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* Integrated a remote-controlled 4-blade micrometric slit system (0.7 ym
resolution) to optimize beam geometry and minimize aberrations for IBIC.

W= Enables automated, high-precision beam characterization and adjustment
without manual intervention, maximizing experimental reproducibility and

flexibility.

* |nstalled a modular lens system and 5 MPx

camera for real-time, non-destructive sample o =\l — ™= ,,
observation at the ion beam nuclear A ¥8E  FREEESESEEE = jonen O
microprobe. BT = ./

* Delivers up to 10X magnification and 12.5:1
zoom, essential for precise beam focusing and
accurate targeting of sample regions of

interest.
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IBIC validation of TPA-TCT method on Silicon
Carbide devices (Activity WP5.T3)
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Three-Dimensional Micro-Scale Characterization of
Silicon Carbide devices using the TPA-TCT method

tana, Carmen Torres-Mufioz. Jordi Duarte-Campderrts, and 9 more v

has not been pee

iewed by a journal. v

03/rs3rs- 906621101
s licensed under 3 CC BY 4.0 License

Abstract ~

This study introduces, for the first time, the use of the Two-Phot

(TPATCT) for characterizing silicon carbide (SIC) p

on-Absorption Transient-Current-Technique
diodes, with potential applicability to other SIC

rrrrrr
e probing of internal regions
d at the laser facility

n TCT methods,
highly promising.
ind other wide-bandgap semiconductor devices.

https://www.researchsquare.
com/article/rs-9066211/v1
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Carrier Transport Properties of Neutron-Irradiated

4H-SiC (Activity WP3.T2)

INFRAESTRUCTURAS CIENTIFICAS
Y TECNICAS SINGULARES

Centro Nacional de Aceleradores

Centro Nacional de Aceleradores

INFRAESTRUCTURAS CIENTIFICAS
Y TECNICAS SINGULARES

siD4,

IMB

Carrier Transport Properties of Neutron-Irradiated

4H-SiC

C. Torres-Mufioz', C. Quintana?, M. Rodriguez-Ramos', J. Garcia Lopéz'#, J.
Duarte-Campderrds?, D. Rosich?, 1. Vila?, Marcos Fernandez-Garcia’, Joan Marc Rafi®,
Gemma Rius’, lvan Lépez-Paz’, Giulio Pellegrini®, and M.C. Jiménez-Ramos '

Centro N
it
ar
rtal ica, Moleculal
fituto ica de Barcelona,
ABSTRACT

da I, Universidad de Sevilla, E-41

ry Nuclear, Unive
IMB-CNM (CSIC)

. Spain
012 Sevila, Spain
rsidad de Sevilla, E-41012 Sevilla, Spain

Calle de los Tilon s/n, E-08193 Bellaterra, Spain

lacional de Aceleradores (CNA) (Universidad de Sevilla, CSIC, Junta de Andalucia)
a (CSIC-UC), E-39005 Santander

n-n diodes
charge mea:

Article draft shared with

co-author.

Expected submission:

Aug-Sep.

cnmi:

Centre Nacional de Microelectronica

600

200
= = 1MW2: Pristine
180 | —-=- K6W1:4 x 10" n_ jem?
w60} e F2W1: 1 x 10"° N Jem?
140
i
120i e TieAl e
Ty d '
(&) \ SIC spitaxy : 000um  niype, 1.5610% cm, 50 um
80 ry SIC4H
‘ ' type (N-doped), 0.02 £2em, 350 um
L T,
60 \ " 4400 pm
N "
40 - ~
~ ~ o
| B A T o T T e DM B e BB e e e e e e
0 Il Il 1 1 1
0 100 200 300 400 500
Reverse bias voltage (V)
%0 lCCE vs. Angle

B 115 Negfcm? (200V)
i 5€14 Neglcm? (800V)

1e15 neg/cm? (400V)

B 5el4 ng/cm? (300V)

i
'3 MeV H'

