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RD50 collaboration

o RD50 collaboration is a CERN based The RDS0 Collaboration

) ) . +RD50: 65 institutes and 434 members
collaboration for Radiation hard 1 European insitutes

semiconductor devices for very high i ;

luminosity colliders
o It started the first workshop at 2001,

as a continuation of ROSE
collaboration

8 North-American institutes
Canada (Otiawa), USA (BNL, Brown Uni, Fermilab,
LBNL, New Mexico, Santa Cruz, Syracuse)

China (Boijng-IHEP,
India (Del

[Ilon "W 4q so|d]

o Currently is having 2 annual workshops

o This November is going to be the 43rd
RD50 workshop, it will be the last one

Number of participants

o RD50 activities will continue within
the new DRD3 collaboration (Check
the nice talk by N. Cartiglia!!)
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https://agenda.infn.it/event/35597/contributions/208879/
https://agenda.infn.it/event/35597/contributions/208879/

RD50 Structure

Organizational Structure / Work Program

Targeting new solid-state

Covering all fields of
semiconductor detectors
exposed to radiation

Co-Spokespersons

Gianluigi Casse
(Liverpool University, UK

FBK-CMM, Trento, Italy)

and Michael Moll
(CERN EP-DT)

detector technologies
including high
precision 4D detectors

Defect / Material
Characterization
loana Pintilie
(NIMP Bucharest)

Detector
Characterization
Eckhart Fretwurst
(Hamburg University)

New
Structures
Giulio Pellegrini
(CNM Barcelona)

Full Detector
Systems
Gregor Kramberger
(Ljubljana University)

properties of standard-, defect
engineered and new materials;
pre- and post- irradiation

« DLTS, TSC,
« SIMS, SR, .
* NIEL (calculations)

(IV, CV, CCE, TCT,.)

*Development and testing of defect
engineered devices

*EPI, MCZ and other materials

+NIEL (experimental)

+Device modeling

of test

« 3D detectors

« Thin detectors

« Cost effective solutions

« Other new structures

+ Detectors with internal gain

« Deep Depleted Avalanche Det.

* LGAD:Low Gain Avalanche Det.

* LHC-like tests
« Links to HEP (LHC P2, FCC)
« Links electronics R&D
« Low rho strips
* Sensor readout (Caribou,Alibava)
+ Comparison:
- pad-mini-full detectors
- different producers

RD50

work program

and

« Cluster and point defects
« Boron related defects

* SiC/GaN based detectors
« Wafer procurement

o
+Operational conditions VG
+Common irradiations

“Very high radiation fluences

+ Acceptor removal (Kramberger)
+ TCAD modeling (J.Schwandt)

m Edges
MOS

(M.Moll) + LGAD (S.Hidalgo)

+ HVCMOS (E. Vilella)

+Radiation Damage in
HEP detectors
+Timing detectors
~Test beams
(M.Bomben & G.Casse)

key achievements
documented in a
5yrs work plan
2018-23
(70 milestones)

Collaboration Board Chair & Deputy: G.Kramberger (Ljubljana) & Daniel

(Lancaster), C

i (E5.51) B30 R Comamnp | [LHEESE000)

CERN contact: M.Moll (EP-DT), Secretary: V.Wedlake (EP-DT), Budget holder: M.Moll & M.Glaser (EP-DT) , EXSO: R.Costanzi (EP-DT)
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Connecting the microscopic with the macroscopic effects
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[F. Hartmann, Evolution of Silicon Sensor Technology in Particle
Physics, Springer 2017]

RD50 Status Report - M. Baselga

Leakage current ; Depletion voltage

Increase of
generation current

! Creation of charged defects!
ipper band: donor

; Trapping, CCE
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Shockley-Read Hall statistics
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Medical Physics Applications, 5: 101-110, 2010]
VERTEX 2023 - Sestri Levante, 19" October 2023

