Femtosecond laser-assisted microstructuring of silicon
for novel detector, sensing and display technologies
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Introduction

irradiate with 100-fs 10 kJ/m? pulses






“black silicon”
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 maskless etching process
e self-organized, tall microstructures

e highly light absorbing
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e structural and chemical analysis

e detectors

e outlook
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transmittance (integrating sphere)
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absorptance (1-R-T)
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absorptance (1-R-T)
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What causes the near-unity absorptance?



Properties

R BN SSETTIEEAT | RN A




multiple reflections enhance absorption

1.0 I I
Nl
g
microstructured silicon
0.8 —
3
c 0.6 —
o
o
3
204 —
(4]
0.2 crystalline ]
silicon
0 | |
0 1 2 3

wavelength (um)



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
e near unity absorption in IR

e visible photoluminescence

e strong field emission
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Structural and chemical analysis

Band structure changes: defects and/or impurities



Structural and chemical analysis
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Structural and chemical analysis

cross-sectional

Transmission Electron —H—>

Microscopy




Structural and chemical analysis

M. Wall, F. Génin (LLNL) 4




Structural and chemical analysis
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surface layer




Structural and chemical analysis
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Structural and chemical analysis

e 100-nm disordered surface layer
e undisturbed crystalline core

¢ 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
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Structural and chemical analysis

1 part in 10° sulfur introduces states in gap

CB
-1 1.1 um
011ev 0.09ev 008V
0.188 eV - 1.5 um
0318 oV 0.248 eV
0.371 eV - 2um
0.614 eV
-4 um
-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 115 m
0918 eV 0.248 eV
0.371 eV 1o um
0.614 eV
~ 4 pm
-8 um

VB



Structural and chemical analysis

absorption extends into infrared

CB
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Structural and chemical analysis

sulfur has 6 valence electrons: donor states?
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join acceptor and donor type Si
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join acceptor and donor type Si
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depletion zone with strong E-field
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reverse bias: depletion zone grows
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forward bias: current flows
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black silicon/n-type silicon junction

n-Si substrate =
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black silicon/n-type silicon junction
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black silicon/n-type silicon junction




black silicon/n-type silicon junction

Cr/Au contacts
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black silicon/n-type silicon junction
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IV characteristics




photodiode operation
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photodiode operation
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incident photon creates electron-hole pair
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E-field separates eh-pair causing current
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IV characteristics

dark

bias (V)



IV characteristics

dark
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Black silicon photodiode (at 0.5 V bias):

sfible (gal ng_)/

e 100x larger signal in vi
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Black silicon g@lse3promising for solar cells
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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 ~HE T
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e display technology

e biosensing

New Scientist 13, 34 (2001)



Can we control o fdefj;" placement of spikes?
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Si or Ti substrate



Outlook

place grid in front of sample

10 um thick
Cu or Ni grid

Si or Ti substrate



scan laser beam

10 um thick
Cu or Ni grid

Si or Ti substrate



scan laser beam

10 um thick
Cu or Ni grid

Si or Ti substrate



Outlook

remove grid

R

Si or Ti substrate



H300 .TIF

212 =x 480



Outlook

Appl. Phys. Lett., 82, 1715 (2003)






e near. unity absorptionifrom near-UV to near-IR
ofmaskless process, easily integrated \with microelectronics
e grid improves positioning and spacihg

e many promising applications
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