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Rapid Rise of Perovskite Solar Cells: Processing, Cost and Efficiency

Solution-processed polycrystalline film

Tunable composition

A

B

X I-, Cl-, Br-

Pb2+, Sn2+

methylammonium (CH3NH3
+),

formamidinium (CH2(NH2)2
+), Cs+, 

Rb+...
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Rapid Rise of Perovskite Solar Cells: Processing, Cost and Efficiency
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• tunable bandgap 1.2 – 2.3 eV and 

excellent efficiency

• strong optical absorption (~1000x thinner 

than silicon) – much greater materials 

efficiency

• tolerance to defects and grain 

boundaries

• solution processable with scalable-

manufacturing – make much cheaper 

Solution-processed polycrystalline film
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Leveraging Solution-Processing for Scalable Manufacturing
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c-Siperovskites

poly-Si

organic

scaling is non-trivial – requires new 

understanding of coating 

technologies, uniformity, defectivity, 

film stresses, cell and module 

reliability

in-line open-air spray processing

ultrasonic spray plasma cure

3

4



12/9/2021

3

5

In-Line Manufacturing of Open-Air Processed Perovskite Solar Modules

W.J. Scheideler et al.,

Advanced Energy Materials, 2019
N. Rolston et al.,

Journal of Materials 

Chemistry A, 2017

J.P. Chen et al.,

Journal of Materials 

Chemistry A, 2020

N. Rolston et al., Joule, 2020

RSPPSpray

ETL + Top ElectrodePerovskiteHTL Barrier 

RSPP

Open-Air 

CVD
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Method Ref Authors Year Journal Speed (m/min)

Gravure

[2] Y.Y. Kim…J. Seo 2019 Adv. Science 4

Inkjet [14]
F. Mathies…A. 

Quintilla
2016 J. Mater. Chem. A 0.2

[15]
A. Gheno…S. 

Vedraine
2018 Solar RRL 0.2

[17] C. Liang…G. Xing 2018 Solar RRL 0.3

[16]
S.G. Hashmi…M.

Gratzel
2016 Adv. Mater. Technol. 0.2

[13]
A.J. Huckaba…M.K. 

Nazeerudin
2019 Energy Technology 0.2

Blade

[9] M. Yang…K. Zhu 2017 Nature Energy 0.8

[10]
K. Bruening…C 

Tassone
2018 Joule 0.3

[5] Z. Yang …A. Jen 2015 Adv. Energy Mater. 1.2

[6] J. Kim …A. Jen 2014 Adv. Energy Mater 1.2

[8] K. Hwang…D. Vak 2015 Adv.Mater. 0.4

[12] M. Yang…Kai Zhu 2018 Adv. Energy Lett. 0.15

[3]
S. Razza…A. Di 

Carlo
2014 J. Power Sources 2.4

[4] F. Guo…Y. Mai 2019 Adv. Func. Mater. 0.6

[7] W.Q. Wu…J. Huang 2018 Nature Comm. 0.45

Slot Die

[11]
D. Burkitt…T. 

Watson
2018 RS Open Science 0.1

RSPP [1]
F. Hilt...R.H.

Dauskardt
2018

Energy & Env. 

Science
2.4

* This Work 2020 --- 12

RSPP is Highest Reported Throughput for Perovskites…

N. Rolston et al., Joule, 2020
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RSPP is Highest Reported Throughput for Perovskites…

N. Rolston et al., Joule, 2020

c-Si poly-Si OPV Perovskite RSPP
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34.83

14.19

8.91
6.75

32.75

…and lowest device cost of any solar technology
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In-Line Manufacturing of Open-Air Processed Perovskite Solar Modules

W.J. Scheideler et al.,

Advanced Energy Materials, 2019
N. Rolston et al.,

Journal of Materials 

Chemistry A, 2017

J.P. Chen et al.,

Journal of Materials 

Chemistry A, 2020

N. Rolston et al., Joule, 2020

RSPPSpray

ETL + Top ElectrodePerovskiteHTL Barrier 

RSPP

Open-Air 

CVD
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Open-Air Plasma Contains Heat, Reactive Species, and Photons
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F. Hilt, M.Q. Hovish, N. Rolston et al., Energy and Environmental Science, 2017

F. Hilt, M.Q. Hovish, N. Rolston, R.H. Dauskardt, US Patent No. 10636632

N. Rolston et al., Frontiers in Energy Research, 2021 

Solvent

absorption
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Open-Air Spray Plasma Processing Capabilities

Plasmatreat CorporationSurfx Corporation

Blown Arc Discharge Plasma

• low temperature

• Ar, N2 plasma gas

• medium temperature

• N2, O2, air plasma gas

Capacitively Coupled Plasma
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F. Hilt et al., Energy and Environmental Science, 2017

RSPP Creates Dense Perovskite Films, More than Hot Air

12
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Reduced thermal expansion

RSPP perovskite

Spin coated perovskite
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spin coated RSPP

