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| New investments and new facilities
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New Building (1.800 mq)

New Clean Room and Laboratories
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+ 600 mg CR in the new Building

+ 100 mq MEMS expansion (completed end
2025)

Moving from 1400 mq to 2100 mq total CR
laboratories
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| New investments and new facilities
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By end 2028, we will have almost complete
CMOS process capabilities for SiC
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| SiC Application Fields

SiC at FBK has many application fields and involves
many units and tens of researchers.

@ CRS

CUSTOM RADIATION
SENSORS
Main topics @ ég!b\lm @ |R|S
AND INTEGRATION %}Eggi%%é%&
» Radiation Sensors L
» SIiC read-out electronics for sensors % MNF
> SiC RF MEMS ’%ﬁ‘ I&QO MICRO NANO FACHH ITV
> S|C PhOtOnICS INTEGRATED AND @ ‘ 1 J
QUANTUM OPTICS JATERIALS AND TOPOLOGIES

» Color Centers in SiC
o) NEX]
A 4
NEW OPPORTUNITIES EXPLOITATIONS:
PROCESSES AND TECHNIQUES FOR \Ij ¢ S D
SENSORS AND DEVICES APPLICATIONS TN\

SUPERCONDUCTING
QUANTUM DEVICES
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| SiC Radiation Sensors

AR Why is SiC interesting for Radiation Sensors?

low on-state loss Fie"s’ (MV/cm) high voltage capability — —s;
4 /\ S 1. The key parameter for radiation sensors is the SiC
3
2
1

high BAND-GAP (lower dark current)!

Electron Mobility

(1073cm2/V-s) Energy Bandgap(eV)

| 2. Among the WB semiconductors SiC features a
high temperature mature teChnOIOQy
'J}* “operation 3. SiC process resembles the Silicon technology
Electron Saturation Thermal Condutivity (equment SynergleS)
Velocity (10"7cm/s) \ (W/cm-K)

high switching frequency

g

- E
Lower Dark Current ™ =T “”‘p( ﬁ)
Higher Bandgap < E,

Lower Signals Nep = ——, |
~8 for SiC
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| Motivations: Why SiC Radiation Sensors?

2

SiC wins vs Si at high temperatures

SiC can outperform Si in those
(e.g. T>150 C).

applications that are shot-noise limited

"

SiC Main Applications

« Radiation Sensors for High Temperature and Harsh Environments
« (X/gammal/alpha spectrometry)

« UV-light sensors (solar blind)

* Neutrons detectors (diode + converting medium)

« Diagnostics for Fusion Reactors (FILD)

« High-dose rate Dosimetry (flash radiotherapy)
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SiC radiation sensor Roadmap

1. Developing Single Process Steps for SiC

g Detectors: CMOS electronics in SiC for harsh environments (ADC,
A - lithography, dry etching, depositions, contacts, metallization, ~ charge amplifiers, logic,...)

: lon implantation, doping activation etc. 4. Advanced sensor integration and

3 2. Developing Technology Modules and packaging

§ Smgle functional components 3D stacking, high-temperature packaging,...

« ohmic contact, Schottky Barrier Junction, MOS cap, p-n

junctions, ...

5. Developing novel radiation sensors for specific applications

« Exploiting the FBK know-how and network in radiation sensors to develop novel devices (SiC-LGAD, SiC-APD, SiC-
PM, SiC detectors customized for specific applications...) and detector platforms
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| Some example of Process Steps for SiC Detectors:

Lithography on 4H-SiC epi substrates Dry etching on 4H-SiC
(E Scatto'o) (A Nawaz, G. PiCCOli)
* Direct Laser Writer | - Etching with tapered sidewalls
« CD 2um demonstrated with double stack « Photoresist Mask
(LOR + PR

HV curr mode | det | WD HFV‘V' tilt .mag ' | — T
5.00 kV | 0.10 nA | SE TLD 4.1 mm 5.00 um 52.0° 100 160 x FBK Helios PFIB

SiC Radiation Sensors




SiC Technology Modules

Ohmic Contacts on n-type 4H-SiC

(S. Cancelli, O. Hammad Ali, G. Paternoster)

