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Lecture 12: Process Integration

“Where we are today” / . .
Device Integration

Wafer Fabrication Simulation & Modeling

Metrology

FEOL Processes | o

/ 7‘ wectrical Testiy/

\/

BEOL Fabrication
Packaging

v

PS: This list of co-dependencies is
not complete!

Future Technologies




IH2655 Spring 2013

Process Integration: Overview

 Thin Film deposition
CVD - LPCVD, PECVD, ALD ...

Epitaxy — CVD, MBE, SPE
Spin-coating

Inkjet Printing

« Etching

Wet etching

Dry etching

 Doping

lon implantation
Diffusion

« Surface engineering
Thermal oxidation

Metal silicide (SALICIDE)

« Lithography
I Laser (Steppers), EUV, E-Beam, ...
=
L)
-
-
o
-
=]

PVD - Sputtering (DC, RF, ...), Evaporation (Resistance, E-Beam), ...
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Process Integration - Overview

* Isolation Technology

« LOCOS
« STI

« Gate Stack Options
 Advanced CMOS Integration

Christoph Henkel / Mikael Ostling KTH
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MOS-Basic Isolation in Ics

MOS transistors are self-isolated. Compared to bipolar devices, MOSFETs may have
higher density, but they will suffer from parasitic effects from the adjacent devices.

v'High threshold voltage at the field region V- is preferred. V.- must be 3-4 V higher
(depending on CMOS generation) than the supply voltage to ensure that the current
from parasitic MOSFET is less than 1 pA.

v’V decreases with decreasing device distance or increasing temperature 7. When T
increases from 25 °C to 125 °C, V- will decrease by 2 V.

V259N 4(241s)
Vi =Vgpg +2 +
T =VEB +20ys Co

Methods to Increase Field Threshold Voltage V.
» Increase field oxide to be 7~10 times thicker than gate oxide

» Increase the doping concentration under field oxide (Channel-
stop implantation)

Christoph Henkel / Mikael Ostling KTH
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LOCOS Isolation Technology

Wafer clean (a)
Grow pad oxide (40nm) i
LPCVD nitride () (g1 e
Mask 1, LOCOS ©)
Etch nitride
| | -
Strip photoresist (c) .

Isolation implantation, boron (b)

50keV, 1X101 cm™?
Wet oxtdation, LOCOS formation (c)

Strip nitride and pad oxide (d) (d)

Christoph Henkel / Mikael Ostling KTH 6
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Problems in LOCOS Technology

1) Bird’s Beak Effect
— limits integration improvement

])epositéd Polysilicon

2) Rough Surface
— limits Lithography (DOF)

Si Substrate

(Photo courtesy of J. Bravinan.)

Z b | Activation Area | | A |
< LOCOS | » =« | LOCOS &~
N X A L~ T
S i NS S
| ! Bird’s Beak
1 1 \
/ - N\\
‘--"" - '-..,‘
Activation Area
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Improved LOCOS — PBL (Poly-Buffered LOCOS)

Deposit a layer of polysilicon before LPCVD Si;N,. Polysilicon
consumes the oxygen diffused laterally during field oxidation. The
bird’s beak can reduce to 0.1-0.2 pm.

Polyzailicon Folvalhicon
Silicon nitmde Sihicon mtride

P-type substrate P-type substrate
Pad oxidation, pely and nitride LPCVD NMitride, poly, and oxide etch, B implantation
g T )
P-type substrate P-tvpe substrate
Oxidation Strip pad oxidation, poly and nitride

Christoph Henkel / Mikael Ostling KTH 8
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Improved LOCOS — PBL (Poly-Buffered LOCOS)

Crab Eyes

Helpful to
integration
improvement

Christoph Henkel / Mikael Ostling KTH
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Shallow Trench Isolation (STI) 1/5

LOCOS, PBL applicable for technology node>0.35-0.5 mm.
For technology node <0.35 mm, STI must be used.

