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» Diodes, solid state lasers, transistors

e Computing, communications

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

e Lasers




“) >R

Ty

http://lampz.tugraz.at/~hadley/psd/outline/outline.php

PHT.301 Physics of Semiconductor Devices

S Outline
Outline
Introduction
Electrons in crystals e Introduction
Intrinsic Semiconductors o Semiconductors, transistors, and the electronics industry
Extrinsic Semiconductors ¢ Semiconductor crystals
Transport o Energy bands W
E" j:‘"‘:ttmns = Crystal structure W
ontacts . = - 5
JFETs/MESFETs = Begpuslaiies W
MOGIET: = Miller indices W _
Bipolar tensitors L] 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 = Wave and particle nature of electrons
Exam guestions = k-space
Mathmatical expressions = Density of states W Some examples: Al fcc. Au fee, Cu fec, Pt fce, W bec, Si diamond, Grag
TUG students = Pauli exclusion principle W
Student projects = Fermi function W

= Fermi energy W
= Metals, semiconductors, and insulators
= Metal band structure
= Semiconductor band structure
o Absorption and emission of photons
o Direct and indirect band gaps W
e 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 Intrinsic semiconductors with a split-off band
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The first point contact transistor
William Shockley, John Bardeen, and Walter Brattain
Bell Laboratories, Murray Hill, New Jersey (1947)

Bardeen i Braitain

Fmivter




Jack Kilby's first integrated circuit 1958




Moore’s Law: The number of transistors on microchips doubles every two years [eaWCut

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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Table PID52a High-performance (HFP) Logic Technology Requiremenis

2013 [ 2014 [ 2015 [ 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028
node ["1614" "{4140" g "§i5" g3 "3i2.5" 245" "410.75"

metal 1/2 pitch | 40 32 32 | 283 | 253 | 225 | 200 | 179 | 159 | 142 | 126 | 113 | 100 | 89 a 71

gate length | 20 18 | 16.7 | 152 | 139 | 127 | 116 | 106 | 97 | 88 | 80 | 7.3 | 67 | 6.1 5.6 5.4




e

PR A . -f(g":‘tn ,'"fl"-’*'" "i.":n .A:A, At A 7,.}}?‘“5{“"’) ¢ ﬂ'ﬁ ’i‘-_A , ,\E';A.g‘:" »il‘ t",. _{ el &
I, A W
st R e g P e o

Ty

41 nm

20 nm




https://irds.ieee.org

INTERNATIONAL ROADMAP FOR DEVICES AND SYSTEMS

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

iz g ik iy
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3. Outside System Connectivity (OSC)

4. More Moore (MM) 4
R 5. Beyond CMOS (BC) <
6. Packaging Integration (PI)
INTERNATIONAL
Rﬂ.:DD;HP 7. Factory Integration (FI)
DEVICES AND SYSTEMS 8. Ljﬂmg‘aph}’ (L)
2017 Famon 9. Emerging Research Materials (ERM) <

EXECUTIVE SUMMARY

10. Yield Enhancement (YE)
11. Metrology (M)
12. Environment, Safety, Health (ESH/S). and Sustainability



YEAR OF PRODUCTION 2017 2079 2021 2024 2027 2030 2033
P54M36 P48M28 P42M24 P36M21 P32M14 P32M14T2 P32M14T4
Logic industry "Node Range " Labeling (nm) o" i 5" 3" "z.q" .5" .0
iDM-Fornrdry node iabeling i10-7 i7-f5 i5-13 i3-12.1 i2.111.5 i1.511.0 i1.0-0.7
, ; finFET finFET LGAA LGAA LGAA VGAA, LGAA | VGAAR, LGAA
LOgh: SIVIERRIRCIRLS. 0PI G FDS0I LGAA finFET VGAA UGAA 3DVLSI 3DVLSI

Logic device mainstream device
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MALYSo C Metaityl 22 Piteh (nm) 18.0 14.0 12.0

Contacted poly haif pitch (nm) 27.0 24.0 21.0

Lo Physical Gate Length for HP Logic (nm) [3] 20 18 16 14 12 12 12

iE D Physical Gate Length for LP Logic (nm) 22 20 18 16 14 14 14
0.80 0.80 0.80 0.80 0.80 0.80 0.80

