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 Investigated as detector material already 20 years

ago [1]I [2] Ionization [ Si Ho
Energy [eV]

» Recently got attention due to applications in the e
power electronics and automotive industry eyt 1 GaN

= Increased availability and lower costs

* Wide bandgap
= no cooling / pA dark currents even after
irradiation
= insensitive to visible light

) ngh VBD & hlgh Vsat Breakdown
= high voltages, fast signals = timing Field [MV/cm]

Band Gap [eV]

Electron Saturation
Velocity [107 cm/s]

[1] Pintilie, I, et. al. (2010). Analysis of electron traps at the 4H-SiC/SiO2 interface; influence by nitrogen implantation prior to wet oxidation. Journal of Applied Physics, 108(2).
[2] Moscatelli, F., et. al. (2005). Measurements and simulations of charge collection efficiency of p+/n junction SiC detectors. Nuclear Instruments and Methods in Physics Research Section a Accelerators Spectrometers Detectors and
Associated Equipment, 546(1-2), 218-221.
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OMW = AH-SiC for Particle Detectors: Limitations =t HepHy

— INSTITUTE OF HIGH ENERGY PHYSICS

Vep=30kV for 100um epi-layer (Egp=3 MV/cm)

* Epi doping 210 cm= by standard

= ~1kV needed for fully depleting 100um e ]
= HV stability becomes a challenge for thick sensors 1 —
due to arcing, insufficient guarding or isolation S 5] / ;i:" — |
(but not due to the material, Egp =3 MV/cm) g . // 1 VTV for 1000y
5 /// 10" cm? epi-layer
- High ionization energy (57 e/h-pairs per um by MIP [3]) & o

& epi thickness limited to ~100um Z 100 ——
= small signals = not sufficient for MIP detection ] — leldcm™

10_15 —— 5eldcm=3 |
= Improve SNR with SiC LGAD (Low Gain Avalanche O b w0 10 a0 20 a0

. . . . . . Epitaxial Layer Thickness (pm)
Diode) with internal signal amplification

[3] Christanell, M., Tomaschek, M., & Bergauer, T. (2022). 4H-silicon carbide as particle detector for high-intensity ion beams. Journal of Instrumentation, 17(01), C01060. https://doi.org/10.1088/1748-0221/17/01/c01060

Sebastian Onder Vienna Conference on Instrumentation 2025 4


https://doi.org/10.1088/1748-0221/17/01/c01060

gl

OAW i SiC-LLGAD —7 HEPHY

— INSTITUTE OF HIGH ENERGY PHYSICS

p“—in'llplant

Front Metal >
o i
“""|Gain Region__— T

4H-SiC-LGAD

Structure n-in-p p-in-n

Impact Ao > O, o> A,
Ionization electrons multiply holes multiply
e 300 kV/em 3 MV/cm

Vaate 1.0-107 cm/s 1.9-107 cm/s
Viath 0.8-:107 cm/s 1.3-107 cm/s

* Si LGAD lose gain with increasing irradiation
= SiC LGAD more radiation hard? (donor removal in SiC?)

B
ack Metal X‘

Sebastian Onder Vienna Conference on Instrumentation 2025 5



4H-SiC Sensor Design Workflow

OAW

1. Characterize 4H-SiC planar samples (without internal
amplification) pre-/post irradiation

2. Simulation of (un)irradiated 4H-SiC sensors

— Modelling of I-V, C-V and CCE characteristics based on measurements
— Literature review of material parameters

— Radiation damage modelling

3. SiC Low Gain Avalance Diodes (LGAD)

Sebastian Onder

— Design of SiC LGAD architecture in simulation
— Production (i.e. waiting until samples arrive) <+——We are here

— Testing timing performance and radiation hardness

Vienna Conference on Instrumentation 2025
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—— INSTITUTE OF HIGH ENERGY PHYSICS

p“—irr}plant

Front Metal |

* 3x3mm? planar 4H-SiC sensor diodes by CNM

n-epi

 Neutron irradiation for radiation hardness studies

— Up to 10 neq /cm? at Atominstitut in Vienna

— 18 2 ; 3 ;
Recently also 10 neq/ cm” at ] Slin LJUbIJ ana 4H-SiC pad diode on readout board Back Metal

— Only small sample size per fluence

https://doi.org/10.1088/1  hittps://doi.org/10.1016

* Pre- and post irradiation characterization using: hitpsidoiorg/10.10881748-022INNICIN02T  TaB022UIBNIICII0Z  nima202267218

— I-V and C-V measurements

— Charge collection efficiency (CCE) using UV-laser, alphas
and protons

Tri-Alpha in Vacuum (%°Pu, #/Am, #“Cm) 62.4 MeV p* at UV-LASER (370nm)
MedAustron (AT) <100 ps pulse length