——

—a—
L B i N N B N N _§N |
—a—
——
—

t t

T
0 10

v T T T T T
30 40 50 60 70 80
Incidence Angle (2)

1. Neutron irradiation generates uniform distribution of

defects
2. Uniform electric field across the active region (C-V

measurements)

Hecht equation (Lg.i5; = (u7) - E = cte) [1]

1w Le- _wex L _E
CCE(drlft) = E__[ dx 7(1 —e Le_) + 7(1 —e h+)
0J0

Carrier transport modeled by fitting experimental data using
minimization of y
Fit parameters: electron and hole drift lengths (L.-, L;+)

. .12
X(Le- L ):ZN [CCEexP(l)—CCEmodem)
e =1 CCE gy (i)

[1] J. Garcia Lopez et al., Nucl. Instrum. Methods B, 371 (2016)
294-297 .https://doi.org/10.1016/j.nimb.2015.09.012




Carrier Transport Properties of Neutron-Irradiated

4H-SiC (Activity WP3.T2)
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Electron drift lengths are consistently 5—8x higher
than hole drift lengths across all tested conditions.




Effect of dynamic annealing on 4H-SiC detectors
irradiated at different temperatures (Activity WP3.T2) ¢ o iy oesmernss seurses
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Effect of dynamic annealing on 4H-SiC detectors irradiated at

different temperatures

Carmen Torres-Mufior, Javier Garcfa-Lopez, Mauricio Rodriguez-Ramos, David Pascual-Alvarez, Joan Marc Raff,
Gemma Rius, Giulio Pellegrini and M. Carmen Jiménez-Ramos

Abstraci—Silicon carbide (SIC) is a wide-bandgap semiconduc-
tor with great potential for use as a radiation detector in extreme
environments, such as those found in nuclear fusion devices.
This work presents a study on the effects of ion irradiation at
different temperatures on the spectroscopic properties of a 4H-
SiC p-n junction detector. Using a nuclear microprabe, various
regions of the device were locally irradiated with 35 MeV
helium ions (simulating alpha particles born from fusion) at
Foom temperature, 200 °C and 400 °C; and with fiuences ranging
Detween 15 10" to 1 x 10'* ionsfem”. Post irradiation analysis
based on the lon Beam Induced Charge (IBIC) technique at room

temperature quantified the degradation in Charge Collection L1

Efficiency (CCE) as 3 fanction of hias voltage for each of the
irradiated regions. The IBIC results show that the elevated
temperatures applied during jon irradiation actually promote
dynamic anncaling processcs, which decrease the formation of

would be expected for applicd fluences. The quantitative decrease i

in damage with effective temperature reached upon irradiation
can be fitted using a single channel dynamic annealing Arrhenius
model with an activation energy of £, ~ (.19 ¢V. This energy

fast fons, especially alpha particles with energies around 3.5
MeV, are of particular importance. These fusion born alpha
particles play a crucial role in heating the
taining the lusion reaction by transferring their
0 the thermal ions. However, the premature los

particles, due 10 such as magnetic

or instabilities, can lead to reduced plasma efficiency and may
even jeopardize the integrity of the reactor walls due to the
heat load generated by these escaping high energy particles

Semiconductor radiation detectors based on silicon, [ace
significant challenges when exposed Lo the harsh conditions
within a fusion reactor, including high temperatures and in-
tense radiation fields. Indecd, under high temperatre con-
silicon detectors suffer from high leakage current,

trometric performance, making it unoperable for temperatures
above 125 °C [3]. Morcover, defects lead to

the migration limited f the carbon
self interstitial, the most mobile primary species in the dH-SIC
lattice. Our results show that, for the temperature range explored

in this work, dynamic annealing in 4H-SiC is consistent with a 5

dominant contribution from a low-energy channel as effectively
controlled by this single low barrier recombination mechanism,
where the high mobility of carbon interstitials facilitates the
annihilation of primary Frenkel pairs before they ean stabilized
into the deep level complexes typically responsible for CCE
degradation.

