SN
Y

I( % S WORKSHOP — Sustainable Electronics & Grenoble (France)
. , . . : April 26-28, 2023
International Cooperation International Cooperation On Semiconductors L

W\ R TR

FDSOI engineered substrates for
advanced computing

Sébastien LOUBRIAT - Technology Manager FDSOI

Christophe Maleville (CTO), lonut Radu (R&D Director) , Guillaume
Besnard (Techno Manager)

siitec

S .
' e e\
WORKSHOP - Sustainable El’ec((oﬁi\c“s‘ Rr=gy
International Cooperation On Semicehductors
.. Sébastien Loubriat.

SiNANO
Institute




|C S Outline

International Cooperation
On Semiconductors

1- Introduction
2- FDSOI Technology
3- FDSOI Innovative substrate platforms

4- Extending FDSOI Roadmap
5- Take-Aways

— WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
T — Sébastien Loubriat, Soitec



|C S Outline

International Cooperation

On Semiconductors °

1- Introduction
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In the value chain

END MARKETS

sisitec

LEADING
SUPPLIER

MOBILE
COMMUNICATIONS

AUTOMOTIVE &

BULK ENGINEERED FOUNDRIES | DESIGN | FABLESS INDUSTRIAL
MATERIALS SUBSTRATES

SMART DEVICES
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A mature technology enabling powerful substrates for many applications

TECHNOLOGY

A - 1. Initial silicon s C D Mone-cysa Top "
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- . 2. Oxidation
A
: Y ——".“‘..‘ | (" Active layer )
E A ";b | 3. Implantation

4. Cleaning and bonding

: \,//

R ﬁ __________________________________ ( Functional/insulator layer )

5. Splitting

A 4 . _
6. Annealing and CMP

I - 9 touch Dolishing High Resistivity Silicon
L. Donor wafer becomes new wafer A

_______________________________________ ' SOII wafer Base wafer = mechanical support
Silicon or easy to handle & active
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Tightly adjusted for each application
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2- FDSOI Technology
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FD-SOI technology

A key technology at the crossroad of 3 orthogonal markets

CONNECT

MAIN DRIVERS
* 56 mmW

* 5G sub-6 GHz
* Mobile infrastructure
* Wi-Fi 6

SOITEC PRODUCTS

Connect RF-SOI

Connect POI Connect RF-GaN

-

/ N

AUTO

MAIN DRIVERS

* Autonomous cars
* Vehicle electrification
* Infotainment

* Industry 4.0

SOITEC PRODUCTS

Auto Power-SOl

Auto SmartSiC™ Auto GaN

SMART

MAIN DRIVERS
« Edge computing

3D sensing & Healthcare
« Smart home & Smart cities

e Data centers

SOITEC PRODUCTS

Smart Photonics-SOIf Smart PD-SOI

J

o

Smart Imager-SOI

AJ
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FDSOI Key features

Ultra Low Voltage
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FDSOI Key features
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10X energy efficiency gains
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Body Bias Reliability
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20x Soft Error Rate
improvement vs. bulk
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point (<0.4V)
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S A multi nodes FDSOI substrates roadmap

Evolutionary scaling through FDSOI roadmap

* FDSOI substrates generations named eSoC
(electrical Shrink On Chip)

Towards zero poxer and cost optimization
Single & Multichip gen

Low Power

Higher Fmax

More Energy efficiency
Higher performance
Digital & mmW co-integration

More Intelligence and Connectivity
Higher edge computing

High speed network

High speed connect

FDSOI
substrate

Dev
Phase

Target node

BOX Si thk

Top Si WiW

Top Si mobility

Defectivity threshold

Handle flatness

HR compatibility (option)

Sébastien Loubriat, Soitec

eSoC.3
eSoC.2

22-18FD 12-10FD

15nm 25nm 20nm 15-20nm
[ I A I N

30nm 12nm 12nm 12nm

(R I A I (O B
+/-1.0 nm +/-0.5 nm +/-0.4 nm <+/-0.4 nm

Si unstrained Si unstrained Si unstrained Si unstrained

90nm 35nm 35nm <30nm

[ N Y I A I
Further

improved improved

250-1000 Q).cm 250-1000 (.cm 250-1000 Q.cm
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Atomic size control of SOl uniformity