Gc increased by >10X

Rapid Curing and Film Morphology Improves Mechanical Properties

Perovskite deposition method

Stress 

reduced 

by >5X

Increased crack deflection

M.Q. Hovish et al., Journal of Materials Chemistry A, 2019
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Spin in 

glovebox

RSPP 

in air

4.0 cm2 area

Steady-state photoluminescence

N. Rolston et al., Joule, 2020

RSPP 

in air

Spin in 

glovebox

Perovskite

Higher luminescent yield with RSPP
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RSPP Improves Luminescence on Length Scales from Nm to Cm
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RSPP Improves Perovskite Crystallinity and Carrier Lifetimes 
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Spin in glovebox

RSPP in air

ITO/NiO

X-ray diffraction of perovskite films

Main (100) perovskite peak sharper for RSPP perovskite

RSPP diffusion length ~ 10 µm, enabling new 

designs for perovskite architectures
N. Rolston et al., Joule, 2020
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Record Performance for Open-Air Processed Perovskite
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Voltage (V)

18.5% PCE

23.3 mA/cm2

integrated 

photocurrent

0.2 cm2 area
Photocurrent map
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Scalable RSPP Devices with 18% Efficiency

VOC (V) JSC (mA/cm2) FF (%) PCE (%)

1.04 23.7 73 18.0
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10 cm long device substrate

large cell (LBIC image)
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Glass ITO P1 HTL Perovskite ETL P2 Top 

Electrode
P3 Encap. J-Box/

Testing

2.17

1.20

6.20

1.43 1.43

0.70

2.49

6.01
5.57

6.49

2.90

Vacuum-based processes in red

ITO, ETL, Electrode, and Encapsulation Are Major Costs

Assuming a factory producing ~ 1 GW of perovskite modules annually

N. Rolston et al., Joule, 2020

Tool 

speed 

(modules/

hour)

240 32 32 26 2636045 10 10 48 32

Fully open-air perovskite module production is a path to even lower LCOE!

18

LCOE and Implications for Stability

LCOE Assumptions for 100 MW installation:

• complete module cost of $36.50/m2

• balance of systems cost estimated from silicon

• PV system installed in Blythe, CA

• 30-year system lifetime

• T80 module lifetime with an annual degradation 

rate r (where r = 1 − 0.8
1

𝑇80)

• added full module replacement cost with 

installation and overhead

• 10% federal investment tax credit with an IRR 

target of 5% in 30 years

• standard inputs for shading, system layout, soiling 

losses, grid limits, project term debt, and revenue

2025 target 3.0 ¢/kWh 

Current LCOE 4.6 ¢/kWh  poly-Si

c-Si

17

18



12/9/2021

10

19

2025 target 3.0 ¢/kWh 

Current LCOE 4.6 ¢/kWh  poly-Si

c-Si

LCOE and Implications for Stability

perovskite

light

O O

oxygen

heat
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electric 

field

+ -
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Thermal Degradation Moisture Degradation

CH3NH3PbI3 s + H2O g ⇌ CH3NH3PbI3 s · H2O (s)

CH3NH3PbI3 s ⇌ CH3I (g) + NH3 g + PbI2 (s)

See e.g. references:

A. Latini, G. Gigli, A. Ciccioli, Sustainable Energy Fuels (2017), 1, 1351.

A. M. A. Leguy et al. Chem. Mater. (2015), 27, 3397.

CH3NH3PbI3 s ⇌ CH3NH2 (g) + HI g + PbI2 (s)

4 CH3NH3PbI3 s · H2O s ⇌
CH3NH3 4PbI6 · 2H2O s + 3PbI2 s + 2H2O (l)

CH3NH3 4PbI6 · 2H2O s + 2H2O l →
4CH3NH3I aq + PbI2 s +2H2O (l)

Halide Diffusion

ITO-Glass

HTL

ETL

Perovskite

Metal

PbI2 PbI2

ITO-Glass

HTL

ETL

Perovskite

Ag

Metal Diffusion

AgI AgI Moisture Diffusion

ITO-Glass

HTL

ETL

Perovskite

Metal

PbI2PbI2

Stability of Perovskite Solar Cells
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Exploring the Role of Encapsulation in Thermal Stability
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1000 Hours Damp Heat Stability

[1] M.O. Reese et al., Quantitative Calcium Resistivity Based Method for Accurate and 

Scalable Water Vapor Transmission Rate Measurement Rev. Sci. Instr. 82, 085101 (2011).

Edge diffusion of water at 85°C, 85%RH 

PIBEVA

[1] *satisfies cell-sampling protocol

85°C, 85% RH

before aging

n=10

1000 hours
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Outdoor Aging of Encapsulated Perovskite Devices
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17 subcell, 10 cm long module
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In-Line Manufacturing of Open-Air Processed Perovskite Solar Modules

W.J. Scheideler et al.,

Advanced Energy Materials, 2019
N. Rolston et al.,

Journal of Materials 

Chemistry A, 2017

J.P. Chen et al.,

Journal of Materials 

Chemistry A, 2020

N. Rolston et al., Joule, 2020

RSPPSpray

ETL + Top ElectrodePerovskiteHTL Barrier 

RSPP

Open-Air 

CVD
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