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Outline

http://www.computerhistory.org/siliconengine/timeline/

0.  Introduction/ Lab organization/DMA /SCT1/Motivation
1. Process integration

1.MOS Structure, MOS Capacitor
2.Structure of a MOSFET
3.I/V behavior

2. Circuits in Metal-Gate FET Technology
1.Process sequence of N-MOSFET in Metal Gate
2.From inverter to memory cell
3.SRAM in NMOS Metal Gate
4.The threshold voltage of the MOSFET

1.Parasitic FET
2.Enhancement/Depletion Transistor
3.N-MOS Logic by E/D Transitors
4.Process sequence of the   N-MOS E/D Process

3. Self aligned Process
1.Metal Gate -> Si Gate
2. Channel-Stop & LOCOS Technology

1.Example: Process flow of   E/D SiGate LOCOS Inverter 
2.LOCOS Variation
3.Shallow Trench Isolation

3.Lightly doped drain
4.SALICIDE
5. Self Aligned Contacts (SAC)
6. Resist trimming

4.Transition to CMOS Technology
1.MOS Transistor Types
2.CMOS Inverter

1.Consideration NMOS E/D Inverter
2.Comparison CMOS Inverter

3.CMOS Process flow (Example CMOS 180 nm process)
5. Further Considerations

1.Scaling
1. Challenges
2.Material Equivalent Scaling
3.Further Concepts

SC-
Basics

Review: 
- SCT Basics
- MOS-Cap-CV
- MOS-FET (N-FET enh.)
- Al-Gate FET
- SRAM product (E/E) 
- VT adjust => Depl.
- E/D Logic
- Self aligned process
- ~180 nm CMOS Process

Today: Further Scaling

L13
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5. Further considerations
MOSFET scaling

(process nodes)

•10 µm – 1971

•6 µm – 1974

•3 µm – 1977

• 1.5 µm – 1981

•1 µm – 1984

•800 nm – 1987

•600 nm – 1990

•350 nm – 1993

•250 nm – 1996

•180 nm – 1999

•130 nm – 2001

•90 nm – 2003

•65 nm – 2005

•45 nm – 2007

•32 nm – 2009

•22 nm – 2012

•14 nm – 2014

•10 nm – 2016

•7 nm – 2018

•Future 5 nm –

~2020

•3 nm – ~2022

Semiconductor
device
fabrication

Half-nodes
Density
CMOS
Device (multi-gate)
Moore's law
Semiconductor
Nanoelectronics

L13
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https://en.wikipedia.org/wiki/List_of_semiconductor_scale_examples
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https://en.wikipedia.org/wiki/65_nm_process
https://en.wikipedia.org/wiki/45_nm_process
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→

Robert H. Dennard, IBM 1974

Small transistors switch faster!

5.1 Scaling

L13

https://www.ece.ucsb.edu/courses/ECE225/225_W07Banerjee/reference/Dennard.pdf
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Source: C. Esser, Dresden Mikroelektronik Sommerschule 2007

Evolution of scaling

MOSFET ca. 1978

L13



Page:   9 © J. W. Bartha 2021   TUD INTERNAL USE ONLY!

Source: C. Esser, Dresden Mikroelektronik Sommerschule 2007

Evolution of scaling

MOSFET ca. 1978
MOSFET ca. 1978

MOSFET  2000

L13
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Source: C. Esser, Dresden Mikroelektronik Sommerschule 2007

Evolution of scaling

MOSFET ca. 1978

MOSFET  2007

MOSFET ca. 1978

MOSFET  2000
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Source: C. Esser, Dresden Mikroelektronik Sommerschule 2007

Evolution of scaling

MOSFET ca. 1978

MOSFET  2007

MOSFET ca. 1978

MOSFET  2000
MOSFET  2017
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Source: C. Esser, Dresden Mikroelektronik Sommerschule 2007

Evolution of scaling

MOSFET ca. 1978

MOSFET  2007

MOSFET ca. 1978

MOSFET  2000
MOSFET  2017
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-SOI Substrate  
- Gate Dielectric – nitride/oxide
- 248 nm Litho 
- Epi raised Source/Drain

Emerging MOSFET with 6nm channel

L13
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-SOI Substrate  
- Gate Dielectric – nitride/oxide
- 248 nm Litho 
- Epi raised Source/Drain

Emerging MOSFET with 6nm channel

IBM at IEDM 2002
L13
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-SOI Substrate  
- Gate Dielectric – nitride/oxide
- 248 nm Litho 
- Epi raised Source/Drain