Sebastian Onder Vienna Conference on Instrumentation 2025 8


https://doi.org/10.1088/1748-0221/18/11/c11027
https://doi.org/10.1088/1748-0221/18/11/c11027
https://doi.org/10.1016/j.nima.2022.167218
https://dx.doi.org/10.1088/1748-0221/18/01/C01042
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OAW “&Zr  Planar Diodes: I-V and C-V pre/post Irradiation =~ = HepHy

« Up to 10 neq/cm?:

— Negligible increase of reverse current (10 pA)

— Forward current reduced due to increased charge carrier trapping

— C-V flatlines: epi n-doping compensated by deep-level traps (Z, ,, EH,)
* For 10'® neg/cm?:

— Forward/reverse current is identical and increased (>1 nA)

— Traps also compensate buffer layer and substrate
= full die thickness contributes to capacitance = significant decrease in capacitance

10 ]
Neutron Fluence [Neg/cm?]:
-5 —
10 I_V 10-10 —— Unirradiated C-V
1076 4 1 — 5 X% 1014
— 1x10%
107 5 5x 1015
< 0] | —— 1x10%
|5 = 1x 108
= 10-9 . k.)m.
3
w] forward reverse
10-10 forward reverse
107" 4
107" 4 ]
1012 -V
10_13 T T T T T : T T T T T T T T T
-1000 -750 -500  -250 0 250 500 750 1000 -1000 -500 0 500 1000

Bias Voltage [V] Bias Voltage (V)
Sebastian Onder Vienna Conference on Instrumentation 2025 9



OAW <= Planar Diodes: CCE pre/post Irradiation = HEPHY

—— INSTITUTE OF HIGH ENERGY PHYSICS
[4] J. M. Rafi et al., (2023). Low Temperature Annealing of Electron, Neutron and Proton Irradiation

« ~25% CCE after 10" neg/cm?
Effects on SiC Radiation. Detectors IEEE Trans. Nucl. Sci., pp. 1-1.

. [5] E. Medina et al., (2023). Radiation Hardness Study of Silicon Carbide Sensors under High-Temperature
- Tl‘applng Proton Beam Irradiations. Micromachines, vol. 14, no. 1, p. 166.

— Beneficial annealing at elevated temperatures (>200°C) [4], [5]?
* Charge collection also possible in forward direction
« For UV-TCT in forward bias and low fluence: CCE can surpass 100%!

— Traps are filled = carrier lifetimes increase = conduction is restored

— Only for sufficient injected charge density = high laser power and tiny focus needed = not for MIPs

SiC Run 13575 CCE at 400V reverse bias 140 http://arxiv.org/abs/2412.06973
Measurement X Focused X Neutron Fluence [Neg/cm?]
| " . 1204 @ Defocused X SE14
100 i 'b{ 2 3:/“?(;1 a-particles | F 100% CCE X — 1E15
— X
" T 100 5E15
&ie # 252.7 MeV FLASH p £ «
L N
— s 80 «
S 5 X x
= | X
o 60 } E o] ®ee .x.x xx
() —-
o3 ? N
40 { £ 404 ()
) &
@ o
20 4 201 ™
) Forward Reverse
ol : : : ¥ : : : :
. . . . -1000 -750 -500 -250 0 250 500 750 1000
not irradiated 5 x 10'4n.q/cm? 1 X 10%ngq/cm? 5 x 10 ng4/cm? Bias Voltage [V]
Sebastian Onder Neutron Fluence Signal for defocused / focused UV-laser 10


http://arxiv.org/abs/2412.06973
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Simulation of 4H-SiC
Devices

Vienna Conference on Instrumentation 2025
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* Device simulation using Synopsys Sentaurus [6],
Global TCAD Solutions [7] and AlIPix? [8]

* Convergence issues in Synopsys TCAD:

— Wide bandgap of 4H-5iC leads to very low intrinsic charge
carrier densities
= Numerical errors using default floating-point precision
= Extended floating-point precision needed

Simulating 4H-5iC Devices

Current (/)

|
-7z HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

Numerical instability in forward-IV TCAD simulation

{

10-29 4

Il ExtendedPrecision(128) Il Default precision

10—21
10—?5

_/—
10733 4
10—3? 4
10—41 .

1045
0.0

0.3 0.4 0.5 0.6 0.7

Forward bias (V)

0.1 0.2 0.8

Finer mesh needed
= Increase in computation time

* Material parameters:

Deviate across literature

Si or 6H-SiC parameters often misused for 4H-SiC

» = Extensive literature review to understand origin of
commonly used material parameter values

[6] Synopsys Sentaurus TCAD Framework. URL: https://www.synopsys.com/manufacturing/tcad/framework.html.
[7] GTS Framework. URL: https://www.globaltcad.com/products/gts-framework/.
[8] S. Spannagel et al. (2018). Allpix%: A modular simulation framework for silicon detectors. Nucl. Instr. Meth. A 901 (2018) 164 — 172.

