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2019-2025 power SiC market forecast split
by application
(Source: Power SiC: Materials, Devices and Applications 2020 report, Yole Développement, 2020)

@ xEV (main inverter+OBC+DC/DC converter)
@ Photovolatics + energy storage systems

2025
ORil $2,562M
@ Motor drive /’/ $1,553M \\
® UPS ¥  CAGR: 38% :

@ Others (wind, defense, R&D etc.)

-
-
-
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Scm—— —

CAGR;0/9-2025° \
+30%

.\yo L High quality, low defect density SiC is available up to 200 mm wafers

© 2020 | www.yole.fr — www.i-micronews.com

\} Développement
Compound Annual Growth Rate (CAGR)
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Nuclear fusion reactors
-Plasma diagnostic

Aerospace
-Sensors and electronics

Medical
-Dosimetry in FLASH therapy and
microdosimetry
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Advantage of using SIiC

Wide bandgap that reduces the leakage current,
maintaining low noise levels even at high
temperatures.

Insensitive to visible light.

High atomic displacement threshold (~20 eV for C,
and ~40 eV for Si), which should make the
material more radiation resistant;

Fast saturated electron drift velocity (2x107 cm/s at
room temperature), twice faster than silicon;
High thermal conductivity (490 Wm-K-1), which is

three times higher than that of Si, and ten times
higher than that of GaAs.

Reverse current [A]

Reverse current [A/cmz]
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Technology based on : A |
SiC rectifiers for space

Bepi-Colombo & Solar orbiter missions
Main contractors EADS, Airbus, ALTER

DOI: 10.1109/TDMR.2009.2029090 5
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Detector technology SIC

Isolation dielectric  p+ implant Front metal Passivation
Si02+5i0, CVD contact pad Ti+A+Ti+W Si0,+Si.N,

SiC epitaxy

Backside metal

< Ti+Ni+Au >

4400 pm

» SiC based “P on N” diode fabricated on 4H-SiC
on a 50um high resistivity n-type doped epi-
layer. 100 or 150mm wafers.

e T
\
i - | d ' 7
M 2pm Apert. 1 ENT Tim 50:10
Fl Apertu = 30.00 pm WD 7 CNM & ICN

» The technology has been optimized with high
temperature processers and metal contacts.

J.M. Rafi et al 2018 JINST 13 C01045
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Testing at different facilities

» SiC measurements at high temperature at the 3 MeV
Tandem.

» TPA-TCT, with two photons producing one electron-
hole pair, and the energy is deposited at the laser
focal point, so this permits a 3D spatial resolution.

» FLASH effect conditions* : Irradiations with con
Ultra-High Dose Rate pulsed radiation reduce
adverse effects in healthy tissues. Tested in PTB,
Germany electron FLASH.

*Favaudon et al., Sci Transl Med 6 (2014)
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CCE homogeneity study CEEA

CCE [*%] M.C. Jiménez-Ramos, J. Garcia Lépez, A. Garcia Osuna
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Homogeneity IBIC measurements on the microprobe line at CNA
with He?* @ 3.5 MeV.
The mean standard deviation is ~1%.

Jiménez-Ramos M.C et al., Radiation Physics and Chemistry 177 (2020) 109100b
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High temperature setup SSEE A

Centro Nacional de Aceleradores |

Detectors mounted on a
special package certified for
high temperature.

