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DIMENSIONAL SCALING CHALLENGES, DEVICE ARCHITECTURE &

MATERIAL INNOVATION

10-7nm: More trouble
Multi-patterning cost escalates
Introduce Co in MOL

SEREREEREE-A-4 80|

I14nm: FinFET
New architectures:
FinFET device saves the day

20nm: First sign of trouble
Double patterning (cost!)
Planar device runs out of steam

log, (#transistors/$)

Less happy scaling era
Still doubles but device
scaling provides

3-2.5nm: GAA
Fin based device runs out of steam?
Horizontal or Vertical nanowire, hybrid materials

Highly scaled new device architectures

7-5nm: At last ...
EUV reduces cost
Towards ultimate fin scaling /"™
Introduction SiGe p-channel

l 3nm

Hybrid scaling Ultimate finFET  CFET VFET

CFET, VFET, 2D, spin, ...

Scaling boosters
10nm RMC, SAGC, MG cut, FAV, BPR, SAB, ...

Track height scaling 3Fin > 2Fin > IFin?

5nm
Stanford IEDM’ 14

7nm
1pm

diminishing returns —d 20nmM
I 28nm ) I ,
. 90nm: BEOL
"“; Introduction of Cu
Planar: HKMG CNT FET
Happy scaling era
# transistors per area doubles '
every two year for same cost 4k Planar: Strained Si
Lithography driven scaling el
I 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025 2027 )’ear
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DIMENSIONAL SCALING CHALLENGES, DEVICE ARCHITECTURE &
MATERIAL INNOVATION

' § 3-2.5nm: GAA
DIMENSIONAL SCALING: LITHOGRAPHY DRIVEN N -2 o o out of steam?
50 o B . Horizontal or Vertical nanowire, hybrid materials
193i PATTERNING | z
45 N 193i Single Patterning !§ Highly scaled new device architectures
40 .
hst.. [
E 30 ' nate fin scaling /"1 STCO
= SiGe p-channel
T 25 - !
.g 20 - Sgpano 193i SADP - 1.75nm ‘
'5 5 2DNAND L. SCM. LI 2D EUV Single Patterning |_ 2 5nm i i
............................... 1D EUV Single Patcerning . 3nm  Hybrid scaling Ultimate finFET ~ CFET VFET
o flmereae. S 193i SAQP nm CFET, VFET, 2D, spin, ...
cor : ; ford IEDM’ 14
5 | o NAND wnamaced oy }EUV Multi- Scaling boosters Staﬂm
, S bitine. & woin, L RNING Patterning RMC, SAGC, MG cut, FAV, BPR, SAB, ... e
2012 2014 2016 2018 2020 2022 2024 2026 scaling 3Fin - 2Fin > IFin?
Year of 15t Production

CNT FET
Happy scaling era
# transistors per area doubles ,
every two year for same cost 4& Planar: Strained Si
Lithography driven scaling SR
I 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025 2027 )’ear

“mmec ‘



DIMENSIONAL SCALING CHALLENGES, DEVICE ARCHITECTURE &

MATERIAL INNOVATION

(

m
y 3-2.5nm: GAA
DIMENSIONAL SCALING: LITHOGRAPHY DRIVEN \ O 2 s of e
[ p— ... Horizontal or Vertical nanowire, hybrid materials
193i PATI'ERNIN{ 2
45 § Highly scaled new device architectures
0 | AREA SCALING: PITCH SCALING AND SCALING BOOSTERS g
PROCESS INNOVATION REQUIRED ON TOP OF GEOMETRICAL SCALING
s34 NN T T
S 10nm (7.5T) 7nm (T) 5nm (s1) 3nm (47) 2nm (3T)
& 30 4 ke Btk (0.52x) (0.56x) (0.52x) (0.55x) CcO
£ - e EEEs e HHE m
= \ Metal m ==l
< 20 A ¢ O o BT FERE N N Gp=3 1.75nm o |
k= 2DNAl B ke b ‘ ‘
G 15 I ' GP = 42nm, EUV = 18nm, HiNA ; ;
3 GP = 48nm. iSADP MP = 21nm, EUV SADP  C2C = 25nm, HiNA EUV Id scaling Uldmate finFET  CFET VFET
10 e mesion = ; MP = 28nm, EUV (SADP) C2C = 30nm. HINA EUV VFET, 2D, spin, ...
2D NAND, s SR SenmillE: C2C = 40nm, EUV . Stanford IEDM’ | 4
5 1| 3D NAND: bitline. MP = 36nm, EUV nf
SCM: biine & vl €2C = 50nm, EUV AV, BPR, SAB, ... @
o ‘ GP = 64nm, iLE? ,
2012 2 MP = 48nm, iSADP or iLE? Complementary FET n'
C2C = 68nm, iLE2 ‘ Buried Rail
e L 10nm | 7om | Som | 30m [ 20m
gate contact Pitch scaling Nl sl B B e
Scaling Boosters -20% -17% -20% -25%
()SADP = (193) selfaligned double patterning; ; LE=.= x times (ltho etch Total scaling 48%  -48%  -44% - 48% .45xj CNT FET
Happy scaling era
# transistors per area doubles I 90nm ’
every two year for same cost 4& Planar: Strained Si
Lithography driven scaling SR
I 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025 2027 year
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DIMENSIONAL SCALING CHALLENGES, DEVICE ARCHITECTURE &
MATERIAL INNOVATION