1) Wafer

Cleaning P-type substrate

Pad oxide

2) Substrate

Oxidation

(20 nm)

P-type substrate

Christoph Henkel / Mikael Ostling KTH
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Shallow Trench Isolation (STI) 2/5

3) LPCVD SizN,
(100 nm)

4) |solation
Lithography

5) Shallow Trench
Etching (0.5 mm)

Pad oxide

Silicon nitride 1

P-type substrate

Silicon nitride

P-type substrate

Silicon nitride

P-type substrate

Christoph Henkel / Mikael Ostling

KTH




IH2655 Spring 2013

Shallow Trench Isolation (STI) 3/5

6) Thermal Growth of
Oxide Stop (20 nm)

7) Channel Stop
Implantation

8) Trench Filling by CVD
Oxide

2

Silicon nitride |

|

P-type substrate

P-type substrate

™~ Channel Stop

Silicon nitride
— < !
™ Channel Stﬂp_”_
P-type substrate Implantation
Ix’ i . k! = Y
| CVD Oxide | \ |
Silicon nitride |

= =

Implantation

Christoph Henkel / Mikael Ostling
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Shallow Trench Isolation (STI) 4/5

‘ CVD Oxide - l
9) Etching-back Silicon nitride
Planarization - — -
™~ Channel Stop
P-type substrate Implantation
© | Silicon nitride | —  —
CVD Oxide
S — L]
7 Channel Stop_”_
P-type substrate Implantation
|(J_ __“‘-..,___ o ___/‘__ —
10) Si;N, Etching L CVD Oxide L
h
™~ Channel Stop
P-type substrate Implantation

Christoph Henkel / Mikael Ostling KTH 13
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Shallow Trench Isolation (STI) 5/5

11) Re-Etching-back
Planarization

12) Densification
Annealing of CVD
Oxide

[ Photoresist | ] ]

ﬂ | CVD Oxide
| - ;
™~ Channel Stop
P-type substrate Implantation
; L_CVD Oxide. ]
= 7
™ Channel Stop
P-type substrate Implantation
2’ |_CVD Oxide ]
-~
= Channel Stop
P-type substrate Implantation

Christoph Henkel / Mikael Ostling
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Modern STl Technology (CMOS) 1/2

1) No Channel Stop
Implantation

-

Nitride

P-Well

P-Epi

P-Wafer

USG (Un-doped Silicate Glass): SiH,+0,+Ar—USG + volatilesT

2) HDPCVD:
No Densification
Annealing

Nitride
USG |

USG

Nitride

P-Well

/L N-Well

P-Epi

P-Wafer

Christoph Henkel / Mikael Ostling

KTH
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Modern STl Technology (CMOS) 2/2

3) CMP
Planarization

4) Si;N, Etching-
back and USG

Christoph Henkel / Mikael Ostling KTH 16
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Process Integration - Overview

* Isolation Technology

» Gate Stack Options

* Self Aligned Structures
 Replacement Gate Technology
* Fully Silicided Gates

 Advanced CMOS Integration

Christoph Henkel / Mikael Ostling KTH
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Gate Structure

Early gate structure is SiO,—Metal Gate (Al Gate).
With increased integration, low V; is required.

VT — VFB +2¢F + \/2€ngi(2¢F) : ¢F _ VT m(%j

/

Moreover, Al is incompatible to high-temperature Poly-Gate
process, such as ion implantation annealing. "= (Interconnect)
Al gate not feasible when reducing source-drain

series resistance is required.

Using poly-gate, V; can decrease by 1.2~1.4V

Other Advantages of Poly-Gate:

> Pus can be changed by doping. For example, n-poly may reduce V; by
1.1V, i.e., the dual-poly (n & p) technology commonly used in industry.
»Poly-Gate self-alignment technology can further improve
integration.

Christoph Henkel / Mikael Ostling KTH
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Poly-Gate Self-Alignment Technology

Phosphorus Ions

|

| (yate oxide
p-S1

“Hot” electron effects are , == Lighly Doped Drain (LDD)
considerable in small devices !! + Spacer

Christoph Henkel / Mikael Ostling KTH 19
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LDD + Spacer Polysilicon Self-Alignment

Gate oxide

1) LDD Implant

2) Sidewall Formation

Nitride Sidewall

Gate oxide (Gate oxide Spacer

Christoph Henkel / Mikael Ostling KTH 20
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LDD + Spacer Polysilicon Self-Alignment
3) lon Implantation l i l l i l l l l l l l l l %i&ﬁ‘ifall

+Annealing Gate oxide Spacer

Self-Aligned lon
Implantation

p-Si LDD. n-

Self-Aligned Silicide SALICIDE
Maximize contact area, reduce contact resistance

and make contacts much closer to the channel (see
also Lecture 9)

TiSi,, CoSi,, NiSi

Christoph Henkel / Mikael Ostling KTH 21
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High k/Metal Gate: Replacement of Poly-Gate

Problem: High-k / Metal Gate stacks are not compatible with
CMOS FEOL temperature requirements.