Sebastian Onder Vienna Conference on Instrumentation 2025

TABLE IX. Parumeters fo

single value s

Literature Review of 4H-5iC model parameters
https://arxiv.org/abs/2410.06798
(>180 pages, >800 references)
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* Radiation damage model (preliminary) via

radiation induced traps for simulation in TCAD
9], [10]

* Material and defect parameters deviate across
literature:
— Initial guesses from literature
— Optimized by fitting simulation results to measurement

* Reasonable agreement
Defect

Type Energy 8int Ce On
[cm~ 1] [ecm?] [cm?]
Zi» Acceptor Ec—0.67eV 5.0 2e—14 3.5e—14
EHs 7 Donor Ec—1.6eV 1.6 9e—12 3.8e—14
EHs;  Acceptor Ec—1.03eV 2.4 5e—13 5.0e—14

(most significant trap levels)

Current (A)

2.00

Radiation Damage Model

|
-7z HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

HEl Unirradiated

510 neg/lem?
110 neg/em?
B 5-10%° ngg/em?

1-10 neglem?
== Measurement
= TCAD-model

0 200 400 600 800 1000 1200
Forward Bias (V)
1e-21

HEl Unirradiated

B 510 ngglem?
B 1:10%° ngglem?
B 5-10%° ngglem?

1- 10 ngglcm?

== Measurement
m— TCAD-model

0

200

[9] P. Gaggl, et. al. (2024). TCAD modeling of radiation-induced defects in 4H-SiC diodes. NIM A, 170015. https://doi.org/10.1016/j.nima.2024.170015
[10] J. Burin, et.al. (2024). TCAD Simulations of Radiation Damage in 4H-SiC. Austrochip 2024. https://doi.org/10.1109/Austrochip62761.2024.10716221.

Sebastian Onder
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Reverse Bias (V)
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— Dopant diffusion is extremely low in SiC

— Deep implants (> 1 um) need high energies (> 1 MeV)

8.00e+16
= 10!
s ol
o £
o -
\n =
® £
= 7.25¢+16
[-n s
. 10° 2
wn [i°]
= <
= o
£ 8
o —— Gain layer thickness=2.3 um
-=-- Gain layer thickness=2.5 um
- Gain layer thickness=2.7 um
10-t1# 6.50e+16
0 200 400 600 800 1000
Reverse bias (V)
Sebastian Onder

SiIC-LGAD Design 1

« RD50 SiC LGAD Common Project” (+ planar run — back up)
Designed by HEPHY, produced by CNM

Gain layer is non-trivial to manufacture:

= Epitaxially grown gain layer on 30 um epi, Vyp < 600V

Gain of 1-10 within error margin of gain layer thickness / doping,

p
-7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

p~-implant

*Contributing institutes: Front Metal
HEPHY, CNM, CERN, INEN Perugia,
ICFA Santander, NIKHEF
30 um n-epi
1.5e14 cm?

Sensor thickness

30 pum -
Gain layer thickness 2.4 um

7.5-1016 cm3 10 %

0.2 um

Gain layer doping

Back Metal

Vienna Conference on Instrumentation 2025 15



OAW SiIC-LGAD Design 11 = HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

. . . contact p*implant (Al)
 Gain layer epitaxially grown homogeneously prampian

across whole wafer deep \ Poly-si
= no guarding with shallow implants - Al-implant
3 guard structure variants utilizing 10 Etching edges

combinations of

. . .l.woerla
— etched trenches 4H-SiC high S
20 quullty n-epl (N) 1.4776+13

— deep JTE implants (4 um) -
— floating metal field plates (FMFPS) | Im.
« TCAD simulations suggest Vi > 2kV for all 0

combinations

« Mask design is finalized and submitted for
production

Mask Layout of
SiC LGAD design

Vienna Conference on Instrumentation 2025

Sebastian Onder



OAW “&Zr  Medical Applications: Beam Monitor & Dosimetry =t HepHy

* Collaboration Partner: ion beam radiotherapy center Med Austron

* Low leakage currents, after irradiation and at room-temperature

= DC readout

+ Insensitive to visible light, better tissue equivalence

« Beam monitoring for clinical therapy beams (p* and 2C)

UHDR beam monitor
prototype (planar SiC sensor)

Sebastian Onder

* Microdosimetry: single particle dose de

T i ?‘ d
AN #% Signal out: |
u ‘ T RW3 Phantom

Talk by Simon Waid
on Tuesday (Indico)