[

DIMENSIONAL SCALING: LITHOGRAPHY DRIVEN

Fin based device runs out of steam?

50 g3 PATI'ERNIN{
45

40

£ 35

=

o 30 -

-

[}

T 25 -

3’ 20 \

£ 2DNA %

O 154 I
5

10 - Logic metalhp,

10nm (7.5T)

Gate Pitch
>

Metal
Pitch

0 ; GP = 64nm, iLE?
MP = 48nm, iSADP or iLE?
C2C = 68nm, iLE2

" G0n

! M. Introd

: shARIC ()SADP = (193) self-aligned double patterning; ;
Happy scaling era

PROCESS INNOVATION

# transistors per area doubles

I 90nm

every two year for same cost
Lithography driven scaling

=
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4

AREA SCALING: PITCH SCALING AND SCALING BOOSTERS

\ m 3-2.5nm: GAA
"l B R i

Horizontal or Vertical nanowire, hybrid materials

‘umec

DEVICE ARCHITECTURE IMPACTS ELECTROSTATICS

Subthreshold Swing (mV/dec)

Straight Fin "% | Tapered Fin

120 UItra—Thln Fin : IIJ ll=

1o | FmW—Snm I = : | FinW=7-8nm |" II FinW=7-10nm |
. ! [
1

100 m... |3,.,m i \ Ly~ 22-24nm | |1

90 i:"_t| Gate-All-Around Nanowire 28-32nm

’.:;" Bulk Planar
80 | ¥ (Vys ~ 0.9-1.0V)
70 | FinFETs
60 i " (Vg ~ 0.7-0.8Y)
10 15 20 25 30
Lg (nm)

= FinFETs offered a Low-Voltage transistor option wrt bulk planar.
= To maintain electrostatics, simple FinFETs will hit limits

2005

2007

2009

2011

2013

2015 2017 2019 2021 2023 2025 2027

year

Highly scaled new device architectures

CFET VFET

Stanford IEDM’ 14

@ M

CNT FET



DIMENSIONAL SCALING CHALLENGES, DEVICE ARCHITECTURE &
MATERIAL INNOVATION
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DIMENSIONAL SCALING: LITHOGRAPHY DRIVEN

50 g3 PATI'ERNIN{
45

0 ; GP = 64nm, iLE?
MP = 48nm, iSADP or iLE3
C2C = 68nm, iLE2

" 50N
¢ Introd

: siinteny ()SADP = (193) self-aligned double patterning; ;
Happy scaling era

40
PROCESS INNOVATION
= 35
I 10nm (7.5T)
; 30 - Gate Pitch
o B S—
T 25
S \ P L
E 2DNA ®
15 I
V)

# transistors per area doubles
every two year for same cost
Lithography driven scaling

I 90nm

A

AREA SCALING: PITCH SCALING AND SCALING BOOSTERS

3-2.5nm: GAA
Fin based device runs out of steam?
Horizontal or Vertical nanowire, hybrid materials

A\

Highly scaled new device architectures
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DEVICE ARCHITECTURE IMPACTS ELECTROSTATICS

Vdd (V)

Device

Channel nfet/pfet
Gate Pitch (nm)
Gate length (nm)
Contact metal
Metal Pitch (nm)

=

2005
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2007

2009

2011

201

Low k dielectric

sznuon

)
mEC HIGH PERFORMANCE MOBILE LOGIC ROADMAP

Early fdry 2014 2016-2017 2018-2019 2020-2021 2022-2023 2023-...
production N4 (industry ref.) iNIO iN7 iNS iN3