Tested with thermal cycles

during various days.
- TO257 package
- Ag Sintering
- Gold bondings

Calibration with He2* ions

239 60

Vacuum chamber for high
temperature measurements.
Furnace  accommodated 3
inside the chamber (RT-500 [
OC 50 A‘ j A entroid = 10
) 0 AL PR ,J s w0 .) { L S
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Alpha source measurement at RT for setting the
operation voltage CEEA oo

0 20 40 60 80 100
60 ‘ ' ' 220 — 20
50 - .
— 210
40 -
E — 200
=30
=
20 - — (1)RUN13575_W1_N9_100Hz CV | - 190
— (2)RUN13575.W1_N9_1kHz_CV
] —— (3)RUN13575.W1_N9_10kHz_CV 244 RPN
10 (4JRUN13575_W1_N9_100kHz_CV 180 1 Cm emision™ 5,8 MeV 1
— (5)RUN13575.W1_N9_1000kHz_CV Range ~ 19 um
O I 1 1 n
0 100 200 300 400 500 600 170 4 {170
Vbias 0 20 40 60 80 100

Reverse bias (V)

At 40 V the depletion zone is thick enough to completely stop the 5.8 MeV alpha
particles and the CCE signal saturate.

Both electronic noise and reverse current increase at higher voltages during high
temperature measurements, so it was decided to perform the experiments at 40

V.
10
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Measurements done at : TAMARA Temperature Analysis
Measurements And Radiation Applications

e = - .
——— = -
—_— T — — = Infraestructuras
—_— e —— 4 %, " g
— o = w— e == E Cientificas y
— == e ks

| Técnicas
LV Singulares

Centro Nacional de Aceleradores &

Change in measured energy €= Change Temperature dependece of the

oo energy gap Measurements from
RT to 450°C

3570
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IBIC using 3.5 MeV alphas
3480 e
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3450
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Temperature (2C)

11
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Pair creation energy vs T

7.85 : | | |
e . =E (T)-aT+b # Experimental data (this work)
4HSiC - g — Appl. Phys. Lett. 103, 152108 (2013)
7.8 —This work H

~N

" Appl. Phys. Lett. 103, 152108 (2013) Thiswork | \
la=(25403)x10* eV/K

755 a=(8.4+19)x10° eV/K g
b=(464+0.02) eV b= (458 +0.01) eV \
7.5 | I I |
0 100 200 300 400 500

T[*C]

The increase of energy collected vs T is excepted:
Pressure and Temperature Dependence of Energy Gap in SiC and Si 1-x Ge x.
DOI: 10.33899/rjs.2019.163296

12
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Two Photon Absorption TPA

Visualization of TPA ‘

Fluorescent
solution

Confine photons in

time (femto-second laser)
and in space (microfocusing)
for Two Photon Absorption

- 12" of March 2013, first TPA-TCT measurement at SGlker facility of UPV, Bilbao Metal opening
- November 2014: Presentation of TPA-TCT at 25" CERN RD50 workshop =
- 2013 — 2017: TPA-TCT measurements at UPV, Bilbao !

Wave length (800nm) adapted to the SiC bandgap for the TPA | ki

. Vila et al., “TPA-TCT: A novel transient current technique based on the two photon absorption (TPA) process,” in Proc. 25th RD
Workshop. Geneve, Switzerland: CERN, 2014, pp. 17-19.

Esteban Curras et al., Caracterization of neutron irradiated IMB-CNM SiC planar diodes with TPA-TCT,
RD50 workshop 2022 13
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First measurements of SiC diodes with TPA

F2W1 (SiC) - Transient currents C—
= = ' .
_% 0.35]—
g - ]
0.3
~ —— Vbias = -50V )
0.25— — -100V T gy e
- | —— 200V
0.2 :
- — -300V THE SETUP:
0.15— — 500V S
- -750V »
0.1 —— 1000V
0.05 :_ "h " t Polarizer
-, ‘% 1 J e enuator
oA MRty .
] I 1 ] L | 1 1 1 | ] 1 1 1 1 ] | 1 ] 1 | GaP sensor
20 40 60 80 100

time [ns
2022182_1454:1519 [ns]

Rise time on the order of few hundreds of ps

C. Quintana, I. Vila, R. Montero

Ref: http://dpnc.unige.ch/seminaire/talks/fernandez.pdfhttp://dpnc.unige.ch/seminaire/talks/fernandez.pdf
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Depletion width vs bias: non irradiated

