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@) WP 1.4. Simulation & Characterization (@\ R&D

The WP aims for enabling a fundamental understanding and optimization of the performance of particle detectors

Increasingly complex sensors and readout ASICs require improved characterization, modelling and simulation,
including radiation effects

4 Radiation-damage models Y4 Characterization Infrastructure N
o Development

* Defect characterization

* Damage models & simulation * Flexible readout systems

* Radiation hard devices * Laser test stands (TPA-TCT)
\° LGAD and p-type silicon Defect characterization tools Y,

|
Radiation monitoring techniques /Advanced detector simulations

* New radiation sensors * Charge & damage creation

e Revision of NIEL scaling * Device physics, signal formation

* Dosimetry for ultra-high * Front-end response

radiation levels e Simulation of data stream j
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WP 1.4. Simulation & Characterization @_}I\ R&D

- The WP aims for enabling a fundamental understanding and optimization of the performance of particle detectors
- Increasingly complex sensors and readout ASICs require improved characterization, modelling and simulation,

including radiation effects

Highlight: Study of defects
responsible for the radiation
hardness limits of timing detectors
for HL-LHC
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Method: Thermally Stimulated Currents
Observation: De-activation of acceptors
Boron - Boron-oxygen complexes

-

¢ Defect characterization
* Damage models & simulation
* Radiation hard devices

Radiation-damage models

e LGAD and p-type silicon
\ pP-typ

Radiation monitoring techniques

* New radiation sensors

e Revision of NIEL scaling
* Dosimetry for ultra-high
radiation levels
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Characterization Infrastructure
Development

\

* Flexible readout systems

* Laser test stands (TPA-TCT)

Highlight: Caribou DAQ
FPGA based flexible readout
system development

=4

Defect characterization tools

/

/Advanced detector simulations

Charge & damage creation
Device physics, signal formation
Front-end response

Simulation of data stream

AN

Caribou DAQ for the new
ATTRACT FASTpix

technology demonstrator;

serves as template for
dedicated WP 1.2 ASIC
developments in the pipeline
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@ WP1.4. Highlight presentations @R&D

- Resources

« Core resources WP1.4. (2020/21)
« 0.5 FTE Fellow: Radiation Damage Characterization
« 0.5 FTE Fellow: DAQ & Caribou Development
« 1 FTE PhD: Rad.Monitoring & Damage Simulations
+ 75 KCHF/year material budget

« Further resources through other funds/programs:
- CERN PCB Fellow, EP/DT, Gentner, AIDAinnova, RD50, ..
« Close collaboration with the other EP-RD silicon WPs

» Characterization of radiation damage
to LGAD sensors
« Esteban Curras Rivera (Fellow)

» Two-Photon Absorption TCT measurements
on silicon sensors
« Sebastian Pape (DOCT)

Participants (non exclusive)

« ..see WP1.4. website + many more collaborators
https://ep-rnd.web.cern.ch/topic/simulation-and-characterization

Anja Himmerlich (Fellow)
Julian Boell (DOCT)
Justus Braach (DOCT)

» Revising the NIEL- Non lonizing Energy
Loss Hypothesis
* Vendula Subert (DOCT)

Eric Co
) . schm ..many more
“Working on, Carit?c?,f,7 (( F ellow) collaborators
also Wp4
2)
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https://ep-rnd.web.cern.ch/topic/simulation-and-characterization

CERN

WP1.4. Highlight presentations

« Characterization of radiation damage to LGAD sensors
« Esteban Curras Rivera (Fellow)

.

« Two-Photon Absorption TCT measurements on silicon sensors
« Sebastian Pape (DOCT)

* Revising the NIEL- Non lonizing Energy Loss Hypothesis
* Vendula Subert (DOCT)
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\3/ Low Gain Avalanche Detector (LGAD) (@\ R&D

e An LGAD is a detector with internal multiplication of charge: - AE-'
« Improve the signal-to-noise ratio (SNR). et
.. A e -
« Improve the timing capabilities. - L in T-
e A highly doped p* gain layer, creates a high electric field region in the b
multiplication layer: :::h
o™ S

« Amplification of the charge by impact ionization.

Noise _ trise

« Gain highly depends on: %jitter = qu7dt = S/N

- Doping profile of the gain layer (GL).
- Bias voltage.

- Temperature. l

Output

LGADs will be used at ATLAS-HGTD and CMS-ETL as timing detectors

Best SNR __

Radiation tolerance: up to ~ 2.5x10% ncq/cmz.

| Electronic noise
Time resolution < 50 - 70 ps per-hit in a MIP. /| (gainindependent)

LGADs performance after irradiation:

. Charge collected > 4 - 8 fC per MIP. 0100 1000 g

Gain
Leakage current per pad <SuA V.Sola et al., JINST (2017) 12 C02072
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LGAD characterization at Solid State Detectors (SSD) lab
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Osciloscope: Agilent DSO 9254, 2.5 GHz, 20 GSa/s

“Sr and IR-laser setup used to measure time resolution, collected charge and noise.

