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High efficiency for reduced electricity costs

Historical Price Development Germany for 10 to 100 kWp roof-top PV-Systems

Source: Fraunhofer
ISE PV report 2018
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A Module production costs rapidly decreased in recent years to currently
< 50% of total system costs, i.e. cell costs are only ~25-30%

A Costs of PV systems per W can most effectively be further reduced by
improved module performance at moderate additional costs

A However, market-dominating silicon cells are approaching their
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Perovskite/silicon heterojunction tandem cells

VIS NIR

I Band gap perovskite: 1.55-1.8 eV
Band gap c-Si: 1.12 eV

Superstratéencapsulation

Transpare

‘ U 4-terminal and monolithic tandem cells

U Tandem cell illuminated through perovskite
cell

Perovskite topcell
Transparent contact

Optical coupling/ . . .. . .
Recombination junction U Perovskite absorbs visible light, c-Si cell
near-infrared light

Sibottom cell U Silicon heterojunction cell chosen as bottom
Rearcontact cell for most of our work due to high
performance in the NIR and versatility

Encapsulation
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Tandem configuration comparison

4-terminal

Advantages:

A Independent fabrication of sub cells

A No constraints for orientation/polarity of both sub cell

Requirements: :giz'ra“”{-’
A 3 highly transparent contacts with low sheet resistance
A Cell connected individually, 2 inverters required
2-terminal
Advantages:
A Lower parasitic absorption: only 1 transparent contact
A Simpler system integration: only 1 inverter, fewer wires
Requirements: junction
A Process compatibility (proce aer g
A Current matching (current limited by sub cell with lower J..)
A Intermediate recombination layer / tunnel junction
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Theoretical efficiencies of tandem cells
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A Radiative efficiency limit of ~45% with 1.12 eV bottom cell

To

Due to Auger recombination in Si bottom cell, efficiency limit slightly lower
(~43%)

Optimal bandgap range is narrower for 2-T tandems due to current matching
For c-Si bottom cells, the ideal top cell bandgap is ~1.7-1.8 eV

To o
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Current matching in real 2-terminal tandems

Example: Cq, + 1ZO front electrode
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Werner J et al., ACS Energy Lett., 3, p. 742 (2018).

In real devices, the optimal top cell bandgap is typically lower, at 1.65-1.7 eV.:

A Most parasitic absorption in the front electrode and charge transport layers

occurs in the UV/visible

A The perovskite layer is not thick enough to show saturated absorption up to the

bandgap without back reflector
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Yearly energy yield for tandem cells
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O. Dupré et al., J. Phys. Chem. Lett. 9, 446 (2018)

A Incident spectrum varies during a day, seasonally, and depends on location

A The temperature coefficient of both subcells is different

A Atandem cell that is current-matched at standard test conditions (AM1.5g, 25°C)
will show mismatched subcell currents in real operating conditions
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Annual energy yield simulations for Denver
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Simulations of yearly energy yield of devices with similar at standard testing
conditions, in Denver:

A 4-terminal tandem and single-junction have similar energy yield

A A 2-terminal tandem cell would need to have a 0.5% higher efficiency at
STC to reach the same energy vield as a 4-terminal tandem
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Preliminary cost calculation

Area

Number Total ADs. related Area
of extra- Investment Depreciation Consumables Operational process Eff.  Manufacturing BOS cost related BOS
steps [ME/step]  [€/m?] [&/m?] costs [£/m?] msts1 Gain costs [€cts/W] saving cost saving
[e/m?] %] ectspwp) [ECS/WE]
Parks Roof top
3 1.5 1.61 4.5 1.69 .79 4 15.5 2.7 6.4
4 1.5 2.14 6 2.25 10.39 4 26 2.7 6.4
5 1.5 2.68 1.5 281 12.99 4 32.5 2.7 6.4
3 3 3.21 4.5 3.38 11.09 4 21.7 2.7 6.4
4 3 4,29 6 4.5 14.79 4 EY) 2.7 6.4
5 3 5.36 7.5 5.63 18.48 4 46.2 2.7 6.4
4 2 2.86 & 3 11.86 3 39.5 2.1 5
4 2 2.86 = 3 11.86 5 23.7 3.3 7.6

Current price of c-Si cells: 16-26 c/W

Perovskite/silicon tandem cells might be cost competitive if

J. Werner et al., Adv. Mater. Interfaces, 1700731, 2017

A Efficiency is >4% higher and lifetime comparable to that of Si cells

A Few additional layers and no expensive materials are used

A No costly modifications of the silicon bottom cell are required

= CSem

IMT NEUCHATEL

Spring MRS 2018, Bjoern.Niesen@csem.ch 9

(i

E(;GLE POLYTECHNIQUE
FEDERALE DE LAUSANNE




Perovskite cells for tandems
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A Low-temperature planar perovskite cell with sputtered transparent electrodes
A Perovskite layer: sequential hybrid deposition

A Evaporation of Pbl, or co-evaporation of Pbl, and CsX (X =1, Br, Cl)

A Spin coating of organohalide solution: MAI, FAI:MABr, FAI:FABr

A Annealing on hotplate at 120-150°C
A Perovskite materials: MAPbl,, FAMAPDI, Br,, CSMAPbI,, CSFAPbI,_ Br,
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Perovskite materials for tandems
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Werner J et al., ACS Energy Lett., 3, p. 742 (2018).

CsFAPDI,,Br, layers made with either Csl, CsBr or CsCl
A Organohalide diffuses throughout active layer

A Bandgaps between ~1.5 and 1.8 eV possible if no
PbBr, is used

A Csl and CsBr both work well, film quality of CsCl-
based perovskite layers was lower

A nand k spectra are available on pvlighthouse.com.au
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