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Multi-junction & GaAs

Perovskite/PVK tandem

Crystalline Silicon

Thin-film: (CIGS, CdTe)

Emerging PV:
(Perovskites, OPV, QD, DSSC…)

Perovskites

PV Type Efficiency

C-Silicon 27.1%

Perovskite 26.1%

CIGS 23.6%

CdTe 22.6%

OPV 19.2%

Emerging PV = Third generation PV = Solution Processable PV
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Efficiency Evolution of Photovoltaics

Perovskite/Si tandem

Perovskite/OPV tandem
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Large efficiency gap between small-size devices 
and large-area modules
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Solutions:

❑ Scalable coating of high-quality perovskite films 

❑ Advanced module design and fabrication technology

Efficiency Losses During Upscaling

Dead Area
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Nature Reviews Materials, 2018, 3, 1-20.

Challenges:
❑ Film homogeneity (macro)

Solvent evaporation and solute 
migration/aggregation take place
simultaneously

❑ Crystal morphology (micro)
Control crystallization dynamics

❑ Crystal structure
Phase purity, crystal orientation, phase
segregation, defects ...

Perovskite

Precursor 

Solution

Spin coating

Pros & Cons:

✔ Easy to handle in lab

✔ Small amount of solution

✔ Good at producing uniform film

✗ High material waste (> 90%)

✗ Non scalable (< 5×5 cm2)

✗ Unable to translate to scalable lines

Scalable coating Crystallization protocols are 
difficult to be transferred to 
scalable coating lines

It is of essential importance to control 
crystallization dynamics to achieve large 
scale fabrication of perovskite thin-films

Anti-solvent

Efficiency Losses During Upscaling
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Established Crystallization Protocols



Institute of New Energy Technology Jinan University 7

Since 2017 Jinan Uni

Scalable crystallization technique

Adv. Funct. Mater., 2019, 29, 1900964.          Adv. Sci., 2019, 6, 1901067.
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Precursor ink Large-area film

Our Printed Perovskites
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Vacuum：Fast nucleation and prevent solute 
migration/aggregation by fast solvent removal

Energy Environ. Sci., 2020, 13, 4666.

MA2Pb3I8·2DMSO

J. Am. Chem. Soc. 2016, 138, 9919.

Nat. Mater. 2014, 13, 897.
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Adv. Sci., 2019, 6, 1901067.

Our Method - Vacuum Quenching 
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MA2Pb3I8·2DMSO
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Guo F., Qiu S.,  et al. Advanced Science 2019, 6, 1901067. 10

Additive MACl: Modulate crystal morphology and stabilize phases

Our Method - Vacuum Quenching 
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Guo F., Qiu S.,  et al. Advanced Science 2019, 6, 1901067. 11

Our Method - Vacuum Quenching 

MAPbI3 cystal quality
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Importance of vacuum

Without vacuum

With vacuum

Guo F., Qiu S.,  et al. Advanced Science 2019, 6, 1901067. 12

Our Method - Vacuum Quenching 
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Why Tandem Architecture ?

Single-junction

Charge recombination
 High transmittance

 Low ohmic resistance

 Prevent solvent penetration

E
n
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Sub-bandgap loss

Thermalization

loss
CB

VB

Multi-junction

ITO/glass

P-type thin-film

Wide-Gap Absorber

PCBM

N-type thin-film

Ag

P-type thin-film

Narrow-Gap Absorber

N-type thin-film

Narrow gap

Wide gap

 Thick enough to ...

 Low voltage loss

Single-junction

Two-junction

6000 K

Intro   Narrow   Wide  Charge RC
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Different Sn-Pb ratios

Zeng L., Chen Z., Qiu S.,  et al. Nano Energy 2019, 66, 104099.

0.0 0.2 0.4 0.6 0.8 1.0
-5

0

5

10

15

20

25

 Sn:Pb=0:1

 Sn:Pb=1:9

 Sn:Pb=1:3

 Sn:Pb=1:2

 Sn:Pb=1:1

C
u
rr

e
n
t 
D

e
n
s
it
y
 (

m
A

 c
m

-2
)

Voltage (V)

300 400 500 600 700 800 900 1000
0

20

40

60

80

100

 Sn:Pb=0:1

 Sn:Pb=1:9 

 Sn:Pb=1:3 

 Sn:Pb=1:2

 Sn:Pb=1:1

E
Q

E
 (

%
)

Wavelength (nm)

High FFs but high VOC  losses!

