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Physics of semiconductor devices

e Diodes, solid state lasers, transistors

e Computing, communications

e Controllers: vacuum cleaners, coffee makers, etc.
e Transportation, autonomous driving, electric cars
e Efficient lighting, solar cells, displays

e Lasers
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PHT.301 Physics of Semiconductor Devices

Home Outline
Qutline
Introduction
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Intrinsic Semiconductors o Semiconductors, transistors, and the electronics ndustry
Extrinsic Semiconductors e Semiconductor crystals
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LD e . Exampl_e_s of crystal structures W _ _
Opto-electronics = silicon, GaN (wurzite), SiC 4H, ZnO (wurzite), diamond
Lectures = simple cubic, fec, bec, hep, zincblende
Books s Wave and particle nature of electrons
Exam guestions = k-space
Mathmatical expressions » Density of states W Some examples: Al fcc. Au fee, Cu fee, Pt fce, W bec, Si diamond, Grag
TUG students = Pauli exclusion principle W
Student projects s Fermi function W

= Fermienergy W
= Metals, semiconductors, and insulators
s Metal band structure
= Semiconductor band structure
o Absorption and emission of photons
o Direct and indirect band gaps W
o Intrinsic semiconductors
o Conduction band
o Valence band
o Effective mass W
o Holes W
o Boltzmann approximation
o Law of mass action W
o Fermi energy of an intrinsic semiconductor
o Infrinsic semiconductors with a split-off band
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1 hour written exam

one page of handwritten notes

Oral exam
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William Shockley, John Bardeen, and Walter Brattain
Bell Laboratories, Murray Hill, New Jersey (1947)

Bardeen Brattain
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https://upload.wikimedia.org/wikipedia/commons/thumb/c/c2/Bardeen_Shockley_Brattain_1948.JPG/1280px-
Bardeen_Shockley_Brattain_1948.JPG
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Data from Wikipedia: Transistor Count  (no data released for 2025 yet)
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ﬂTU Moore’s Law: The number of transistors on microchips doubles every two years [SaW
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Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. in Data
This advancement is important for other aspects of technological progress in computing - such as processing speed or the price of computers.
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Year in which the microchip was first introduced

OurWorldinData.org - Research and data to make progress against the world's largest problems. Licensed under CC-BY by the authors Hannah Ritchie and Max Roser.
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global

node
metal 1/2 pitch

gate length

A lot of transistors — tightly packed
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Passivation

Dielectric
-<—— Etch Stop Layer

-<+—— Dielectric Capping Layer

Copper Conductor with
Ba?r?erINucleation Layer
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Table PIDS2a High-performance {HP) Logic Technology Regquirements => €= Metal 1 Pitch
2003 [ 2004 | 2015 | 2006 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028
"6M14" 110" e "aE" 413" "M2E" iy Ko "10.75"
40 a2 a2 283 | 263 | 225 | X0 | 175 | 155 14.2 126 | 113 | 10,0 8.9 g 74
20 18 167 | 162 | 139 | 127 | 116 | 106 9.7 8.8 8.0 7.3 6.7 6.1 b.B L% |
16.0 144 134 | 122 | 114 10.2 9.3 8.5 7.8 .0 6.4 b3 b4 4.9 4.5 41




Institute of Solid State Physics

ﬂ'gU MOSFET are very small already

gate oxide
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$11nm

20 nm
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Back Side: Power and global clock
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https://irds.ieee.org

INTERNATIONAL ROADMAP FOR DEVICES AND SYSTEMS

1. Application Benchmarking (AB)
g'EEE 2.  Systems and Architectures (SA)

ADiNg TeeANaION
for Moty

3. Outside System Connectivity (OSC)
4. More Moore (MM) 4=
st 5. Beyond CMOS (BC) <=
— | 6. Packaging Integration (PI)
Ro:g;w’ 7. Factory Integration (FI)
E TR D TS 8. Lithography (L)
AL e 9. Emerging Research Materials (ERM) <

EXECUTIVE SUMMARY

10. Yield Enhancement (YE)
11. Metrology (M)
12. Environment, Safety, Health (ESH/S), and Sustainability
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'YEAR OF PRODUCTION 222 2025 2028 2031 2034 2037
GasM24 GA5M20 GA2M16 GAOM16 T2 GIOM16 T4 G3SM16 16
Logic industry "Node Range"Labeling “Inm*™ “2nm* “1.50m" “1.0nm eq” “0.70m eq” “0.50m eq™
Fine-pitch 30 integration schome Stacking Stacking Stacking 30VLSI 30VLSI 30VLS!
finFET LGAA LGAA-3D LGAA-3D LGAA-30
AA558 SIVISH SHmEITS dpiiene LGAA LGAA CFET-SRAM CFET-SRAM CFET-SRAM CFET-SRAM
LGAA LGAA-3D LGAA-3D LGAA-30
Flatiorm dvvice for legle fnfey LGAA CFET-SRAM CFET-SRAM.3D CFET-SRAM.-3D

ter
ter
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ter
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™