. Nickel Silicide to 4H-SiC contacts
- RTA annealing for NiSi formation
. Measured with TLM structures

- +
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TLM Structures (for Specific Contact
Resistance Measurements)
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= Slope = Rsh/w
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-200 1150 / -50 0 50 100

0.2

-0.4

d (um)
m q w (cm) | Rc (Ohm) | Rsh (Ohm/sq) | Lt (cm) |Area (cmZ)| p(Q*cm2) } p*(Q*cm2)
0.0036 | 0.2961 0.016 0.14805 0.576 0.004 1.28E-04 \,, 9.5E-06 1.9E-05
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SiC Technology Modules: Ohmic Contacts on n-type 4H-SiC

(S. Cancelli, O. Hammad Ali, G. Paternoster)

Specific contact resistance < 1e-5
Ohm*cm?) has been demonstrated

Temp | Time 2122 2123
°C (s)
Top | Top | Botto | Bottom | Top | To | Botto Bottom
Right | Left | m Left Rig | p m Left
Right ht Le | Right
ft
800 120 X X
900 120 X X
950 120 X X
1000 120 X X

<

Comntact Resistivity (Q*cm2)

1.00€-02

1.00€-03

1.00E-04

1.00€-05

1.00E-06
750
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Contact Resistivity measurement

—g—21121

——12123

800 850 900 950 1000 1050 1100
Temperature (°C)



SiC Technology Modules: Schottky Barrier Diodes
(S. Cancelli, M. Centis Vignali, O. Hammad Ali, O. M. Villareal, G. Paternoster)

MOS

SBD

Field Plate

PAD SBD

4H-SiC n-type epi HR ~5e14 cm= 10 um
Substrate LR (0.02 mOhm*cm)

ro«:\:@_«:ﬂw@%:_@?ﬂ@@_}:ﬁ&?f@wyyﬂ:s:oawzrf S g
= o )
& 1

List of structures and Layout versions
Parameter splts
MQOS Size CIRCULAR 0.5 -5 mm?
1 SBD Size 0.1~ 25 mm?
% Diode Shape Circular, Square (split on curvature radius)
;%g Field Plate OH -5um — 50 um
N Guard Ring Versione con GR

SiC Radiation Sensors



| SiC Technology Modules: Schottky Barrier Diodes
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| SiC Technology Modules: Schottky Barrier Diodes

Current [A]

First I-V measurements - Forward Bias

%108

——— Diode 1mm sq FP20um
——— Diode 2.5mm sq FP20um|-
Diode 2.5mm sq GR

-0.2 0

SiC Radiation Sensors
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9.9,
. S0258UF.-FP1801._PAD EZ,:;:‘
] BO2SBUN_FP14UM_UPAD {5

{ . SOZSBUN_FP18UN_WPAD [

Diode 2.5 mm sq FP. 20um

o,

S0258UN_FP-SUN_UPAD “-"":.":,'."i"\f\ } P55 SA258UN_FP~4UMLHPAD

OO0 K-

X SU2SBUH_FPBLI_UPAD
X = ;;-:-__;.:._fi?i' 802SBUN_FPAUMLWPAD

'80258UN_FPSUN_WPAD KX

| S25BUH_FP12UN_UPAD
S 80258UF_FP1SUN_LPAD

X} S0258UN- FP2BUN-NPAD - -

Diode 1 mm sq FP 20um



SiC Technology Modules:

1.20E-05

1.00E-05

8.00E-06

6.00E-06

Ifwd [A]

4.00E-06
2.00E-06

0.00E+00

-5¢
-3¢

Forward IV
0.2 0.4 0.6 0.8
Vbias [V]

First I-V measurements - Forward Bias

1.4

SiC Radiation Sensors

1.6

Schottky Barrier Diodes

Automatic measurements of SBD with
different dimensions.

The structures are grouped by the die
size.