[M. Moll, Astroparticle, Particle and Space Physics, Detectors and
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https://link.springer.com/content/pdf/10.1007/978-3-319-64436-3.pdf
https://link.springer.com/content/pdf/10.1007/978-3-319-64436-3.pdf
https://www.worldscientific.com/doi/epdf/10.1142/6099
https://www.worldscientific.com/doi/epdf/10.1142/6099

Defect characterization
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5 RD50 Status Report - M. Baselga VERTEX 2023 - Sestri Levante, 19" October 2023 dortmund



NIEL(non-ionizing energy loss)

NIEL simulations do not Displacement damage in Silicon

for neutrons, protons, pions and electrons

distinguish between point or 0% v e Ty
cluster defects 10°) i —— ]
E Mo pions: Huhtinen E|
. . e . 2 [ = -~~~ electrons: Summers

o NIEL is a simplification e S ™ ‘ E
.. o F T 3
of the radiation damage E 10" B E
© 100f = -
o Neutron and proton = Lo S=—ee 3
. .. Wy e | E
irradiation shows NIEL o 107 i E
violation ;107E nettrong g del',. E
. . . 3L ]
o Simulations with Geant4 =3 1 e'lis'. E
(PKA), TRIM (low 104} On,
H 109 v v vl vl vl el il vl el

energy recc?ll atoms) were 104 10° 102 10T 10° 100 108 10° 10

Correspondlng to preVIOUS A. Vasilescu & G. Lindstroem E[MCV]

NIEL studies

[V. Maulerova-Subert et al., 42nd RD50 Workshop]
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https://indico.cern.ch/event/1270076/contributions/5450170/

Negative TSC (Thermally Stimulated Current) results from CZ proton

irradiated diodes

TSC Measurements of Thick Sensors (Electrical Filling)

1. Cooling down @-200V

1.

Cooling down @-200V

2. Forward bias filling (300V, 1mA) @20K for 60s 2. 0V filling (majority carriers) @20K for 60s =
3. Warming up @-200V 3. Warming up @-200V m
o
100) | h filli 4E+14 | | hfilli 4E+14( | Oé
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N 9 7E+13[ || s 9 7E413 | | Ey
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\ / — 23 / X-Defect )
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Temperature [K] Temperature [K] =B
9
o Negative TSC values corroborated with two setups
o Investigation of the origin cause ongoing
. h technische universitat
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https://indico.cern.ch/event/1270076/contributions/5450169/

Other materials besides silicon
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Ultra High Dose Dosimetry with Silicon Carbide

SiC for dosimetry of pulsed electron beams

o SiC as diamond has:

o Low dark current
o Radiation hardness

o Besides, SiC is cost
effective for the quality of
the crystal

Micro-dosimeter

< s
10pm ENT=2000KY  SignslA=SE2  Dele24Feb2022  IMECNMCSIC
I 1 WD=48mm  Mao= 242KX  Time:120218  PhoioNo =4350

9  RD50 Status Report - M. Baselga

[G. Pellegrini et al., 42nd RD50 Workshop]

T g W 2

G
Dese por pulie/ Gy

VERTEX 2023 - Sestri Levante, 19" October 2023

o Response linearity not
[ affected

- Effect of accumulated dose:

o o Two runs, around 26 kGy
e accumulated dose

o o 5% reduction sensitivity

o The saturation of the device
response is associated to the
series resistance
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https://indico.cern.ch/event/1270076/contributions/5450199/

Combination of LGAD 4H-SiC sensors

p-in-n implant with an n+ multiplication layer

P+ Ohmic contact layer w
N-Intrinsic layer Z, / 3
g .
5w + sicart120) R
’ i -
- scant1ae) A
N- Buffer layer X Seant-13) San
- oAt
Nes Substrate

0 s e

i i i
Reverse bias voltage [V]

IHEP 4H-SiC LGAD design

Structure of NJU 4H-SIC LGAD NIU aH-SIC LGAD v2 1/c-

103200 1000 800 600 400 200 o 100 200 300 400
Voltage (V) Reverse Voltage [V]

NJU 4H-SiC LGAD design

o Good results with LGAD 4H-SiC sensors, showing the top ones gain, more
investigation further