Depletion deepness study Effective doping estudy

7x10%! 4
— Linear Fit
23 6x102L - o 7Zscans 1IMW2(NI) (average)
50
21 |
_ 451 5x10 3 3 :
g Scans set: 5
=, 407 — Zscans IMW2(NT) P1 o Ax10%
% 351 — Zscans 1MW2(NI) P2 == ST
o - 7Zscans 1IMW2(NI) P3
N 30 w2 Scheme:
2x1021-
251
21 |
201 1x10
0 200 400 600 800 1000 0

0 200 400 600 800 1000

Vbias [V] Vbias [V]

Neff=1.3 E14/cm2 in agreement with the nominal doping
Diode fully depleted between 300-500 volts
Homogeneity in the sensor depletion 15



24th-28th October

L@ #¥CSIC

Centro Nacional de Microelectrénica CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS
Tateyama Resort Hotel, Japan

Z-scan charge profiles: non-irradiated diodes

Charge profile IMW2(NI) P2

Vbias [V]
—_ 50
— 100
5, — 300
0 — -500
o
&  100M- 0 .
< --1000 '
=) >
[*)]
&
= )
5 som depletion
N -
@)
0+
-100 -50 0 50 100 150
Z [um]

Detector is 50um thick, nominal value
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Z-scan charge profiles: irradiated diodes

Charge profile K6W1(5e14) P2 Charge profile F2ZW1(1e15) P2

: 35M - :
70M - Vbias [V] Vhbias [V]
—-50 30M —-50
— 60M — 100 'z —-100
= ‘ 3
g —-200 i, 28M —-200
—_ N —-300
ﬁ - - —-500
= —-500 = -
~ --750 ~ 15M+ --750
Q (<F]
<1y -1000 o0 -1000
= T 10M-
= =
@) Q
5M
— 0 el
-50 0 50 100 150 200 -100  -50 0 50 100 150

z [um] z [um]

Neutron-irradiated (ATl Vienna) July/Aug 2021

* The diode behavior lost! Fluences are in 1MeV neutron equivalent /cm?2

e Capacitor-like charge collection

* No charge collection saturation with bias voltage
17
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Depletion width vs bias: irradiated

Charge profileK6W1(5e14) P2 Depletion deepness study
8 1 Scans set:
- — Zscans K6W1(5e14) P1
© 08l 901 Zscans K6W1(5e14) P2
é Zscans K6W1(5e14) P3
o —_ ~— Zscans F2W1(1el5) P1
Z, 0.6 g 07 —— Zscans F2W1(1el5) P2
0 = —— Zscans F2W1(1e15) P3
2"3 0.4- ) 30/ Lk — Zscans 1IMW2(NI) P1
A, T —— Zscans 1IMW2(NI) P2
e e — Zscans 1MW2(NI) P3
o 0.2
= 20+
—
£ 0
O - 10

0 200 400 600 800 1000

Vbias [V]

e Both figures show that the depletion width is constant for the irradiated detectors.
* The depletion width is different if we compare irradiated and non-irradiated detectors,
but also between the irradiated ones

18
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Charge collection efficiency

Charge collection efficiency (P1)

9
—~ 100 ;i : { {
2 8
jé‘ 80
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é‘ e 1TMW2(NI)
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g ot
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Dependence with irradiation:

* Charge collection increases with bias

* Charge collection decreases with irradiation.

* Lost of charge due to signal trapping in the resistive electrode (metal opening for TPA)49
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FLASH radiotherapy: dosimetry

FLASH effect (Favaudon et al., Sci Transl Med 6 (2014)): Irradiations with con Ultra-High
Dose Rate pulsed radiation reduce adverse effects in healthy tissues.

