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Optical loss analysis:
 Strong parasitic absorption in the front TCO and ETL (~1.2 mA/cm2 lost)
 Significant reflection losses between 450-500 nm

Voltage loss analysis:
 Strong non-radiative recombination losses at ETL/perovskite Interface: improvements via interface engineering

Flexible thin-film tandem device
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All Thin-Film Flexible Tandem Solar Devices:
The Promise of Future Low-Cost Photovoltaics

Motivation and objective
To further reduce the cost of PV systems, it is pivotal to increase the efficiency and employ high-throughput manufacturing processes.
The photovoltaic conversion efficiency of single-junction solar cells is intrinsically limited by the Shockley-Queisser limit, with significant 
energy losses due to thermalization

The development of tandem solar cells overcomes this limit by maximizing the 
absorption over the entire solar spectrum

Ideal candidates for thin-film tandem devices:

Perovskite top cell:
 High efficiency (record of 23.7% (opaque) by ISCAS)
 Tunable wide band-gap (~1.6 eV)
 Sharp optical absorption edge
 High efficiencies on flexible substrates

Cu(In,Ga)Se2 (CIGS) bottom cell:
 High efficiency (record of 23.35% by Solar Frontier)
 Tunable low band-gap (~1.0 eV)
 Highly efficient on flexible substrates (record of 20.4%)

Theoretical efficiency (no losses)
Four-terminal tandem

Objective:
 Develop highly efficient NIR-transparent perovskite solar cells directly grown on the front sheet used to encapsulate flexible 

CIGS modules, avoiding additional costs for top cell substrate
 Demonstrate efficient flexible perovskite mini-modules with high geometric fill factor (GFF)
Approach:
 Identify pathways to improve power conversion efficiency via optical/electrical loss analyses
 Employ highly precise and reliable laser scribing method for monolithic interconnections

Conceptual vision:

The possibility to develop efficient perovskite and CIGS solar cells on flexible substrates lays the foundations to lightweight flexible 
tandem devices by high-throughput roll-to-roll manufacturing

Results

All laser-scribed flexible perovskite mini-module

Conclusion and outlook
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Solar Cell Voc
(V)

Jsc
(mA/cm2)

FF
(%)

ηMPP
(%)

Flexible CIGS 0.69 36.3 75.4 18.9

Flexible CIGS bottom cell 0.65 12.0 71.6 5.6

Flexible perovskite top cell 1.06 18.7 68.9 14.0

Four-terminal tandem 19.6
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 14.0% efficient NIR-transparent flexible perovskite solar cell with average transmittance of ~74% between 800-1000 nm

 Flexible tandem perovskite/CIGS with efficiency of 19.6% in four-terminal configuration

 14.0% efficient NIR-transparent flexible perovskite solar cell with ~74% transmittance (800-1000 nm)

 19.6% efficient flexible perovskite/CIGS tandem measured in four-terminal configuration

 10.5% all laser-scribed flexible perovskite mini-module with aperture area > 10 cm2

 Laser scribing enables high GFF (~94%) 

 From optical and voltage loss analyses: further efficiency enhancements envisioned by using AR coatings, improved front 

TCO and interfacial modifications at charge transport layer/perovskite junction. 
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Voc
(V)

Jsc
(mA/cm2)

FF
(%)

ηMPP
(%)

Aperture Area
(cm2)

GFF
(%)

Forward 7.5 2.1 64.1
10.5 10.2 94

Backward 7.3 2.1 67.5

Four-terminal tandem EQE Photovoltaic parameters
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Photovoltaic performances

 Monolithically interconnected mini-module by laser scribing: high accuracy, reliability and ideal for flexible substrates

 Flexible perovskite mini-module with steady-state efficiency of 10.5% onto an aperture area > 10 cm2 with a GFF~94%

Photovoltaic parameters

Pisoni S. et al., Nano Energy 49, (2018)

Pisoni S. et al., J. Mater. Chem. A 5, (2017)
Pisoni S. et al., NPG Asia Materials 10, (2018)

*scale bar 100 μm

*scale bar 1 μm

Loss analyses

Process J
(mA/cm2)

Total reflection 1.8
Total transmission 2.4
Abs. in front IZO 1.0

Abs. in PEIE ~0.0
Abs. in C60 0.2

EQE 18.7
Abs. in Spiro-OMeTAD ~0.0

Abs. in MoOx 0.0
Abs. in rear IZO 0.1

* Wavelength range: 380-800 nm

Optical loss analysis (TMM-based simulations)

Voltage loss analysis

Structure PLQY
Glass/MAPI3 2.3 x 10-2

Glass/C60/MAPI3 1.3 x 10-4

Glass/C60/B4PyMPM/MAPI3 4.1 x 10-4

Glass/C60/3TPYMB/MAPI3 5.9 x 10-4

Glass/C60/LiF/MAPI3 8.1 x 10-4

Pisoni S. et al., NPG Asia Materials 10, (2018)
Pisoni S. et al., in preparation

Stefano Pisoni, Thierry Moser, Yan Jiang, Thomas Feurer, Stephan Buecheler and Ayodhya N. Tiwari

Realistic efficiency >30 %, 
considering state-of-the-art

Corresponding losses in 
terms of short-circuit current

Photoluminescence 
quantum yield (PLQY)
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