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irradiate with 100-fs 10 kJ/m? pulses






“black silicon”
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laser treatment causes:
e surface structuring

e inclusion of dopants



substrate/dopant combinations
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substrate/dopant combinations

dopants:
N|O|F
P|S | Cl
Cr | Mn Se
Mo Sb| Te
substrates:

Si Ge ZnO InP GaAs

Ti Ag Al Cu Pd Rh Ta Pt TO

2
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gap determines optical and electronic properties

conductor semiconductor insulator
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shallow-level dopants control electronic properties
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shallow-level dopants control electronic properties

conductor semiconductor insulator

CB
CB

CB

VB

VB
VB

> E_(eV)

G

0 > 4
Cu Ge Si ZnO



deep-level dopants typically avoided
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femtosecond laser-doping gives rise to intermediate band
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intermediate band formation in chalcogen-hyperdoped Si

dopants:

Se
Te

substrates:

Si

1 intermediate band
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cross-sectional
Transmission Electron _

Microscopy
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M. Wall, F. Génin (LLNL)
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disordered
surface layer
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e 300-nm disordered surface layer
e undisturbed crystalline core

e surface layer: polycrystalline Si with 1.6% sulfur

T um
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two processes: melting and ablation
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relevant time scales
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different thresholds:

melting: 1.5 kJ/m?

ablation: 3.1 kJ/m?
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decouple ablation from melting
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decouple ablation from melting
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decouple ablation from melting

doped region
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secondary ion mass spectrometry
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Things to keep in mind

* near unit absorption extending into IR
e surface structure due to ablation
e hyperdoping due to rapid melting and resolidification

e can decouple both processes
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femtosecond laser-doping gives rise to intermediate band
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1 part in 10° sulfur introduces donor states in gap

CB

011y 0.09 ev 0.08eV

0.188 eV
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0.371 eV

0.614 eV
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Janzén et al., Phys. Rev. B 29, 1907 (1984)
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1 part in 10° sulfur introduces donor states in gap
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at high concentration states broaden into band

CB

0.188 eV

- 4 pum
0.318 eV H

0.371 eV

- 2um

- 1.5um

4 1.1 pum

VB

1 properties 2 intermediate band




isolate surface layer for Hall measurements

device layer
buried oxide

silicon substrate
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isolate surface layer for Hall measurements
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isolate surface layer for Hall measurements

laser doped region
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isolate surface layer for Hall measurements
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impurity (donor) band centered at 310 meV
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DFT calculations

insulator metal
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Ertekin et al., Phys. Rev.'Lett. 108, 026401 (2012)
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Things to keep in mind

* IR absorption rolls off around 8 um
e consistent evidence of intermediate band formation
e |IB forms at 0.1% at. doping, broadens at higher doping

e |B merges with CB at 0.4% at. yielding metallic behavior

1 properties 2 intermediate band




1 properties 2 intermediate band 3 devices



solar spectrum
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solar spectrum

1.5

spectral irradiance (kW/m2 um)

0 0.5 1.0 1.5 2.0 2.5
wavelength (um)

1 properties 2 intermediate band 3 devices




crystalline silicon: transparent to 23% of solar radiation
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amorphous silicon: transparent to 53% of solar radiation
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photon with gap energy
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1 properties

photon creates electron-hole pair...
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...whose energy can be extracted
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photons with energy smaller than gap...
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...do not get absorbed
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photons with energy larger than the gap...
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...create electron-hole pairs with excess energy...

vg b
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...Which is lost rapidly
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black silicon has an intermediate band
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absorbs same photons as ordinary silicon...

vg b
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...but extends absorption to longer wavelengths

VB
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could theoretically get efficiencies over 50%

VB
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should have shallow junction below surface

sulfur-doped layer.

p-doped substrate

100 nm
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excellent rectification (after annealing)
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responsivity

1000

100

-
o

responsivity (A/W)

o
—

0.01 ' ' '
200 600 1000 1400 1800

wavelength (nm)

1 properties 2 intermediate band 3 devices




responsivity

1000§
~100g
< 0L
3105
> F
2 -
== o - - - N\
5.') - -- T //(\ :
& B ~ "Si PIN InGaAs, Ge
0.1§—
0.01_ | | |
200 600 1000 1400 1800

wavelength (nm)

1 properties 2 intermediate band 3 devices




responsivity

1000

100

-
o

responsivity (A/W)

o
—

0.01 ' ' '
200 600 1000 1400 1800

wavelength (nm)

1 properties 2 intermediate band 3 devices




responsivity

1000

100

-
o

100% QE

—

responsivity (A/W)

o
—

0.01 ' ' '
200 600 1000 1400 1800

wavelength (nm)

1 properties 2 intermediate band 3 devices




responsivity
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Things to keep in mind

e can turn absorption into carrier generation
e very high responsivity in VIS and IR

e intermediate band photovoltaic devices?

1 intermediate band 2 Sidevices



Potential benefits for photovoltaics

e surface structure
e absorption in submicrometer layer
e extended IR absorption

e intermediate band

1 intermediate band 2 Sidevices
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water splitting
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water splitting
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solar radiation spectrum
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solar radiation spectrum
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solar radiation spectrum
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summary,

e new doping process
e new class of material

e new types of deyices
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