» Need real-time, highly precise dosimeters \

% EMPIR H -~

» CNM is a partner in the European project
EMPIR-UHDPulse (2019-2023) for metrology UH
in UHDR beams

The EMPIR initiative is co-funded by the European Union's Horizon 2020
research and innovation programme and the EMPIR Participating States

100 Therapeutic window B - 34Gy* 3le>’:_ ) ZSGV*
100 ESL s Y
10 Conventional : \‘. }
----- FLASH :
— 2us 80
> -_—
1 =
% E’ © / : Normal tissue
] s F £ 60 Tumor control (TC) #,-*F-. ¥  complication (NTC)
= 0.1 = > le s A S
o =1 k= V4N
@ 5 —~ .
o .
SR H- SN PR 8 17 © ., TCwithout NTC
8 5 3us a ' .
© 4es] &
0>3 201
c
S
1E4 12 Tt
conventional FLASH 0 N
radiotherapy radiotherapy Dose

FLASH: h(>40Gy/s) while keeps same tumor control & "need real-time,
C. Fleta and G. Pellegrini  highly precise dosimeters since standard dosimeters saturate" 20



L@ #¥CSIC

Centro Nacional de Microelectrénica

24th-28th October

CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

Tateyama Resort Hotel, Japan

First tests of CNM'’s SiC diodes in conventional RT
dosimetry
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v'Linearity deviation with 50 kV X-
rays integrated dose delivered is
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v Medium-term stability with

integrated dose up to 18 kGy X-

rays is better than 0.3%
21



(EEEJ@ ECSIC 24th-28th October

Centro Nacional de Microelectrénica CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

Tateyama Resort Hotel, Japan

9 MeV electrons, 40 V bias.
Reference dosimeter: PPC40 @ -400 V

Electron beam  UFJ®

S I .
% 100f- //
g L P
. . . 80
SiC diodes fabricated at CNM show good 5t /
- e
. . 60
performance as  dosimeters in - /
. e
conventional RT beams where they are a “r /
.. . i A
promising alternative to other 20;//
semiconductor materials. 00 ' "Etimated dose per puise (mGy)
Currently tests are being performed to s f
o 3f
. . . . © r
evaluate their capabilities in Ultra-High S 2f
& F
Dose Rate beams. £ 1 I
| |
_....055.. .1....1.5....2....2.5..
Estimated dose per pulse (mGy)
v'Linearity deviation with dose per pulse of 9
MeV electrons up to 2.5 mGy is less than
F. Gomez USC 1.5%

22
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3D in SIC material

Reduce electrode distance keeping a thick substrate

* New Deep RIE for Si and SiC materials will be available soon
in our Clean Room

e Laser drilling seems a possible solution

e Possibility to fabricate 3D detectors or other MEMS

structure

Laser drilling [1]
1 &% I

N

ediameter :8um.
edepth  :300um.
1.  G. Pellegrini, “Technology development of 3D detectors for high energy,” PhD Thesis, University of Glasgow, 2003.
2.  S.Nida et al., “Silicon carbide X-ray beam position monitors for synchrotron applications,” Journal of Synchrotron Radiation,
vol. 26, no. 1, pp. 28-35, 2019. 23
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Y oy SiC-LGAD: The Idea

+ Signal height in Silicon carbide very small
— bB7vs. 72 e/lym
-~ 50pum (epi-layer) vs. 300pm (float zone) active thickness
— Signal speed already in planar material very high

» Implement a gain layer into Silicon Carbide to
mitigate the small signals
— Impact ionization in multiplication layer produces gain 2
signal large
— SiC-LGAD presumably ultra radiation hard as gain-reducing
acceptor removal strongly suppressed

* Challenges:

— Creation of deep gain layer not possible by ion implantation
(as usually done for Si-LGAD) due to high displacement
energy and thermal conductivity of SiC

— Gain layer need to be implemented during epitaxial growth
= involvement of wafer supplier necessary in formation of
gain layer

- We know that wafer supplier can grow sandwich of N-/P

layers. They already grown layers with thicknesses down to
0.5um for CNM

» 7
P — *
~
P+
\ . 18
Region " T
.
L }O n |
- Y
: —_— E
w y ) P
N. Cartiglia
High Energy lon Imp Epi Growing
|
Silicon 4H-SiC
4+ Doping
Sllicon
10 o aH-SIC
100 | |
Depth

|
“lum

Yang Tao, 39" RD50 workshop |
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Future work

Fusion :

* Test irradiated detectors at high temperature

* Understand the use of Graphene as a contact (TPA, high T, etc...)