New SiC-based beam monitor for a wide dynamic beam
intensity range and FLASH-like beams in the future

Vienna Conference on Instrumentation 2025

INSTITUTE OF HIGH ENERGY PHYSICS

fixed hor fixed hor. and (p.C, He)  lon Sources

w0 TET MedAustron®

position on length scale of cells (<10pum) = thin sensors

Poster by Mathias
Knopf (Indico)

Soon: SiC Microdosimeter
(50pm x 50um pitch, 10um epi)
17


https://dx.doi.org/10.1088/1748-0221/19/04/C04055
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https://indico.cern.ch/event/1386009/contributions/6279092/
https://indico.cern.ch/event/1386009/contributions/6279562/
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OAW S1C-CMOS Development = HEPHY

—— INSTITUTE OF HIGH ENERGY PHYSICS

 Fraunhofer IISB 2um SiC-CMOS PDK via Europractice (Integrated NMOS/PMOS,
resistors, capacitors working up to 500°C) [11]

o First submission last year: charge sensitive amplifier (CSA) [12], pixels, test structures
for radiation hardness and more. Samples expected to arrive in mid 2025.

« Long-term goal: DMAPS (depleted monolithic active pixel sensors) in SiC

Wire bond —
. . I = "
Pixel sensor | S s = e Lo
. . . . Wire bond CSA variants —— ';, M'f:%:] i{
o 1re bon g % " g Sensor/Micro
= i mnm e dosimeter array

1 — CSA array

SIMS structures —

1.|.l. | i i @‘\ Load

/ _— Dicing streets

Sensor pixel

4 | 4 J 3 BUBIEEREL (S endi ) iSO RSO
EEEESE e

tt t | B
ENC: 118 e (Cdet =1 pF) (no e s e) Van der Pauw i e

ENC: 205 e (Cdet =45 pF) test structures
Bandwidth of 31kHz

[11] May, A, et. al. (2024). A 4H-SiC CMOS Technology enabling Smart Sensor Integration and Circuit Operation above 500 °C (pp. 1-5). https://doi.org/10.1109/ssi63222.2024.10740550
[12] Onder, S., et. al. (2024). Towards silicon carbide monolithic active pixel radiation sensors. Austrochip 2024. https://doi.org/10.1109/austrochip62761.2024.10716230.

Chip size =
5mm x 5mm

Sebastian Onder Vienna Conference on Instrumentation 2025 18
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OAW -z S1C-CMOS Development = HEPHY

— INSTITUTE OF HIGH ENERGY PHYSICS

 Fraunhofer IISB 2um SiC-CMOS PDK via Europractice (Integrated NMOS/PMOS,
resistors, capacitors working up to 500°C) [11]

o First submission last year: charge sensitive amplifier (CSA) [12], pixels, test structures
for radiation hardness and more. Samples expected to arrive in mid 2025.

« Long-term goal: DMAPS (depleted monolithic active pixel sensors) in SiC

z° oC
W1re bond By
Pixel sensor s
, + 2
. . . . r\ i ullllm il Wire bond % 2 AR CSA Ogtput for
© 'E“E! | FERE - g, \N. 2750e signal
& [&)] 0 | oa | \
E .J. (MIP in 50pum
= m“m; il [m ﬂﬂ mjﬂmj If X e thick SiC sensor)
EEEEE :
not true to scale p
ENC: 118 e (Cdet = 1 pF) ( ) £
ENC: 205 e (Cget = 4.5 pF) ]
Bandwidth of 31kHz 8o +— o —
[11] May, A., et. al. (2024). A 4H-SiC CMOS Technology enabling Smart Sensor Integration and Circuit Operation above 500 °C (pp. 1-5). https: 0 5 10 15 2;0 2i5 30 35 40
[12] Onder, S., et. al. (2024). Towards silicon carbide monolithic active pixel radiation sensors. Austrochip 2024. https://doi.org/10.1109/austroch Time (ps)
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» Radiation hardness of SiC — it’s complicated
— Leakage current <10pA at fluence of 10'° n,,/cm? and room temperature = no cooling needed
— CCE significantly reduced at high fluences

— Based on small sample size without prior annealing

Properties up for investigation:
— SiC LGAD gain loss with increasing irradiation (donor removal)

— Timing capabilites

Several SiC devices in production: planar/LGAD sensors, CMOS electronics

Large interest from the community

— SiC LGAD productions from FNSPE/FZU/onsemi (CZ) (Talk on Thursday, Indico), LBNL/NCSU [13],
SICAR [14]

— DRD3 SiC LGAD project with 27 participating institutes (including HEPHY)

Stay tuned . [13] Yang, T., et.al. (2024, August 22). Characterization of 4H-SIC Low Gain Avalanche Detectors (LGADS). https://arxiv.org/abs/2408.12744.
[14] Zhao, S., et.al. Electrical properties and gain performance of 4H-SIC LGAD (SICAR). IEEE Transactions on Nuclear Science, 71(11), 2417-2421. https://doi.org/10.1109/tns.2024.3471863.