By Nanjing unversity (NIU)

[doysxiopn 05aY puzy e 19 Suepp SuooSuo)d)

o TCAD Simulations should also be adapted to new materials (Philipp Gaggl et al.,
42nd RD50 Workshop)
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https://indico.cern.ch/event/1270076/contributions/5450184/
https://indico.cern.ch/event/1270076/contributions/5450202/
https://indico.cern.ch/event/1270076/contributions/5450202/

Characterization of Indium Phosphide sensors for future large-scale thin
film detectors

Laser measurement with different polarity

& 200~ TrTT T T T ey - . M
g S ° o Indium phosphide is under
3 . negative backside bias voltage =4 . H H H . Al
E g0 - posiivebackse s votage E 5 investigation as thin-film material:
g 10 i single pad and multipad arrays
= 120 [ ; ;
§ o i 2 were fabricated on bulk material
Y . .
E E = and studied with several methods
80 . g &
jg—’ . E 5 o InP electron mobility
¢ . . a
20k I 5 4500 cm?/Vs — more than 3
O |

O 50 100 150 200 250 300 350 400 450 times faster than Silicon
Bias Voltage [V]
o High electron mobility leads to very fast signals and interesting timing resolution
(substrate of 350 ym InP:Fe wafer)
o Reported timing resolution of 33 ps, more measurements to be confirmed
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11 RD50 Status Report - M. Baselga VERTEX 2023 - Sestri Levante, 19" October 2023 dortmund


https://indico.cern.ch/event/1270076/contributions/5450193/

TCT- Transient Current Technique

TCT edge-TCT TPA-TCT

12 RD50 Status Report - M. Baselga VERTEX 2023 - Sestri Levante, 19" October 2023
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TPA TCT for passive CMQOS strips with stitching

o TPA-TCT measurements were performed at CERN SSD

Stitched Passive Strips

o The charge in stitching and outside stitching does not show
any difference

More in this S. Pape et al., 41st RD50 Workshop, M. Baselga et al., 41st RD50 Workshop and M.
Baselga et al, VERTEX23

TPA-TCT in the stitch area TPA-TCT outside the stitch

025 0.25
0.20 020
Laser spot {3 0152 Blackplane metal 0152
5 ®
s 0.10 0.10
Stitching
line 0.05 0.05
Image taken by S. Pape 2 2.06 2.08 0.00 0.00
Stage y [mm] Stage y [mm]
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https://indico.cern.ch/event/1132520/contributions/5140040/
https://indico.cern.ch/event/1132520/contributions/5140047/
https://agenda.infn.it/event/35597/contributions/211780/
https://agenda.infn.it/event/35597/contributions/211780/

Performed TPA characterisation for Silicon diodes, LGADs and Diamond

TPA TCT results for diamond detector

o Diamond E,,,=b.47 eV
o Laser wavelength A=400 nm
(~3.1eV)

o Strong indication of TPA
(quadratic nature of the
curve)

Signal vs reflected power

[doysxiopn 05Qy puzy “le 39 ndofg 3]
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https://indico.cern.ch/event/1270076/contributions/5450172/

Monolithic

P-substrate

technische universitat
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RD50 MWP3 time results

Mean 1184 200
Sigma 02549 +0.0072

@ 5

® 120~ |nfrared TCT 13900¢

= Entries

c Mean 1180402
Std Dev 2580-01

W 100 et i

o Constant 99.41 +4.84

-]

=z

64x64 Pixel Matrix

L B B N LR

60|
40
20
PiFTTE" A8 Y185 119 1195 1201205 121

At(ns)
o CMOS chip with full analogue and digital electronics

o 1.9kQcm and 3kQ cm resistivities

o 320 MHz input clock

Large discrepancy between achievable time resolution between test pulses
0O(800ps) and bottom TCT O(250ps)

[ U. Kramer, 42nd RD50 Workshop]

@
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https://indico.cern.ch/event/1270076/contributions/5450175/