* Explore other application related to fusion (IFMIF —DONES)

» Test sensors in fusion facilities (DIII-D San Diego, CA,).

Medical Flash:

e Study the limit of SiC dosimetry in FLESH therapy (in collaboration with PTW)

* Fabricate new sensors for micro-dosimetry to measure LET (National project
submitted, NEWDOSI project started in 2022 and UHDR EU project TWAC for
development of compact electron accelerators

 Llarge strip SiC sensors and LGAD for beam monitoring (U. if Vienna and
MedAustron)

HEP:

 Test beam of irradiated detectors : strip configuration.

 Understand the annealing at high temperature.

* Fabricate SiC detectors with internal gain (LGAD)

* Exploratory detector concepts based on 2D materials, e.g. grapheme 2
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your attention

Campus Univ. Autébnoma de Barcelona (UAB)
08193 Cerdanyola del Vallés (Bellaterra)
Barcelona - Spain

https://rdg.imb-cnm.csic.es/

y @imb_cnm
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Silicon Carbide (SiC)

H 1 H Properties Si 4H-SiC

Mate rlal propertles and beneflts Crthe;rItStructure Diamond  Hexagonal
. . Energy Gap: £g (eV) 1.12 3.26
o Wide band gap mate rial Electg:)n Mpobility: i, (em?/Vs) 1400 900
. o Hole Mobility : 4 , (cm®/Vs) 600 100
o Low leakage current even after irradiation Breakdonn Fild - £5 (V/cm) XI0° 03 3
. Thermal Conductivity (W/cm‘C) 15 49
® ng h brea kd own VOItage Saturation Drift Velocity : v, (cm/s) X107 1 2.1
Relative Dielectric Constamt : € 5 118 9.7

o Possibility to work at room temperature after ROHM, SIC Power Derices White Paper

irradiation
o High saturation velocity |
e Potential for timing applications \)

Potential for fabrication of 3D detectors and other MEMS structures

28
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Irradiation campaign

2 MeV electron irradiation (e/cm?)
1x10%  1x10'>  1x10%®
Neutron irradiation (n/cm?)
5x1013  1x10* 5x10* 1x10*  2x10%°
24 GeV/c proton irradiation (p/cm?)
8.6x1013 1.5x10** 1x10'> 1.7x10%* 2.5x10%

e 2 MeV electron irradiations were carried out at Takasaki-JAEA electron accelerator in
Takasaki, Japan.

* Neutron irradiations were performed at JSI research reactor in Ljubljana, Slovenia

* 4 GeV/c proton irradiations were carried out at CERN PS-IRRAD facility in Geneva,

Switzerland.
170
This project has received partial funding from the European Union’s Horizon 2020 @ AI DA
Research and Innovation programme under Grant Agreement no. 654168. = 29
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Electrical characterization after irradiation

10° 5x10°
10_3_i SiC neutron irradiation SiC
11x10"! n/cm non 2 MeV electron irradiation
10* 5x10" nfcm? .
. '!- o— {_ . ‘o / 4x107° irradiated
10° 4 :
T z
< 1074 @ 3x10™°
= 3 = /
c 10-8 © 4
o 91 5 +1x10" e/cm?
3 W0 S 2070 T
10704 © £l
10-11 ] I—, ---------------
1 1ag0] 1x10 efem* TTTTTTeeeeee L
10_11 _!
] 1x10'¢ e/cm’
1029 2x10%n/em? LMY NMNVW Ko Al T \ A
10.14 ] 0 T T T T 1 I
5

