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An overview of today's route

PhD thesis: Development of novel measurement methods and radiation hard particle sensors for timing applications

= Future
’ [ P colliders
e aaas-pgrogasa) e

TI-LGADs

What comes next?

next-generation R&D

Detector performance

Test beam characterization
Sr90 source tests & TCT

Radiation damage charge - timing - efficiency

What does irradiation actually
change?

HGTD production Neutron & proton irradiations

How uniform are the sensors?

sensor — damage — performance — optimized design
QC & production



Where my work fits
From HL-LHC detector needs to next-gener: . Al fiming sensors
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C/HGTD

/ . R

Trench-isolated LGAD

: - ('« ‘ 1’ 4%, * . 50 pm
~200 interactions per bunch
. crossing LGAD production TI-LGADs
ngh'energy PP ~ precision timing @ HL-LHC radiation damage 3 4D tracking
CO”ISIOHS at 136 TeV // v t|ming performance
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My work connects ATLAS HGTD needs with next-generation silicon timing detectors. —ﬁ




Basics of the radiation defects in the Si lattice

1. Primary knock-on atom (PKA) 2. Displacement cascade 3. Stable point defects
Energy transfer to a silicon atom Many atoms are displaced, After relaxatioon, point defects remain
creating defects in the lattice

High-energy particle
(proton or neutron)

=== Si-Si bond . : I X
Frenkel pair Substitutional
(vacancy + interstitial) defect (impurity)

(d) Frenkel defect
(interstitial + vacancy)

(a) Substitutional defect
(impurity)

An impurity atom replaces A silicon atom is displaced A silicon atom is removed A displaced silicon atom creates
a silicon atom in the lattice from its lattice site and occupies from its lattice site, leaving an interstitial atom and a vacancy
(e.g. O, C, metal impurities). an interstitial position. a vacant site. (a Frenkel pair).



Radiation damage in silicon detectors

BU|k damage (NlEL->N0n-|OniZing Energy LOSS), creation of "Acceptor removal"_ electrical deactivation of

silicon lattice defects expressed as 1 MeV neq/cmz . ] . ..
acceptors in material by irradiation —

Technology used: Low Gain Avalanche Diodes — 1°' concept proposal:

: _ reduced N
Technology developments and first measurements of Low Gain Avalanche eff
Detectors (LGAD) for high energy physics applications - ScienceDirect

— compensated by increasing bias voltage

Gain of the LGAD depends on the doping of the gain layer — doping of the

gain layer is affected by radiation, due to acceptor removal 60

e HPK-P1-T3.1
i i ) ° ® HPK-P2-W25/28
Details on LGAD sensors — see Bojan'’s talk 5 o ATLAS HGTD Preliminary e FBK-UFSD3.2-W19
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Radiation modifies the effective doping of the silicon, reducing 20 b Ve S | S— E
the electric field in the gain layer e S .
10 s e
=> Different ways to mitigate acceptor removal: Vg| = ng,O X exp(-cd;)—‘ e
€ Dope gain layer with carbon R
. . 0 1E+15 2E+15 3E+15
‘ Narrow B |mpIantat|on g Reactor neutrons @, [ cm?]

€  Partial activation of boron (PAB) cis called acceptor removal parameter


https://www.sciencedirect.com/science/article/pii/S0168900214007128
https://www.sciencedirect.com/science/article/pii/S0168900214007128
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The sensor technology: LGADs
How the sensors work and how we characterise them with TCT and Sr-90 source tests

Measurement methOdS: w,, ...gain layer thickness (= 1 pm)

Wh L AD ? ; ) d .. active thickness (= 50 um)
y G = Transient Current Technique laser measurements

scan direction

Voias — Viq
d

Vy .. depletion voltage of the gain layer (= 25 V)

* Precise timing needs a high signal-to-noise ratio

» Charge multiplication is integrated into the sensor

* LGADs are n-on-p silicon sensors with an extra p+ gain layer
* For HGTD, the active thickness is about 50 ym

TCT measurement between
two LGAD pads: a focused
laser scans the structure from

laser beam

IHEP-IME unirradiated ATLAS HGTD the top’ probing Charge
e =0V Vi, =26V Voias =28 V Voias = 100 V collection in the LGAD regions
4 4 4 (G > 1) and in the inter-pad
3 3 3 PIN region (G = 1).
2 LGAD PIN LGAD 2 LGAD PIN LGAD 2 LGAD PIN LGAD
1 1 1
6 8 0 [ What we measure?
0 100 2(IJO 30(% 4())0 0 100 200 300( 4(}0 0 100 200 300( 4('.)10 0 100 200 300( 4())0 L] COlleCted Charge
y (um Y (um Y (um y (um . .
. . . e  Time resolution
Paper published on Irradiation Testing: =35
. MB
https://arxiv.org/pdf/2509.09187 i Why °°Sr?
A A A
g HEd § o MIP-like B particles for
BT .—ﬁﬁ_,ucsc o —— > laboratory testing
2. stage amp.

i
; thermal enclosure

* Measures collected charge
and time resolution

¢ DUT cooled to —30 °C

¢ Trigger: PMT + reference
LGAD

1. stage

i

High electric field in the gain layer enables '-
avalanche multiplication

heat remover heat remover
Peltler

element

| Scintilator light guide

Internal gain improves timing performance at the sensor level.