Optical System

# events
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Neutron irradiation results:

50 um thick LGADs irradiated with neutrons at Ljubljana, fluences:

4,8, 15, 25x10" n[,q."v::m2
Almost 200 samples characterized at SSD before irradiation for
distribution between different groups in the collaboration:
HPK LGAD:s: 4 different splits with different GL doping profiles.
CNM LGAD:s.
FBK LGADs: different gain layouts.

Ongoing more irradiations to understand the difference between p*
and n, and the mortality issue experienced at high fluences.
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‘i@ Important discovery: Gain suppression mechanism (i@

= R&D

» Already known: the gain strongly depends on the temperature and |
gain layer

applied voltage in the LGADs.
» Several test done at the lab showed that the gain also depends on 0° Bulk: thickness (d)
the charge density arriving to the gain layer: e will cross d um

High charge density signals will reduce the gain.
» Published: https://arxiv.org/abs/2107.10022

20 IR-laser measurements | o
- | e will crossh = d/cos(o) um
181 : (charge deposition lincreases due to a larger ionizing path)
c Lo . *.
s o - = Increase in Charge
o 20F— = = = 5 5
S | | 18| “°Sr measurements |- 142
| | —®— HPK-W250.0 neq & ' ' i
|| —@— HPK-W36 0.0 neq > 14:
12| === CNM-12916 4E14 neq 8 12F
|| —— HPK-W25 4E14 neq _ : _ : B S
| | —m— HPK-W36 4E14 neq 2 g
1 0 | - | 1 1 1 | 1 11 | 11 | | 11 1 | 11 1 I | | L1 1 | 1 1 | I 1 1 % E
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-aser Inensly, TIPS i e - |3.0%
For a gain > 20, this reduction is more dramatic ! S it ririrdrs Wl -———-—————— | 1.0%
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@ WP1.4. Highlight presentations

« Characterization of radiation damage to LGAD sensors
« Esteban Curras Rivera (Fellow)

-

« Two-Photon Absorption TCT measurements on silicon sensors
« Sebastian Pape (DOCT)

o

* Revising the NIEL- Non lonizing Energy Loss Hypothesis
* Vendula Subert (DOCT)
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()] TPA-TCT setup at the SSD lab

FYLA laser module

Pulse management
(with SPA reference)

TPA method:

SPA A ATPA

hw>EGI ! hw < Eg

Si i)
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i r Faradcage i l
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ST A ek
k 74 l)
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Laser output pulse properties:

- approx. 430 fs width

- pulse frequency 8 MHz to single pulse
- pulse energy up to 10 nJ

- central wavelength 1.55 pm

CE/RW
\\_/ =S R&D

Si reference sensor » ooling pipes

-

e f '
o\ -
Aligment
laser
— Laser path
L 5 2 IR microscope

- Alignment laser

vvvvvvvvv

Peltier
element

M. Wiehe et al., "Development of a Tabletop Setup for the Transient
Current Technique Using Two-Photon Absorption in Silicon Particle
Detectors”, doi: 10.1109/TNS.2020.3044489.



‘i@ Inter-pad region of a HPK multipad LGAD
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; ¥ Scan region
z y L Y TN Y L T 7 -
‘\“.\\ “‘\\ \ \‘\\‘\ \‘\ \\ \ “\\\ \,“\\ \\\ Top metal
Al E S B A Y0 YA YA A
AR v

N4 Y

JTE

' p-substrate

(not to scale)

Charge collection:

— 018 1%’
E e
E &
G 0.16 07y
™ ©
065
0.14
0.5
0.12 0.4
it 0.3
0.2
y 0.08
: 0.1
ack side
e
0.06 0
-0.2 -0.15 -0.1
Laser beam spot Pad region ximm]

11.11.2021 EP R&D Day WPL1.4. Characterization and Simulation 12



T:

(@ Charge collection In a strip detector Qv R&D
DU

Reflection at strip metalization:

o ¥

Charge collection:
Bias voltage: -50V

ZS: [mm]

Charge highest: Q~I?
Top side

Charge / LPower (30ns) [a.u.]