0 5 10 15 20 25 30 35

Reverse voltage [V] Reverse voltage [V]

J.M. Rafi et al 2018 JINST 13 C01045 30
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SiC proton irradiation
CCE characterization .
c
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2 .
1.2 S . ; I T .
SiC 2 MeV electron irradiation o A e S
E %t 4 2.5x10%°
1.0 - S
g “ 0.24 %
=
2
& 0.8 -
% 0.0 M T v T T T M T T T v T
£ 0 100 200 300 400 500 600
g 061 Reverse voltage [V]
5 1.2
o 2 . - - .
© 0.4 - efcm | SiC  neutron irradiation
2 —&—0
[1+] =
S 02 - e 1x10" z L0
“7 --4-- 1x10" s
ce@e 1x10%6 § 0.8 -
0.0 . ' . . . . pu
0 100 200 300 400 500 600 S
Reverse voltage [V] E 0.6
3
L=
@ 0.4 -
o
£
Detectors tested with 5MeV alpha particles and at O,
room temperature
0.0 T T T T T T T T r T T T
0 100 200 300 400 500 600

Reverse voltage [V]

J.M. Rafi et al IEEE TNS, vol. 67, no. 12, december 2020
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Integrated Micro & Nano Fabrication Clean Room

The main activities of IMB-CNM is basic and applied research and development, education
and training in micro and nanotechnologies, components and systems.

Clean room ~

class 100 to 10.000

Technologies for Micro y Nano fabrication

3 Areas:
CMOS (high purity, no contaminants)
MNC (Noble Metals contaminants for Si)
Nanolithography

Process size: 4" and 6” wafers

Technologies: CMOS, MEMS/NEMS, power devices,
radiation detectors

Silicon Micromachining
Microelectronic Packaging Area
200 m2, class 100
Wafer cutting, wire-bonding, bump-bonding
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Clean Room Equipment

Thermal processes, CVD and ALD

lon Implantation
PVD and Metallisation (Sputtering and Evaporators)
Optical Lithography:
Proximity Aligners: single and double side
Steppers: g-line and i-line
Direct laser writing
Nano-lithography (e-beam, NIL, FIB and AFM)
Dry etching
Wet and dry micromachining
Wet etching and cleaning

On-line test

Conventional and advanced packaging
Electrical characterization
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Experience in production
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SiC rectifiers for space
Bepi-Colombo & Solar orbiter missions
Main contractors EADS, Airbus, ALTER
400k€/year (2,800 k€ accumulated)

Beam monitors for Synchrotron accelerators
position and intensity thin sensors (Alba cell, Alibava)

Radiation detectors
Main contractor CERN (ATLAS experiment, RD50, TOTEM

Other contractors: INFN, BNL, DESY, GSI, Xian University, .

Four Quadrant diodes for space
Main contractor non disclosed
In orbit since February 2019, full contract 650 k€
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THE INCREASE OF CHARGE COLLECTED VS T IS EXPECTED

Change in the Change in the pair
Measurements from .
BandGap energy creation energy

Change in measured
RT to 4502C

energy

. 2 E(RT)
Properties of Advanced _ —4 T &4h-sic(T) = €4p—_sic(RT)
Semiconductor Materials: Eg(T) =3.265-6.5x10 T + 1300 (eV) AH=sic AH-Sic E(T)
GaN, AIN, InN, BN, SiC, SiGe.

John Wiley & Sons. (2001). ' _______ ' ' ' ~ 1
L -.__“_.-‘h —4H«§?C 4
i \\"'\.&‘_“‘ — — GH-Si
N
3 \
https://www.iue.tuwien.ac.at/p =,
hd/ayalew/node61.html w” i et
20 LR =
2'80 I L0 I 200 I 300 I 400 I 500 I 600 I 700

Ternperature [K]

38