Channel averiap Fatio - two-sided

Spacer width frm)

Contact CO (nm) - finFET, LzA4

Contact CO {nm) - YGAA

Device architecture fey ground rufes

FINFET Fin Halfpitch (nim)

FInFET Fin Width {nm)

FInFET Fin Height (nm)

Faotprint drive efficiency - finFET

Lateral GAA lateral halt-pitch (nm)

Lateral GAA vertical hal-pitch (nm)

Lateral GAA (nanashest) thickness (nim)

Lateral GAA (nanasheat) minimum width (nm)

Number of vertically stacked nanosheets

Device height (hin)

Footpeint drive efficiency - lateral GAA

VVertical GAA Jateral halpitch (nm)

ertical GAA width (nim)

Contact-gate enclosure {nm)

Faotprint drive efficiency - vertical GAA

Defice effective width (nim)

Device lateral half pitch (nm)

Device height (nm)

Minimam device width (fin, nanosheet) or digmeter (hin)




Conductivity
Al: 6=3.5%107 1/Q'm
Si: 6=4.3 x10% 1/Q'm 8

]
ln
nc
1
1A
11A
1
5
VB viB
5B 6B 7B 8 1B 2B
23 24 25 26 27 28 29 30
V Cr Mn Fe Co Ni Cu <Zn
Vanadium ‘Chromium Manganese Iron Cobalt Nickel ‘Copper Zinc
50.942 51.996 54938 55.933 58933 58693 63.546 65.39

43

“Nb ‘Mo “Tc ‘Ru ‘Rh ‘Pd ‘Ag ‘Cd

Niobium Molybdenum  Technetium  Ruthenium Rhodium Palladium Silver ‘Cadmium Antimony
92.906 95.94 98.907 101.07 102.906 106.42 107.868 112411
73 74 75 76 77 78 79 80
Ta W Re Os |Ir Pt Au Hg
Tantalum Tungsten ‘Rhenium ‘Osmium Tridium Platinum Gold Mercury
180.948 183.85 168.207 190.23 19222 195.08 196.967 200.59
105 106 107 108 109 110 11 112

Db Sg Bh Hs Mt Ds Rg Cn

Rutherfordium ~ Dubmium  Seaborgium  Bohrium  Hassium  Meitnerium Darmstadtium Roentgehium Copernicium
[261] [262) [266] [264] [269] [268] [269] 272 211

Lanthanide
Series

Actinide
Series

|
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2.33 28.086

Silicon . Si .

3523p?

* Important semiconducting material
e 2nd most common element on earths crust | 83 oA 625

(rocks, sand, glass, concrete)
 Often doped with other elements
 Oxide Si10, is a good insulator

silicon crystal = diamond crystal structure



Silicon

Large (2 m) single crystals are grown

Czochralski process
Melting of Introduction Beginning of Crystal Formed crystal
polysilicon, ofthe seed  the crystal pulling  with a residue
do ping crystal grow of melted silicon
T
Ne—o—

@ Float zone

http://en.wikipedia.org/wiki/Czochralski process



Silicon wafers

50 um - 0.5 mm thick




Photolithography

_— Resist
= Si0,
— — g

_— UV light source

Positive Resist

Negative Resist v(
@ Etch-back
Lift-off 9

http://britneyspears.ac/physics/fabrication/photolithography.htm

http://cleanroom.byu.edu/lithography.parts/Lithography.html



Ion im|:_)lantation

\J U A / substrate
( ‘
(
\'_
separation magnet
= Udecel——
— Uaccell

T lon source

Implant at 7° to avoid channeling
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MOSFET

Metal Oxide Semiconductor Field Effect Transistor

Gate

I

polysilicon
gate

Source Drain

I

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-Si
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polysilicon
gate
. Si0,

Expose resist TiN
Develop
Etch poly and TiN
Strip resist
Implant source p-Si

and drain




Self-aligned fabrication

polysilicon
gate

p-Si



Spacer

PECVD SiN,

S1IN

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




Salicide (Self-aligned silicide)

Transition metal (T1, Co,W) 1s
deposited (CVD). During a high

temperature step is reacts to a T1S1, (metal)
silicide (T1S1,). Not silicide 1s

formed on nitride or oxide.

polysilicon
gate

“ “

p-Si



