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SiC Power Devices | EVG

Trend for faster EV charging requires higher charging voltages - SiC as an enabler
= High adaption of SiC for inverters as well as high-power DC-chargers
= SiC is forecast to have 90% penetration in 800V by 2028

=800V
w Maserati
@ YOLE GenesisGveo <PengG9 GranTurismo
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2017» 2018» 2019» 2020» 2021» 2022 2023P Source: Yole Intligence

Smart #1 EV Tesla Model S

Tesla Model 3 Tesla Model Y Ford F-150 Lightning ? ‘
@ YO LE Non-exhaustive list

400V Nio ET7 Nio ETS

Continuous adaption of SiC in 400V EVs, still main segment requiring SiC devices; competition from Si-IGBT devices
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SiC Power Devices |

SiC MOSFETs have superior device performance
compared to conventional silicon-based devices
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Image Source:
powerelectronicsnews.com

= Lower energy losses

= |mproved vehicle performance

= Superior temperature resistance

= Increased efficiency

= Reduced size and weight compared
to conventional inverters

Wider Bandgap
(3 times of Si)
|

l l

SiC Material

Higher thermal Lower carrier Higher breakdown
conductivity concentration field strength
Higher temperature Reduced thickness
capability at the same voltage level
+
Smalleron-resistance
and die area
SiC MOSFETs ¥ ¥ ¥ l ¥
Lower energy Higher High voltage Smaller
losses switching speed and high current module size
1 devices
Higher switching
frequency

Shi et al., IET Power Electron. 2023;16:2103-2120

Converter/inverter Higher efficiency

Higher power density Smallersize
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SiC Power Devices | Manufacturing Challenges EVG

@ SiC manufacturing processes are not mature yet and face a lot of challenges

Substrate Manufacturing Chip Manufacturing Packaging

@ Challenges: @ Major concerns are related to SiC substrates
= Substrate Cost = Cost, Defects, Supply, etc.
= Defects
= Complex Processing Several routes to reduce cost are considered
= Reliability - Novel Wafer Slicing Technologies
= Yield - 8 inch Manufacturing
= Limited Economies of Scale - Engineered Substrates
= System Cost =% ... and many more

Raw wafer accounts
for almost 30 % of
die manufacturing
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Vertical SiC Power MOSFET |

Conventional vertical

SiC MOSFET High quality
mono-crystalline
Gate SiC substrates

sourcer| I | . ..

are expensive !

Epitaxial SiC Layer

Mono-SiC Substrate

@© PGC SiC Consultancy
PGCConsultancy.com

Drain

Image Source: PGC Consultancy

EVG
Cost-effective vertical SiC
MOSFET
Gate
Source _ Source
| Epitaxial SiC Layer Thin mono-
Bonded mono-SiC . .
¥~ crystalline SiC on

Poly-SiC

«— topofless-
expensive substrate

© PGC SiC Consultancy
PGCConsultancy.com
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Conventional Fusion Bonding vs. ComBond® Technology EVG
-7~ B Plasma activated Fusion EVG ComBond®
i , Bonding
(1] ' - il
» (Native) Oxide Layers Oxide Removed
EVG Gemini FB N EVG ComBond®
Bottom Water

Top Wafer
Bottom Wafer

@ Oxide interface

Top Wafer |
Bottom Wafer

@ Oxide-free interface

(—)) Enables conductive interfaces
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Conventional Fusion Bonding vs. ComBond® Technology EVG

Parameter

Pre-Treatment
Treatment Effect
Environment
Post-bond Annealing
Bond Type

Bonding Interface

Possible side effect
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Plasma-Activated Fusion Bonding

Plasma (02 / N2)
Activation / Oxide growth
Ambient air

Yes (typ. > 200 °C)
Covalent

Oxide-Oxide (e.g. Si/Si02-Si02/Si)

l

Gemini (FB) Wafer Bonding Platform

ComBond® or Covalent Bonding

Sputtering (Accelerated Ar ions)

Oxide removal

Ultra-high vacuum (avoids re-oxidation)
No (room temperature bonding)
Covalent

Oxide-free (e.g. Si-Si)

Thin amorphous layer (nm range)

l

ComBond® Wafer Bonding Platform
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ComBond® High-Vacuum Cluster EVG

Fully automated wafer transport and handling at a base pressure of < 5-10-8 mbar

Process

High-Vacuum Cluster Features
Modules

= 6 or 8 inch configuration
= Manual, cassette or EFEM loading with load lock functionality
= Up to 6 free high-vacuum ports for process modules

= Base pressure < 5-10-% mbar (with bake < 24 h)

= Minimal cleanroom footprint

Top View Front View
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SiC - SiC Bonding | Process Flow
@ Direct bonding of Silicon-Carbide without any interface layer

Process Flow

’ ) High Vacuum (< 5-108 mbar)
1 High Vacuum
Bonding
3 Wafer-to-Wafer praT—

-

ComBond® Alignment

< ST . - |

- -

In-situ oxide In-situ Low-force room-
removal alignment temperature bonding

-
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Thermal Annealing
(external batch process)

Test Wafer Specification:

= N-type 100 mm research grade 4H-SiC
= 350 pum thickness

= Double-side polished

= Si-face with epi-ready quality

= < 0.5 nm surface roughness
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SiC - SiC Bonding | Characterization

Vacuum

N Metrology

Surface roughness Surface roughness

High
ComBond®

Activation

Geometry (bow, warp, TTV) - Geometry (bow, warp, TTV)

