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silicon transparent in near IR
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Introduction

band structure changes: defects and/or impurities
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focus on chalcogen-doped silicon
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e 300-nm disordered surface layer
e undisturbed crystalline core

e surface layer: nanocrystalline Si with. 1.6% sulfur



two processes: melting and ablation
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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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Structure

secondary ion mass spectrometry
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extended x-ray absorption fine structure spectrum:

dopant in two different chemical states



Things to keep in mind

e rapid melting and resolidification causes doping
e ablation causes morphology changes
e about 1% impurity in 100-nm thick surface layer

e annealing changes impurity coordination
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Optoelectronic properties

effect of annealing on IR absorptance
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Optoelectronic properties

effect of annealing on IR absorptance

1.0 | | | | |
— .o anneal
| —~575 K _|
0.8 625 K
675 K
3
cu.o— —
= 0.6 725 K
—
3
80.4- 775K |
@
0.2+ _
825 K
875 K
0 | | | | |
0 1 2 3

wavelength (um)



absorptance

Optoelectronic properties

—_
o

o
o)

o
o)

o
N

o
\S)

o

vary annealing time

775 K

o

1 2
wavelength (um)




Optoelectronic properties

longer annealing decreases IR absorptance
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Optoelectronic properties

IR absorptance decreases less for Se-doped samples...

o
o)
I

absorptance
o
N
|

o
\S)
I

o

o

wavelength (um)



Optoelectronic properties

and even less for Te-doped samples...
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Optoelectronic properties
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Optoelectronic properties

...but is unique function of diffusion length
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Optoelectronic properties

annealing...

e decreases IR absorptance
e causes recoordination and diffusion of dopants

e IR absorptance reduced by 50% after 20 nm diffusion



Optoelectronic properties

what dopant states/bands cause IR absorption?
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Optoelectronic properties

1 part in 10° sulfur introduces donor states in gap
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Optoelectronic properties

at high concentration states broaden into band
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Optoelectronic properties
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Optoelectronic properties

should have shallow junction below surface

sulfur-dopedilayer.

p-doped substrate




Optoelectronic properties

excellent rectification (after annealing)
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Optoelectronic properties

probe impurity states by varying Fermi level in substrate
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Optoelectronic properties

vary substrate doping type and resistivity
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Optoelectronic properties

vary substrate doping type and resistivity
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Optoelectronic properties

vary substrate doping type and resistivity
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Optoelectronic properties

vary substrate doping type and resistivity
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Optoelectronic properties

vary substrate doping type and resistivity
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Optoelectronic properties

vary substrate doping type and resistivity
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Optoelectronic properties

probe impurity states by varying Fermi level in substrate
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Optoelectronic properties

IV behavior consistent with

impurity band between 200 and 400 meV
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Hall measurements
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Hall measurements
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Optoelectronic properties

Hall measurements

temperature (K)
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Optoelectronic properties

impurity (donor) band centered at 310 meV

VB
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Optoelectronic properties

majority carrier mobility
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Optoelectronic properties

majority carrier mobility

104: TTTIT T T I T T T T T T T TTTTTH

~ electrons 7

— 10°E -

%) — -

2 - . _

o B oles ]

§ [ ]

< 10°E E

101 vl e sl vl v
10" 10" 10'° 10"’ 10'® 10"

N (cm™)

Caughey et al., Proc. IEEE 55, 2192 (1967)



Optoelectronic properties

Things to keep in mind

e IR absorption rolls off around 8 um
e 1 in 103 sulfur atoms are ionized donors at 300 K

e all data indicate these S donors are substitutional
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Devices

What causes gain?

e impact excitation (avalanching)

o carrier lifetime >> transit time (photoconductive gain)

e some other mechanism
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Devices

Things to keep in mind

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

e phenomenal photoconductive gain
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Devices

crystalline silicon: transparent to 23% of solar radiation
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Devices

amorphous silicon: transparent to 53% of solar radiation
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Devices

black silicon: potential to recover transmitted energy
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Devices

very preliminary photovoltaic cell
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very preliminary photovoltaic cell
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very preliminary photovoltaic cell
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Devices

1.5% efficiency, a good beginning
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