Femtosecond laser-assisted microstructuring of silicon
for novel detector, sensing and display technologies
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e maskless etching process
e self-organized, tall microstructures

* highly light absorbing
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e properties
e structural and chemical analysis
e detectors

e outlook
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absorptance (1-R-T)
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What causes the near-unity absorptance?
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multiple reflections enhance absorption
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multiple reflections enhance absorption
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electronic band structure changes
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e enhanced absorption in visible

e enhanced photoelectron generation in visible
* near unity absorption in IR

e visible photoluminescence

e strong field emission
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* properties
e structural and chemical analysis
e detectors |

e outlook




Structural and chemical analysis

Band structure changes: defects and/or impurities
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Structural and chemical analysis

cross-sectional l
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Microscopy



Structural and chemical analysis

M. Wall, F. Génin (LLNL)




Structural and chemical analysis
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Structural and chemical analysis
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Structural and chemical analysis




Structural and chemical analysis

e 300-nm disordered surface layer
e undisturbed crystalline core

e surface layer: polycrystalline Si with 1.6% sulfur



Structural and chemical analysis

Microstructure with different gases:

e gas species incorporated into surface layer

e sulfur required for below band gap absorption



Structural and chemical analysis

microstructure with different gases
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Structural and chemical analysis
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Structural and chemical analysis

microstructure with different gases
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Structural and chemical analysis
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Structural and chemical analysis

microstructure with different gases
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Structural and chemical analysis

microstructure with different gases
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Structural and chemical analysis

1 part in 10° sulfur introduces states in gap

CB
-1 1.1 um
0.11ev 0-09ev 0088V
0.188 eV - 1.5um
0318 v 0.248 eV
0.371 eV - 2um
0.614 eV
-4 pum
-8 um
VB

Janzén et al., Phys. Rev. B 29, 1907 (1984)



Structural and chemical analysis

at high concentration states broaden into band

CB
R -1 1.1 um
0.11 ey 0-09eV 0.08 eV
0.188 eV 115m
0318 eV 0.248 eV
0.371 eV 12 um
0.614 eV
~ 4 pym
-8 um

VB



® properties

e structural and,che analysis

/

etectors

e outl



black silicon/silicon junction

Si substrate
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black silicon/silicon junction
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black silicon/silicon junction




black silicon/silicon junction

Cr/Au contacts
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IV characteristics
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Black silicon photodiode (at 0.5 V bias):

* 100x larger signal in visible (gé'n,!)_,,-f’




* properties 3

e structuragaddchemical analysis
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e detector technology

New Scientist 13, 34 (2001)



e detector technology

e solar cells

New Scientist 13, 34 (2001)



e detector technology
e solar cells

e display technology

New Scientist 13, 34 (2001)



e detector technology
e solar cells

e display technology ,. =i,
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e biosensing

New Scientist 13, 34 (2001)






e near; unity absorptionifrom near-UV to near-IR
o/maskless process, easily integrated\with microelectronics
e gridimproyes positioning and spacing

e many promising applications
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response: 35-ns rise, 350-ns fall
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Black silicon gls6 promising for solar cells
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Black silicon solar cell (preliminary):

e 2-3% efficiency

e photocurrent generated in thin layer





