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Terawatt-scale Photovoltaics: Trajectories and Challenges [1]
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Silicon Based Solar Cells: State of the Art
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High-efficiency Photovoltaics
How to Make Better Use of the Broad Band Solar Spectrum?
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High-efficiency Photovoltaics
How to Make Better Use of the Broad Band Solar Spectrum?

'g 16 Detailed balance calculation in '

Q c the Shockley-Queisser limit [t] Solar spectrum
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High-efficiency Photovoltaics
Enabled by Photon Management

B Manipulate the spectrum [1,2,3,4]

B Adapt the receiver material

Fondriest Environmental “Solar Radiation and Photosynethically Active
Radiation.” Fund Environ Meas. 2014.

[1] Gotzberger, Greubel, Appl Phys 14, 1977: Luminescent concentrator =
[2] Young, Appl Opt 5(6), 1966: Solar-pumped fiber laser “Z Fraunhofer
[3] Harder and Wrfel, Semicond Sci Tech 18, 2003: Thermophotovoltaics ISE
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High-efficiency Photovoltaics
Enabled by Photon Management

B Manipulate the spectrum [1,2,3,4]
Solar-pumped fiber laser [2]

B Adapt the receiver material

Reusswig, Nechayev, Scherer, Hwang, et al,
Scientific Reports 5, 2015.
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1 [1] Gotzberger, Greubel, Appl Phys 14, 1977: Luminescent concentrator
[2] Young, Appl Opt 5(6), 1966: Solar-pumped fiber laser
[3] Harder and Wrfel, Semicond Sci Tech 18, 2003: Thermophotovoltaics
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High-efficiency Photovoltaics
Enabled by Photon Management

B Manipulate the spectrum [1,2,3,4]
Solar-pumped fiber laser [2]

B Adapt the receiver material

Reusswig, Nechayev, Scherer, Hwang, et al,
Scientific Reports 5, 2015.

below/above
laser threshold

12 [1] Gotzberger, Greubel, Appl Phys 14, 1977: Luminescent concentrator
[2] Young, Appl Opt 5(6), 1966: Solar-pumped fiber laser
[3] Harder and Wrfel, Semicond Sci Tech 18, 2003: Thermophotovoltaics
141 Trunke Green Wiirfel | Anonl Phve 92 2002: UUn- and down-conver<sion of nhotons

Z Fraunhofer

ISE



Photovoltaic Laser Power Converters
Theoretical Limit

Detailed balance calculation in the Shockley-
Queisser limit for a single-junction PV cell
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13 [#] Shockley and Queisser, J Appl Phys 32(3), 1961.
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Photovoltaic Laser Power Converters
Theoretical Limit

Detailed balance calculation in the Shockley-
Queisser limit for a single-junction PV cell
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14 [#] Shockley and Queisser, J Appl Phys 32(3), 1961.

[8] Bett, Dimroth, Léckenhoff, Oliva, Schubert, Proc IEEE PVSC, San Diego, 2008.
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Photovoltaic Laser Power Converters

Photon Management by Bandgap Engineering: llI-V Compound Semiconductors
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Photovoltaic Laser Power Converters
Photon Management by Bandgap Engineering: llI-V Compound Semiconductors

Common laser wavelengths [nm]
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Photovoltaic Laser Power Converters
Light Trapping and Photon Recycling
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Photovoltaic Laser Power Converters
Light Trapping and Photon Recycling

B Cell on substrate: Emitted photons from
the absorber are lost into the substrate

GaAs PV cell

B Back mirror: Light is trapped inside the
absorber = increased carrier concentration

- boost voltage (,,photon recycling”) [#] GaAs substrate
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Photovoltaic Laser Power Converters
Light Trapping and Photon Recycling
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19 Helmers, Hohn, Lackner, Lépez, et al., Proc OWPT, Yokohama, 2019.
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Power (and Data) by Light
Optical Power Transmission — An Enabling Technology

Picture:St Jude Medical
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20 Helmers, Lackner, Siefer, Oliva, et al., Proc 32 EU PVSEC, Munich, 2016. -—
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High-efficiency Photovoltaics
Enabled by Photon Management

B Manipulate the spectrum

B Adapt the receiver material

Multi-junction solar cells [1,2]

Fondriest Environmental “Solar Radiation and Photosynethically Active
Radiation.” Fund Environ Meas. 2014.

21 [1] Henry, J Appl Phys 51, 1980. =
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High-efficiency Photovoltaics
How to Make Better Use of the Broad Band Solar Spectrum?
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High-efficiency Photovoltaics
How to Make Better Use of the Broad Band Solar Spectrum?
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High-efficiency Photovoltaics
Si-Tandem Technology Expected

World market share [%]

https://itrpv.vdma.org/
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Fischer, PV CellTech Conf., 2019. https:/itrpv.vdma.org/
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High-efficiency Photovoltaics
Present and Future Markets
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llI-V/Si Tandem Solar Cells
Fabrication Approach: Wafer Bonding Route

GaAs substrate

Tunneldiode

Si

26 Cariou, Benick, Feldmann, Hohn, et al, Nature Energy 3, 2018.
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llI-V/Si Tandem Solar Cells
Fabrication Approach: Wafer Bonding Route

GaAs substrate

Tunneldiode

Tunneldiode

Si

27 Cariou, Benick, Feldmann, Hohn, et al, Nature Energy 3, 2018.

—
ZZ Fraunhofer
ISE



llI-V/Si Tandem Solar Cells
with Rear-side Photonic Grating

B Photonic light trapping realized by
nanoimprint lithography

B Boost in photo current of Si subcell
(indirect semiconductor absorber)
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p* poly-Si
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28 Cariou, Benick, Feldmann, Hohn, et al, Nature Energy 3, 2018. =
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llI-V/Si Tandem Solar Cells
with Rear-side Photonic Grating

B Photonic light trapping realized by
nanoimprint lithography

B Boost in photo current of Si subcell
(indirect semiconductor absorber)
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29 Cariou, Benick, Feldmann, Hohn, et al, Nature Energy 3, 2018.
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Bio-inspired Photonic Structures for Integrated Photovoltaics
Morpho-Color®

Idea:

B Morpho butterfly:
bright, angle independent color
originated from a 3D photonic structure

Realization:

Module glass

B Morpho effect reproduced by Bragg stack on

a structured substrate Bragg stack

Laminate

30 Hohn, Kroyer, Blési, Kuhn, Hinsch, Patent: W0/2018/154045. -—
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Bio-inspired Photonic Structures for Integrated Photovoltaics:
Morpho-Color® PV Modules for Building Integration

B Narrow band reflection:

Bright color appearance

Only 7% relative efficiency reduction
B Various colors possible
B Only module glass is modified

> Standard solar cells and lamination processes
can be used

Demonstrator modules: 1.09 x 1.12 m?2

31 Hoéhn, Kroyer, Blasi, Kuhn, Hinsch, Patent: W0/2018/154045.
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Bio-inspired Photonic Structures for Integrated Photovoltaics:
Morpho-Color® PV Modules for Vehicle Integration

Frankfurt Motor Show (IAA), 2019

32 Fraunhofer ISE, press release #23, 02.09.2019
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Photon Management Enables High Efficiency Photovoltaics
Summary

B Power-by-Light
Bandgap engineering for PV laser power converters
Efficiency of nggonm=67.3% enabled by photon recycling
B Tandem solar cells
Photonic rear-side gratings enable light trapping
I11-V/Si tandem solar cell with 34.1% efficiency demonstrated

B Photonic structures enable invisible photovoltaics
e.g. for building and vehicle integration
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