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PV panel cost accounts for a small fraction of system

q Single-junction perovskite exceeds the efficiency of silicon?
q Where is the limit of perovskite-based MJ?

Solar cell system cost breakdown

https://www.nrel.gov/pv/interactive-cell-efficiency.html 

q Si, 27.1%
q Perovskite – 26.1%
q Perovskite/Si (2T) - 33.9%
q GaInP/GaAs (2T) - 32.9%

Projected

20262024

PK: 28%?
Si: 28%?

PK/Si: 36%?

https://www.nrel.gov/pv/interactive-cell-efficiency.html
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PV Records 
(cell area >1 cm2 )

Solar Cell Efficiency Tables (Version 62), June 2023

q Perovskite has 
outperformed most thin-
film PV technologies

q Reducing the PCE 
disparity with GaAs 
(1.4eV) and Si (1.1eV) by 
optimizing bandgaps

Thin-film-based 
PV technologies 
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q Approaching the ideal bandgap of GaAs 

Feng, J.; …Hou, Y.* Nature Communications, 14, 5392 (2023)

q Composition engineering has reached 
its inherent limits

Approaching the ideal bandgap of GaAs
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Traditional light management based on ray optics 

q Ray optics is not effective in extending perovskite 
band edge

Ray optics

Eli Yablonovitch

Yablonovitch limit = 4n2 fold

q > 10 um-thick single crystal perovskite has a 
narrower PV bandgap

Feng, J.; …Hou, Y.* Nature Communications, 14, 5392 (2023)

n(Si): 3.7
n(GaAs): 3.7
n(Perovskite): 2.4 
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Narrowing the PV bandgap of FAPbI3 
- without composition engineering and increasing thickness

Feng, J.; … Hou, Y.* Nature Communications, 14, 5392 (2023)

q Resonant grating for diffraction 
q Strong light confinement and propagation in waveguides

Ultrathin GaAs solar cells (~200nm)

Nature Energy 4, 761-767 (2019)

Wave optics 
(single cell grating + high n)

Resonant grating

Waveguides

+

Normal incidence

Waveguiding

Single cell grating
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Narrowing the PV bandgap of FAPbI3 
- without composition engineering and increasing thickness

Feng, J.; … Hou, Y.* Nature Communications, 14, 5392 (2023)

Resonant solar cells

q Strong guided-mode resonances 
(GMRs) couple normal incident light with 
waveguided modes

q GMRs significantly enhance light 
absorption even near band edge with 
small absorption coefficients
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Resonant solar cells with Brillouin-zone folding
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q Supercell can induce Brillouin-zone folding
q Brillouin-zone folding provides an approach to increase photonic density of states

Feng, J.; … Hou, Y.* Nature Communications, 14, 5392 (2023)

Angle-resolved reflectance
Nanoimprinting

500 nm
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Resonant solar cells with improved Jsc

q Resonant solar cells: 18 nm spectral extension, 35 meV band-edge extension, 1.5 mA/cm2 Jsc improvement

Feng, J.; … Hou, Y.* Nature Communications, 14, 5392 (2023)
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Carrier management: Antimony doped tin oxides (ATOx) HTL

q ATOx is a more stable and transparent HTL in “p-i-n” structured perovskite solar cell.

Li, J.; Liang, H.; … Hou, Y.* Nature Energy (2024) 10.1038/s41560-023-01442-1
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Voc improvement in ATOx cells  

q ATOx suppresses non-radiative recombination in perovskites

Li, J.; Liang, H.; … Hou, Y.* Nature Energy (2024) 10.1038/s41560-023-01442-1
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Reduced PCE gap for cell sizes ranging from 0.05 to 1 cm²

Li, J.; Liang, H.; … Hou, Y.* Nature Energy (2024) 10.1038/s41560-023-01442-1
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Tandem is one of the most practical solutions to 
overcome SQ limit 

Wide-bandgap
Eg. 1.6 – 2.0 eV

Narrow bandgap 
Eg. 1.0 – 1.4 eV

– 

– 

Light
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Perovskite – a fantastic wide-bandgap absorber

Advanced Materials, 2106540 (2022); Nature Reviews Materials 3, 18017 (2018); 
Nature Reviews Materials 2, 16100 (2017) 

q Low exciton binding energy
q Long diffusion length
q Strong absorption 

q Bandgap tunability

q Compatibility with vacuum and solution processing
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Perovskites - efficient wide-bandgap absorbers