Index Terms—SiC, 1BIC, Radiation Damage, I)ynamic Anneal-
ing, 4H-SiC.

a
iting their effectiveness under extreme conditions and making
silicon based devices unsuitable Inr Tusion dmgmmm 31 As

which offer superior resistance 10 extreme conditions.

Silicon carbide has emerged as a leading candidate for these
applications due (o its exceptional physical and electronic
propertics. The wide bandgap of 4H-SIC (approximatcly 3.27
eV al Room Temperatre (RT)) results in lower intrinsic

carrier concentration and reduced leakage currents. This, along

First review completed
Waiting decision from IEEE

Transactions on Instrumentation

& Measurement.
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1.Controlled damage of micrometric areas using the

ion beam nuclear microprobe at high temperature
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To avoid thermal annealing effects that might occur
during high-temperature irradiation, we followed a
strict order: starting from the highest temperature and
highest fluence, then moving to lower fluences and
temperatures.




Effect of dynamic annealing on 4H-SiC detectors
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2. Characterization at RT using ions (IBIC)
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CCE is significantly better preserved when
the irradiations are performed at higher
temperatures due to dynamic anneling

100} 1 1ok
- & 7 - 00
90 a0
=
s0f s 1wk

F e ®

200 gof i Mo b = jixjrfi__‘____
1] 100 200 BICLU: Vo“ag‘;[)([i” 500 600 7O 0 100 200 B?:: vo“ag:g(ﬂ\n 500 600 700
Some CCE curves coincide for different fluences and

temperatures.
This enables a quantitative comparison of relative damage
severity

N30 NZOO N 30

~ 2.2; ~ 1.7;
Na4oo Na4oo N200

~ 1.3

Kinetic Model: Steady-state balance
(competing stabilization versus thermal recombination)

Mo
E,
1+ Cexp(— k_T)
Markov chain Monte Carlo analysis :
E, = 0.19 eV(0.16—-0.23) and C = 32(20--58)
Physical Mechanism: Single activated process consistent

with dynamic annealing driven by carbon self-interstitial
migration.

n(T) =




LIGHT-ENHANCED RESPONSE IN IRRADIATED DEVICES
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ILLUMINATION HAS A SIGNIFICANT EFFECT IN THE MOST DAMAGED REGIONS
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High-Temperature SiC Measurements
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Future work

e Graphene Contacts: Evaluate a new detector architecture
featuring surface graphene instead of metallic contacts.

e In-Situ High-Temp Measurements: Measure response
directly at elevated temperatures, addressing furnace-
induced noise challenges in the experimental setup.

e Model Expansion & Kinetics: Add an extra temperature
point to refine MCMC parameter fitting and determine if

graphene alters defect stabilization.

DRD3 WP3 Project: SiC-LGAD Detectors ??7?
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Determination of the Relative Defect Density in Si
using SPA-TCT and TPA-TCT Method
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TPA-TCT shows high 3D sensitivity, revealing charge loss and defect distribution in silicon.
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Future work Defect Density Characterization ==== AI @T Slf |
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e |BIC Characterization: Perform lon Beam Induced Charge (IBIC) measurements to compare against
TPA-TCT and evaluate differences

e Larger Irradiation Areas: Irradiate larger spatial regions to eliminate SPA-TCT z-dependence artifacts
arising from small-volume irradiation.

e Fluence Scan (100 to 10° ions): Perform detailed steps around 103 ions to investigate the charge
minimum, where the response transitions from defect-trapping dominance to SPA contribution.

e Device Variability: Compare relative defect densities across different thicknesses (e.g., 300 um vs.
50 um) and manufacturers (e.g., CNM vs. Hamamatsu).