Emerging MOSFET with 6nm channel

IBM at IEDM 2002
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https://www.semanticscholar.org/paper/Limits-to-binary-logic-switch-scaling-a-gedanken-Zhirnov-Cavin/a4ade235a98c7380122759e6f53038342c764a62
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Classical scaling hits limits:

- Leakage current (S/D and Gate/Body) 

- Variability of process parameters

- Thermal management

- Interconnects limit switching speed

…  and much more 

5.1.1. Challenges of Scaling

L13
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Active Power
scales with 
frequency

Passive Power
scales with the 
leakage current 
per transistor 
times # of 
transistors

2

activeP CfV=

L13
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Sub threshold current slope depends only on temperature 
(Nothing you can do, at its best it is fixed to 60 mV/dec) 

Low Vdd means low Ion/Ioff ratio!
L13
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Drain induced barrier lowering DIBL 

Taken from F. Sill Micro transductors 08

Short channel effects:

L13
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Energy / eV
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Energy / eV
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Eb Eb

Energy / eV
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Eb Eb

Drain induced barrier lowering: DIBL 

Energy / eV
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Eb Eb

Drain induced barrier lowering: DIBL 

Energy / eV
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Eb Eb

Drain induced barrier lowering: DIBL 

Unit for DIBL: mV/V

Energy / eV

L13
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https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
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https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
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Taken from F. Sill Micro transductors 08

Drain induced barrier lowering DIBL and roll-off
Short channel effects:

L13

https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
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Taken from F. Sill Micro transductors 08

=> 
Keep the dimension of
the space charge around 
the drain in the body as 
short as possible!

Drain induced barrier lowering DIBL and roll-off
Short channel effects:

L13

https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
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External resistance

Short channel effects:
Action 1: Shallow junction

L13
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Action 2: Retrograde doping of a sub 0.18 µm MOSFET

Required are Super Steep Doping Profiles 
to confine the cannel and drain depletion 
zones

➢Accuracy of Implantation
➢Advanced Healing and Activation 

Short channel effects:

L13



Page:   34 © J. W. Bartha 2021   TUD INTERNAL USE ONLY!

Action 2: Retrograde doping of a sub 0.18 µm MOSFET

Required are Super Steep Doping Profiles 
to confine the cannel and drain depletion 
zones

➢Accuracy of Implantation
➢Advanced Healing and Activation 

Short channel effects:

L13



Page:   35 © J. W. Bartha 2021   TUD INTERNAL USE ONLY!

Taken from F. Sill Micro transductors 08

Action 3: Halo Implant
Short channel effects:

L13
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Taken from F. Sill Micro transductors 08

Action 3: Halo Implant
Short channel effects:

L13
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https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
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Confinement of the space charge by 
Retrograde Well plus Halo

Ultimate Solution: FDSOI see next!

L13

https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
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Technology approach: SOI

SOI = Silicon on insulator

L13

Continue
“SCT_SS20_13.03”  30:45
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Technology approach: SOI

SOI = Silicon on insulator
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Technology approach: SOI

SOI = Silicon on insulator
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Technology approach: SOI

SOI = Silicon on insulator

FDSOI 
L13

Continue
“SCT_SS20_13.03”  30:45

https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
https://www.globalfoundries.com/news-events/press-releases/fd-soi-how-body-bias-creates-unique-differentiation
https://videocampus.sachsen.de/m/57041cddf85340ea13d2944d51a21a1f1e08057616a02a88af16b2c1e1d79286f1dfe7951d7dcfde6d0fd787b0826bfcbdaf2fc3f06468554a5ea23ffed7275d


Page:   43 © J. W. Bartha 2021   TUD INTERNAL USE ONLY!

Technology approach: SOI

SOI = Silicon on insulator

FDSOI 
L13
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Gate dielectric and leakage

→

Robert H. Dennard, IBM 1974

L13

https://www.ece.ucsb.edu/courses/ECE225/225_W07Banerjee/reference/Dennard.pdf
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Gate dielectric and leakage

→

Robert H. Dennard, IBM 1974

L13

https://www.ece.ucsb.edu/courses/ECE225/225_W07Banerjee/reference/Dennard.pdf
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Result of scaling: Tunnel Current

The tunnel probability 
depends strongly on 
the physical width of the 
barrier! 

How to proceed scaling?!

Taken from F. Sill Micro transductors 08

Significant when dox <~ 2-3 nm

L13
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FEOL: Conventional GOX Scaling Limitations

Thinning Gate Oxides lead to an „explosion“ of gate leakage

The key is to control Gate oxide leakage (Nitrogen , High k materials)

C=A/d10x increased JG for 
every 2A gate dielectric 
scaling

Taken from Horstmann DMA 2008

[C
u
rr

e
n

t/
A

re
a

]

L13

https://link.springer.com/chapter/10.1007/978-3-319-48933-9_27
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5.1.2. Material equivalent scaling

k (ZrO2)=23

k (Al2O3)=10k (SiO2)=3.9

Equivalent Oxide Thickness: EOTSource: IBM JRD

By using a high k dielectric the 
physical thickness of the 
dielectric can be thicker 
without reducing the 
capacitance!