Characterization and radiation-hardness of the LF-Monopix2 DMAPS
prototype

o NIEL damage 1 x 105 neq/cm?
o Mean hit efficiency of 99.5 %

100.000 9 o
Region 1 (Matrix 1 (3+4)): In-pixel efficiency EDETE I °
= for LF-Monopix2 o &
o BACK.SIDE . 125 ; - 98.750 =< 5
Pixel cell 100 __L ____________ H----‘. _________ g ;
z 7 E 99.58% 99E];% 99.49 i 98125 % v I
o PROS: Short drift distances, strong < = 'ﬂ-----ﬂm‘---“&g‘ﬁ---m—----ﬁ;- 0 § g
E field ooB L L] ggl i 2% i sa7s R &;—_ %
0 |-l B w gl g = B
. _ . 1 . 96.250 i
o CONS: Large detector capacitance, ®T0 w0 w0 10 a0 20 00
. column [pm] 95.625
high analogue power and ENC
95.000

o Fully functional DMAPS in 150 nm CMOS process and large electrode pixel design
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https://agenda.infn.it/event/35597/contributions/211634/
https://indico.cern.ch/event/1270076/contributions/5450176/

LGAD - Low Gain Avalanche Detectors

N* cathode

P-type layer:Different Boron doses

T v
§ o
8 P-type substrate: p = 5-15 kQ-cm
H
R} T T T T ™ P+ anode
Depth um) Vpp <30V
Vio > 1100 V

[S. Hidalgo, 22nd RD50 Workshop]
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https://indico.cern.ch/event/209612/contributions/1501247/

LGADs have been developed for more than 10 years (first time named LGADs in
an RD50 workshop!)
Incredible results for timing measurements (UFSD, thin detectors)
Acceptor removal after irradiation dramatically affecting the multiplication layer.
Mitigation strategies:
Efforts to implant Gallium — Discarded since it was not beneficial
Boron multiplication layer with carbon mitigates acceptor removal
Defect characterization with TSC to understand the process
Small active area (reduced fill factor). Mitigation strategies:
iLGAD (multiplication at the backplane) — difficult to process thin backside wafers
TI-LGAD
AC-LGAD
DC-RSD, DJ-LGAD and more structures being developed

Gain suppression
Fast detectors competing with 3D detectors (drifting time defined by the distance
between columns)

technische universitat
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https://indico.cern.ch/event/200290/contributions/382870/
https://indico.cern.ch/event/381195/contributions/905654/
https://indico.cern.ch/event/175330/contributions/283780/attachments/225144/315064/RD50_Bari_UFSD_Sadrozinski.pdf
https://indico.cern.ch/event/209612/contributions/1501238/
https://indico.cern.ch/event/637212/contributions/2608651/
https://indico.cern.ch/event/719814/contributions/3025855/
https://indico.cern.ch/event/754063/contributions/3222777/
https://indico.cern.ch/event/381195/contributions/905652/
https://indico.cern.ch/event/719814/contributions/3022533/attachments/1662468/2663949/RD50_18_06.pdf
https://indico.cern.ch/event/663851/contributions/2788190/
https://indico.cern.ch/event/1132520/contributions/5148608/
https://indico.cern.ch/event/1074989/contributions/4601934/
https://indico.cern.ch/event/1074989/contributions/4601951/
https://indico.cern.ch/event/754063/contributions/3222647/

Acceptor removal coefficient study: Comparison between samples

c (1076 cm?) c, o G /<,
Acceptor removal coefficient CNM-12916 691 £0.05 171 £077 2475
measurements HPK-P2 3.85+024 9511051 2470
_ / 1.795 1.798 -
Neff(¢eq) = Nao eXp(_CAd)eq) + g¢eq eSS