Oxide thickness 3 Amorphous layer and reoxidized layer

thickness
Chemical composition of surface Chemical composition of surface -
- - Bonding Quality
- - Bonding Energy
Amorphous layer thickness Amorphous layer thickness Amorphous layer thickness

Elemental composition of bonding
interface
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Pre-Bonding Characterization |

Low surface roughness is preserved during wafer activation process

Before surface Activation After surface Activation

&= 350 pm

0.0 Height Sensor 2.0 um 0.0 Height Sensor 2.0 ym

R,=0.76 A R, =0.98 A

Surface roughness well below the requirement for fusion bonding (< 5 A)
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Combond Activation Module:
In-situ surface pretreatment
based on dry etch process
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Pre-Bonding Characterization | EVG

Oxide removal after ComBond® activation confirmed with XPS measurements

Before surface Activation After surface Activation (ex-situ)

o Measured
— Carbide <
. SIOxCy weme e zgx
S| 2p P SI0x0y 0| == e
region £ ‘ £ o) corbe Composition of the re-grown oxide (SiO,) is different
carbide [/ | . . e .
o ovide, than the native oxide (Silicon Oxycarbide)
T i T e Oxycarbide peak disappeared which indicates
Mesured — successful oxide removal
Z\:ra\ll\l / Carbide :\ésra\lﬁl
«c . . .
C1ls = Sy e Increased Carbon content due to selective sputtering
region = | a) of the SiC surface by Ar atoms

Carbon

287 286 285 284 283 282 281 287 286 285 284 283 282 281

Binding Energy [eV] Binding Energy [eV]
X-ray Photoelectron Spectroscopy (XPS)
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Pre-Bonding Characterization | EVG

Amorphous layer is forming during ComBond® activation

1.26nm 0.28nm
2 = ——
£ & 4
50 A |
> 2 7 | B
2 ' = Amorphous
2 [ i 20 0.23nm layer plus the
4 2 0 2 4 E re-grown oxide
X (cm) X (cm)
1,7nm
Activated Wafer Activated Wafer
Oxide Thickness Amorphous layer thickness
1,24 nm 0,26 nm
Variable Angle Spectroscopic Ellipsometry (ex-situ) TEM measurement

The evaluation model of the ellipsometry was verified by TEM measurements
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Bonding Characterization |

No remaining stress after bonding process

Incoming wafer <11 ym bow, <15 um TTV
X axis y-axis
20 ' ' ' ‘ ' - 0
: . Incoming wafer bow of single
S| : 1 : / | wafer fulfils requirement for
£ 2,6 ym \ 10,7 pm : . .
gl - ‘ . fusion bonding (< 30 pm)
& T : i~ -
% Distance [mm] 100 0 Distance [mm] 100
Bonded wafer pair <21 pumbow, <23 um TTV
110 X axis y-axis
40um 30 r . .
- S N Wafer bow does not
Ess £ ol 0 um significantly increase after
o | S Hm e , .
5 bonding
O pm L
0 0 H H H
0 55 110 0 Distance [mm] 100 0 Distance [mm] 100

White light interferometer measurements
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Bonding Characterization | EV G
Uniform high-quality bonding and bulk bond strength after annealing

Before annealing After annealing @ 1800°C

Good bonding quality

= No particle related voids
= No scratches

= No delamination

Scanning = No outgassing
Acoustic
Microscopy
High bonding energy
F—120 mm ——20 mm
Bonding energy*: 1.4 J/m? Bonding energy* same as bulk

material

* Bonding energy measured by Maszara test at 4 locations on the wafer
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Bonding Characterization | EVG

Full recrystallization after thermal annealing

Before annealing After annealing @ 1800°C

No amorphous layer and
full recrystallization after
annealing

Good electrical
performance expected,
characterization ongoing

: - 2 L b
Amorphous layer thickness at the No measurable amorphous layer,
bonding interface ~2,1nm full recrystallization
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Bonding Characterization | EVG

Oxide-free bonding interface confirmed with EDX analysis

Oxygen

Silicon

i
~
S
[
S)

No Oxygen content

=
o
S

———

Si

3
S

Minor amount of implanted Argon
from activation process

(¢}

A& U o N ® ©

Si intensity
-
o
Ar, O intensity

Ar
40

Reduced silicon content at interface
(selective sputtering of Si compared
0 U to C during activation process)

[T | i
10nm 10nm 10nm Position [nm]

>
=
«Q
]
>

O
X.
Q'
®

EDX measurement of the bonding interface
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Summary EVG
C—)) Strong SiC power device market growth driven by —— Frontside
Electric Vehicles (EV)

@ Still many manufacturing challenges need to be
addressed

@ Engineered substrates are one option to reduce SiC

substrate cost
Substrate

|—> SiC-SiC wafer bonding using ComBond®
technology has been successfully
demonstrated and characterized

= High bond energy Backside
» Defect-free high-quality bond interface

= Oxide-free interface / full recrystallization

19
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EVG makes no representation that the use or implementation of the information contained in this document will not infringe or violate any copyright, patent, trademark, trade secret or other right.
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Acceptance and/or any use of the information contained in this document shall be deemed consent to, and acceptance of, this disclaimer.

is provided “as is” and without warranty of any kind, express or implied. Any express or implied warranties including, but not limited to, any implied warranty of merchantability, fithess for a particular purpose, and patent infringement or other violation of any intellectual property

Data, design and specifications may not simultaneously apply; or may depend on individual equipment configuration, process conditions and materials and vary accordingly. EVG reserves the right to change data, design and specifications without prior notice.
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registered trademarks and/or the property of EV Group. For a complete list of EVG trademarks visit www.EVGroup.com/Imprint.
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