1) LDD and ||

Sidewall STL | | STI

P-well

2) LPCVD Si;N,
+CVD PSG/
+ CMP

Christoph Henkel / Mikael Ostling KTH
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High k/Metal Gate: Replacement of Poly-Gate

3) Si;N, Etching PSG |l 56 |
STl /_—'—\ STI
P-well

4) Poly-Si Etching PSG W H PSG
STI /_'—'—\ STI
P-well

5) Oxide Etching PSG ” “ PSG
STI /_"'—\ STI
P-well

Christoph Henkel / Mikael Ostling KTH
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High k/Metal Gate: Replacement of Poly-Gate

Hf-based High k

6) High-k Deposition PSG | LI PSG
Today: Hafnium- STI STI
based; ALD process
P-well
Tungsten
7) Metal Gate 95 | i Il el6
STI STI
P-well
Silicon Nitride ~ Tungsten Gate
\
8) CMP PSG |w | PSG
STI STI
P-well Hf-based Gate Dielectric

Christoph Henkel / Mikael Ostling KTH 24



IH2655 Spring 2013

Fully-Silicided (FUSI) Gate

Metal silicide directly on gate oxide without poly-Si in-between

Example: nickel silicide (1 nm Ni + 1.84 nm Si 2 2.2 nm NiSi)

Mickel Silicide FUS| Gates

Fig. 3: Scanming wnnelimg electrom macrograph with o Z-conteast shows that

nickel is present only in the gate Gottlob et al., “0. 86 -nm CET Gate Stacks Wlth Epitaxial
Gd,0O4 High-k Dielectrics and FUSI NiSi Metal
Electrodes”, IEEE ELI. Dev. Lett., 27(10), 2006.

Gottlob et al., “Gentle FUSI NiSi metal gate
process for high-k dielectric screening”,

bulk Si " Microelectronic Engineering 85 (2008)
: 2019-2021
Christoph Henkel / Mikael Ostling KTH

25



IH2655 Spring 2013

Process Integration - Overview

* Isolation Technology
+ Gate Stack Options

 Advanced CMOS Integration
* Full SOl CMOS Process
* Flip Chip Packaging
* Current Technology

Christoph Henkel / Mikael Ostling KTH
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Modern SOI CMOS
Integration Technology

Example:
SOl + Five-level
Cu Interconnect

Next Slides
21 mask process

Christoph Henkel / Mikael Ostling KTH 27
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CMOS Integration

Bare wafer

P-wafer

Christoph Henkel / Mikael Ostling

KTH
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High Current Oxygen lon
Implantation

SIMOX = Separation by Ion Implantation of Oxygen

i
Oxygen 1ons, OF

F v YYY %%

P-wafer

Christoph Henkel / Mikael Ostling KTH 29
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Oxi1de Anneal

& Watfer cleaning

-Walcr

Christoph Henkel / Mikael Ostling

KTH
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Epitaxial Silicon Deposition

& Water cleaning

P-epi

| ! !-WH!EI' |

Christoph Henkel / Mikael Ostling KTH

31



IH2655 Spring 2013

Oxidation, Screen Oxide

P-epi

| ! !-Wﬂlﬂl' |

Christoph Henkel / Mikael Ostling KTH
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Photoresist Coating and Baking

& alignment, exposure, PEB,
development and inspection

Etch oxide & Si maskO
as alignment
marks

Christoph Henkel / Mikael Ostling KTH 33
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Strip PR and Screen Oxide
Water cleaning

P-ep1

-Waler

Christoph Henkel / Mikael Ostling KTH
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Pad thermal oxidation
LPCVD Nitride

Christoph Henkel / Mikael Ostling KTH
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Mask 1: Shallow Trench Isolation

