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laser treatment causes:
e surface structuring

e inclusion of dopants
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cross-sectional
Transmission Electron _

Microscopy
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M. Wall, F. Génin (LLNL)
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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

1 properties



relevant time scales

1 properties



relevant time scales

carrier excitation

1 properties



relevant time scales

carrier excitation

thermalization
cold hot

1 properties



relevant time scales

carrier excitation

thermalization
cold hot

ablation

1 properties



relevant time scales

carrier excitation
thermalization
cold hot
ablation

thermal diffusion

1 properties




relevant time scales

carrier excitation
thermalization
cold hot
ablation

thermal diffusion

resolidification

0.1 1 10 0.1 1 10 0.1 1 10 0.1 1 10

1 properties




relevant time scales

carrier excitation
thermalization
cold hot
ablation

thermal diffusion

resolidification

0.1 1 10 0.1 1 10 0.1 1 10 0.1 1 10

Nature Materials 1, 217 (2002)

1 properties



relevant time scales

room temperature : molten : cooling
lattice | surface layer | material

| |

| |

| |

cartier excitation |

|

. -I

thermalization
cold hot
ablation

thermal diffusion

resolidification

Nature Materials 1, 217 (2002)

1 properties



relevant time scales

odusion of dopg,,.

room temperature ' molten ' cooling
lattice surface layer material

carrier excitation

thermalization cface Morphoy,,

) 9

thermal diffusion

cold hot

resolidification

|
1]
|
|
|
I
1
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Nature Materials 1, 217 (2002)

1 properties



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
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decouple ablation from melting
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secondary ion mass spectrometry
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Things to keep in mind

e 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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gap determines optical and electronic properties
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shallow-level dopants control electronic properties
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deep-level dopants typically avoided
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1 part in 10° sulfur introduces donor states in gap

CB

011y 0.09 ev 0.08eV

0.188 eV

0318 eV 0.248 eV

0.371 eV

0.614 eV

VB

Janzén et al., Phys. Rev. B 29, 1907 (1984)
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at high concentration states broaden into band
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10-¢ sulfur doping
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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
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Hall measurements
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majority carrier mobility
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impurity (donor) band centered at 310 meV
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DFT calculations
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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 |IB merges with CB at 0.4% at. yielding metallic behavior
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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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e enhanced sensitivity

e extended IR response
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near-IR is next wave in imaging!
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Combine’state-of-the=art’low-noise CMOS image

sensor.designwith enhanced quantum efficiency

US\Patents: US 8,058,615; US 7,928,355;. US 7,968,834
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8" CIS process flow
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no compromises in visible

Sony color CCD
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no compromises in visible

Sony color CCD
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90+ dB dynamic range

Sony color CCD
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90+ dB dynamic range

1

Sony color CCD
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0.9 mlux irradiance from 2850 K source

SiOnyx chart
camera
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integrating
sphere G:
2850 K j:
source calibrated
photopic
detector

SiOnyx (50 mm, F1.4, 30 fps)
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NIR

gesture detection
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NIR

gesture detection
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3D imaging for gesture user interface (850 nm)

SiOnyx XQE standard CCD

SiOnyx
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nightvision
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nightvision
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dark room 1050 illumination

SiOnyx (F1.4, 33 ms, 24x)
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dark room 1050 illumination

SiOnyx (F1.4, 33 ms, 24x) reference (F1.4, 33 ms, 24x) /,
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dark room 1050 illumination

SiOnyx (F1.4, 33 ms, 24x) reference (F1.4, 33 ms, 24x) /,

no image processing ?-. 6
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dark room 1050 illumination

LG =T

SiOnyx (F1.4, 33 ms, 24x) reference (F1.4, 33 ms, 24x) /,
2x DIGITAL GAIN ADDED ;

no image processing

SiOnyx
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Things to keep in mind

e can turn b:Si absorption into carrier generation
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Things to keep in mind

e can turn b:Si absorption into carrier generation
e very high responsivity in VIS and NIR
e disruptive improvement in Si imaging

e potential benefits in solar energy harvesting
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summary,

e new doping process
e new class of material

e new types of deyices
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What is different about this process?.
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Compare femtosecond laser doping to:

e inclusion during growth
e thermal diffusion

e jon implantation
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