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Towards efficient and stable 
perovskite/silicon tandem solar cells 











Biomass

Wind energy

Total energy use

Electricity use

Sun



Solar park auction 
Mexico 2017: 
0.0177 $/kWh!

New installations 2018 
>95 GWp



Si Solar Cell Efficiency Close to Limit

Thermodynamic limit

Data Source: NREL & DOI: 10.1098/rsta.2011.0413

Tandem cells?



Si Solar Cell Efficiency Close to Limit

A. Polman, M. Knight, E. C. Garnett, B. Ehrler, W. Sinke Science
352, aa4424 (2016)



The rise of perovskites

NREL efficiency chart

MA+ Pb2+ I-



Towards efficient and stable 
perovskite/silicon tandem solar cells 

• Solar cell efficiency simulations

• Ion migration in perovskites



Realistic solar cell model

• How good can perovskite/silicon
solar cells be?

• How much of an advantage do they
have under real-life conditions?

• Model predicts performance under real-
life conditions



Three different 
connection 

schemes

Total power conversion 
efficiency over a year

Series tandem – current matching

Module tandem – voltage 
matching

Four-terminal tandem –
electrically independent



different 
connection 

schemes

Electrical 
model

Optical 
model

Temperature, irradiance, 
spectrum @ two locations, 
Utrecht NL and Colorado
EQE & IV of solar cells

Total power conversion 
efficiency over a year

Realistic solar cell model



Sunpower solar cell model

SunPower C60® mono-crystalline silicon solar 



Sunpower solar cell model



Perovskite/Silicon tandem



Realistic tandem solar cell model

Realistic tandem



Utrecht, The Netherlands
• narrow annual temperature range
• high precipitation

• hours sunshine 1475 per year

Denver, Colorado (US)
• broad annual temperature range
• low precipitation

• hours of sunshine 3107 per year



Realistic tandem solar cell model

Realistic tandem



Low Irradiance is a problem!



Contact losses

Realistic tandem solar cell model



Non-radiative recombination

Parasitic resistances

Realistic tandem solar cell model



Contact losses

Non-rad. recombination
Series resistance

Shunt resistance

Realistic tandem solar cell model



Contact losses

Non-rad. recombination
Series resistance

Shunt resistance

Optical losses

Realistic tandem solar cell model



Realistic tandem solar cell model

• A bad silicon cell
is improved most



Conclusion I: Solar cell model

o Tandem solar cells

o Sensitive to environmental conditions

o Device parameters of perovskite cells are not good enough yet

o Tandem cells make most sense for a bad Si base cell

Moritz Futscher et al., ACS Energ. Lett. 1, 2016
Mortiz Futscher et al., ACS Energ. Lett. 2, 2017
Moritz Futscher et al., ACS Energ. Lett. 3, 2018



Towards efficient and stable 
perovskite/silicon tandem solar cells 

• Solar cell efficiency simulations

• Ion migration in perovskites



Ion migration important for…



Perovskites are ionic semiconductors
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MA+ Pb2+ I-
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Ion migration in MAPbI3

Christopher Eames et al. Nat. Commmun. 6, 7497, 2015

Stefan A.L. Weber et al., Energy Environ. Sci., 2018,11, 2404-2413



Ion migration in MAPbI3
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Effect of an external electric field on ion migration



V=0
equilibrium

V=V0

non-equilibrium
V=V0

equilibrium

V=0
non-equilibrium

Going from (d) to (a): mobile ions drift towards the 
interfaces to screen the built-in electric field.
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Effect of an external electric field on ion migration



Effect of ion migration

Ag/Au

C60/BCP

MAPbI3

ITO/NiOX

200 nm

Inverted perovskite structure

cathode

anode
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Quantifying ion migration
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𝐶 𝑡 = Δ𝐶(𝑵𝒊𝒐𝒏) [1 − exp −
𝑡

𝜏
]

Transient ion-drift

𝜏 =
𝑘𝐵𝑇𝜖

𝑞2𝑫𝟎𝑁𝐴
exp

𝑬𝑨
𝑘𝐵𝑇

Thomas Heiser et al. Applied Physics A 57, 325, 1993 

Quantifying ion migration



Mobile ion species in MAPbI3

A1 C1 C2

Migrating ion species I- MA+ MA+

tetragonalcubic



Quantifying ion migration in MAPbI3

-5-

Solar cells fabricated at AMOLF and at the University of Konstanz 
with power conversion efficiencies ranging from 1 to 12%.

Phase 
transition



Conclusion I →MAPbI3

• Both MA+ and I- are migrating but on 

completely different timescales.

• The migration of MA+ ions  is the major factor 

influencing the hysteresis in MAPI solar cells

• I- migration reproducible, MA+ migration depends 

heavily on fabrication, degradation



Si Solar Cell Efficiency Close to Limit

Thermodynamic limit

Data Source: NREL & DOI: 10.1098/rsta.2011.0413

Tandem cells!



Towards efficient and stable 
perovskite/silicon tandem solar cells 

• Solar cell efficiency simulations
– Need for better materials – less NR recombination

• Ion migration in perovskites
– Less migration = more stable

– Material development can suppress ion migration
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