Sebastian Onder Vienna Conference on Instrumentation 2025 20
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Thank you!

This work was supported by the Austrian research promotion agency FFG, project number 883652.

The financial support of the Austrian Ministry of Education, Science and Research is gratefully acknowledged for providing beam time
and research infrastructure at Med Austron.

Production and development of the 4H-SiC samples was supported by the Spanish State Research Agency (AEI) and the European
Regional Development Fund (ERDF), ref. RTC-2017-6369-3.
The production of the planar 6"-SiC samples has been supported in part by the RD50 collaboration (RD50-SiC-LGAD common project)

We thank our colleagues at the irradiation facilities of JSI, Ljublijana for the irradiation of SiC samples to 1E18 neq/cm2
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2021
First SiC Samples from CNM run 13575

2 Master Theses, Strip Sensor Measurements: _10.1088/1748-0221/17/01/C01060

Start of FFG funded Project “HiBPM”
2 PhDs and 1 Postdoc full-time on SiC

2022

. Neutron irradiation at ATI Vienna, CCE Characterization with UV-TCT / Alphas
v 10.1016/j.nima.2022.167218, 10.1088/1748-0221/18/01/C01042, 10.1088/1748-0221/18/11/C11027

. Medical applications (ion therapy): Beam monitoring / FLASH dosimetry
7 10.1088/1748-0221/19/04/C04055, 10.1088/1748-0221/19/04/C04055, 10.1007/s00502-023-01201-w

» TCAD simulations for unirradiated sensors

Start of RD50 SiC-LGAD common project
Measurement of electron-hole pair creation energy 10.1016/j.nima.2024.169412

Planar SiC run designed and submitted

Characterization of first planar run (CNM 16886 and 17407) DRD3
» TCAD model describing radiation damage in 4H-SiC  arxiv:2407.11776, arXiv:2407.16710
» SiC-LGAD design and layout finished
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CCE after Irradiation

« Reduced forward current allows operation of detector in forward and reverse bias
« Higher CCE in forward direction (electron collection)
« For a particles and UV-TCT : CCE surpasses 100%!

62.4 MeV protons

a particles

SPA-UV-TCT

T 140 i T
: 1 1 2.
100 4 Neutron. Flu;‘nce.d ! R AhAsdd forward : reverse i Neutron Fluence [Neq/cm<]:
A Unirradiate : Ak 120 4 : 400 : & Unirradiated
i A 5x10%ng ! A‘ ! ! ® 5x10*
] A 1x10Y Neq | A 100 - P— 5 5 5 5 B BB 1 $ 1x10'®
1 -Forward 1
A A A Mt 1 FPTTTLLL 300 1 (Forverd) | 3x10%
= 601 H aad < 80 ! ! HH”“ = ! ¢ 1x10%
£ 7] a ! 5 AT S '
& M‘“A \ i e e E i t o d{ m : ® UV-TCT
9 40 Ay, ! ‘A AA‘A‘ Y 60 HH f} - ” < 200 A ., . ! X 62.4MeVp*
‘A A | * I ® 1
I A AA + i ' o ¢ i -R
_____________________ L il N SR LY o everse
504 i Noise Limit 40 1 *3 = .... L] |
: : Hy 100 A .. | ..Wm
1
| o L ]
0 iendand i reverse 207 Mu.._" * :+ M ; S000000ss ::M
4 1 1
i t 0000000000000000000000
04 1
| ] ]
T T T T T 0 T T T T T T T T T T
-1000 -500 0 500 1000 -1000 -500 0 500 1000 -1000 -500 0 500 1000

Bias Voltage [V]

Bias Voltage [V]

Bias Voltage [V]
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OW == Bipolar Operation of irradiated SiC ~ Zreenr
e Trapped space charge near anode and cathode decrease charge carrier lifetime and
decrease conductance

e For high bias voltages (or charge injection), traps are fully filled and charge carrier life
time significantly increases — conduction is restored (until de-trapping occurs)

e EHj levels (at backside) are filled first and responsible for start of conduction

1.0 1 A 5E14 n /sz Rel. Laser Power:
| 5E14 n sz 450V de €q — 100%
0 eq/ ’ 0.8 1 450V de 92%
,;. . 82%
-25 4 L 73%
_ ° ® £ 061 o
§ s0{ @ Zip 8 3 — %
S P+ - N 0.4 — 33%
X~ © EHs; EH, © .
0.2 1
—1004 p" implant n™ buffer
0.0
_125 1 Anode Cathode 5 0 5 Tim1el o 15 20 25
0 10 20 30 40 50 UV-TCT transient waveforms in forward

Depth [um] bias as a function of the injected charge
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OW == Charge Enhancement in Forward Bias ey

e Charge enhancement depends directly on injected charge density

« In UV-TCT : High power, tiny focus — >100% CCE

e For lower charge density (de-focused laser spot), this effect does not happen!

