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1. Process integration

0. Introduction/ Lab organization/DMA /SCTl/Mo’riva’rio<: SC-

Review:

- SCT Basics
- MOS-Cap-CV

MOS-FET (N-FET enk
Al-Gate FET

- SRAM product (E/E)
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- E/D Logic
Self aligned process
~180 nm CMOS Proce!

=> Depl.

Today: Further Scaling
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1.MOS Structure, MOS Capacitor BGS I CS

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 o 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
S S4 Transition o 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
1.5caling
1. Challenges
2.Material Equivalent Scaling
3.Further Concepts

http://www.computerhistory.org/siliconengine/timeline/
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Half-nodes

Density
CMOS

5. Further considerations

MOSFET scaling

Device (multi-gate)

Moore's law
Semiconductor
Nanoelectronics

30 electron density for Yd=0.6

electron density for = 1-%d=0E6%-Yg=0V

(process nodes)

*10 um - 1971
6 um — 1974

3 um-— 1977
«1.5um-1981
]l um —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


https://en.wikipedia.org/wiki/MOSFET
https://en.wikipedia.org/wiki/List_of_semiconductor_scale_examples
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https://en.wikipedia.org/wiki/6_%C2%B5m_process
https://en.wikipedia.org/wiki/3_%C2%B5m_process
https://en.wikipedia.org/wiki/1.5_%C2%B5m_process
https://en.wikipedia.org/wiki/1_%C2%B5m_process
https://en.wikipedia.org/wiki/800_nm_process
https://en.wikipedia.org/wiki/600_nm_process
https://en.wikipedia.org/wiki/350_nm_process
https://en.wikipedia.org/wiki/250_nm_process
https://en.wikipedia.org/wiki/180_nm_process
https://en.wikipedia.org/wiki/130_nm_process
https://en.wikipedia.org/wiki/90_nm_process
https://en.wikipedia.org/wiki/65_nm_process
https://en.wikipedia.org/wiki/45_nm_process
https://en.wikipedia.org/wiki/32_nm_process
https://en.wikipedia.org/wiki/22_nm_process
https://en.wikipedia.org/wiki/14_nm_process
https://en.wikipedia.org/wiki/10_nm_process
https://en.wikipedia.org/wiki/7_nm_process
https://en.wikipedia.org/wiki/5_nm_process
https://en.wikipedia.org/wiki/3_nm_process
https://en.wikipedia.org/wiki/Semiconductor_device_fabrication
https://en.wikipedia.org/wiki/Die_shrink#Half-shrink
https://en.wikipedia.org/wiki/Transistor_count#Transistor_density
https://en.wikipedia.org/wiki/CMOS
https://en.wikipedia.org/wiki/Semiconductor_device
https://en.wikipedia.org/wiki/Multigate_device
https://en.wikipedia.org/wiki/Moore%27s_law
https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Nanoelectronics
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https://www.intel.com/content/dam/www/public/us/en/documents/pdf/foundry/mark-bohr-2014-idf-presentation.pdf

Intel Scaling Trend

10 ¢ . 10000
1k 41000
Micron 0.1 ~0.7x per 4 100 nm
- generation :
Samsung has created its first 3nm GAAFET prototypes - Transistors beyond FinFET 14nm 110
B Should TSMC be worried? § .
;
Published: 4th January 2020 | Source: Maeil Economy - Via Tom's Hardware | Author: Mark Campbell N
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6 Bihasas 5.1 Scaling

DRESDEN

Small transistors switch faster!

Source Gate Drain Table Il—Scaling Factor
‘ v
oD Source the Drai\a;oo Scaling Factor S>1
% Lateral Dimensions L—L/S
y —2.= #s Z2-2IS
) : ? ' Tax X Vertical Dimensions Tox—=ToxlS
r Substrate X' TR x /S
Substrate Supply Voltage Vo= VuplS
Substrate Doping N.—~SN,

ROber‘T H Dennar-d IBM 1974 Concentration
Table lll—MOSFET Device Scaling for Constant Field

Device Parameter Scalmg Factor
Devuce Delay 1/S
Capacitance 1/S
Power Dissipation/Device 1/82
Power Density 1
Packing Density - S?
Power Delay Product/Device 1/S3
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https://www.ece.ucsb.edu/courses/ECE225/225_W07Banerjee/reference/Dennard.pdf

6 iasas Evolution of scaling
DRESDEN

MOSFET ca. 1978

Source: C. Esser, Dresden Mikroelektronik Sommerschule 2007

Page: 8 L13©J.W.Bartha2021 TUD INTERNAL USE ONLY!



