic devices
 Device physics and photophysics of optoelectronic materials and devices
 Emerging light emitting materials and devices
 Printing and patterning techniques of flexible and large-area electronic devices
 Design of new photovoltaic technology for building integration

Research Interests & Highlights
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Organic/Inorganic Metal Halide Perovskites 

Background: What is perovskites?

D. B. Mitzi et al. Chem. Rev. 10.1021/acs.chemrev.8b00318

2D Layered Perovskites

[CH3NH3]+

3D 2D

MAPbI3

• For metal halide perovskite materials, both the 
composition and dimension can be modulated.

• It has inorganic semiconductor properties, but can be 
processed like organic materials (solution processes).



Crystal Structure Determines Electronic Properties

PbI2 CH3NH3PbI3

Layered structure

Direct bandgap ~ 1.5eV



Seminal Work on Metal Halide perovskites 

Appl. Phys. Lett. 65, 676 (1994)First reported LED in 1994 (at ultra low temp.)

First reported FET in 1999
Hole 

Mobility ~ 
0.6 cm2/Vs

Science 286, 945 (1999)

First reported PV in 2009

JACS 131, 6050 (2009)

Citation: >12000



Direct bandgap
Sharp absorption edge

J. Phys. Chem. Lett. 5, 1035–1039 (2014)

Long carrier diffusion length 
(LD>1μm)

Science 342, 341–344 (2013)

High PLQY (>90%)

Nat. Photon. 12, 355–361 (2018)

High defect tolerance
Shallow defects

Nat. Mater. 17, 394–405 (2018)

Tunable and sharp emission
FWHM=20~30 nm

Adv. Mater. 27, 7162–7167 (2015)

Solution processibility
Flexible & printable devices

Nano Lett. 15, 3692–3696 (2015)

J. Mater. Chem. C 5, 531-538 (2017)

Superior Optoelectronic Properties
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FA+: Formamidinium [CH(NH2)2]+

Recent Advances in Perovskite Solar Cells

Cs+: All-inorganic
Perovskite solar cells

PCE

PCE
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 Near-Infrared PeLEDs (710 nm − 1000 nm)     Green PeLEDs (510 nm − 550 nm)
 Red PeLEDs (610 nm − 710 nm)                     Blue PeLEDs (450 nm − 500 nm)
 White PeLEDs

Anion-exchange red PeQDs, 21.3%
(2018 Nat. Photon. 12, 681)

Reduced crystal size
(2015 Science 350, 1222)

Self light extraction
(2018 Nature 562, 249)

Energy funnelling
(2016 Nat. Nanotechnol. 11, 872)

Multi-quantum wells
(2016 Nat. Photon. 10, 699)

Layer number control (2018 Nat. Commun. 9, 3541)

Recombination zone 
modulation (2019 Nat.
Commun. 10, 1027)

Tandem cell (2018 ACS Nano 12,
10486)

First room-temperature 
3D PeLEDs (2021 Nat.
 Nanotechnol. 9, 687) Quantum dots (2015 Adv.

 Mater. 27, 7162)

Rare-earth element doping
  (2020 ACS Energy
 Lett. 5, 2131)

Defect suppression inside
and outside perovskite 
 (2021 Nat. Photon. 15, 148)

QDs with bipolar shell 
(Nat. Nanotechnol. 15, 668)

Different-phase
co-emission 
(2020 Nat. Photon. 15, 1)

Utilisation of evanescent
fields,  12% (2021 Joule 5, 456)

Bi-molecular  passivation
 28.1%
(2021 Adv.Mater. 2013268)

Interfacial nucleation 
seeding  12.8%
(Adv. Funt. Mater. 
202103870)

   22.2% 2021 Nat. 
Commun. 12, 5081

Performance Record of 
PeLEDs with Different 

Emission Colors

submitted

Recent Advances in Perovskite LEDs

Prof. R. Friend (Cambridge)

Nat. Nanotechnol. 2014, 9, 687

Data contributed 
from my group 
and co-workers



2. Molecularly engineered perovskite materials 
 Dimensional engineering
Quasi 2D/3D structure
 Layer orientation
 Interface coherency
GB trap passivation 
 Stability
 Carrier dynamics

 Two types of Interfaces:

 Energy level alignment
 Surface trap passivation
 Doping or doping free
 Interfacial stability
Wetting property
 Polymer/small molecule

1. Molecularly engineered Interfacial materials 

Molecular Interface Engineering
Nobel laureate Herbert Kroemer (Physics 2000) : “The interface is the device”

 Two types of Devices: Metal Halide Perovskite Solar Cells and LEDs



Jin, Steele, et al. Mater. Horiz., 2020, 7, 397-410Different forms of defeats

Traps and Trap Passivation in Perovskite Materials

Huang J. et al. J. Am. Chem. Soc. 2019, 141, 5781-5787 Yang Y. et al. Science 2019, 366, 1509-1513

Molecules with tailored trap passivation functions 



Polymer interlayer functionality
 Charge selective layer 
 Protective layer
 Modify electrode WF
 Alter morphology
 Improve interfacial stability
 Energy level alignment
 Trap passivation effect