Integrated Charge [fC]

— Can not be leveraged to get larger signals in MIP detection

140
3 x
175 - Forward Bias: X Focused Neutron Fluence [neqfcmzl
— 50V 1204 ® Defocused X SE14
150 4 — 100V | NN e 100% CCE X —— 1E15
s 150V T 100 X 5E15
1254 |— 200V “.o_:. X
250V 2 ettt e e e e et en
iog === 100% cce £ 807 «
el X X
3 LYY TP
75 4 T 60 LX ] N(
(=]
]
50 £ 40 A
[ 4
.X
25 20 o
5 x 10'* neq/cm? neutron-irradiated 4H-SiC Diode in Forward Bias, Z Focus and Voltage Scan Forward . Reverse
0 T T T T T 0 - - - r : r r - -
-0.5 0.0 0.5 1.0 1.5 -1000 -750 -500 -250 0 250 500 750 1000
ZDIstatice frem Focus ] http://arxiv.org/abs/2412.06973 Bias Voltage [V]
Signal vs. laser focus Signal for defocused / focused laser
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OAW i Simulations of 4H-SiC Devices II

Material parameters deviate across literature
= optimization by fitting simulation to measurement

Additional input: Doping profile extracted from
C-V measurements (bulk + buffer layer)

100 -

Device simulation using Synopsys Sentaurus [4],
Global TCAD Solutions [5] and AllPix? [6] 60 -

Very good agreement for CCE curves

E AllPix 2
60 -

CCE [%]

Em H* (62.4 MeV)

40 -

20 -

0 100 200 300 400 500

Reverse Bias [V]

Sebastian Onder Vienna Conference on Instrumentation 2025

|
-7z HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

TCAD - GTS

uv - TCT EEm TCAD - Sentaurus

600 700 800
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SiC-LGAD Comparison ~7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

 Several other groups have designed, produced and characterized SiC-LGADs

Different sensor architectures and guarding concepts

| HEPHY/CNM/RD50 | FNSPE/FZU/onsemi (CZ) | LBNL/NCSU (USA) | SICAR (China)

Guard Structure

Gain

Time resolution

Contact

Trenches, JTE

Trenches

HEPHY

SiO»

l

SizNg

.

n-epi
Sebastian Onder

T, "/
//l HE P H Y -

15-20
100ps (Sr-90)
JTE
FNSPE/FZU/onsemi,
HEPHY
SiOs Si3Ny
Contact
|”III\ \'/
n-epi //1 HEPHY

Vienna Conference on Instrumentat’lon 2025

Bevel Edge Bevel Edge
~10 2-3
<35ps (Sr-90) -

Bevel-Edge
LBL (USA), SICAR (China)

SiOs

PPp-_implant Q l S

AR, |

|H|||\ "/
n-epi //1 HEPHY
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OAW =5 RD50 51C-LGAD Common Project* |//‘n'/HEPHY

— INSTITUTE OF HIGH ENERGY PHYSICS

*Contributing institutes:
HEPHY, CNM, CERN, INFN Perugia, ICFA Santander, NIKHEF

LGAD run + additional planar run Gusr poon Gt passvation planar run design
Design by HEPHY via TCAD
Production at CNM (first time 6”)

p Implant  Front Metal Charge Collection Ring

Planar run: Slant

structure
design

* More statistics for material/irradiation study Backside Metal
4400 pm

« 5 wafers (3x50um, 2x100pum epi thickness)

*  2x50pum and 1x100pm have been processed and
received (yield <50% due to production error)

* Remaining 2 wafers finished by early to mid 2025
* LGAD run:

* Production starting this spring

* Mask design has been finalized

pnar run LGAD run

Sebastian Onder Vienna Conference on Instrumentation 2025 29
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Contact metal is not allowed to be
on oxide (instead of forming a
silicide, metal will spill out from
mask)

Shorted a lot of structures

Adressed by splitting metal masks
into high-temperature contact
metal and low-temperature metal

Planar Run Issues =7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

Forward and Reverse |-V Resul

PR

Micro-grid

diode with
metal issues

Wafer Epi [um] Yield
2 50 57/173 [33%]
3 50 7/173 [4%]
4 100 77/173 [44%]
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Medical Applications: Beam Monitor & Dosimeter = HepHY
* Jon radiation allows effective cancer therapy by placing Bragg peak in tumor tissue e