(L) universimar Evolution of scaling
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MOSFET 2000
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MOSFET ca. 1978

|16k 25000x 15ky 1 um—A
Source: C. Esser, Dresden Mikroelektronik Sommerschule 2007
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(L) universimar Evolution of scaling
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w4

MOSFET 2017

"
o

MOSFET 2000

o S— —taie -
. \
7 ; )
4 .

MOSFET ca. 1978

16k 25000x 15ky 1 um ——
Source: C. Esser, Dresden Mikroelektronik Sommerschule 2007
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(D) i Evolution of scaling
DRESDEN

14 nm Tri-gate Transistor Fins

LT 20
"‘"~\I "4

.

MOSFET 2017

e
e
o

MOSFET 2000

o S— —taie -
" ’ -
e = > -

8 nm Fin Width

42 nm Fin Pitch

Si Substrate"

MOSFET ca. 1978

16k 25000% 15kv — 1 m —
Source: C. Esser, Dresden Mikroelektronik Sommerschule 2007
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(L) universimar Emerging MOSFET with 6nm channel
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1E4] Vds=1.2V
2gnz-s
= EOT=1.2nm
3 1E-81 Lgate=6nm
1 E-71 Te=4-8nm
1E‘81
- | Vds=-0.05V
Source Drain  Source Drain s a0 o5 oo 05
Vgs (V)
Ts=7nm , Ts=7nm Fig.18: 1ds-Vgs characteristic of a 6nm pFET
Lgate=6nm Illlllllllngate=12nm 3R SUECR VIS SN
100nm 100nm
- -— : , — 1507 Ves=LSV o
Fig.17: SEM cross-section of ultra-thin silicon _ step0.1V
channel pFETs with 6nm and 12nm gate lengths § oo o EOT-1 2
gale-6nm
B2 2002 IEDM 2002 g‘ . I's=4-8nm
8
501~

-SOI Substrate
- Gate Dielectric - nitride/oxide :
- 248 nm Litho ?1,;;5 1.0 05 0.0

- Epi raised Source/Drain Vds (V)
Fig.19: Ids-Vds characteristic of a 6nm pFET
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(L) universimar Emerging MOSFET with 6nm channel

DRESDEN

-SOI Substrate

- Gate Dielectric - nitride/oxide : .
- 248 hm Litho ' 0k - S
- Epi raised Source/Drain Vds (V)

Fig.19: Ids-Vds characteristic of a 6nm pFET

1E4] Vds=1.2V
2gnz-s
= EOT=1.2nm
3 1E-81 Lgate=6nm
1 E-71 Te=4-8nm
1E‘81
- | Vds=-0.05V
Source Drain  Source Drain s a0 o5 oo 05
Vgs (V)
Ts=7nm , Ts=7nm Fig.18: 1ds-Vgs characteristic of a 6nm pFET
Lgate=6nm Illlllllllngate=12nm 3R SUECR VIS SN
100nm 100nm
~ _— : 8 —— 1507  Ves=1.5V -
Fig.17: SEM cross-section of ultra-thin silicon _ step0.1V
channel pFETs with 6nm and 12nm gate lengths § oo EOT-1 2
gale-6nm
B2 2002 IEDM 2002 g‘ I's=4-8nm
8
501~

IBM at TEDM 2002
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(L) universimar Emerging MOSFET with 6nm channel

DRESDEN

_— Vds=12V
2gnz-s
= EOT=I.2nm
3 1E-81 Lgate=6nm
! E-7; Te=4-8nm
1E‘81
- ; Vds=-0.05V
Source Drain  Source Drain s 70 o5 oo ds
Vgs (V)
Ts=7nm , Ts=7nm Fig.18: 1ds-Vgs characteristic of a 6nm pFET
Lgate=6nm 3 I G SRy D5l O G G 60 o Lgate=1 znm 3R SUECR VIS SN
100nm 100nm
e Ny . . . e 150- Vgs=-1.5V e
Fig.17: SEM cross-section of ultra-thin silicon _ step0.1V
channel pFETs with 6nm and 12nm gate lengths § oo B EOT-1 2
gale-6nm
B3 2002 IEDM 2002 g‘ ™ I's=4-8nm
8 [
-SOI Substrate 501
- Gate Dielectric - nitride/oxide §§
- ' ok
248 hm Litho ' e e
- Epi raised Source/Drain Vds (V)
Limits to Binary Logic Switch Scaling—A Fig.19: Ids-Vds characteristic of a 6nm pFET
Gedanken Model