Acceptor removal coefficient (c) for non-carbonated LGADs

T s S e | - o | o
13 ° * AMS (I;yOnm)rHVZFEIA 1 neutrons LILLILR i protons
o Lammem I S — |
o S v . 111 I E
5 . LonD: 4 o3 e . DLl -
‘_<‘ 10-14 3 = & FBK - neutrons. E| Q{_g’” & &,ﬂ *&x"
[ LA K o ‘
15 A a ‘A mMinimum ®Maximum B This work
107k > . _
5. , , oo ] o 24 GeV protons introduce damages in
13 14 15 16 17 . . .
" 1ON [?m.e,] 10 10 gain layer almost 2.5 times higher
eff,0
[M. Moll, PoS Vertex2019] than neutrons

[F. Zareef et al., 42nd RD50 Workshop]
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https://pos.sissa.it/373/027/pdf
https://indico.cern.ch/event/1270076/contributions/5450185/

Correlation between charge and current gain in LGADs (Gg and G))

o
Fanas s S
G, and G, at -30°C S oE s
RD50 | Q C 3
< 5 E =
5 | s N C
10F  15e14 cm? s GE 25e14 cm s @
- h £ [
s o 75 Gq - C o
Ga o~ o G & a- o3
G -~ E
6 o~ o~ 5 C L
-~ s -
e B = B
it o e 3 E »
s E S
o gt b 2 a
p " E
- I I £ X
T TR e w0 E o
Y Yot 1 &
»Lower temperatures allowed much larger voltage range and split is much more evident at higher gains/bias voltages E ©
»The diffrence an not come du to de-trapping ofth trapped charge ~to large ~only ~10% of charge s trapped 4 4 ¢ - © g
»Somewhat lower gain than expected from some *Sr measurements G, x
a
=
o
=N

o Measurements of the Gain: charge gain, capacitance measurement gain, current
gain

o For non-irradiated devices a deviation from Gg=G;, is observed only at very high
gains (voltages) and is attributed to charge screening effects observed before

o The ratio Gg /G, decreases with fluence at given gain, which is in agreement with
Sr90 measurements

o Probably due to “field-quenching” because of trapped holes
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https://indico.cern.ch/event/1270076/contributions/5450181/

Exflu, LGADS for high fluences

No Carbon Carbonated GL Carbon Shield
Carbonated shilding _ B e, =
LGAD . - S e
Oy
- - ———

Laser stimulus on a LGAD-PiN structure from W6 (2 — 1)
Doping Profiles from Process Simulation

Compensated LGAD 2-1 Gain from TCT

— Effective Doping
Arsenic

== Phosphorus x 4 35 b
Boron x 5

TR 30 b

Compensated
LGAD

Concentration (cm™)
Q
//
/,
Gain
eoN
5 08

[doyssionn 0aY Puzy ‘e 3 ejos "A]

0O 10 20 30 40 50 60 70 8 90 100
Reverse Bias [V]

o Thickness ranging from 15pm to 45 pm
o Compensated LGADs might be interesting for radiation hard measurements
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https://indico.cern.ch/event/1270076/contributions/5450195/

During 21 years, RD50 have been active and very fruitful in results of silicon
studies (and other materials)

Highly motivated in radiation damage but also fast detectors, new materials, new
setups (TCT, e-TCT, TPA-TCT), simulations, ...

Very strong bonding between collaboration members and with HEP experiment
teams

Future .... to move forward to DRD3 for future experiments, to continue the
collaboration and knowledge exchange

Last opportunity to attend the RD50 Workshop at CERN (28th November - 1st

Registration — https://indico.cern.ch/event/1334364 /overview

technische universitat
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https://indico.cern.ch/event/1334364/overview

Thanks for your attention
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Backup
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LGADs for proton-CT

Motivation ?