All structures plotted. No die selection



SiC Technology Modules: Schottky Barrier Diodes

SBD Figures of Merit

106 T T T T T
Diode 1mm sq FP20um
— = Diode 1mm fit
1077 Diode 2.5mm sq FP20um
— = Diode 2.5mm fit 3
Diode 2.5mm sq GR ™ Z
— = Diode 2.5mm GR fit -
10*
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10-12 A 1 i 1 1
0.7 0.75 0.8 0.85 0.9 0.95 1

Bias [V]

I=Isexp (4%

Ig = AA*T2 exp (

qPB

kT

)

1SOr'S

Diodo sq 1x1 mm?  0.99 2.3e-23 A/cm?
20um FP

Diodo sq 2.5x2.5 0.99 2e-23 A/cm?
mm?2 20um FP

Diodo sq 2.5x2.5 1.00 8e-23 A/cm?

mm?2 20um FP +
GR

1.77 eV

1.77 eV

1.74 eV



SiC Technology Modules: Schottky Barrier Diodes

1070 ¢

10" E

10—13 L

First |-V measurements - Reverse Bias

| 1 1 1 |
Diode 250um C FP20um
~——Diode 2.5mm sq FP20um no GR
Diode 2.5mm sq FP20um + GR §
— = +GR CUrrent Diode 2.5mm sq FP20um + GR]| |

/\Guard Ring Guard Ring

Diodes without -

\ Diode with

Guard Ring

40

50 60 70 80 90 100
Bias [V]

SiC Radiation Sensors

Total Current dominated by the the
border effects/surface current.

With Guard-ring the diodes show
very low leakeage dark current
below the instrument limit (at RT)
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SiC CMOS Electronics: readout ASICS (IRIS unit, J. Quercia) ©)|R|S

<

INTEGRATED
READOUT ASICS &

First Tape-out with Fraunhofer 11SB Technology (April 2025)

TN N e

DAC(5:0) S{1:0) Charge-Sensitive

<N\ SAR logic fe N ZRIE
. : o bac B R | Amplifiers
D[3:0] 3] N ‘;'fl_“; e o e B N II Cf
conlf)g}!ator
' © Vet Vout
i | pre——
O Ileak"' isgn
.IIIIIIIIIIII.IIIIIIIII
l I - ant D1g1tal Cells TT Test Structures
Digital Cells / [ v £ - i Custom Devices
lllllllllll.l.lll.llll -l
Inverter Pass-gate o _.+. S | RER HBR RmR MOSFET
Buffer LATCH T a5 Test Structures ‘ Rar— JFET
2
AN e ,:,___,'__,', " utom Devices - | BIT
T | LED PN
NOR FLIP-FLOP -llllllllllllllllllll. _
| — & Mo 2 = o W Van der Pauw
MUX RjngOsci[[ator .---.-...-.'DlgltalCC”S.-...--...-..,.
lqil:III‘:.=llllllll.lllll.ﬁll?ﬁ ) Diode PN
Process characteristics: PDK support:
«  4H-SiC nEpi layer « BSIM3 level-1 transistor model, resistors, capacitors (0-550°C)
« 4 implants: pwell, nwell, pplus, nplus.  DRC/LVS rules.
« Connections: poly, metal1, metal2. « Simulated doping profiles.

Minimum width/spacing FEOL 2 um, BEOL 7-8 pm.

SiC Radiation Sensors



| SiC CMOS Electronics: High-temperature Testing

D-Sub 15pin Feedthrough

D

D-sub connector
for Humidity Sensor

Chamber cooling line

<

High temperature micro-probe station

AIN 1000°C heater

Temperature Range: RT to 750°C
Humidity Range: 4 t0 95%

MAX Voltage Range: 1000 V

4 Piezo-driven probes

15pin electrical feedthrough

Ceramic protective cover

= HV probe module

D-sub connector
For Piezo Control

Device-level tests

Circuit level tests

SiC Radiation Sensors

€© RIS

INTEGRATED
READOUT ASICS &
IMAGE SENSORS

-V measurements

O
Drain < |p
Gatel -
Source
v Vo

C-V measurements
o | \_

Cas

Cos

noise measurement

1/f Noise White Noise

Corner Frequency

Custom ceramic chip carriers
connected to electrical feedthrough



analog test structures (M . Centis Vignali)