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

Bﬁ?\t's"n'éﬁ'i'é 5.1.1. Challenges of Scaling

DRESDEN

Classical scaling hits limits:

- Leakage current (S/D and Gate/Body)
- Variability of process parameters

- Thermal management

- Interconnects limit switching speed

. and much more
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Active Power
scales with

frequency
I:)active — aCfV -

Passive Power
scales with the
leakage current
per fransistor
times # of
transistors
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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)
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log (Zz) (arbitrary scale)

|

0.8
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Gate voltage V¢ (V)
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Low V44 means low I /I ratiol



TECHNISCHE Short channel effects:

UNIVERSITAT gy : :
DRESDEN Drain induced barrier lowering DIBL
Vgs < Vin
L Ve
R Gate

SOUrcesEes Drain

t Height of curve =
= Potential barrier
=
)
°
o Changed by se—— &

gate voltage

m Electrons have to overcome potential barrier to enter the channel
m |deal: Potential barrier is only controlled by gate voltage

Taken from F. Sill Micro transductors 08
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Ao Energy/eV

BULK

SOURCE SOURCE
DRAIN
Vd=100mV
-5 5
4= i 8‘0% ',"‘.. 4=
£ w [l &
= [ |5
1° @ N Edry
% /" SC:
> =5
123 DRAIN / {3
= Vd=6vV /| 5
a / &
114 / 13
o——o — 0
a 5 0 5
GATE VOLTAGE (V) GATE VOLTAGE (V)
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(L) niversivar Drain induced barrier lowering: DIBL

DRESDEN
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(L) niversivar Drain induced barrier lowering: DIBL
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~ 1/ Subthreshold 4
/ Slope (mV/dec)

1e-2

1e-3-

, Energy/eV

1e<4-

o | (mVIV)

ole6
1671 Vds=50mV

1e-8-

1e9 T T T T T T T
-1 07505025 0 025 05 075 1

Vgs (V)

https:/nanohub.orgiesources/18. dNik Y MOS_1_scaling.pdf

Page: 24 L13 ©J. W.Bartha2021 TUD INTERNAL USE ONLY!

SOURCE

DRAIN

Vd=100mV

na <o EEN n

DRAIN CURRENT {mA)

Ly
-

(IS 2

0 5
GATE VOLTAGE (V)

o

SOURCE

BULK

15
+ 0.:9. l‘ 4 =
w‘ > ' TE—
L =~
| 43 =
[ 1P
[ e
DRAN [ |3
d=6V =
&
114

0

0 5
GATE VOLTAGE (V)



TECHNISCHE
@ UNIVERSITAT
DRESDEN

Drain induced barrier lowering: DIBL

~ 1/ Subthreshold 4
/ Slope (mV/dec)

1e-2

1e-3-

1le4-

o2 | (mVIV)

ole6
1e-7- Vds=50mV

1e-8-

1e9

T I | | | | |
-1 07505025 0 02505 075 1
Vgs (V)

https:/nanohub.orgiesources/18. dNik Y MOS_1_scaling.pdf

Unit for DIBL: mV/V
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Ve p

Vih roll-off(Vos~0V)

Vih roll-off + DlBL(VD’ =Vo J)

SOURCE —_

>
Leff
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https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
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Vih roll-off + DIBL(Vos =Voo)

>
Leff
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https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf
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~ 1/ Subthreshold
/ Slope (mV/dec)

Ve p

"“Veh roll-off(Vos~0V)
_ (mV/V)

Vih roll-off + DIBL(Vos =Voo)

Vds=50mV

>
Leff

|

U
0 025 05 075 1

Vgs (V)

https://nanohub.org/resources/18348/download/HikonovBeyondCMOS_1_scaling.pdf
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~ 1/ Subthreshold
/ Slope (mV/dec)

Vih A 1e-3-

Vth roll-off(Vos~0V) é a5

_ (mVIV)
3
213-6“

Vih roll-o-‘f + D‘BL(VD' =Vo ))

— Vds=50mV

1e-8-

>
Leff

1e9

|

| | | | | |
-1 07505025 0 025 05 075 1
Vgs (V)

https://nanohub.org/resources/18348/download/HikonovBeyondCMOS_1_scaling.pdf
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:,mg",ggg'g; Short channel effects:

DRESDEN Drain induced barrier lowering DIBL and roll-of f

Long-channel transistor (L > 2 um) Short-channel transistor (L < 180 nm)

Ve p

Lowering of
potential barrier

Vih roll-off(Vos~0V)

Vih roll-off + DIBL(Vos =Voo)

vd.s = 'V‘tFr
Vs = Vi

Vias = Viop
Vs = Voo
Taken from F. Sill Micro transductors 08
m At short channel transistors potential barrier is also affected by drain
voltage

>
=> If V4 = Vpp Transistors can start to conduct even if V , < Vy, Leff

Y9

OO0 0@ 0)
Yih1 2 3 4 5

T —

Wels=3.6 Y
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https://pdfs.semanticscholar.org/1cee/a6c5a035e79fe9aa71e7b7ca4af0a8a1cf89.pdf

UNIVERSITAT b ) .
DRESDEN Drain induced barrier lowering DIBL and roll-of f

TEC""'SCHE Short channel effects:

Long-channel transistor (L > 2 um) Short-channel transistor (L < 180 nm)

Ve p

i ot
T A
B

o
.....

"“Veh roll-off(Vos~0V)

Lowering of
potential barrier

Vih rO”‘Ol‘f + D'BL(VD' =Vo ))

Vs = Vi

Vs = Voo

Taken from F. Sill Micro transductors 08
m At short channel transistors potential barrier is also affected by drain

voltage >
Leff

=> If V4 = Vpp Transistors can start to conduct even if V , < Vy,

Vg (V)
OO O@®0) =>
Vib1 2 3 4 5 -

1 edsv> Keep the dimension of
the space charge around
the drain in the body as
short as possible!
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Short channel effects:

Action 1: Shallow junction

Intel TJ Q398

0.15 pm Deep Junction

-0.1
0
0.1
0.2
0.3

0 02040608 1 1214

0.03 Shallow Junction

WO

oOOoOO O

0 02040608 1 1214
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Intel TJ Q3'98

: Depth

—
Metallurgical
Spacing

Drain

Source

Intel TJ Q398

Salicide |

Current Flow
SDE

Source

RaccumuLaTion 1\
R
CONTACT Repreaping

RSHUNT

External resistance



I,E,?;'E".Jéﬁ'ﬁ Short channel effects:

DRESDEN Action 2: Retrograde doping of a sub 0.18 ym MOSFET

S/D Extension
Source/Drain

g - a

Retrograde
Well

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

»Accuracy of Implantation
»Advanced Healing and Activation
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TREhMIsEH Short channel effects:
DRESDEN Action 2: Retrograde doping of a sub 0.18 ym MOSFET

S/D Extension

Source/Drain X X
U — :!:Im/
Retrograde S 53
= 5 o9
Well = s ig% X
Required are Super Steep Doping Profiles ) £g° %
to confine the cannel and drain depletion ) o 2
zones )
»Accuracy of Implantation - =

»Advanced Healing and Activation
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:,55:;'5",;3.0,';; Short channel effects:

DRESDEN Action 3: Halo Implant

® Halo Implants

® High doped regions near
source and drain areas

- Reduced Drain Induced
Barrier Lowering

Taken from F. Sill Micro transductors 08
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55&*5",;3,0,';5 Short channel effects:

DRESDEN Action 3: Halo Implant

® Halo Implants

High doped regions near
source and drain areas

- Reduced Drain Induced
Barrier Lowering

Offset Spacer

Taken from F. Sill Micro transductors 08

Halo Implants

S/D Extension

Source/Drain

1 Gate l

)
Retrograde \
Well Halo
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TECHNISCHE
UNIVERSITAT
DRESDEN

silicide

sidewall spacer

pocket halo(p+)

silicide

Fig. 5. Cross-section of an advanced MOSFET. TRANSACTIONS ON ELECTRICAL AND FLECTEONIC MATRIALS

Vol. 11, No. 3, pp. 93105, hne 25, 2010

PISSNG 12297607 elSSIN: 2092-75%92

Invited Paper

Challenges for Nanoscale MOSFETs and Emerging
Nanoelectronics

Yong-Bin Kim'

Ovpartrwsest of Electrical wned Computey frgpneenime. Northemstern Dinwversity Somton, A 02115, (IS4

Reowived April 26, 2010; Accupted May 1, 2010
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DRESDEN

silicide

sidewall spacer

pocket halo(p+)

- silicide
W £
"“,‘_

Fig. 5. Cross-section of an advanced MOSFET.