Christoph Henkel / Mikael Ostling KTH
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PR coating and pre-baking

mask1

LT

Christoph Henkel / Mikael Ostling KTH
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PEB, development & 1nspection
Etch pad oxide and nitride

___Nitride

P-ep1

| ! !-WH!EI' \

Christoph Henkel / Mikael Ostling KTH
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Strip PR & etch Si1

Nitride
P-epi P-epi

‘“—wa &) ‘

Christoph Henkel / Mikael Ostling KTH 39



IH2655 Spring 2013

HDP CVD USG

Christoph Henkel / Mikael Ostling KTH 40
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CMP USG

Christoph Henkel / Mikael Ostling KTH 41
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Strip nitride & oxide
Water cleaning

Christoph Henkel / Mikael Ostling KTH
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Oxidation, Sacrificial Oxide

Christoph Henkel / Mikael Ostling KTH
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Mask 2: N-well

Christoph Henkel / Mikael Ostling KTH
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PR coating and pre-baking, mask
alignment & exposure, PEB,
development and 1nspection

mask?2

Christoph Henkel / Mikael Ostling KTH
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N-well Implantations

Phosphorus 1ons, P~

Christoph Henkel / Mikael Ostling KTH
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V259N, (29,) | 20,
COx COx

Q, ion implantation dose (typical dose 10!1-101?)

V, =V +20,. +

Boron 10ns.

PMOS V. Adjust Implantation

B+

Christoph Henkel / Mikael Ostling KTH
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Strip Photoresist

Christoph Henkel / Mikael Ostling

KTH
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Mask 3: P-well

Christoph Henkel / Mikael Ostling KTH
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PR coating and pre-baking, mask
alignment & exposure, PEB,
development and mspection

mask3

Christoph Henkel / Mikael Ostling KTH 50
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P-well Implantations

Boron ions, B*

Christoph Henkel / Mikael Ostling KTH
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NMOS V. Adjust Implantation

N
Phosphorus ions, P*

C-waler

Christoph Henkel / Mikael Ostling KTH 52
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Strip PR & sacrificial oxide
Wafer cleaning

STI

USG

Christoph Henkel / Mikael Ostling KTH
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‘ Group Activity 1

How to get from A to B?
A

Christoph Henkel / Mikael Ostling KTH
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Gate Oxidation

--Waler

Christoph Henkel / Mikael Ostling

KTH
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LPCVD Amorphous Silicon

Gate oxide

Christoph Henkel / Mikael Ostling KTH 56
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Mask 4, Gate and Local
Interconnection

Christoph Henkel / Mikael Ostling KTH
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PR coating and pre-baking, mask
alignment & exposure, PEB,
development and inspection

o-S1 etching mask4

—Photoresist —-
Gate oxide

Christoph Henkel / Mikael Ostling KTH 58
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Strip PR, wafer cleaning, o.-S1
annealing and oxidation

Christoph Henkel / Mikael Ostling KTH 59
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Mask 5, NMOS LDD Implantation

Christoph Henkel / Mikael Ostling KTH
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PR coating and pre-baking, mask
alignment & exposure, PEB,
development and inspection

mask?5

Christoph Henkel / Mikael Ostling KTH 61
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NMOS LDD Implantation

Antimony ions. Sb*

Christoph Henkel / Mikael Ostling KTH
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Strip Photoresist

Christoph Henkel / Mikael Ostling KTH 63
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Mask 6: PMOS LDD Implantation

Christoph Henkel / Mikael Ostling KTH
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PR coating and pre-baking, mask
alignment & exposure, PEB,
development and inspection

mask6

Christoph Henkel / Mikael Ostling KTH 65
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PMOS LDD Implantation

I
Boron ions, BF,*

Christoph Henkel / Mikael Ostling KTH
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Strip Photoresist

Christoph Henkel / Mikael Ostling KTH
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‘ Group Activity 2

How to get from B to C?