ICS

| SiC CMOS Electron

amplification stage (BJT, JFET, MOSFET) for sensor read-out at HT
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INFN

Istituto Nazionale di Fisica Nucleare

| SiC_4GAIN
a CSN V Project

Unita partecipanti:

NFN - Sezione di Perugia
NFN - Sezione di Firenze
NFN - Sezione di Torino
TIFPA Trento

Coordinator: F. Moscatelli (Pg)
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Sic4Gain: Project GOAL

The main objective of the project is the development, simulation, fabrication and
characterization of Low Gain Avalanche Diodes in Silicon Carbide (SiC) for 4D tracking

» Develop SiC-based LGAD detectors with internal  geigton
gain for high-radiation environments.

» Achieve temporal resolution comparable or
superior to Silicon LGADs (< 50 ps)

> Achieve radiation resistance up to 1e16 n,,/cm?

» Study of radiation damage effects in SiC and in N EpiLeys - S8y
particular on the gain region.

» Develop a comprehensive model to simulate
and predict the electrical behavior of SIC-LGADs
before and after irradiation (i.e. model the donor
removal in SiC)

- D( SiC Radiation Sensors



Sic4Gain: Project Methods

Simulation

» Simulation and Modelling (WP1): Develop advanced TCAD & Design
models integrating bulk and surface radiation damage effects

» Design (WP1): Optimize gain layer profiles, process
parameters, and layout for maximum performance and

radiation hardness. ELENA SIC4GAIN
Tolerance
Workflow

Production
WP2

» Fabrication (WP2): Manufacture test structures and sensor

prototypes with systematic technological splits. WP4
» Testing & Irradiation (WP3): Electrical IV-CV, TCT, beam
tests, and data analysis. Irradiation campaign. Testing &
> Radiation Tolerance (WP4): defect spectroscopy Irradiation
measurements before and after irradiation by means of: DLTS, WP3
PICTS, TSC.
fluences. refine design and processing strategies.

- D( SiC Radiation Sensors



Sic4Gain: Status

Three fabrication cycles are planned:

1. Short-loop and preliminary tests:
point Kelvin structures with a two-f iective:
1) supporting the optimization Ividual process steps
i) providing rapid experimental feedback to calibrate key simulation parameters;

2. First sensor batch: This run will producze {2 first generation of SIC-LGADs. LGADs
will be fabricated on n-type substrat=zof two different thicknesses (e.g., 25 ym and
50 um).

3. Second sensor batch: This flnal run wi %rporate all feedback from the

characterization of the first senso enabllng fine tuning of the gain layer
design, modifications to the se% out and process flow improvements

wtky diodes, MOS capacitors, and four-

- D( SiC Radiation Sensors



Sic4Gain: Radiation Hardness Studies

Preliminary tests done on LGAD samples from
Onsemi already available

IV @ different fluences

Results from INFN Pg
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LSic4Gain: Other Project Impacts

eyond high-energy physics, the development of SiC detectors with internal gain and high
radiation tolerance can have a significant impact on other fields of science and industry.

» space instrumentation: where they can enable operation in harsh thermal and radiative
environments.

» nuclear fusion diagnostics, where their ability to withstand high neutron fluences and
temperatures offers advantages over conventional silicon sensors [*].

» proton therapy beam monitoring, due to their tissue-equivalence and linear response up to
high doses.

» X-ray and UV sensing for process monitoring, thanks to the high absorption edge and fast
response. (Most the developments completed in the project can be utilized to develop SiC-
PhotoMultipliers - SiICPM)

» The development of this detector can help in the future to create a platform for the INFN
community for the development of the dedicated electronics and the applications described
above.

*F. H. Ruddy et al,, "Silicon Carbide Neutron Detectors for Harsh Nuclear Environments: A Review of the State of the Art," in IEEE Transactions on Nuclear

— Science, vol. 69, no. 4, 2022
- | SiC Radiation Sensors
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