TRANSACTIONS ON ELECTRICAL AND BHLECTRONIC MATERIALS
Vol. 11, No. 3, pp. 93105, hne 25, 2010

Confinement of the space charge by
Retrograde Well plus Halo

Invited Paper

PISSNG 12297607 eISSIN: 2092-7 592

Challenges for Nanoscale MOSFETs and Emerging

Nanoelectronics
Ultimate Solution: FDSOI see next!

Yong-Bin Kim'
Ovpartrwsest of Electrical wned Computey frgpneenime. Northemstern Dinwversity Somton, A 02115, (IS4
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() IhiversiTiT Technology approach: SOI

DRESDEN

C ' ) VIDEO
Ccontinue R0 >

SOI = SlllCOn on inSUICl’l'O[" "SCT_S520_13.03" 30:45 |ERMME

sidewall spacer

pocket halo(p+)

Fig. 5. Cross-section of an advanced MOSFET.
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(L) Onivewsitar Technology approach: SOI

DRESDEN

. i Con’rinueW
SOOI = Silicon on insulator ser 5520, 1305 308

sidewall spacer

pocket halo(p+)
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(L) Onivewsitar Technology approach: SOI

DRESDEN

~onti WIDEO B
Continue SR | 2

SOI - Slll con on InS UI(]"'OI" "SCT_5520_13.03" 30:45 [MANEN

sidewall spacer

pocket halo(p+)
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() oniveRsivar Technology approach: SOI

DRESDEN

SQI = Silicon on insulator

FDSOI
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Conti ) VIDEO
Continue et e
"SCT_S5520_13.03" 30:45 EisGES

sidewall spacer

pocket halo(p+)

2Vto+2V
body biasing

Gate

Source Drain
Ultra-Thin Buned Oxide
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(0) IRTRERE Technology approach: SOI

DRESDEN

~onti y VIDEO :
Continue e >

SOI - Slll con on InS Ul(]'l'Or' "SCT_5520_13.03" 30:45 [MANEN

sidewall spacer

pocket halo(p+)

2Vto+2V
body biasing

Source Drain
Ultra-Thin Buried Oxide
SOl Chip (IBM 1998)

FDSOI
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(L) Onivewsitar Gate dielectric and leakage

DRESDEN

Source Gate Drain
‘ {Vop

Source Gate Drain
| 1Vop

/Z

9 i P ~F o
ST i
I
l Substrate
Substrate

Robert H. Dennard, IBM 1974

Samerd B0 17500 W0

Page: 44 L13©J. W.Bartha2021 TUD INTERNAL USE ONLY!

Table Il—Scaling Factor

Scaling Factor
Lateral Dimensions

Vertical Dimensions
Supply Voltage

Substrate Doping
Concentration

S>1

L—-L/S
Z2—-2IS

Tru e T().\‘/S
X=X, IS
Vl)u o Vnn/S
NA—'SN,q


https://www.ece.ucsb.edu/courses/ECE225/225_W07Banerjee/reference/Dennard.pdf

(L) Onivewsitar Gate dielectric and leakage

DRESDEN

Source Gate oraic Table Il—Scaling Factor
| {Vop

Source Ga‘te Dr’icoo Scaling Factor S>1
% Lateral Dimensions L—-L/S
4y 877 NS
9 : p =
; ? ' Tax X Vertical Dimensions
l SuBstrate 7 e
Substrate Supply Voltage Vo= VuplS

Substrate Doping N.—SN,

Robert H Dennar'd, IBM 1974 Concentration

Samerd B0 17500 W0
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TECHNISCHE .
gg'EVSg';S,pH Result of scaling: Tunnel Current

Significant when d, <~ 2-3 nm

Potential Energy
A

The tunnel probability
depends strongly on

the physical width of the
barrier!

How to pr'oceed SCG“ng?! Potential Energy
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TECHNISCHE .
ggggggpﬁ Result of scaling: Tunnel Current

Significant when d, <~ 2-3 nm

Potential Energy
A

The tunnel probability
depends strongly on

the physical width of the
barrier!