= precise knowledge about beam characteristics needed

» Advantages of SiC for therapy beam monitoring and
dosimetry:
— Low leakage currents (DC readout)
— Insensitive to light
* Development of a SiC based beam monitor (use at

MedAustron): Single particles to clinical intensities
(GHz/cm?), talk by Simon Waid on Tuesday (Indico)

*  Microdosimetry and UHDR (FLASH) applications
of SiC

ine esggmel s

IR1 ;
Synchrotron

fixed hor.
LINAC

MedAustrond

R3 IR2 beamline
fixed hor. fixed hor. and (p, C, He) lon Sources
beamline ver. beamline
ant .C
bgaml?r:e .0 ®O
(P)
Sebastian Onder

IR4
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—— Spread Out Bragg Peak
304 = Pristine Bragg Peak

Tumor region
254

Dose

New SiC-based beam monitor for a wide dynamic beam
intensity range and FLASH-like beams in the future


https://indico.cern.ch/event/1386009/contributions/6279092/
https://dx.doi.org/10.1088/1748-0221/19/04/C04055
https://iopscience.iop.org/article/10.1088/1361-6560/ad5072/meta

OAW &z Ultra High Dose Rate Therapy: Beam Monitoring =Y epny

—— INSTITUTE OF HIGH ENERGY PHYSICS

CONVENTIONAL RADIOTHERAPY FLASH RADIOTHERAPY
Dose: > 8 Gy (x 1 fraction?)
Dose Rate: > 40 Gy/s
Irradiation Time: <200 ms

Dose: ~2 Gy/fract. (x 30 fractions)
Dose Rate: ~ Gy/min
Irradiation Time: few minutes

* FLASH effect at ultra high dose rates: Same tumor control but
with improved survival of healthy cells
= wider treatment window and higher treatment speed

+ SiC-based beam monitor prototype with DC-coupled 20 MHz TIA

— Fast response due to TIA " f .

. . . Taken from “Instrumentation for FLASH Radiotherapy”
— Linear with dose rate (up to 10 kGy/s inst., 100 Gy/s avg.) Francesco Romano, iWoRiD 2023
— No saturation observed S

by
o
1

=
'S
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OAW = Micro-Dosimetry 7 HERHY
. . lon Beam Photon Beam
+ Study of biological effects of radiation on cellular level:

— Dose deposition of single particles spatially resolved in um scale needed 5 T

S A

— Different particle types have different microscopic dose distribution f}%" ﬁ“ N i,;,

Ve ~%, < )
* Challenges for detectors: e RN 1 43

Need thin sensors (<10pum) = small signal = high SNR readout

- %
— Clinical particle rates up to 101%/s = fast electronics, pileup (poster
about pile up rejection by Matthias Knopf, Indico) g/
. : . . : = / -
« HEPHY is developing new SiC-based microdosimeters

Sebastian Onder

First prototypes expected soon

Additional development of new readout system

Depth / cm
0 2 4 6 8 10 12 14 16

0.071 . 100
Preliminary Monte Carlo

0.061 simulation:
| p-1482M

I 80

I 60

I 40

Relative Dose / %

|20

0.00 == 7 T . T 0
100 10! 102
Lineal Energy / (keV/um)

Vienna Conference on Instrumentation 2025


https://indico.cern.ch/event/1386009/contributions/6279562/

OAW  sze Fast Readout

— INSTITUTE OF HIGH ENERGY PHYSICS

https://indico.cern.ch/event/1506319/#2-high-bw-readout-electronics

Ny 3 Trigger Horizontal Acquisition Info 2025-01-24
Based on a 10 GHZ S e X (O q 4 *’9 I m Edge 1.01V Auto 500ps/ 40GSa/s Sample IT 10:25:40

Undo Help  Image Autoset Zoom Histogr.. Measure FFT  Delete v 4 Trg'd  47.4ns 1 kpts -
T T v T T

LNA MMIC L Diagram1: C1,C3 X ‘

f~ 29.6 m¥

[~ 25.6 m¥

UV-TCT laser (370 nm) |se=

Risetime : 55 ps
(~ 6.4 GHz BW)

Partially limited by -
laser pulse 45.‘5 ns 45‘ns 2 47.5 ns ; 48l5ns 43‘ns 43v‘5 ns 439.91 ns|