12
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Gain to 2.3 MeV protons at normal incidence 20 23%py: 5.15 MeV alphas
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CNM Run17958 (“Deep” LGADs with arsenic implanted N++) = Single pad diodes

Gain measurements at the microprobe beam line (protons of 2.3 MeV) and with a tri-Alpha source show that carbonated “Deep” LGADs
have a lower gain when fabricated under the same conditions

This effect is attributed to the distribution of carbon interstitials during boron difusion during fabrication

Fabrication Insight and gain measurements with trialpha source are published in Sensors Journal:

https://doi.org/10.3390/s25175571
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“Deep” CNM LGADs for CMS ETL

(WP2.01)
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For 2.3 MeV protons, gain suppression in both “Deep” LGAD and cLGADs is not drastic when varying the incidence angle
(higher ionization density closer to PN junction as angle increases)
Also, the energy resolution at normal incidence is better for both “Deep” LGAD and cLGAD than for a standard PiN

detector

These results are about to be published in IEEE Sensors Journal: J. Villegas et al. Impact of Gain Suppression in LGADs on
Energy Resolution for Charged lon Spectrometry. IEEE Sensors Journal (2026), Accepted for Publication in July 2026
Results were also presented at 4" DRD3 Workshop: https://indico.cern.ch/event/1581713/contributions/6759972/

14


https://indico.cern.ch/event/1581713/contributions/6759972/

TI-LGAD and CASSIA Detectors (WP3.01) —_ == P
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INFRAESTRUCTURAS CIENTIFICAS

CNM Run18399 — 300 um thick LGADs for low
penetrating particle detection (WP3. 01)@%&”0 Nodond de Accleradores s e
l Frontside

Irradiation

B7 LGAD 18399 W12 _M11

4.0 -
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T T
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3.5 1
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S __
© 2.5
300 pm HR Substrate
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2.0
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1.0 -0 1 -9 MeV o partlcles (Backsnde)
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0
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' Backside
Irradiation

No Gain suppression observed between x-rays and Alpha particles for backside irradiation!
Alpha particle results are submitted to Radiation Physics and Chemistry Journal (under review)
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Results were also presented at 5th DRD3 workshop: indico.cern.ch/event/1634258/contributions/7136734/
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Future work on LGADs === AIETS

ﬂ\ J
Centro Nacional de Aceleradores " AESTRUCTURAS CIENTFICAS u Y

Y TECNICAS SINGULARES

LGADs for CMS ETL

» IBIC Measurements on 2x2 pixelated devices to study gain uniformity
and pixel isolation structures

» Gain measurements with x-rays

TI-LGAD Collaboration
» IBIC Measurements with LGADs of different configurations (different
gain, trench width, trench number, carbon co-implantation, etc)

LGAD for low-penetrating particles

» nLGAD > New run finished at CNM: Alpha spectrometry, IBIC and x-
ray measurements

» 300 um thick LGADs - Measurements of lenvironmental samples
(heavy ion detection)

19



Characterization of ultra-thin (3 um) 4H-

CAMI::
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Y TECNICAS SINGULARES
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Funneling effects is present in non-polarized ultra-thin 4H-SiC detectors during alpha particle detection = The electric
field gets distorted when a highly ionizing charged particle is traversing a semiconductor, transiently enhancing

charge collection

Results were presented at 5t" DRD3 workshop: indico.cern.ch/event/1634258/contributions/7138855/
Also, the results were submitted to Radiation Physics and Chemistry Journal (under review)
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C_harefcterlzatlon of ultra-thin (3 um) 4H- === A| @*T S
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* Measurements with Cyclotron Protons (1-13 MeV - LET of 10-65 keV/um) are carried out and compared to TCAD simulations

5
SPEOQ (Sim; tgyp < 10ns) = 1.27; gizg (Data) = 1.30 -> Similar change ratio between 0 and 5 V (both under full
P

depletion) is observed in Simulation and Data when the SHR recombination time in simulation is adjusted

* Potential to develop a technique for indirectly measuring the SRH recombination lifetime (associated with lattice defects before
and after irradiation) in silicon and SiC detectors = Combination of alpha/proton measurements at low bias voltage and TCAD
simulations

21



Future work on ultra-thin 3 um SiC diodes==== Al @ T S

NFRAESTRUCTURAS CIENTIF CAS
Centro Nacional de Aceleradores ™ iESTRUCTURAS CIENTIF