L13
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Initial step 
to raise k 
was to 
incorporate 
Si3N4 into 
the SiO2

gate ox 
called SION

L13

https://link.springer.com/chapter/10.1007/978-3-319-48933-9_27#Sec8
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Initial step 
to raise k 
was to 
incorporate 
Si3N4 into 
the SiO2

gate ox 
called SION
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https://link.springer.com/chapter/10.1007/978-3-319-48933-9_27#Sec8
https://www.researchgate.net/publication/257554220_Gate_stack_technology_for_nanoscale_devices/figures?lo=1
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Initial step 
to raise k 
was to 
incorporate 
Si3N4 into 
the SiO2

gate ox 
called SION
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https://link.springer.com/chapter/10.1007/978-3-319-48933-9_27#Sec8
https://www.researchgate.net/publication/257554220_Gate_stack_technology_for_nanoscale_devices/figures?lo=1
https://www.sciencedirect.com/science/article/abs/pii/S0167931715000751
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Equivalent Oxide Thickness: EOT = (3,9/20) 6,1 nm = 1,2 nm

kHfO2 ~ 20

Initial step 
to raise k 
was to 
incorporate 
Si3N4 into 
the SiO2

gate ox 
called SION

Today HfO2 is established as 
common High-k dielectric for 
MOSFETs

L13

https://link.springer.com/chapter/10.1007/978-3-319-48933-9_27#Sec8
https://www.researchgate.net/publication/257554220_Gate_stack_technology_for_nanoscale_devices/figures?lo=1
https://www.sciencedirect.com/science/article/abs/pii/S0167931715000751
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Further leakage mechanisms

Taken from F. Sill Micro transductors 08

L13
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Effect of dox scaling is weaker than expected!

L13
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Effect of dox scaling is weaker than expected!

Quantum well!

L13
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Effect of dox scaling is weaker than expected!

Electron states!

Quantum well!
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Effect of dox scaling is weaker than expected!

Electron states!

Probability function!

Quantum well!
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Effect of dox scaling is weaker than expected!

Electron states!

Probability function!

Si-Gate 
has 
two 
quantum 
wells!

Quantum well!
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Effect of dox scaling is weaker than expected!

poly depletion

Electron states!

Probability function!

Si-Gate 
has 
two 
quantum 
wells!

Quantum well!
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Effect of dox scaling is weaker than expected!

poly depletion

Electron states!

Probability function!

Si-Gate 
has 
two 
quantum 
wells!

Quantum well!

Classical Cap
not real!

Real Si gate Cap

Metal gate Cap 
Better!

L13
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Motivation for HKMG – Gate Stack

High-k/Metal Gate (HKMG) reduces gate leakage by multiple orders of magnitude

Allows further shrink and subsequently more Ion at a given Ioff

Gives more space between the metal/poly gate and the contact

Reduces power consumption.

Can be combined with known stressors, like eSiGe and DSL 

a-Si

metal

SOI

HfO2 
based

HiK gate stack processed in Fab36

L
e
a
k
a
g

e
 a

.u
.

Gate Oxide Thickness, A

Taken from Horstmann DMA 2008
L13
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Initial High-K/Metal Gate @ AMD Dresden 

•GF* integration uses HKMG (including High K, Wf material, metal gate and poly) 
done in the FEoL. The materials see multiple high-temperature processes. 

•It is a kind of straight replacement of the SiON/poly by Hik/metal

•30% improvements in CMOS DC performance

*Gate First

NMOS high-k Transistor

Gate-First Integration

TPEN

Nitride 
Spacer HKMG

SOINiSi

NiSi

HiK GF Transistor processed in Fab36
NMOS IDsat a.u.

N
M

O
S

 I
D

o
ff

 a
.u

.

Ref

HiK

30%

Taken from Horstmann DMA 2008

L13
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High-K/Metal Gate @ AMD Dresden cont.

Alternative concept: Replacement Gate (RG)

RG integration does the HiK/barrier/poly in 
the FEoL however it replaces the poly by 
metal fill and polish in the MoL

This material sees only low-temperature 
processes

New process steps are necessary to remove 
the poly and refill the gate cavities with 
several metals

Enhances stress effects

Metal Fill 
and 

Polish

TiN

HiK RG Transistor processed in Fab36

Taken from Horstmann DMA 2008

L13



Page:   66 © J. W. Bartha 2021   TUD INTERNAL USE ONLY!