Horizontal nanowire
stacked devices (CFET)
08 08-07 07.06 07-05 0605 ‘
FInFET FinFET FinFET or HGAA FINFET or HGAA HGAA Vertically Integrated
device circuits
si/si Si/81 {SiGe} Si/5iGe Si/SiGe (Higher mobility)
7090, 1931 64,1930 42,193 32, EUV TBD - =
30 2% 20 18-14 14-10 &
w w W or Co
5264, 1931 42,1931 32, 193i, EUV cutVia 24, EUV 18, EUV e
255 255 25524 2724 2721 of base CMOS:
Spintronics, 2D devices,
TaNITa + Cu TaNICo + Cu TaNRRu + Cu o Akernative meaals
Co via prefill

(Steeps-Siope switches) j




AS SCALING CONTINUES, CHALLENGES ARISE IN WET PROCESSING

Wetting and kinetics for
/— nanostructured surfaces

150
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60

apparent contact angle e’ (°)

!\\ |

30

o 30 50 30 120 150 (i) 2
contact angle on flat surface 6 (°)

Actual wetting states confirmed by optical
reflectometry; Xu et al., ACS Nano (2014).

o
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mmmmmmm
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OH-stretching

Intensity (a.u.)

4000 3500 3000 2500 2000 1500 1000
mmmmmm ber (cm™)

ATR-FTIR;Vrancken et al., Langmuir (2017).

3D structures with more surface area
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Capillary force induced
pattern collapse

/_

Si pillars Si fins

AR~20

Low k: 45 nm L/S,
AR~5

in-situ TEM observations

[T

Xu et al., Mirsaidov, Semicon Korea (2017).

High surface to volume ratio 2>

\ - interfacial phenomena /

integrity

8

_\

AR~10

Selective etch

4 requirements

cme
cC@g®

)

Q
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Si NWV release VLS| 2016

Si NS release IFT 2017

SIO/SIN HM

SIN liner

Decoration layer
[PEDNPNPEP NPT
i s p

o

STI oxide recess,
SiNx compatible

IE AR A,
A Si substrate

200nm

Cu recess to
enable FSAVY

dimensional scaling = introduction

Qechanical stability and structuraI/

of new device architectures and
Knew selective etch requirements




KINETICS MAY VARY IN NANO-CONFINEMENT

Wetting

250 300 [ H 2 3 4 5 €
[IPA] (mol%)

100 150 200
time (min)

(a) IPA concentration profile
oscillating around the critical
concentration and (b) the
corresponding wetted area
fraction as a function of time

Wetting hysteresis

.\H

electrical double layers

microchannel nanochannel

lonic concentration

Electric potential

lonic concentration

Electric potential

H. Daiguji, Chem. Soc. Rev. (2010).

water structuring

Incomplete tetrahedral

. Complete tetrahedral
coordination

coordination

Absorbance

Warenumbers fem-1)

Vereecke, ECIS (2017).

Differentiation between Wenzel / Cassie-
Baxter / Mixed wetting states

Overlap of electrical double layers (EDL) in

nanochannel

Woater confinement

In-situ study of wetting stability and

hysteresis on initially non-wetting substrate

Depletion of ions with same charge as
surface in channel: no electroneutrality

Formation of ice-like water in
nanoconfined volumes

Wetting hysteresis observed (Vrancken
et al., Langmuir 2017).

= pH shift expected (D.Bottenus et al.,

Lab on Chip, 2009, 9,219.)

* Depletion etchants (A. Okuyama et al.,

Solid State Phenom. 2015, 219, 115.)

= effect of water structuring on
diffusivity of chemical species in
nano-confined volumes expected
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CAPILLARY FORCE INDUCED PATTERN COLLAPSE E‘
IN SITU CHARACTERIZATION OF DEWETTING AT NANOSCALE | 4 d’ [
= Real-time visualization of pattern collapse with TEM in liquid cell. I Eﬁ""’"ﬁj I
Reabime visualzation ofpatern col ;
= Polycrystalline Si nanopillars, height = 450 nm. 1: Liquid cellwith nanopillars
2: PDMS gasket
= Formation of clusters due to capillary instabilities. R 344 Botlom and op piecs of cusom

brass retainer for TEM holder

A A LA L
e
E 15s 30s 455‘“‘65!‘“‘11:

Ty
R

nanopillars islands.

e&_gradually towards bended

00
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PATTERN COLLAPSE/STICTION FREE DRYING

/ IPA dry \ F Surface functionalizing chemistry (SFC) \

= Replace water by low surface tension (y) = Reduce capillary force by increasing contact
solvents to reduce capillary force; angles (0) of rinsing liquids;

= Improve evaporation rate (gas flow and = Reduce surface adhesion force, more relevant
heat) when IPA dry is used after SFC;

= |mprove on IPA quality = Further reduction capillary force: towards

sublimation drying
Si nanopillars with native oxide Increase surface hydrophobicity reduces pattern
DIW (y=0.072 N/m)  IPA (Y =0.022 N/m) collapse in water (not necessarily for other solvents!)

(i) (ii) (iih (IV)

(v) Q

“umec I



SELECTIVE ETCH REQUIREMENTS



SELECTIVE/ISOTROPIC ETCH OPPORTUNITIES (VWET/DRY)

FINFET - GAA > CFET

20 ==

Oxide etch
Nitride etch
Semiconductor etch
Metal etch

e

10 ==---

MHM/ESL removal (BEOL)
Metal line recess (FSAV)
Contact recess (SAGC)
MHM removal (MOL)

5 CESL removal

VWFM patterning

10 (dummy) OX removal
Dummy poly removal
ILDO recess (MGC)

STl recess

“mmec

MHM/ESL removal (BEOL)
Metal line recess (FSAV)
Contact recess (SAGC)
MHM removal (MOL)
CESL removal

WFM patterning
Channel releae

10 (dummy) OX removal
Dummy poly removal
Inner spacer etchback
Cavity etch

ILDO recess (MGC)

STl recess

MHM/ESL removal (BEOL)

Metal line recess (FSAV)

VWFM patterning

Channel release

10 (dummy) OX removal

Dummy poly removal T
Upper contact recess

Upper channel recess

N/P isolation recess

Cover spacer removal I
Lower contact recess

Lower channel recess

Sacrificial oxide recess

Bottom isolation recess

Inner spacer etchback .
Dummy OX removal

Dummy poly trim

BPR cap recess

BPR metal recess

20



SEMICONDUCTOR ETCH: GAA SELECTIVE ETCH REQUIREMENTS

Poly removal

o) oxide spacer

oy

Sac.

Channel Chanpel

=

J Inner

Channel release HKMG

spacer i FKFG.

"M EC Mertens et al., IEDM (2017).

/— Si NW/NS release j

Dry Wet

QUEER

-

>

Mertens et al., VLSI (2016). ITF (2017)

f SiGe NWV release ~N/ Ge NW release ~

Wet Entegris

>4

Wostyn et al., ECS (2015).

Sebaai, UCPSS (2016), Witters, VLSI2017.



SEMICONDUCTOR ETCH: GAA SELECTIVE ETCH REQUIREMENTS

Poly removal Channel release HKMG

oy

ide cer { (= Vi
0 Soxc Spa J nner spacer i HKMG
ac. J

Chﬂn,"e‘

Channel

el
Inner spacer.

FORMULATED MIXTURE (wet)

For both HCI (g) and formulated mixture, selectivity increases strongly with increasing Ge%.

Anisotropic selective etch. Process time ~ hour Isotropic selective etch. Process time ~ min
T (°C) SCREEN
1000000 800 700 600 500 400 - 1.6402 5
(37— Ge melting point m Si A U {
~ o Si_Ge, 5 ‘
~ i 4 SiiGe. . j ; _
E H . * Ge é O Ht B
E 10} 0w ] o o E 1Es01 f
E / % - (= g
;3’ ‘ Changing regime %%, CD Q — < %
@ 3 temperature '30/) % — g
) - - o £ LE00 |
08 08 10 11 12 13 14 15 y = O
1000/T (K Leo1
- Bogumilowicz et al. Semicond. Sci. 0 10 20 30 40 50
mmec Technol. 20 (2005) 127. Si, Ge, (%)



DIELECTRIC ETCH

Si, SiGe, Si/SiGe fins

FinFET/GAA/CFET/VFET
ﬁlSiGe, GAA Fin reveal (SiO,/SiN etch) Isolation recess (SiO,/SiN etch) \

~

STI G

SiN liner

Bottom isolation recess (SiO, etch)