Christoph Henkel / Mikael Ostling KTH
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CVD USG, CVD Nitride

Christoph Henkel / Mikael Ostling KTH
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Nitride and USG |

Htchback

Polysilicon gate Sidewall spacers

Christoph Henkel / Mikael Ostling KTH
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Mask 7, NMOS S/D Implantation

Christoph Henkel / Mikael Ostling KTH
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PR coating and pre-baking, mask
alignment & exposure, PEB,
development and inspection

mask7

Christoph Henkel / Mikael Ostling KTH 7
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NMOS S/D Implantation

NN
Arsenic 1ons, As*

il il il o ol e e e

bl i i ol

| | | | | |
on M WG, |uso

C-waler

Christoph Henkel / Mikael Ostling KTH
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Strip Photoresist

Christoph Henkel / Mikael Ostling KTH
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Mask 8, PMOS S/D Implantation

Christoph Henkel / Mikael Ostling KTH
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PR coating and pre-baking, mask
alignment & exposure, PEB,
development and inspection

mask®&

Christoph Henkel / Mikael Ostling KTH 76
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PMOS S/D Implantation

G
Boron 1ons. B*

|
-mm

C-Waler

Christoph Henkel / Mikael Ostling KTH
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Strip Photoresist

Christoph Henkel / Mikael Ostling KTH
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Rapid Thermal Annealing

Christoph Henkel / Mikael Ostling KTH 79
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Ar Sputtering etching (Sio, and Cleaning)
Co and TiN Sputtering Deposition

TIN

Christoph Henkel / Mikael Ostling KTH 80
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Rapid Thermal Annealing

Christoph Henkel / Mikael Ostling KTH 81
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Strip Titanium Nitride and Cobalt

Christoph Henkel / Mikael Ostling KTH )
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ECVD Nitride

Christoph Henkel / Mikael Ostling

KTH ]3
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HDP CVD PSG

Christoph Henkel / Mikael Ostling KTH 84
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CMP PSG

Christoph Henkel / Mikael Ostling KTH 85
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Mask 9, Contact and Local
Interconnection

Christoph Henkel / Mikael Ostling KTH
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PR coating and pre-baking, mask
alignment & exposure, PEB,
development and inspection

mask9

Christoph Henkel / Mikael Ostling KTH 87
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Etch PSG

Christoph Henkel / Mikael Ostling KTH 88
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Strip Photoresist

Christoph Henkel / Mikael Ostling KTH 89
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Ar sputtering etching

T1/TiN glue and barrier layers

STI SG

P-well N-well

-WalCrT

T1 and TiN Sputtering Deposition

PSG

USG

Christoph Henkel / Mikael Ostling KTH
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Tungsten CVD

T1/TiN glue and barrier layers

Christoph Henkel / Mikael Ostling KTH 91
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W, TiIN, and T1 CMP

Christoph Henkel / Mikael Ostling KTH 92
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PECVD Silicon Carbide Seal Layer

Christoph Henkel / Mikael Ostling KTH 93
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Ar Sputtering etching
Ta and TaN Barrier Layer PVD

Christoph Henkel / Mikael Ostling KTH
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Bulk Cu ECP & annealing

Christoph Henkel / Mikael Ostling KTH 95
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Cu, Ta, and TaN CMP

Christoph Henkel / Mikael Ostling KTH 96
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Christoph Henkel / Mikael Ostling

KTH
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Christoph Henkel / Mikael Ostling

KTH
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Christoph Henkel / Mikael Ostling
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Mask 16, 17

Christoph Henkel / Mikael Ostling KTH 100
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Mask 18, 19

Christoph Henkel / Mikael Ostling KTH 101
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PECVD Passivation Layers:
Nitride, PSG, and Nitride

Christoph Henkel / Mikael Ostling KTH 102
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Etch Passivation Layers

Mask 20

Christoph Henkel / Mikael Ostling KTH 103
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Polyamide Coating
& ship to testing

Polyamide

Christoph Henkel / Mikael Ostling KTH 104
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Strip Polyamide

Christoph Henkel / Mikael Ostling KTH 105
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Ar sputtering etching
Cr, Cu, and Au Liner Coating

Christoph Henkel / Mikael Ostling KTH 106
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Metal Etch

Christoph Henkel / Mikael Ostling KTH 107
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Christoph Henkel / Mikael Ostling KTH 108
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SiN seal
layer

| TaTalN
barrier layer

S1C seal layer

PE-TEOS cap

S1C seal layer
SiN barrier

Christoph Henkel / Mikael Ostling KTH 109



IH2655 Spring 2013

Process Integration - Overview

* Isolation Technology
+ Gate Stack Options

 Advanced CMOS Integration
* Full SOl CMOS Process
* Flip Chip Packaging
* Current Technology