Passivation?
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Printing Low-bandgap perovskites Intro Narrow   Wide  Charge RC
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Passivation with PEABr (Two-step)

Zeng L., Chen Z., Qiu S.,  et al. Nano Energy 2019, 66, 104099.
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The 1st observation of 
phase segregation in 
Pb-Sn perovskites

C. Li, Y. Pan, et al., ACS Energy Lett., 2020, 5, 1386.

JSC=28.4 VOC=0.79 FF=0.78 PCE=17.51%
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2D/3D Mixed Pb-Sn Perovskites

Random 3D

3D 3D 3D 3D

3D 3D3D3D
2D

2D 2D

2D

Vertical 2D/3D

Intro Narrow   Wide  Charge RC



Institute of New Energy Technology Jinan University 18

10 20 30 40 50
0

1× 102

2× 102

3× 102

4× 102

5× 102

6× 102  NMP

 DMSO

 DMF

In
te

ns
ity

 (
co

un
t)

2θ (o)
10 20 30 40 50

0.0

3.0× 102

6.0× 102

9.0× 102

1.2× 103

1.5× 103

 NMP

 DMSO

 DMF

In
te

ns
ity

 (
co

un
t)

2θ (o)

Annealed filmVacuum treated filmFreshly coated film

10 20 30 40 50
0.0

5.0× 102

1.0× 103

3.0× 103  NMP

 DMSO

 DMF

In
te

ns
ity

 (
co

un
t)

2θ (o)

NMP

3 µ m

DMSO

3 µ m

DMF

3 µ m

Y.C. Zhang, et al., Nano Energy, 2023, 114, 108653.

a b c

EPbI2 EDMF EDMSO ENMP ETotal ΔE

-7.735 -68.034 - - -76.65 -0.881

-7.735 - -50.421 - -59.094 -0.938

-7.735 - - -93.98 -102.798 -1.083

The strongest binding strength between NMP and 

PbI2, enables to form an intermediate adduct more 

stable than DMSO and DMF, finally giving rise to 

controllable crystallization kinetics.

Printing Wide-bandgap Perovskites Intro   Narrow   Wide Charge RC
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Inverted & MA-free
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X.M. Zhou, ACS Energy Lett. 2023, 8, 502–512.

FA0.9Cs0.1Pb(Br0.3I0.7)3   Eg=1.71 eV

Printing Wide-bandgap Perovskites Intro   Narrow   Wide Charge RC
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Perovskite - Perovskite

Printed Perovskite Tandems Intro Narrow   Wide  Charge RC
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Printed Perovskite Tandems

Y.C. Zhang, et al., Nano Energy, 2023, 114, 108653.

Perovskite - Organic
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 Chemistry of Materials, 2015, 27(14): 5122-5130.

 Journal of Materials Chemistry A, 2018, 6(8): 3583-3592.

 Nanoscale, 2015, 7(5): 1642-1649.

 Advanced Functional Materials, 2018, 28(9): 1705409

 Advanced Energy Materials, 2020, 10(10): 1903897.

 Solar Rrl, 2018, 2(2): 1700184.

 Our work
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Perovskite - CIGS

Printed Perovskite Tandems
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CIGS 19.61 0.702 37.52 74.38

Semi-transparent PVK cell 17.50 1.255 18.44 0.756

Bottom CIGS under PVK cell 9.35 0.678 18.58 74.24

4T tandem solar cell 26.85 - - -

Chen et al., Manuscript in preparation

Intro Narrow   Wide  Charge RC
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o Developed a generic VACUUM-QUENCHING crystallization method, which enables to 

scalable deposit high-quality large-area perovskite thin films of different bandgaps for 

versatile applications.

o Identified that NMP is an ideal solvent in controlling crystallization kinetics of scalable 

process wide-bandgap perovskite thin films.

o All-perovskite and perovskite-organic tandem devices are fabricated based impermeable 

ALD-deposited SnO2 charge recombination layers.

o Novel Cr-based charge recombination layers without ALD procedure are developed to build 

perovskite-perovskite and perovskite-organic tandem devices.

Summary
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