/
N/P isolation recess (S5iO,/SiN etch)

Mertens et al., [EDM (2017).

umec Pacco et al., SPCC (2018)

Memory

Selective SiNx removal for
3D-NAND fabrication

EmaE Ty

T e L LY

SiN recess




DIELECTRIC ETCH
/ FinFET/GAA/CFET/VFET ~. ~—— Memory
s

i/SiGe, GAA Fin
ctive SiNx removal for

AND fabrication

Si, SiGe, Si/SiGe fins

SiGe/Si fin protection by SiN STI liner

STICMP and
| | HM removal Fin reveal __ -~ .
w/oSiNliner u u » "R EEn Fin profile Siconi fin reveal;
STI sn ™y B, ., deteriorated confirmed by EDS
SiN liner nnn s by SiG idati
l!l A y SiGe oxidation ‘,
=1 u and Ge diffusion
GAA inner spa Identical STI
densification ;
< g Straight fins and
' N :
- = [ 3o sharp SiGe corners
w/ SiN liner J LI L maintained

SiN recess

. Mertens et al., [EDM (2017).
unec Pacco et al., SPCC (2018)




METAL ETCH

C:

A\

— Selective removal

RMG WFM patterning

WFM removal in limited spaces

MHM/ESL removal

TIFX residue) removal

NMOS  PMOS

TaN or HfO,

~ Controlled metal recess: BPR, FSAV, SAGC, CMR  —
BPR metal recess FuIIy SeIfAllgnedV|a

120m hp Cu ©

A vk Sl IRV s

SAV (left) and FSAV (right)
~Metal recess

CFET: cosntact metal rail

Sp

ek
e
fitif

A~ -
To :*: =
p ;—- o~
contact T -
P =T
Do — ¢ Wow— Vy—
Bottom EEEE
contact

Dn

10 um pitch (CuNiSn bump)
Vertical GAA-NWFETs

RMG module VGAA-NWF ETs

TaN or HfO,

R [

l Si wirel

1|
\_

mec

Oniki et al., SPCC (2018).

Veloso, ECS (I7); Murdoch, IEEE (2017).



CORE CMOS PARTNERS

LOGIC / MEMORY IDM & FOUNDRIES
&‘Vé @Hlsulcom Panasonic

(intel’) Puimsunod

@ELDEALFDUNDRlES -

HUAWEI
= .
Acron  SK hynix  DarJi SONY QUALCOMWW

FABLESS & FABLITE

ARM

San)isk’ TOSHIBA & XILINX. socionext

EQUIPMENT & MATERIAL SUPPLIERS / OSAT / EDA / JDP PARTNERS
s’ . . i
ASML  ASM Y QIARREER HitachiHighTech  KujYencor ~ Alam  scrEEN
*e
CYMER C CCANON ANELVA CORPORATION ¥ "@' * e L iy
SASHL gy anon AIXTRON E}"RY%.?‘. g T,:WEEL pisco a " Ultratech SUSS Micralec
w PA@NGSAN Pmé RIBER 7MEIC . com PUACTEP2  (Kurita B eanaa  #Solmates
[SYSTEMS |
QWJORDAN VALLEY S
yal O Gk oBes' Dintek OETMD NFARE s @owascs  seué KaNRK3
i
. i i ¢ Soi
2 JX Nippon Mining & Metals (8 . MERUK TOPPAN ﬁnpna 5|Itron|c‘ - Soitec
Entegris :
&\)”
0. BasF FUJIFILM 4
brewer science

JSR Micro

€5 NISSAN CHEMICAL INDUSTRIES, LTD. @ Shinftsu & SUMITOMO CHEMICAL DONGJIN tnk T Cherknt Corpary
o
° oba solutions m
glob I*TCADX It

$srinko @mkor @) it g” Qs cadence  Menfor Synorsys

“mmec



http://images.google.com/imgres?imgurl=http://www.lt25.nl/sponsors_files/oxford-instruments.jpg&imgrefurl=http://www.lt25.nl/exhibition.asp&h=412&w=1246&sz=146&hl=en&start=10&um=1&usg=__97UrMVsVsEvckB1DhXeahbPIud8=&tbnid=hLXTCTSIlNP25M:&tbnh=50&tbnw=150&prev=/images?q=oxford+instruments&um=1&hl=en&safe=active&rls=com.microsoft:*&sa=N

Lihnec

embracing a better life

mec . CONDENTAL ~ INTERNAL USE



