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multiple reflections enhance absorption
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Introduction

multiple reflections enhance absorption
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Introduction

electronic band structure changes

wavelength (   m)

ab
so

rp
ta

nc
e

crystalline
silicon

microstructured silicon

0 1 2 3

1.0

0.8

0.6

0.4

0.2

0



Introduction

band structure changes: defects and/or impurities



Outline

• high photon flux doping

• photoelectron generation

• photoconductive gain



High photon flux doping

microstructure with different gases
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High photon flux doping

microstructure with different gases
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High photon flux doping

microstructure with different gases
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High photon flux doping

microstructure with different gases

SF6

Cl2

wavelength (   m)

ab
so

rp
ta

nc
e

crystalline
silicon

air

N2

0 1 2 3

1.0

0.8

0.6

0.4

0.2

0



High photon flux doping

microstructure with different gases
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High photon flux doping

microstructure with different gases
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Introduction

sulfur required for below band gap absorption



High photon flux doping

other chalcogens yield similar results
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other chalcogens yield similar results
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High photon flux doping
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High photon flux doping

cross-sectional 
Transmission Electron 

Microscopy



High photon flux doping

M. Wall, F. Génin (LLNL)
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High photon flux doping
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High photon flux doping

1 µm

 
 

• 300-nm disordered surface layer

• undisturbed crystalline core

• surface layer: nanocrystalline Si with 1.6% sulfur



High photon flux doping

1 part in 106 sulfur introduces states in gap
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High photon flux doping

at high concentration states broaden into band
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High photon flux doping

absorption extends into infrared
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High photon flux doping

donor or acceptor states, depending on Fermi level
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High photon flux doping
 
 

Things to keep in mind

• new chemical structure and electronic properties

• nanocrystallinity: quantum confinement effects

• absorption happens in nanocrystalline layer



Outline

• high photon flux doping

• photoelectron generation

• photoconductive gain



Photoelectron generation

join acceptor and donor type Si…



Photoelectron generation

non-conducting layer at junction
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black silicon/silicon junction
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Photoelectron generation

black silicon/silicon junction

Si substrate

Cr/Au contacts



Photoelectron generation

black silicon/silicon junction

Si substrate

Cr/Au contacts
~ 400 nm

260 µm

100 nm

4 mm

3 mm



Photoelectron generation

IV characteristics
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Photoelectron generation

depletion layer can convert light into electric energy



Photoelectron generation

incident photon knocks out electron…



Photoelectron generation

…creating an electron-hole pair



Photoelectron generation

E-field separates eh-pair, causing current



Photoelectron generation

IV characteristics

bias (V)

dark

c
u
rr

e
n
t 
(m

A
)

–3 –2 –1 0 1 2 3

4

2

0

–2

–4

–6



Photoelectron generation

IV characteristics
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Photoelectron generation

responsivity

wavelength (nm) 

re
sp

on
si

vi
ty

 (A
/W

) 

200  600  1000  1400  1800 

100 

1000 

10 

1 

0.1 

0.01 

Si PIN



Photoelectron generation

responsivity

wavelength (nm) 

re
sp

on
si

vi
ty

 (A
/W

) 

200  600  1000  1400  1800 

100 

1000 

10 

1 

0.1 

0.01 

Si PIN

NIR APD
> 100 V bias



Photoelectron generation

responsivity

wavelength (nm) 

re
sp

on
si

vi
ty

 (A
/W

) 

200  600  1000  1400  1800 

100 

1000 

10 

1 

0.1 

0.01 

Si PIN

Si:S

NIR APD
> 100 V bias



Photoelectron generation

responsivity

wavelength (nm) 

re
sp

on
si

vi
ty

 (A
/W

) 

200  600  1000  1400  1800 

100 

1000 

10 

1 

0.1 

0.01 

Si PIN

InGaAs, Ge

Si:S

NIR APD
> 100 V bias



Photoelectron generation
 
 

Things to keep in mind

• can turn absorption into photoelectrons

• very high responsivity in VIS and IR

• quantum efficiency larger than one



Outline

• high photon flux doping

• photoelectron generation

• photoconductive gain



Photoconductive gain

apply electric field…
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Photoconductive gain

…and so depletion zone expands



Photoconductive gain

incident photon generates electron-hole pair
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Photoconductive gain

hole is trapped, electron accelerates…
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Photoconductive gain

…exits sample…
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Photoconductive gain

…and source supplies a new electron
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Photoconductive gain

…and source supplies a new electron
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Photoconductive gain

responsivity at zero bias

wavelength(nm)

re
sp

on
si

vi
ty

 (A
/W

)

700 800 900 1000 1100 1200

commercial
diode

0.8

0.6

0.4

0.2

0



Photoconductive gain

doubled quantum efficiency around 1.1 µm

wavelength(nm)

re
sp

on
si

vi
ty

 (A
/W

)

700 800 900 1000 1100 1200

commercial
diode

Si:S

0.8

0.6

0.4

0.2

0



Photoconductive gain
 
 

Things to keep in mind

• photoconductive gain at room temperature!

• significant promise as photovoltaic material



Photoconductive gain
 
 

http://www.sionyxinc.com



Photoconductive gain
 
 

• low-voltage, high-responsivity detectors

• silicon-based IR detectors

• higher QE photovoltaic cells

http://www.sionyxinc.com



Summary
 

 

high photon flux doping produces new class of material
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