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outer (“valence”) electrons determine electronic properties
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pure (“intrinsic”) silicon
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electrons in covalent bond are immobile
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all electrons bound, so no conduction
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e doped semiconductors
e pn-junctions

e transistors
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e black silicon




Doped semiconductors
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intrinsic silicon: no conduction



Doped semiconductors
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substitute phosphorous: surplus of (free) electrons



Doped semiconductors
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(but material as a whole still neutral!)



Doped semiconductors
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apply electric field...



Doped semiconductors
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...free electrons lead to conduction



Doped semiconductors
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...free electrons lead to conduction



Doped semiconductors
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substitute boron: deficit of electrons leaves “holes”
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apply electric field...



Doped semiconductors
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...presence of holes leads to conduction



Doped semiconductors
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...presence of holes leads to conduction
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...presence of holes leads to conduction



Doped semiconductors
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...presence of holes leads to conduction



Doped semiconductors
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...presence of holes leads to conduction



Doped semiconductors
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motion of holes

holes are like positively charged particles



Doped semiconductors
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motion of holes

holes are like positively charged particles



Doped semiconductors

n-type p-type
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simplify representation
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bring p and n materials together...
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bring p and n materials together...
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electrons and holes diffuse across junction...
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...and get ‘trapped’ after they combine
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build-up of charge leads to electric field that stops diffusion
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non-conducting layer at junction
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apply electric field...
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...holes pushed to left, electrons to right...
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..and so depletion zone expands
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reverse electric field...
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...depletion zone shrinks and current flows



so pn-junction like one-way valve for charge flow



diode

p 1n

current flows along arrow only (from p to n)



can also be used as a light detector!
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depletion layer can convert light into electric energy
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incident photon knocks out electron...
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...creating an electron-hole pair
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E-field separates eh-pair, causing current



how to make a miniature diode on a chip?
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begin with an n-doped wafer



p-type
n-type

p-dope small region
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p-type
n-type

cover with insulating layer
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etch insulating layer



SiO aluminum

p-type
n-type

add aluminum contacts



o o .
¥ K ]
- 1

e transistors
-2 sl




Transistors
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depletion zone

npn-transistor: thin p-layer between n-layers



Transistors
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depletion zone

HEFE

apply electric field: junction 1 does not conduct



Transistors
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depletion zone
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reverse electric field: junction 2 does not conduct



Transistors
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apply small potential difference to make current flow through 1



Transistors

most electrons shoot through depletion zone...



Transistors
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...causing most of current to continue to the collector



Transistors

collector emitter
base
emitter base
il p-type
n-type
|
collector

common uses: switching, amplifying



Transistors
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metal-oxide-semiconductor field-effect transistor



Transistors
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note insulating oxide layer on top



Transistors
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if charge put on insulating gate...



Transistors
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..holes are pushed down causing depletion below gate



Transistors
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adding more charge pulls in electrons...
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Transistors
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gate controls conduction between source and drain



Transistors
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used extensively in computer chips



Transistors

+5V
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AND logic gate with two transistors



Transistors
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Black silicon
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irradiate with 100-fs 10 kJ/m? pulses



Black silicon




Black silicon
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: “black silicon”
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Black silicon
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Black silicon




Black silicon




Black silicon
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Black silicon
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Black silicon

What causes the near-unity absorptance?
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Black silicon

multiple reflections enhance absorption
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Black silicon

multiple reflections enhance absorption
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Black silicon

heavy sulfur doping causes infrared absorption
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Black silicon
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Black silicon

cross-sectional :
Transmission Electron sty
Microscopy



Black silicon

M. Wall, F. Génin (LLNL)
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Black silicon

sulfur-containing
surface layer




Black silicon

black silicon/n-type silicon junction

n-Si substrate >
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Black silicon

black silicon/n-type silicon junction
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Black silicon

black silicon/n-type silicon junction




Black silicon

black silicon/n-type silicon junction

Cr/Au contacts
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Black silicon

black silicon/n-type silicon junction
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Black silicon

IV characteristics
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Black silicon
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Black silicon

responsivity
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Black silicon

responsivity
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Black silicon

responsivity
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Black silicon

Black silicon photo diode (at 0.5 V bias):

e 100x larger signal in vis___i'ble (gain})




Black silicon
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Black silicon glseipromising for:solar cells




Black silicon

New Scientist 13, 34 (2001)
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