~ 300um

Back side

DUT details:
e 300um Micron

strip detector
* unirradiated
* 80um pitch

Stag¢ y [mm]

Weighting field and drift
velocity profile qualitatively
visible

Back side TPA-TCT
NAO.5, ~23°C

4
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N SEEs in a RD53B chip )| R&D

N/ S

View under the IR microscope:

Transistors in the core bandgap region

Study SEEs in the RD53B chip

in cooperation with the RD53 RD53 chip mounted in the setup with a custom ’\

I made holder: (thanks to Ruddy Costanzi
collaboration ( _ y - ) T

spot
Final goal: Check that events < 1nJ do
not disturb or destroy the chip

Possible to study SEEs with the
TPA-TCT setup at CERN

SET found after injecting charge in the
one of the transistors:

RD53B chip + pixel sensor:
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: RD53A Chip
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@ WP1.4. Highlight presentations @R&D

Characterization of radiation damage to LGAD sensors
« Esteban Curras Rivera (Fellow)

« Two-Photon Absorption TCT measurements on silicon sensors
« Sebastian Pape (DOCT)

-

* Revising the NIEL- Non lonizing Energy Loss Hypothesis
* Vendula Subert (DOCT)

.
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0) Revisiting the NIEL \/_>/

R&D

e NIEL is a physical quantity describing the non-ionizing energy loss as the particle travels to the medium.

N Displ d in Sili
NIEL(Ty) = 243, [im Q(T)T(42) dT I i g I

min 10 E T Lk T T T T T UH
- - - . F ey neutrons: Griffin; Konobeyev; Huhtinen J e
* T, energy of incident particle, T: energy transferred to the recoil atom 10‘5— Mg e g, ity E P\ Universitit Hamburg
. (dGIdT): diﬁ:erentlal partial CI'OSS Sectlon for a particle WIth energy To tO 102 é_ pmtons ““ ~ electrons: Summers _% DER FORSCHUNG | DER LEHRE | DER BILDUNG

Used by the

=F entire CMS R ‘t. Queen Mary
10 _ Hm%—_______, T University of London

create a recoil atom with energy T in the iI-th reaction
* Q(T): partition factor (fraction of T that is going into further displacements)
* N, :Avogadro number, A : atomic mass of target atom

neutrons

~ D(E)/95 MeVmb
S

- electrons

Displacement damage function for

N -
protons, neutrons and pions’ NIEL(TO) — D(T) 10°

° NIEL doesn’t describe cluster/ 40 EPIptypo Si, 250 Qrcm, 1omin@60°c.vm,,--1ﬂw

Original |
RD-48 data |

. . =1 T i e iand w o caarnl 4 cpssuaand g gl 9 g pusan T T
points defects, i.e. the same 1 T TR T~ T R - e T
. = = =neutrans, 7.80E+13 E[MEV]
displacament energy has a very s Vasilscu & . Lindsroem .
. . . . = prolons, 3. 32E+14
different distribution of damage Z 2. sk NIEL
a
on the microscopic level. = Geant4 . .
: . revisited
NIEL violation reported in oxygen @ | 0 S lati
e P yg 8 V. 2 SIMUIAtlIONS ™,
enriched silicon samples (CERN P 10- - \ X x
. H{140) —
RD-48), differences between Hi1s2) gt
? ’ a —— neutrons Griffin
neutron’s and proton’s damage — protons Summers
C 103 4 —— protons Huhtinen
0 T = T T T T 1 —— neutrons konobeyev
50 100 150 200 n g4 =21.0 eV (total)
Temperature (K) ¥ pg4>21.0eV (total)
1073

T T T T T T T
Gurimskaya, Yana, et al. “Radiation Damage in P- Type EPI Silicon F'ad Dicdes Irradiated with Protons and Meutrons.” -4 -3 -2 -1 0 1 2 3 4
Muclear Instruments and in Physics R h Section A: Sp 1 Detectors and 10 10 10 10 i _10 lp 1o 10 10
Associated Equipment, vol. 958, Apr. 2020, p. 162221. ScienceDirect, hitps-/idoi. mgno 1016/.nima.2019.05.062. Energy of the incident particle [MeV]
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&) Revisiting the NIEL

7% R&D
Geant4**® (for GEometry ANd Tracking) is a Monte Carlo simulation platform i
- 200 MeV proton-Si coulomb scatteri ’ =
for the passage of particles through matter. il s ey — protons 200.0 Elastic, 0=1.55-01
"§12_ T 1.2 4 — protons 200.0 |nelastic, 0=4.92e-01
w' b |Mean 204 —— protons 200.0 [Coulomb theory, 0=1.35e#02
Define a geometry, beam: § o threshold FLUKA s =/
= - I r i
Imm xT mm x100 pm ¢ o g ™ Geant4d
Pencil beam protons, £ S 0
B o &
neutrons r 041
41— gy ) -t
o i i , o
2} ; 3Ny |
Pp1 ‘ — <2k i 1 “‘ 0.0
gi1=0 [ A JMLY T 4 d T T T J
= ol il vl 1y % 1«{” mmi‘l‘iu?'ﬂ L 104 10°3 1072 10-! 10° 10! 10?