How to pr'oceed SCG“ng?! Potential Energy
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DRESDEN

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)

10x increased J; for
every 2A gate dielectric
scaling

10000
©
o
< g
= N
51000\"& \
5 N\
O, \
1)
g
8 100
-
@
0
9
S 10
=z

1

17 18

19 20 29 22 23 24
N-Ch. inv. TOX [Angstroem]
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27E8
Mitte

#* SPLIT: high N2

25 ¥ SPLIT: low N2

C=¢A/d

Taken from Horstmann DMA 2008
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TECHNISCHE . o .
@umvmsum 5.1.2. Material equivalent scaling

DRESDEN
k (SI02)239 Poly-Si k (A|203):10 Poly-Si
R 775

...........
h..". ......
e A e L R N AR

| ' ’
llllllllllll

NN " ’ :
ll!l.l‘ll'l' O Si

(a) (b)

Equivalent Oxide Thickness: EOT

Source: IBM JRD

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

k (Zr0,)=23
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ECHNISCHE 141 o
gsIEVSE:RESNITAT I n l 1- l G I S Te p I:and gap (gY) Dicleciric cmsl:ml
to raise k

was to :
incorporate
SizN, into
the SiO,

gate ox s
called STION

0 20 40 60 80 100
Si0s (%)
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TECHNISCHE 141 S
UN'VERS'TAT I n l 1- l GI STep I:and gap (gY) Dicleciric Cmsl:ml

PRESDEN to raise k 8
was to : 7
b FETTT T —— incorporate | 6

1 LA L ALLll

SizN, into

(=}

L i . the SiO,
= ] 8 . ’
5 1 3 gate ox
10 Scaling limit - CC(”Cd SION ‘T T e
of SiON Si0: (%)

Scaling using
high-k dielectrics

1980 1990 2000 2010 2020
Publication year
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https://www.researchgate.net/publication/257554220_Gate_stack_technology_for_nanoscale_devices/figures?lo=1

(D) BRnsers Initial step
DRESDEN to raise k
Year was to
2014 2016 2018 2020 2022 2024 .
I S ~1** _ incorporate
s 08 4.0 g Si3N4 iInto
>8 a7l ., 35 % The SlOZ
™" (T
£ | ). E gate ox
c " 8 called SION
= —e—— Galte Oxide EOT ®
05| ~— -»— SupplyVoltage, Vy, 25 B
——=— Oxide Electric Field o)
0.4 | ! 1 ! | 1 20
20 18 16 14 12 10 8 6

Physical Gate Length (nm)
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Digleciric conslant

4

Band gap (V)

(=}

] 20 40 60 &0 100
Si0; (%)


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

TECHNISCHE 141 S
UNIVERS'TAT Ianlal STep ::mdgap[e\’) DlElecmcconsl:ml

PRESDER to raise k 8
Yeuy was to : i
b6 2014 2016 2018 200 2022 2004 )
a T T T T T* _ Incorporate 6
_. 08} dao § SizN, into
; 2 the 5i0, 5
> 07 *, 35 E e | 2
- (TR . .
E ..l s, g gate ox
5 . ® & called SION | |
O ——— Gate Oxide EOT a 20 40 60 80 100
W o5l —-w— SupplyVoitage, Vg o B Si0s (%)
——=—  Oxide Electric Field 6
0.4 | | | | | | 20

20 18 16 14 12 10 8 6
Physical Gate Length (nm)

Today HfO, is established as
common High-k dielectric for
MOSFETs

kaOZNZO — B _ > -
Equivalent Oxide Thickness: EOT = (3 9/20) 6,1 nm=1,2 nm
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UNNERSITAT Further leakage mechanisms

DRESDEN

m Reverse bias pn junction conduction Ipn

m Gate induced drain leakage I p.
m Drain source punchthrough lpt
m Hot carrier injection |,

IHCI

Gate

Source /

pn
pt

Taken from F. Sill Micro transductors 08
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Guyunesr  Effect of d, scaling is weaker than expected!

DRESDEN

>

P- Substrate
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Guyunesr  Effect of d, scaling is weaker than expected!

DRESDEN

]
Quantum well!

P- Substrate
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Guyunesr  Effect of d, scaling is weaker than expected!

DRESDEN

]
Quantum well!

P- Substrate

-~

:‘1 wy Electron states!

W - { 'I
JI

-~
A\
NS NN

)
t
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Guyunesr  Effect of d, scaling is weaker than expected!

DRESDEN

]
Quantum well!

P- Substrate

-~

:;l wy Electron states!

W - { 'I
JI

Probability function!