Christoph Henkel / Mikael Ostling KTH 110
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Flip Chip Packaging

Cr-Cu-Au
Mi-Au

Dicing, Packaging: e.g.,
Flip-chip packaging
Through Silicon Via (TSV)

3 Chip Final
Chip Metallurgy
Passivation

Layer

Seddar or Adhaalve Bumps
Arva Array Forrmad
-‘—\__-._-—_i

Cwrout Traes

Christoph Henkel / Mikael Ostling KTH 111
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Process Integration - Overview

* Isolation Technology
+ Gate Stack Options

 Advanced CMOS Integration
* Full SOl CMOS Process
* Flip Chip Packaging
* Current Technology

Christoph Henkel / Mikael Ostling KTH 112
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On-Time 2 Year Cycles

130 nm 90 nm 65 nm 45 nm 32 nm
2001 2003 2005 2007 2009

Christoph Henkel / Mikael Ostling KTH 113
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110622 SMT Symp.
M.Miwa

45nm High-k + Metal Gate Strain-Enhanced FETs

Ge30% & Tensile

Tensile Trench Contact MG sAp: +50%

MG —Ald: +16%

since FMOS 1=, NMOS process IS Tree tTrom -
meatal afrass
Before gate removal After gate removal

Al

A

L]

802

L

(1]

f08 : 4.
600 002 004 006 003 01D 012 O 0I5 000 602 004 006 008 00 012 044 O

SiGe channel & Gate Last ~Ap(hole): +50%

C. Auth etal,, VLS| Tech. Symp. 2008 Taken from: Masaaki Niwa, “Dgvelopment of 32nm

CMOS and Recent Trend for Beyond 32nm” SMT Symp. 2011

Christoph Henkel / Mikael Ostling KTH 114
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TRADITIONAL TRANSISTOR NEW INTEL TRANSISTOR

Planar conductive area Conductive area is expanded
i on three sides of a raised fin

Press release by
Intel; May, 2011

Source: Intel THE NEW YORK TIMES
Ehe New York Times Moy 5, 2011
New Transistor Grows in the Third Dimension

Taken from: Masaaki Niwa, “Development of 32nm
CMOS and Recent Trend for Beyond 32nm” SMT Symp. 2011

Christoph Henkel / Mikael Ostling KTH 115
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Changes in Scaling

THEN NOW
+ Scaling drove down cost » Scaling drives down cost
+ Scaling drove performance - Materials drive performance
* Performance constrained - Power constrained
» Active power dominates - Standby power dominates
* Independent design-process + Collaborative design-process

r

130nm 90nm 65nm 45nm 32nm

inteD) = Kelin Kuhn / SSDM / Japan / 2009 18

Taken from: Kelin Kuhn, “Moore's Law past 32nm:
Future Challenges in Device Scaling” SSDM. 2009

Christoph Henkel / Mikael Ostling KTH 116
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| 110622 SMT Symp.

Technology Evolution

0 o . E—— - 1 s i Ati—a g
0 S
Sy & _ &
A\ ™ | as

Dy N
oéo ' EUV Litho. ¢ Immersion Litho.+DP
0 Tr: Planar MOS & Multi Gate, SOI, 3D

S

@(\G

Zznm gnEFEEEEEER]

.

I

=i—= P A MO
Double Pattering
> 45nm D
Fab-less Tool
Year
Taken from: Masaaki Niwa, ¢ Devel?me‘n‘r of 32nm
CMOS-and-Recent Trend-for- Beyond-32nm>-SMT-Symp.-2011
Christoph Henkel / Mikael Ostling KTH
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IBM Cu Technology

To interconnect the extremely small transistors, a complex multi-
level multi-layer metallization scheme is needed. Shown below 1s
what IBM has done with their state-of-the-art Cu technology.

s
w €55 A

¥ “'c- i

Six Cu metallization levels above the 1% metal
level with tungsten studs to the transistors

http://www-3.ibm.com/chips/gallery/p-n2.html
Christoph Henkel / Mikael Ostling KTH 118
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