Nature Energy 3, 828 (2018)
https://www.lmpv.nl/db/

q Ideal tandem bandgaps: 1.0eV/1.6eV 
e.g., Si requires perovskite Bandgap >1.65 eV

q Efficient wide-bandgap absorbers
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State-of-the art perovskite/Si tandem solar cell architecture evolution

Fu, F.*; Ballif, C.; Hou, Y.* et al Advanced Materials, 2022, 2106540.
Hou, Y.; Aydin, E.; De Wolf, S.; Sargent, E. et al. Science, 2020, 367, 1135-1140

c-Si

c-Si

c-Si

perovskite

perovskite
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The depletion width correlates to the geometry factor
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Textured cellFlat cell

c-Si cell

Drift dominant region in 
perovskite

Diffusion dominant region 
in perovskite

Charge generation region
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Hou, Y.; Aydin, E.; De Wolf, S.; Sargent, E. et al. Science, 2020, 367, 1135-1140
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q Reduce carrier collection paths;
q Enhanced wetting of perovskite precursor;
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Perovskite/Si tandem performances evolution 

Hou, Y.; Aydin, E.; De Wolf, S.; Sargent, E. et al. 
Science, 367, 1135-1140 (2020)

Aydin, E.; Wolf, S. D. et al.
Nature, DOI: 10.1038/s41586-023-06667-4 (2023)

PCEs boost from 26% to 33%
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Challenges in integrating perovskite with Cz-Si thin wafers

1. Saw marks on Si surface
after saw damage etching

300 um



20Albrecht, S. et al. Solar RRL 5 (7), 2100244

after saw damage etching

Challenges in integrating perovskite with Cz-Si thin wafers

2. Lower absorption at NIR



21

32.0%

Where is the limit of perovskite/Si?

q Voc of perovskite: ~ 1.28 V
q Voc of shaded Si: ~ 0.72 V

Unpublished results
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Triple-junction perovskite/perovskite/Si

Liu, S., Lu, Y., ...Hou, Y. Nature (2024). DOI: 10.1038/s41586-024-07226-1

Perovskite/Si (1.7eV/1.1eV)

Perovskite/Perovskite/Si (1.9eV/1.5eV/1.1eV)
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Triple-junction perovskite/perovskite/Si

Liu, S., Lu, Y., ...Hou, Y. Nature (2024). DOI: 10.1038/s41586-024-07226-1
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Triple-junction perovskite/perovskite/Si

Liu, S., Lu, Y., ...Hou, Y. Nature (2024). DOI: 10.1038/s41586-024-07226-1
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Triple-junction perovskite/perovskite/Si

Liu, S., Lu, Y., ...Hou, Y. Nature (2024). DOI: 10.1038/s41586-024-07226-1
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Centralized and decentralized PV
- from PK/Si to PK-based thin-film tandems

q Organic tandem (PCE =10%)

q III–V tandem (PCE = 30%)

Advanced Energy Materials, 11, 2002874 (2021); Energy Environ. Sci., 2014,7, 2925-2933 

q Lightweight;
q Aesthetics; 
q Efficient (>30%);
q Lifetime (~10 years)

Thin-film-based tandem
(PCE = 30%)

Solar farm Integrated PV
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(a)

(b) (c)

(d)

(e) (f)

Integrating with other established thin-film PV technologies

q Organic materials are effective near-infrared (NIR) absorbers 
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OPV becoming more stable in tandem configuration 

q Perovskite block all the high energy photons
q Organic materials are relatively stable under near-infrared light

(a)

(b) (c)

(d)

(e) (f)



29Chen, W...He, Z.;* Djurišić, A.;* Hou, Y.* Nature Energy 7, 229-237 (2022)

First generation interconnecting layer (ICL)’s issues

First generation ICL
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Second generation ICL – Ultrathin TCOs  

Chen, W.; …He, Z.;* Djurišić, A.;* Hou, Y.* Nature Energy 7, 229-237 (2022)
Aydin, E.; Wolf, S. D. et al. Nature, DOI: 10.1038/s41586-023-06667-4 (2023)
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Certified record efficient perovskite/organic tandem
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NIR light management by controlling interference spectrum 

Liang, H.; … Fu, F.; Hou, Y. Joule 2023, 7, 1-14.
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Performance of the perovskite/CIS tandem solar cell 

Liang, H.; … Fu, F.; Hou, Y. Joule 2023, 7, 1-14.
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