-~
A\
NS NN

)
t

1§

Classical
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Effect of d,, scaling is weaker than expected!
DRESDEN —
/ .
Quantum welll Si-Gate
has
I two
quantum
P- Substrate
wells!
P 4
,:i wy Electron states!
W, : J
W,

W, 7 JJ.

Probability function!

20 30 4.0
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Guonversite  Effect of d,, scaling is weaker than expected!

DRESDEN

=
Quantum welll

P- Substrate

;Vi wy Electron states!

W, : J
s

Probability function!
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Si-Gate
has

two
quantum
wells!

Vq =28V
Na=7x10"cm”
! Tex =40m

Depth (nm)



DRESDEN

Guonversite  Effect of d,, scaling is weaker than expected!

=
Quantum well! Si-Gate
/ has
A two
...... ”
quantum
P- Substrate
wells!
o
WI wy Electron states! L R, e M-
Wy ‘l — ,;z«,
QI Balassld) \;% ‘\‘| 7 Classicsl :: ,: T':nma

wz ” V.
4 e poly depletion A

s N B S

b O0f OS Or 00 00 10 20 30 40
Depth (nm)

Probability function!
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@uinvesii  Effect of d, scaling is weaker than expected!

DRESDEN
A
Quantum welll Si-Gate
/ has
S — two
P- Substrate quan um
wells!
o
wl wy Electron states! T R e
3 QI Bai2280 lv A Classical VG'Z.GV" 3
Wy ? o s 5 d-—n
W poly depletion £
0 d x i LT
— e i ) \‘-""?

Probability function!

00 O0f OS Or 00 00 10 20 30 40

g . Depth (nm)

oo Classical Cap |

not real!

5 Real Si gate Cap 4{ T

56 e B B s Metal gate Cap 4{ -
Better!
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55?\5'5".42%';5 Motivation for HKMG - Gate Stack

DRESDEN

+« HKMG #1
= HKMG #2
- . *SION

Leakage a.u.

12 14 16 18 20

Gate Oxide Thickness, A

High-k/Metal Gate (HKMG) reduces gate leakage by multiple orders of magnitude
Allows further shrink and subsequently more I, at a given I ¢
Gives more space between the metal/poly gate and the contact

Reduces power consumption.
Can be combined with known stressors, like eSiGe and DSL

Taken from Horstmann DMA 2008
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DRESDEN

Initial High-K/Metal Gate @ AMD Dresden

01561-08
2380C5
Ueber Die 1
DLWFN1A, 2-3

_ HiK GF Transistor processed in Fab36

* HKMG #1

’f 30%

ﬂ:

= HKMG #2
o * SION

HiK

NMOS IDoff a.u.

&
O

O O

*
*

remeoct = 10X

-
mn .y

NMOS IDsat a.u.

*Gate First

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

oIt is a kind of straight replacement of the SION/poly by Hik/metal
*30% improvements in CMOS DC performance
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Taken from Horstmann DMA 2008



55?3&"!2'3% High-K/Metal Gate @ AMD Dresden cont.

Page:

DRESDEN

Alternative concept: Replacement Gate (RG)

MAL-01702-08
62MCC4

SRAM

n active
Replacement-Gate

Metal Fill
and
Polish

HiK RG Transistor processed in Fab36

65 L13 © J. w. Bartha 2021 TUD INTERNAL USE ONLY!

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

Taken from Horstmann DMA 2008
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Challenges associated with sub100nm scaling:
Short channel effects

DIBL
Shallow junction
Retrograde well
Halo Implant
SOI
Leakage + I, /I
High-k and Metal Gate
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DRESDEN

Challenges associated with sub100nm scaling:
Short channel effects

DIBL
Shallow junction
Retrograde well
Halo Implant
SOI

Leakage + I,,/T ¢
High-k and Metal Gate

Continue C> VIDEO >'"‘:

"SCT_5520_13.04" 1012 | uMINCEE
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TECHNISCHE c e W
UNIVERSITAT | = Héobr (V —V )2
DRESDEN Dsat G T

2d_ L

Poiycide. 8

.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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TECHNISCHE . . . .
umvensum Local strain: Stressed Liner Films (Mechanical stress)
DRESDEN

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

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

Si channel

w
o
*
/‘U
S
L
_|
=z
T
m
_|

Drive current (%)
"
‘e
\

compressive -

4

compressive -

tensile +

tensile +

(
/
I

®
\

ol

v

s |
s |
‘

1
 §
4

Compressive | Tensile

0
PMOS shown as example Stress * Thickness (a.u)

BOX

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

Taken from Horstmann DMA 2008
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65?&"&?.‘%’%5 Dual Stressed Liner: Process flow