Soitec State of the art — eSoC.2 performances

Millions wafers controlled
at atomic level, all points,all
wafers

Mature process and yield
in HYM
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266um x 2686um
thickness scan

D123 4 56TE8

e P T e

Die level thickness range

+4A o -

Top Silicon
Full wafer thickness deviations

Target

-4A
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3- FDSOI Innovative substrate platforms
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[
High digital, analog & RF performances
-y Hywv 3 market drivers for eS0C.2 HR & eSoC.3 platforms :
@ Development Al MCUs , 5G mmW & Automotive
Arbe Robotics ; 4D imaging radar
AN 22nm FD-SOI

Future evolution

o0

Digital / Analog Performances & Technology scaling

Google Pixel 6 Pro 5G mmWave chipset
- Reverse engineering overview

RF Performance

>

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
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eSoC.2 HR

eSoC2.HR enables digital & RF co-integration performances

Improved uniformity

S0l thickness
uniformity

Less roughness variation

VT corner tightening / Design margin

eSoC.2 HR FDSOI substrate

Roughness
DRM 60 max

——\ /-
Defectivity (

-

Lower killer defectivity

Analog mismatch / Energy efficiency

threshold /| 3/m

Ultra Thin BOX
15-20nm

Yield / Robustness

Y

.
BOX thickness

Energy efficiency

Handle wafer 250-1Ko High Resistivity

Reduced bady biasing applied voltage range

 J

Handle wafer Silicon High Resistivity

resistivity

hm.cm

Fuumios bry lhee Formpe s ey

RF perf. (Linearity, Q factor...)
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*Interstitial Oxygen concentration

[Oi]* control is key to manage technical risks

High Resistivity Si

Cz with Qi
Oi BMD
Oi and no BMD precipitation BMD precipitation and lower Oi
— TD (thermal donor) — lower TD
generation, resistivity shift — BMD, modify mechanical behavior

Thermal Donor TD

L—o0i—)

BMD Bulk Micro Defect

TD generation or BMD precipitation from Oi
depending on thermal budgets

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
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° *Interstitial Oxygen concentration

[Oi]* control is key to manage technical risks

BMD level too low

High Resistivity Si

Cz with Oi BMD level
Oi BMD
- “ TD level
Oi and no BMD precipitation BMD precipitation and lower Oi
— TD (thermal donor) — lower TD
generation, resistivity shift — BMD, modify mechanical behavior

Thermal Donor TD

10000 000

‘ . ﬂ‘ P/N junction @50um depth /
OI 1000 000

p-type n-type
B M D Bulk Micro Defect \

\\ Residual [Oi] too high

10000

Resistivity (Ohm.cm)

TD generation or BMD precipitation from Oi
depending on thermal budgets

100

0 20 20 60 50 100
Depth (um)

BMD level too high

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
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Resistivity predictability

Rho par rapport a Depth

Back-end of line simulation
=> DGA (Donor Generation Anneal) on final SOI substrate between 400 & 450°C

2000

J’—“I—_ T (rﬁ T T T T !
1 ( II INITIAL OXYGEN (PPMA),
( |\| < 40
. ! | \ L 4
i SRR | 1000 |
[ 11 a
6 | ® 714 4 900
m'l Pt 300
o P \\ | esistivity N
~s r | ( il sample A — resistivity final SOI
_‘-". . H ‘? \' 600 —— sample A - resistivity post DGA
= J[II Iil|\ h -~~~ sample B - resistivity final SOI
. i (Bl >0 — sample B - resistivity post DGA
£, I i
s 1
s | p
I ll\
= |’
- (I 7
A\ o
. /%ﬂ I OHA- 00 SRP (Spreading Resistivity Profile)
I
0 1 I 1 a0 L