10° 10 100 102 10" 1 10 10° Kinetic energy of silicon recoils and nuclear fragments [MeV]

Coulomb elastic

\ o Target recoil energy (MeV)
Scattenng (only Psiz — neutrons Griffin v
103 — protons Summers
protonS Do —— protons Huhtinen
P2

Z —— neutrons konobeyev
® ng4>5.0keV (cluster)
Nuclear elastic ® pg4>5.0kev (cluster) %
1014 ¢ ng4 <5.0keV (point) Oy =
D5 = 0 o’ Scatte”ng -g ® p g4 <5.0 keV (point) ‘ : = 5kev
i o5 ® > n g4 >21.0 eV (total) %
Si2 2 p g4 >21.0 eV (total)
: ; 8 101
Nuclear inelastic g UH

scattering

[23 Universitat Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG
1073 4

\;_ Queen Mary

University of London

107 T T T T T T
1074 10-3 102 107! 10° 10! 102 10° 10*
Energy of the incident particle [MeV]
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%E/RW Summary WP1.4.: Characterization & Simulation ?E/RW R&D

- Characterization tools operational and made accessible to “clients/collaborators”

« Tool development: TPA-TCT and Caribou DAQ system developed and fully operational
- upgrades planned within WP1.4./AIDAinnova

« Further equipment in operation in the SSD-Solid State Detectors lab (see backup slide):
« CV/IV down to -30°C on cold chuck
« CV/IV down to -70°C in climate chamber
Beta source measurements in climate chamber
TCT (standard and edge) 660nm and 1060nm
TPA-TCT (see this presentation)
Cryostat (10K to 370K) for defect spectroscopy
- DLTS (Deep Level Transient Spectroscopy)
- TSC (Thermally Stimulated Currents)

- Characterization & Simulation of sensors and radiation effects ongoing

« Aim: Revision of NIEL hypothesis, Understand the “Acceptor Removal Effect” (i.e. degradation of LGADs), develop
defect and device engineering approaches, build-up simulation models for simulations
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\ CERN - SSD: Solid State Detectors lab

CERN
S 23 R&D

CV&lIV setup

Capacitance vs Voltage L
Leakage current vs Voltage +

Thermally controlled chuck

Keithley 6487

Keithley 2410
HV source-meter A meter

Faraday cage

Microscope

Keithley 2410

Needles

Switch for the vacuum CV adapter
(behind Agilent)

Temperature controller

Setup placed inside a Faraday cage
— Thermal chuck (down to -20C)

- chuck diameter: 4 inch

- Dry air flow inside

‘‘‘‘‘ s

Timing capabilities

CV/IV Switch s Electrical and Readout System

Optical System

IV SETUP
.} s Keithley 6487

CV SETUP

Agilent 4984

TCT setup (Transient Current Technique)

Signal formation, charge collection and trapping mechanisms

WA IR = 1064 nm
: . RED - 660 nm
: E(2)]
"
Vbias == P
n o hige
pr V. A\ v
] : : 2
IR Bottom Red Bottom

Also with the IR laser:
- Edge TCT with the IR laser.
- Timing measurements.

Set up inside a Faraday cage.
Temperature down to -20C.
Dry air flow inside to control RH.

L patn

Specific pcb for the
measurements

Beta setup (Sr-90 26MBq)

Charge deposition studies with MIPs
Timing measurements

IV&CV measurements “- Keithley 6487 pA meter

- Agilent 4984A LCR meter
- Keithley 2410

Iseg SHQ 222M Kelthiey 2000
Dual HV power Temperature
probe readout

Setup placed inside a climate chamber:
- Temperature down to -70C
- Dry air flow inside to control RH (RH < 5 %)
- XY stages (remotely controlled).

SiPM for triggering

Beta source plus collimator

CIVIDEC charge amplifier for charge measurement
CIVIDEC current amplifiers for timing measurements

Cryostat

For defect Spectroscopy on Silicon sensors

2 characterization techniques available:

Thermally Stimulated Current (TSC) Spectroscopy
- Keithley 6517A picoAmmeter + custom made DAQ)

Deep Level Transient Spectroscopy (DLTS)

2 Cryostat cold head and
- Commercial system (Phystech HERA DLTS)

detail of sample-holder

Closed cycle liquid helium cryocooler machine
Temperature range: 10 K to 400 K -

Addition of light source in progress
Sensor front and back illumination =
530, 625, 740 and 940 nm wavelengths o

TPA-TCT system at CERN (SSD)ia‘ I

| Faraday Cage

Location at CERN

- Solid State Detectors
(SSD) lab of EP-DT

group 4 W
- dedicated laser room Laser Pulse Source
(186/RG25) with

safety interlocks,
access control and
personal protection
equipment

Laser output pulse properties:
* pulse width: approx. 300 fs
« pulse frequency: 8 MHz to single pulse
* pulse energy: 100pJ to 10nJ
+ central wavelength: 1550nm

March 2021

CERN SSD

AIDAInnova CERN Meeting - 28.9.2021
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