DRESDEN

Compressive Tensile

Silicide formation

"

Compressive Stressed
Overlayer Film

"

Mask / Etch

"

Tensile Stressed Buried oxide
Overlayer Film

"

Mask / Etch

"

ILD dep / Contact

Taken from Horstmann DMA 2008
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TECHNISCHE DSL: X-Sectional Overview

NMOS PMOS
ey
X [ 3

Tensile PEN NMOS
m |

Compressive @ —— "
DEN

<
Inverter
é’.:lgf:.Border Region
Compressiv
\ PEN DSL process is used in
Tensile \ 90nm,65nm, 45nm
iy manufacturing and is
— extendable down to 32nm
technology

Taken from Horstmann DMA 2008
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IDOFF a.u.

UNIVERSITAT
DRESDEN

TE°“"'5°“E DSL: NMOS DC Performance

PMOS, IDOFF vs IDSAT

NMOS, IDOFF vs IDSAT
. S 1% s
OAA ° ’ =
R T 40nA/um .o ’ :
Loy 8 ; S o & ot
. ‘0 :QA Mﬁ ‘. ] (U .. * A AA .... [ ]
:‘ . OAAA %Agﬁ' [} 40nA/um & "‘ ” A?A . L™ l:
RN F 2 A 8 ' A Akﬁ ]
o A L] - AkA :
e QAA A§ ¢ A A
¢ o more more
——>  stress —* stress
800 900 1000 1100 300 320 340 360 380 400 420 440 460
IDSAT uAUm IDSAT uAUM

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

Taken from Horstmann DMA 2008
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ﬁﬁ?&'ﬁ.{éﬁ% AMD's eSiGe PMOS Transistor on SOI

DRESDEN

BOX

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

e Proximity
e Cavity shape
e SiGe quality (defects)

Key parameters for yield & performance:

—0—0 00 0
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SiGe flow:

Gate Formation

Disposable Spacer

Hardmask for NMOS

Cavity Etch

SiGe-Epitaxy (undoped)

Dispose Spacer

Standard Processing

Taken from Horstmann DMA 2008



ﬂﬁ?&'ﬁ.{éﬁﬂ? Local strain: embedded SiGe (lattice stress)

DRESDEN

Cubic Si Cub ic S i11.x Ge
77\
Force I I I I I 1’ 1 T
O
a. =5431A B -8 y
= mismatch = St as Ge_ . 41%

SiGe on Si

Buried Oxide
E/ / Strained

-> the epitaxialy grown SiGe is strained due to the lattice mismatch
-> tries to regain its ,natural™ lattice constant

-> uniaxial force compressing the channel region

Taken from Horstmann DMA 2008
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Embedded SiGe for PMOS

IOFF (Alum)

1st generation
SiGe

06F2
Mtle
P denso

3rd generation

SiGe

le-6|_--"|""|""|""|
I e Comp. Liner

e Comp. Liner+SiGe

e Comp. Liner+SiGe_Opt.
le-7 -
le-8 -
le_gl...l.Q-.l. 1 L1 ! Ll ! ! Ll

350 400 450 500 550 600 650 700 750 800

IDSAT (UA/um)
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Embedded SiGe for PMOS
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https://videocampus.sachsen.de/m/21ef2c7d4c123a424cb7dcba4c2254ba5f9f69ba64e2c32735ddd070bec8862952ed3d7d3db03b042e731eef77a16156a5f4c9a3a972f07982a5ca54bfc48bc0
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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.

The Logic Manufacturing Process
Flow

Ernest Levine- Prof.-College of
Nanoscale Science and Engineering,
University at Albany---

*Format obtained from presentation by Conrad Sorenson of Prax Air.
Modifications in Power Point done by Jobert Van Eisden. Build sequence represents
a typical build of any no of different manufacturers at 90 nm node or smaller.
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1. Process integration

1.MOS Structure, MOS Capacitor BGS I CS

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 Yo 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
1.5caling
1. Challenges
2.Material Equivalent Scaling
3.Further Concepts

http://www.computerhistory.org/siliconengine/timeline/
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http://www.computerhistory.org/siliconengine/timeline/
https://bildungsportal.sachsen.de/opal/auth/RepositoryEntry/5690753028/CourseNode/101358303504339/Lab%20task
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»Wissen schafft Briicken.«
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