1 Low Gain Avalanche Detector

! « Silicon detector with an additional highly doped

i = p+ gain layer creating high electric field region for
-- charge multiplication

* Intrinsic gain depends on:
- . gain layer doping, bias voltage, temperature

Promising technology for proton-CT

LGADs offer fast signal collection
good spatial resolution
energy via time of flight

proton
£

proton
E

-
0% Qe 0%
G.Kramberger LGAD sensors for application in proton CT, RAD2023 < c o) g < c
UK g o8
J5 - a Ja
Why do we want to characterize LGADs with 30 MeV protons ?
- How does response depend on angle for highly ionizing particles?
- Can we see increased gain due to less screening for angled tracks?
i i technische universitat
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Facilities
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Facilities: ELI and IRRAD

o The Extreme Light Infrastructure is
the world's largest and most advanced
high-power laser infrastructure and a

IRRAD Proton Facility

O Testing components of the HEP experiments 0 Fluence of >1x10' p/em? in 2 weeks

gIObal teCh nOlOgy a nd in novation 0 Beamof24 GeV/c and size of 12x12mm?  ©  Scanning over dimensions of 10x10 em?
. i i . ) o Spills of 400 msec every ~10 see 0 Low Temp. (-25°C) & Cryogenic Iradiations
leader in high-power, high-intensity, o —

——= = W=
J ST stem

and short-pulsed laser systems

ELI Facilities

v A Beam Profile
Monitors (BPM)

20 June 2023 421n RDS0 Budget Report @ Tiat, Montenegro, 2023 2

o User Portal: https://up.eli-laser.eu/

[M. Rebarz et al., 42nd RD50 Workshop]
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https://up.eli-laser.eu/
https://indico.cern.ch/event/1270076/contributions/5450191/

Simulation: Microscopic effects for simulation models

Simulation software to adjust the

o TCAD Commercial software
radiation damage

o Synopsys sentaurus

o TRACS i
) e Silvaco
o KDetSim
o Weightfield2 Radiation damage models

o Based on EVL

o Perugia models

e Pentatrap model
o LGAD

technische universitat
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https://github.com/JulesDoc/Tracs
https://indico.cern.ch/event/456679/contributions/1126324/attachments/1199067/1744040/KDetSim_Talk.pdf
http://personalpages.to.infn.it/~cartigli/Weightfield2/index.html
https://indico.cern.ch/event/1270076/contributions/5450186/
https://www.synopsys.com/manufacturing/tcad/device-simulation/sentaurus-device.html
https://silvaco.com/tcad/
https://indico.cern.ch/event/719814/contributions/3022491/
https://indico.cern.ch/event/918298/contributions/3880538/

PERFORMANCE OF TJ-MONOPIX

- Latest iteration T)-Monopix2: 33.04 um pixel pitch in 512 x 512 pixel matrix (2 x 2 cm?) P— for standard el i
- In-pixel efficiency for standard pixel flavor

- 7 bit TOT resolution {40 MHz BCID clock - 25 ns timing) - Homogeneous efficiency > 99 % with no losses in the corners, higher than Ti-Monopix1 already
= Bbitin-pixel threshald tuning ~ With ~200 e- threshold no difference between samples expected for the observed cluster charge,
- Communication via four differential lines deviation within error (estimated around 0.1 %)

~ Command-based slow control (taken from RD538)

Epi gap in n-layer (30 um): 99.80 €z gap in n-layer (100 um): 99.
~ 160 MHz data output rate (frame-based 8b10b encoding) . o

- bdaqs3 readout board (from RDS3A/B testing)

- Possible multi-chip readout not implemented yet

[ C. Bespin, Z;an RD50 Workshop]
o Collected charge > 2000 e- for MIPs with efficiency > 99 % for unirradiated chips
across front-end and substrate variants
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https://indico.cern.ch/event/1270076/contributions/5450201/

NIEL(non-ionizing energy loss)

NIEL simulations do not
distinguish between point or
NIEL/NIEL,_ distribution

cluster defects / :
GEANT4 ——p PKA distribution for high E particles

o NIEL is a simplification
of the radiation damage

Incident @
Beam °7

o Neutron and proton

irradiation shows NIEL l?ng)z..o"‘

V|0Iat|0n injected

Isolated/Clustered for
high E recoils

L.

o Simulations with Geant4
(PKA), TRIM (low R IS
energy recoil atoms) were #
corresponding to previous
NIEL studies

[V. Subert et al., 42nd RD50 Workshop]
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https://indico.cern.ch/event/1270076/contributions/5450170/
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