300 500 100 900
ANNEALING TEMPERATURE (°C)

0 20 20 60 80 100
Source : Cazcarra and Zunino, J.A.P 1980 Depth

Resistivity stability post DGA : validates eSoC.2 HR process & material orientations

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
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At device level

RF Performances Logic performances Wafer processing

10 1

MOSFETs Threshold voltage and I_, /I
Base waf istivity: == 10 Q.
e = soorfcnm tradeaff . ON/ OFF Susbtrate Std FDSOI HR FDSOI
EM Simulations Measurements [u] ubstrate
- 1000 Q. T T —T NMOS Threshold Voltage - S
' S, T A il e e 2 = Overlay [u[+36=82nm | |u|[+36=8.4nm

20}

= o

g § 5 T R Source : STM. 2021
= 1
o 10 } g 21 [|
< ol M n [
a SELEPPILP PSSP ES S
0 i ! | 3 J 10} b BT T B - e~ 2 Vg V) ¢
0 5 10 15 20 25 e e e e s e ﬂ — ﬂ
Frequency (GHz| N O K Nmos me o5t Substiate NMGS RVT
g : #‘” 5* Adapted from I. Bertrand et al. ECS 2022
= o L2l ]
Adapted from L. Nyssens et al. MIKON 2022 L. Nyssens et al. EUROSOI 2022 g o o - 9-!3"
£ 9
_wsno 1000 1250 1500 500 750 1000
low (pA/pm) low (wApEm)
Adapted from I. Bertrand et al. ECS 2022
50% inductor Q-factor improvement and Moving to HR base impacts neither wafer processing nor
increased effective resistivity logic devices performance

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
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Innovative substrate pushing device gains / performances

VT corner tightening / Design margin

Y

o Improved uniformity
20 I(? ness i 3.5A
S eSo0C.3 FDSOI substrate

Analog mismatch / Energy efficiency

Less roughness variation _
Roughness >
DRM 60 max
Defectmty ;" \'-1 Lower killer defectivity Yield / Robustness
threshold ', < 25nm .-' >

@ @
Ultra Thin BOX / \ Energy efficiency
Reduced body biasing applied voltage range
Better handle Flatness Advanced nodes process compatibility

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
. : . . 22
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Ultimate thickness control at each spatial frequency

114 115 116 117 118 118 120 121 122 123 124 125 12¢ 114 115 116 117 118 119 120 121 122 123 124 125 126 114 115 116 117 118 119 120 121 122 123 124 125 126

Global Tsi uniformity (41 points per wafer measuring min / max)

+/_5A +/-4A +/-3.5A
Roughness DRM 60

<10A <8A <6A

PSD (arbitrary unit)

0,004 0,006 0,01 002 003
spatial frequency (m-1)

005 007 (91 02 03 04 06 0B q 2

From Local ...

Transistor

s

Spatial period

Elementary
circuits

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Sébastien Loubriat, Soitec

Integrated
sub-circuit

Best In Class

wafer

f

value normL2.
L]
. 30
L1
0
.00
B <10
<20
30
W .40
.40

to Global thickness control

10mm

SOl

> 10mm, wafer scale

SiO02 (BOX)
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4- Extending FDSOI Roadmap
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Going beyond 10nm ?

Performances
improvement

u booster

Digital / Analog mismatch
RF Ft / Fmax

Energy efficiency

Strain SOI

Extending FDSOI substrate
roadmap with 3D Device

Process tightening
Energy efficiency
Yield robustness
Analog mismatch

22-18nm
FDSOI

architecture

eSoC.1

Egg; HR compatibility for mmW / Digital co-integration

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Sébastien Loubriat, Soitec
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Innovative substrate pushing device gains / performances

Mobility booster Mobility, drive & leakage >
SOl stress N
- Strained SOl substrate