Ultra-thin 3 um SiC diodes
» Measurements at the Cyclotron Line (Protons of 18 MeV) = Beam timing shape

measurements with SiC diode and fibres detector

21000
=
3500
3000
2500
2000
1500

1000

500
3

0 0 700 300 300 400 500
Time ch 141-159

22




CHARACTERIZATON OF 3D DETECTORS WITH HEXAGONAL PIXEL CELL (WP3.02)

cHAIeTs . CITDS

INFRAESTRUCTURAS CIENTIFICAS

« 3D pixel sensors are being considered for timing at
extreme radiation environments.

 Unirradiated double-sided 3D columnar-electrode

O j sensors with a hexagonal pixel cell layout
manufactured at IMB-CNM.

On+ ® p+ metal

Central n-type Outer p-type  Central pixel cell is readout and the neighbouring cells
electrode  electrodes are shorted to the ground.

* The distance between n+ and p+ columns is 50 uym.




CHARACTERIZATION AT THE CNA ION BEAM NUCLEAR MICROPROBE

DA AN  IBIC and TRIBIC characterization using a 4 MeV H* beam
JERECEEE (range approximately 150 um) with an average rate of 600
| Hz and a spatial resolution of < 5 um.




CHARACTERIZATION AT THE CNA ION BEAM NUCLEAR MICROPROBE

-

IBIC and TRIBIC characterization using a 4 MeV H* beam
(range approximately 150 um) with an average rate of 600
Hz and a spatial resolution of < 5 um.

The central and peripheral electrodes (n* cylinders) were
biased using different combinations of applied voltage,
and the resulting induced currents were recorded.




CHARACTERIZATION AT THE CNA ION BEAM NUCLEAR MICROPROBE

« IBIC and TRIBIC characterization using a 4 MeV H* beam
(range approximately 150 um) with an average rate of 600
Hz and a spatial resolution of < 5 um.

* The central and peripheral electrodes (n* cylinders) were
biased using different combinations of applied voltage,
and the resulting induced currents were recorded.




CHARACTERIZATION AT THE CNA ION BEAM NUCLEAR MICROPROBE
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CHARACTERIZATION AT THE CNA ION BEAM NUCLEAR MICROPROBE

114320 events
Preliminary analysis : : Events Map (G2 S5 0625 Charge map (Ch: 274-1400)
y y 10° Hh i , : :
: : 1200
' ! ! 100 & 100
; > ) : 1000
: c 2 | 1
N o 10°¢ 6 —~ 200 500
O la : : £
D) = ] : > 300 600
—_ 1 ]
W |+ Al | 400
1074 4 : 400
1 1 200
1 1
: 500 500 :
e 100 200 300 400 500 100 200 300 400 500
10 1 L
0 1000 2000 3000 4000 x (um) X (um)
Pulse Height (Channel)
19874 events
Events Map (Ch: 880-2860) 0 Charge map (Ch: 880-2860)
S 2500
100 8 100
2 2000
> % — 200 6 — 200
O @ i i _ 1500
O]z > 300 4 > 300
o 1000
O |~
400 2 400 500
500 0 500 ' :
|H| 100 200 300 400 500 100 200 300 400 500
0 1000 2000 3000 4000 X (um) X (um)

Pulse Height (Channel)




CHARACTERIZATION AT THE CNA ION BEAM NUCLEAR MICROPROBE
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CHARACTERIZATION AT THE CNA ION BEAM NUCLEAR MICROPROBE
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IBIC MEASUREMENTS ARE CURRENTLY UNDERWAY
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TRIBIC MEASUREMENTS ALONG ONE DEVICE AXIS

Amplitude (mV)

—10V

_14 | | | | |
-0.5 0 0.5 1 1.5 2 2.5

Time (ns)

« Puntual shots were carried out along one device axis for TRIBIC measurements, which are
currently under analysis.

« Waveform properties like arrival time, rise time, amplitude, and charge are being processed.
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