I

(45 pS FWHM) e ——

Current Max Min Mean RMS o (S-dev) Event count Wave count

MeasGroup 1 [
. Max 15253 mV 15.658 mV 14391 mV 15117 mV 15.119 mV 23573 v 14134 14134
(Almost) no reflectlons ! Min -300.92 pv -81.192 pv -528.63 pVv -281.09 pv 287 pv 57.945 pv 14134 14134
Rise time 55.972 ps 60.13 ps 52.295 ps 56.214 ps 56.221 ps 910.18 fs 14134 14134
Fall time 695.83 ps 776.23 ps 650.11 ps 696.27 ps 696.53 ps 18.894 ps 14134 14134
Pos. pulse 437.47 ps 478.54 ps 428.59 ps 451.96 ps 452.02 ps 7.2147 ps 14134 14134
Period = = = = = = 0 14134
Delay 1.0051 ns 33784 ns -1.6128 ns -86.07 ps 1.2495 ns 1.2465 ns 13452 14134

Statistics: Reset

4 mV/ 7

c2 C4 Math FFT
ov ov
DC-50 Q inv DC-50 Q
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S51C LGAD Backup
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OAW e SiC-LGAD Guarding 7/:T'/HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

« Because deep implantation (> 1 um) in 4H-SiC requires very high energies (> 1 MeV), we used
a LGAD watfer with an epitaxially grown gain layer (homogenous over the wafer area)

o Creates challenges in guarding / inter-strip isolation!

« Dielectric breakdown (5iO>) has to be avoided

Trenches JTE Bevel-Edge
HEPHY FNSPE/FZU/onsemi, LBL (USA), SICAR (China)
HEPHY
SiO; SisN S5i0O, SisNa 5i0,
e 4 ! Ve Y|

SisN
e 7

.

) { 1)
n-epi 7 HEPHY n-epi 7 HEPHY n-epi 7 HEPHY

For more info see backun 36
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OAW s RD50-SiC-LGAD Wafer Layout %)!/HEPHY

—— INSTITUTE OF HIGH ENERGY PHYSICS

« 464 dies per wafer, 10 wafers available. PIN diodes using wafers without gain layer
« Three guarding designs (JTE and trenches), all with simulated Vsp > 2 kV

« Processing to start this spring

Finalized Mask Design for RD50-5iC-LGAD

1: Trench + single deep-implant

3: JTE + FMFPs*

S
2: JTE & support-implants + FMFPs*

* Floating metal field plates
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OAW <=ie Trench Guardlng —7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

In theory trenches are ideal to interrupt the gain layer:
« Good fill factor, very high voltages can be achieved

However:
« Deep trenches (>4 um) are not easy to manufacture
« Aspect ratio of trench is very important, needs to be ot < 5°

Contact Perfect trench (a = 0°) Bad trench (a = 15°)

n-epi

38
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OAW Trench + Deep Implant = HEPHY

—— INSTITUTE OF HIGH ENERGY PHYSICS

 JTE in front of trench can be used to pull down field lines and spread out high field areas
« JTE does not necessarily need to be deep enough to cut gain layer

« Very good results independent of trench angle, Vsp ~ 2 kV even for o =12°

Vap, with Etching Edges (9 um wide mi2-implant, 1e17 cm~3)

25001 Trench Depth = 3 um
-%- TrenchDepth=5uym e =
& Trench Depth=7um g oy

e - et

22501 —= Trench Depth = 9pum & .= - “’-

Frget
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JTE Guarding

gl
~~ HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

« Gain layer in 4H-SiC is much easier to grow than to implant it
(need high energies of several MeV, thick masks, large implantation currents)

« JTE guarding design complementary to trench design

« For epitaxial gain layers, a simple JTE is not sufficient

Implanted Gain Layer

Contact

n-epi

Epitaxial Gain Layer

Contact

p™ - implant

n-epi

20

30

Build-up of high electric fields
JTE

40



OAW Multiple JTE Guards

o If one JTE is not working, use multiple and slowly dissipate potential

Contact

n-epi

W
~~ HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS
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OAW Multiple JTE Guards 7 HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

o If one JTE is not working, use multiple and slowly dissipate potential

« However, implant-implant distance is limited to >10 pm because of thick masks
required to stop the high energy ions in implanation

VVVVVVVVVVVV VY

. S
T e i W &

n-epi

Hard
Mask

SiC

mi2-factory hard masks
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https://mi2-factory.com/

OAW Multiple JTE Guards = HEPHY

INSTITUTE OF HIGH ENERGY PHYSICS

« Can use floating metal field plates (FMFPs) or support implants to enhance the spreading of
electric potential between the guards

« FMFPs are sensitive on the oxide thickness

« Support implants are sensitive on mask alignment to deep implants

Floating Metal )
Field Plate (FMFP) P. SUITPOI"E
SisNy S0, implant

Contact 1

[lustration of
FMFP and
support implant

Speed up depletion of gain concepts
layer using FMFP / p* implant

n-epi Rapid depletion in n-bulk
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