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Introduction

band structure changes: defects and/or impurities
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new process & new class of material!
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Introduction

deep-level dopants typically avoided

Cu Ge Si ZnO

conductor semiconductor insulator

EG(eV)

CB
CB

VB
VB

CB

VB

0 2 4



Introduction

femtosecond laser-doping gives rise to intermediate band
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• 300-nm disordered surface layer

• undisturbed crystalline core

• surface layer: nanocrystalline Si with 1.6% sulfur
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two processes: melting and ablation
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Structure
 
 

different thresholds:

melting: 1.5 kJ/m2

ablation: 3.1 kJ/m2
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secondary ion mass spectrometry
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Structure
 
 

Things to keep in mind

• rapid melting and resolidification causes doping

• ablation causes morphology changes

• about 1% impurity in 100-nm thick surface layer

• annealing changes impurity coordination
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what dopant states/bands cause IR absorption? 
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Optoelectronic properties

at high concentration states broaden into band
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Optoelectronic properties

10–6 sulfur doping
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Optoelectronic properties

laser-doped S:Si

energy (eV)

wavelength (µm)
ab

so
rp

ta
nc

e

0  0.5  1.0

124816

 1.5

1.0

0.5

0 
crystalline Si

laser-doped Si

Si band
edge

sulfur
impurity states



Optoelectronic properties
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Optoelectronic properties

laser-doped S:Si

energy (eV)

wavelength (µm)
ab

so
rp

ta
nc

e

0  0.5  1.0

124816

 1.5

1.0

0.5

0 
crystalline Si

laser-doped Si

Si band
edge

sulfur
impurity band



Optoelectronic properties

should have shallow junction below surface

sulfur-doped layer

p-doped substrate



Optoelectronic properties

excellent rectification (after annealing)
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IV behavior consistent with 

impurity band between 200 and 400 meV 
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Optoelectronic properties

Hall measurements
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Optoelectronic properties

impurity (donor) band centered at 310 meV
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Optoelectronic properties
 
 

Things to keep in mind

• IR absorption rolls off around 8 µm

• 1 in 103 sulfur atoms are ionized donors at 300 K

• all data indicate these S donors are substitutional
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Devices
 
 

What causes gain?

• impact excitation (avalanching)

• carrier lifetime >> transit time (photoconductive gain)

• some other mechanism



Devices
 
 

Things to keep in mind

• can turn absorption into carrier generation

• very high responsivity in VIS and IR

• phenomenal photoconductive gain



 
 

http://www.sionyx.com

Devices



Conclusion
 

• new doping process

• new class of material

• new types of (silicon-based) devices
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What is different about this process?



Conclusion
 
 

Compare femtosecond laser doping to:

• inclusion during growth

• thermal diffusion

• ion implantation
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