Xue, Yip et al, Adv. Energy Mater. 2016, 6, 1502021 Sun, Yip et al, Adv. Energy Mater. 2016, 6, 1501534

Designing Polymer Interlayer with Passivation Functionality



Improving Photostability by Suppressing Halide Phase Segregation

Light-induced halide segregation (eg. CsPbI2Br)

CsPbI3

Improved Photostabilty

PN4NHTL

ETL

PDCBT

PN4N

Device Performance

Dual interfaces modification with tailored HTL and ETL 

Tian, Xue*, Yip* et al. Adv. Mater. 2019, 31, 1901152

Charge density distribution plots of CsPbI2Br (110)

PbBr



6TIC-4F

Adv. Mater. 2020, 32, 1908011 Nat. Commun. 2020, 11, 177 Joule 2021, 5 , 249

Adv. Funct. Mater., 2018, 28, 1707444 Angew. Chem. Int. Ed. 2019, 58, 2

Other Functional Interlayer Materials for Perovskite Solar Cells
Dopant-free thin HTL Trap passivation 

molecular acceptor 
Dopant-free, low cost thick HTL

Dopamine-functionalized conducting polymer as HTL Squaraine-based high mobility polymer as HTL 



Tailoring organic/perovskite interactions to improve 
performance/stability of the hybrid devices 

Stable Sn/Pb Low Bandgap 
Perovskite Solar Cells with a 
Coherent 2D/3D Interface

High Performance MA-Free PSCs

β-GUA

Dimensional Engineering: Efficient MA-free 
Perovskite Solar Cells With a Graded 2D/3D 

Perovskite Heterostructure

Chen, Yip et al, iScience 2018, 9, 337 Yao, Xue, Yip et al, Adv. Mater. ASAP

2. Molecularly engineered perovskite materials 
Dimensional engineering
Quasi 2D/3D structure
 Layer orientation
 Interface coherency
Passivation effect
Stability



CH3NH3Pb0.5Sn0.5IxCl3-x  

+
10.6 Å

9.0 Å

Chen, Yip et al, iScience 2018, 9, 337

NAP

Stable Sn/Pb Low Bandgap Perovskite Solar Cells



2D/3D Perovskite with Coherent Lattice





NAP Conc. PCE (%)
0 mM 10.3
9 mM 13.4
18 mM 12.3
36 mM 12.3
72 mM 12.2
144 Mm 10.9

T90 = 1 month

T70 = 1 month

Device Performance and Stability



Conc. PCE (%)
0 mM 10.3
9 mM 7.19

18 mM 5.64
36 mM 4.32
72 mM 2.09
144 mM 0.73

FTIR
Reference molecule

Device Performance with reference molecule



(FA0.95Cs0.05PbI3)

Tm ~230 degC

Tm ~200 degC

Tm ~110 degC

beta-guanidinopropionic acid

High Performance MA-free PSC with Graded 2D/3D Perovskite
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Perovskite Film Morphology and Ambient Stability 

The hydrophobic segment in the organic layer improve ambient stabiltiy 



EL EQE ~ 1%

High Performance MA-free PSC with Graded 2D/3D Perovskite



Polymer template-assisted in-situ growth of CsPbIxBr3-x NCs film

Cai,Chen,Yip,* et al. ACS Appl. Mater. Interfaces 2018, 10, 42564

Molecularly Engineered Interfaces in Perovskite LEDs

c)

Increase annealing temperature
RT 200degC



Molecularly Engineered Interfaces in Perovskite LEDs

Energy Funneling in Quasi-2D NCs for Blue PeLEDs  

NH3Br

CsPbClxBr3-x
+

PEABr

Li, Chen,Yip,* et al. Nat. Commun. 2019, 10, 1027 

EQE
>6%

EQE
>14%

New result 
Optimized 
interfaces

Synergetic Triple Additives for Trap Management

EQE
>25%

Liu, Yip, Su* et al. Adv. Mater 2021, adma.202103268

CsPbX3

NH3Br+

Fully Inkjet Printed White PeLEDs & Display

Wang, Yip, Peng* et al, ACS AMI 2021, 13, 41773



Two types of Interfaces 1. Molecularly engineered Interfacial materials 
Top Interlayer
Orthogonal processing
Diffusion species blocker
 Interfacial strain control
Charge Selective
Surface trap passivation
Max. quasi-EF splitting
Charge generation
Thicker film 
Reflective index (Low?)
High conductivity

Bottom Interlayer
 Support upper layer processing
 Wettability, control film growth
 Diffusion species blocker
 Interfacial strain control
 Surface trap passivation
 Max. quasi-EF splitting
 Optically transparent
 Thin film
 Reflective index (1.5 < n < 2.5)
 High conductivity?

Light

2. Molecularly engineered perovskite materials 
 Dimensional engineering
 Quasi 2D/3D structure
 Layer orientation
 Vertical distribution 
 Interface coherency
 Precise Passivation
 Hybrid Interface stability
 Semiconducting organic layer?

Light

Summary
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Thank you!
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Hot-casting temperature management

Solvent effect

So F. et al. Adv. Mater. 2020, 1906571

DMSO NMP

Mohite A. D. et al. Nature 536, 312−316 (2016)

Control Orientation of Layered Perovskite
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