Challenges associated with sub100nm scaling:

Short channel effects

DIBL
Shallow junction
Retrograde well
Halo Implant
SOI

Leakage + Ion/Ioff

High-k and Metal Gate

L13
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Continue
“SCT_SS20_13.04”  10:12
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„Strained Silicon“:

Significant gain in 
charge carrier 
mobility by application 
of 2D lattice strain. 
Compressive enhances 
hole mobility, 
Tensile enhances 
electron mobility!

IBM 5/2001
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Local strain: Stressed Liner Films (Mechanical stress)

Tensile (NMOS) and Compressive (PMOS) PECVD SIN films

 

STI 

Si channel 

BOX 

compressive - 
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Dual Stressed Liner process: simultaneous improvement of NMOS 
and PMOS by tensile and compressive stressed overlayer films

H.S. Yang, Horstmann et al., Proc. IEDM 2004

Taken from Horstmann DMA 2008
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Dual Stressed Liner: Process flow

TensileCompressive

Compressive Stressed

Overlayer Film

Mask / Etch

Tensile Stressed 

Overlayer Film

Mask / Etch

ILD dep / Contact

Silicide formation

P N

Buried oxide

Taken from Horstmann DMA 2008
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Compressive
PEN

Tensile
PEN

Border Region

PMOS

NMOS
PMOSNMOS

Inverter

DSL: X-Sectional Overview

DSL process is used in 
90nm,65nm, 45nm 
manufacturing and is 
extendable down to 32nm 
technology 

Taken from Horstmann DMA 2008
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NMOS, IDOFF vs IDSAT

IDSAT uA/um
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DSL: NMOS DC Performance

The NMOS and PMOS universal curves (Idsat vs Ioff) depends strongly on 
the tensile and compressive stress, respectively 

40nA/um

more 
stress

PMOS, IDOFF vs IDSAT
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Taken from Horstmann DMA 2008
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BOX 

SiGe 

43nm 

NiSi 

SiGe flow:

Gate Formation

Disposable Spacer

Hardmask for NMOS

Cavity Etch

SiGe-Epitaxy  (undoped)

Dispose Spacer

Standard Processing

AMD‘s eSiGe PMOS Transistor on SOI

M. Horstmann, A.Wei et al., Proc. IEDM 2005

Key parameters for yield & performance:

• Proximity

• Cavity shape

• SiGe quality (defects)

Taken from Horstmann DMA 2008
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Local strain: embedded SiGe (lattice stress)

-> the epitaxialy grown SiGe is strained due to the lattice mismatch

-> tries to regain its „natural“ lattice constant

-> uniaxial force compressing the channel region

Buried Oxide

Force

Strained 

SiGe on Si

Taken from Horstmann DMA 2008
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Embedded SiGe for PMOS
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1st generation 
SiGe 

3rd generation 
SiGe 

M. Horstmann et al. VLSI 2007

No 
SiGe
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Embedded SiGe for PMOS
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M. Horstmann et al. VLSI 2007

No 
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I have the permission to show the 
following slides in the class. 
However please understand that 
due to copyrights I am not 
allowed to hand out the slides.
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Outline

http://www.computerhistory.org/siliconengine/timeline/

0.  Introduction/ Lab organization/DMA /SCT1/Motivation
1. Process integration

1.MOS Structure, MOS Capacitor
2.Structure of a MOSFET
3.I/V behavior

2. Circuits in Metal-Gate FET Technology
1.Process sequence of N-MOSFET in Metal Gate
2.From inverter to memory cell
3.SRAM in NMOS Metal Gate
4.The threshold voltage of the MOSFET

1.Parasitic FET
2.Enhancement/Depletion Transistor
3.N-MOS Logic by E/D Transitors
4.Process sequence of the   N-MOS E/D Process

3. Self aligned Process
1.Metal Gate -> Si Gate
2. Channel-Stop & LOCOS Technology

1.Example: Process flow of   E/D SiGate LOCOS Inverter 
2.LOCOS Variation
3.Shallow Trench Isolation

3.Lightly doped drain
4.SALICIDE
5. Self Aligned Contacts (SAC)
6. Resist trimming

4.Transition to CMOS Technology
1.MOS Transistor Types
2.CMOS Inverter

1.Consideration NMOS E/D Inverter
2.Comparison CMOS Inverter

3.CMOS Process flow (Example CMOS 180 nm process)
5. Further Considerations

1.Scaling
1. Challenges
2.Material Equivalent Scaling
3.Further Concepts

SC-
Basics
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