INTERNATIONAL ROADMAF FOR DEVICES AND SYSTEMS

tier

tier

tier

Mx pich (nm) 32 0 b
M1 pitch (am) 32 0
MO pitch (nm) 24 0 : . : ;
Gate pRch (nm) a8 45 @ 40 38 38
|Lg: Gate Length - HP (nm) 16 14
L Gate Length - HO (nm) 18 14
Channe! overiap ratio - two-sided 0.20 0.20 0.20 0.20 0.20 0.20
| Spacer width (nm) 6 13
| Spacer & valve 35 33 0 0
Contact CO (nm) - inFET, LGAA 20 19 1
Device architecture key ground rules
Device lateral pRch (nm) 24 26 24 24 23 23
Device height (nm) 18 52 3 56
FinFET Fin wikth (nm) 5.0
Foolprint drive efficiency - BnFET 41
Lateral GAA vertical pRech (nm) 180 160 160 0 )
Lateral GRA (nanosheet) thichkness (nm) 6.0 6.0 6.0 0 0
Number of vertically stacked nanosbeets on one device 3 3 k) El Rl
LGAA wicth (nm) - HP 30 30 20 15 15
LGAA wicth (nm) - HD 15 10 10 3 3
LGAA wiadth (am) - SRAM i 6 6 6 6
Footprint drive efficiency - lateral GAA - HP 44 450 547 5.00 4.75
Device effective wicth (nm) - HP 101.0 216.0 216.0 2080 160.0 152.0
2022IRDS_ES.pdf Device effectie width (am) - HD 101.0 126.0 6.0 128.0 88.0 0.0
PN seperation wkth (nm) 45 40 20 15 15 10
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Conductivity

Al: 6 =3.5%x107 1/Q'm

Si: 6=4.3x10%1/Q'm

6 7 8 9 10
viB vis (— V;II ﬁ :BB 2:
24 - 25 - 26 27 28 30
Cr Mn Fe Co Ni Cu Zn
W "m‘ ss.m m s."“f.:.! o &%

Mo Tc Ru Rh Pd Ag Cd

Molybdenum  Technotium Silver Cadmium
ﬁ“ w |01 07 lozm |°0R 107.868

W Re Os Ir Pt Au Hg

Indium Platinum Gold.
I&E mm 190.” 19222 195.08 196.967
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Silicon

e important semiconducting material

e 2nd most common element on earths crust (rocks, sand, glass, concrete)
e often doped with other elements

e oxide SiO, is a good insulator

2.33 28.086
o

D
3s23p?

1683 DIA 625

silicon crystal = diamond crystal structure
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Silicon

Large (2 m) single crystals are grown

Melting of
p:ul]_si]in:-:-n,

Czochralski process
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Irtroduction Beginning of Crystal Formed crystal
ofthe ssed  the crystal pulling  with a residue
crystal qrow of melted silicon

http://en.wikipedia.org/wiki/Czochralski_process
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50 mm - 0.5 mm thick




" Graz-

Photolithography
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_—Resist
'__—SiO,
— = D — SI

_— UV light source

Positive Resist

Negative Resist v{

Lift-off

Etch-back

http://britneyspears.ac/physics/fabrication/photolithography.htm
http://cleanroom.byu.edu/lithography.parts/Lithography.html
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lon implantation

substrate

o Udecell —

separation magnet

U accell

T lon source

Implant at 72 to avoid channeling
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On the chip
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Fig. 2 Schematic cross section of present CMOS FETs with
multilayered wiring.




MOSFET

Metal Oxide Semiconductor Field Effect Transistor

Gate
Source p OlySIhCOH Drain
o gate o

functions as a switch
~ 1 billion /chip




Self-aligned fabrication

p-S1 100 wafer




Dry oxidation

S10, gate oxide




photoresist

polysilicon CVD: SiH, @ 580 to 650 °C

SiO,
TiN (CVD)
30-70 uQ2-cm Conductive diffusion barrier

p-S1




4 v

Implant

v 4 4 v

polysilicon
gate

v

Expose resist
Develop

Etch poly and TiN
Strip resist
Implant source
and drain

TiN




Self-aligned fabrication

polysilicon
gate




Spacer

PECVD SiN,

SIN

polysilicon
gate

p-Si



Spacer

Etch back to leave
only sidewalls

SIN

polysilicon
gate

p-Si



Implant

v v v v v v v v v v v v v v \

polysilicon
gate

p-Si



Salicide (Self-aligned silicide)

Transition metal (Ti, Co,W) is
deposited (CVD). During a high

temperature step is reacts to a TiS1, (metal)
silicide (TiSi,). Not silicide is

formed on nitride or oxide.

polysilicon
gate
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