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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
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basic physics of hyperdoped semiconductors



how do structures form?

1 structuring



process of hyperdoping?

1 structuring 2 hyperdoping




electronic and optical properties?

1 structuring 2 hyperdoping 3 properties
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conditions to produce texturing?
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surface ripples heavy texturing
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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surface ripples

1.6 T TTTTIT] T T TTTT] T T TTTTT] T T TTTTT
I _sTngTep_uIsE _________________
melting threshold

N§14_ 1.5k/m? \ o N
I N
cl1.2 o _
< S
2 J
< \
S 8 Co
o1.0 \ |
a \
Q
\O
\
0.8 Lot rrranl Lol Lot trrnl L 11111l
1 10 100 1000 10000

number of pulses

Franta, PhD Thesis (2016)

1 structuring



surface ripples
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fewer pulses required to initiate & grow texture

at higher fluence
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raster scanning

X
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raster scanning

shots/area = #pulses between F__ and F_.
pea alT-pea

peak

F

half-peak

Smith, Sher, Franta, et al., J. Appl. Phys. 112 (2012)
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raster scanning
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raster scanning
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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raster scanning samples
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raster scanning samples
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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surface ripples
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What we learned

e texture onset depends on peak fluence
e texture onset does not depend on atmosphere

e quantitative agreement standing/scanning texturing
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formation of structures

110 pulses, 20 Torr N, gas, 1.5 kJ/m?
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formation of structures

110 pulses, 20 Torr N, gas, 1.5 kJ/m?
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formation of structures

140 pulses, 760 Torr air, 1.5 kJ/m?
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formation of structures

140 pulses, 760 Torr air, 1.5 kJ/m?

1 structuring



formation of structures

110 pulses, 20 (left)/760 (right) Torr N, gas, 1.5 kJ/m?
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Questions

e What determines initial, random surface modification?
e What is role of surface plasmon polaritons?
e What is mechanism behind gas pressure effect?

e How can process be time resolved?
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fs pump-probe reflectometry
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fs pump-probe reflectometry
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fs pump-probe reflectometry
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fs pump-probe reflectometry
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fs pump-probe reflectometry
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fs pump-probe reflectometry
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fs pump-probe reflectometry
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fs pump-probe reflectometry

melt velocity: 30 km/s
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fs pump-probe reflectometry

melt velocity 30 km/s (athermal)
melt duration 1-10 ns
resolidification velocity 10-16 m/s
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diffusion model simulation
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diffusion model simulation
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diffusion model simulation
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What we learned

e melting via ultrafast lattice destabilization (athermal)

e resolidification velocity in range of critical velocity for
amorphization (15 m/s)

e resolidification can be controlled by fluence (high fluence
yields lower velocity)

e dopant profile can be described by classical diffusion

e dopant profile can be controlled and flattened
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carrier lifetime
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absorption coefficient and mobility
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carrier transport
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optical deactivation/reactivation
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optical deactivation/reactivation
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optical deactivation/reactivation
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optical deactivation/reactivation

What we learned

e carrier lifetime 1-100 ps
e lifetime decreases with increasing dopant concentration
e optical activity and be reversibly activated and deactivated

e dopant behavior depends on cooling rate
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Future work

time-resolved measurements of Si structures
tomographic measurements of reactivated dopants
intermediate band formation in Ge

ultrafast laser texturing of Ge
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