* Drive current enhancement for elementary NMOS transistors

I —

Strain = (ag, ra,)/ag (%)
0.0 05 1.0 15 2.0 Ultra thin layer strained SOI E
O O
5 [N =1e13cm ] 6
E [ Chan.Qop.= 2e17 M ]
+«~ 2.0
é L > Electron - Eq|
8 | ] 2
S 15fef ] £8 | Olerr SO
5 L Prad - ® |y SOI
L Hole |
% L / -9 . Olerr sSOI
10 ®|oysSOI
<} ONS
= r _.__,-4“/ 10 .
200 400 600 800 1000 Fig. 1. TEM picture of 3
0 10 20 30 40 50 9. pichre
Equivalent [Ge] in Fully Relaxed SiGe (%) lerF or lon (MA/UM) SSOLNNOS it g 0

Fig. 4. Mobility enhancement vs. strain and [Ge] in strained

Si/reloxed SiGe MOSFETs at 1e13 cmZ carrier concentration.
O. Faynot et al., IEDM’10

* Strain relaxation for PMOS co-integration

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors

Sébastien Loubriat, Soitec 26
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Technical challenges , perspectives

Cristalline quality considering defectivity (Threading Dislocations Density, Voids)

. sSi
Hetero-epitaxy
Lattice mismatch between Si and SiGe
Cross-hatch Buk Si
Pile-up

S Donor wafer

Threadin’g

dislocations => Transferred by SmartCut™ to

obtain a sSOI layer

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors

Sébastien Loubriat, Soitec 27
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Technical challenges , perspectives

Cristalline quality considering defectivity (Threading Dislocations Density, Voids)

Hetero-epitaxy
Lattice mismatch between Si and SiGe

K Cross-hatch

/~~ "\ EUROPEAN s
gl CHIPS ACT == 1I]

Donor wafer

-

Threading P = == ™
disl ti <4 afe = .
islocations | +3 a0 > Transferr.ed by SmartCut™ to cea B
obtain a sSOI layer J

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Sébastien Loubriat, Soitec
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Gate-All-Around & CFET

For GAA devices For CFET devices

e  Ultra-thin FD-SOI substrates, allowing uniform Si/SiGe
superlattice growth

e Buried oxide cancels leakage current and brings lower
capacitance with respect to bulk

e  Multi-layered FD-SOI substrate featuring Hybrid
Orientation Technology, maximizing mobility

e Channels isolated from each other, enabling material co-
integration

e Buried oxide to better control elevation during processing

FD-SOI + GAA grating layers

CFET
substrate

I 40nm SOI (45°)

t 30nm BOX
t 30nm SOI (0°)

I 65nm BOX
Silicon layer #2

Buried Oxide layer #2
Silicon layer #1
Buried Oxide layer #1

U"tf'&th,‘n‘ highly uniform St tayer
Buried Oxide

Silicon substrate

Silicon substrate

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Sébastien Loubriat, Soitec
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Ultimate 3D integration and co-integration

FD-like, ultra-thin layer transfer on processed wafers for:
e CFET-like scaling approach
&
e Heterogeneous integration

===
Si layer thickness measurement

) : Si layer roughness .
121pts ellipsometry mapping Si (nm) 30x30pm2 AFM scan Bozdlng
150 .24 oxide 3
<126 - =] E
e sleh MIBW ,
.

<130
<132
<134
>=134

Transferred Si layer

Y position [mm]
ini

Bottom tier FINFETs

1.16A RMS

415 -100 50 0 50 100 150
X position [mm]

‘unec

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
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5- Take-Aways
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* FD-SOl is progressing rapidly across all the three orthogonal markets, especially in 5G mmWave, AloT & Edge
computing

* FD-SOI Innovative substrate roadmap is in phase with advanced CMOS evolutionary scaling

* eSoC.2 HR & eSoC.3 FD-SOI platforms open huge opportunities for digital, analog & RF performances

* Extending FD-SOI roadmap can scale beyond 10nm through sSOI & 3D Integration opportunities

*Time is of the essence: Engineered substrates are at the beginning of the value chain and require
collaboration, investment and strong motivation to happen

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors

Sébastien Loubriat, Soitec 32
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