My work connects sensor structure to charge and timing performance before and after irradiation


https://arxiv.org/pdf/2509.09187

R&D studies on acceptor removal: LGADs with Partially Activated Boron

e Part of boron implanted, but not electrically activated in the FECIplor TemENALERGHIGIENtS

gain layer % 1 Fit Eq: 36.18 * exp(-0.0383 * x)
e Radiation hardness improvement — inactive boron g o e o

shielding the electrically active boron, hence reducing

acceptor removal 30

e NoHAB 25
° Medium HAB
e HighHAB 20

® HPK_HAB_REF
B HPK_HAB_1BO5H

IIII|IIII||III|IIII|IIIIIIIII

15 HPK_HAB_1B1H
L 1 1 | 1 1 L L | 1 1 1 1 | L 1 1 L | 1 1 1 1 I 1 L L 1 | L 1
0 5 10 15 20 25
Fluence (e14 neg/cm?)
- o o 2x2 LGAD array Acceptor removal coefficients
ot 4 1.3x1.3 mm? ¢ (REF)= 3.8e-16 cm?
. 50 um thickness ¢ (1BO5H)= 3.4e-16 cm?
oL ¢ (1B1H)= 2.6e-16 cm?
"t _Charge in inter-pad region .

100 0 300 350

Conclusion from studies: Small effect of PAB on
acceptor removal! 7



See more in Bojan’s talk from Monday! ,
Wh y H G T D ? Proceedings paper under review “Development and characterization of sensors and H GT X
n

electronics for the ATLAS High-Granularity Timing Detector” - I.Velkovska

From pile-up at HL-LHC to precision timing in the forward region Detector upgrades > 2026-2030

2 Forward-region limitation 3 HGTD solution
1 Pile-up problem

improved muon coverage  new and upgraded forward
and luminosi 10

trigger and DAQ
increased readout rates

average vertex

separation at p=200

Vertex mergin Stochastic Hard scatter QCD pileup 0 6
e pileup jet jet jet [ mm

C’ﬁ Reconstructed
_  merged vertex

When ITk z-resolution exceeds
Al

—_— S =4
g“’ F ATLAS Simulation )
o, ~5cm = [ Single u, ITk Layout, 50 x 50 um?, analogue clustering T
0, ~180ps /r”,r‘—___,\*\\ /I‘\_\:\\‘\\ %104; TSR Sl
\ ottt - HGTD between ITk and LAr
Ha:/de:t:“er Japiad :ielen-:f z=-z z=0 z=+zy 103 :_ """""' Ca/Of'Imeter
g ........ 6 ..G. T’T.'] .r}; ......... ;;#i ..................... : .A"A"A- A —_——
F i s o
Many vertices become difficult to 10, """
separate using position alone. i e
T B R g
track-to-vertex association i rack ] T ——
becomes ambiguous ITk spatial resolution degrades at high |n| ouple-siaed silicon uming layers
C0verage. 24 < |r]| <40 Position: z=~ +3.5 m Tlmlng track time resolution Takeaway: add time where space

<50 ps at EoL is not enough



Irradiation results on a QCTS sample irradiated to 2.5 x 101° n, cm 2

Gain at 100 V
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Gain at V

bias

=100 V vs. fluence

—e— |HEP-IME V1-R5
—e— |HEP-IME V2-16
—*— IHEP-IME V3-10

©— USTC-IME W15
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Only neutrons

ok

V, vs. fluence
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Vg (TCT) (V)

Neutron irradiations
done @TRIGA reactor in
Ljubljana

TCT-°Sr correlation

V,and G, correlate with the Qg
most probable collected charge.
Vgl and gain decrease with fluence
The 5 fC charge requirement is
projected onto the fits to define
TCT-based wafer acceptance
thresholds.

This enables fast
radiation-hardness qualification

during HGTD production.

Paper published presenting
this work:

https://arxiv.ora/pdf/2509.09187
9



https://arxiv.org/pdf/2509.09187

How do particle type and energy
affect LGAD radiation damage?

Sensors irradiated with protons:
24 GeV, 24 MeV, 60 MeV

top electrode

Large
output pulse
(high gain)

Signal

p-type bulk

\
X gain-layer
\ readout imp deactivation

p*gd*.‘ﬁyw

e

gain-layer
- ., deactivation
o % ... . 5
° °‘ o ¥
L
bulk defects | % IS g
e 9o 4
. W, collected charge
o p-type bulk : ‘o e
¢ ° N
Fe—————( (]
back contact i i back contact $ ‘
higher
leakage current leakage current
= Smaller . Even smaller
g output pulse I output pulse
P (reduced gain) z%’ (stronger gain loss)
k Time Yy & Time ¥,

el UNIVERSITYOF
ey BIRMINGHAM

Cw IRRAD.:i

Proton Facility 9y®

Time
\_ back contact )/ EU RO*LA BS
) i
Neutron irradiation w5 Proton irradiation
* )
neutrons “\ 0\ 0\
\ \ \
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Charged-hadron damage in HGTD

In HGTD, a significant fraction of the damage is also expected

to arise from charged hadrons, in particular pions with

energies of a few GeV

removal in the gain layer : Vgl=ng X e

LGAD performance degrades with irradiation due to acceptor

—c2

Acceptor removal depends on particle type (neutrons vs
charged hadrons)

Charged hadrons are generally more damaging than
neutrons (Cp> ¢ ), consistent across many
manufacturers; rate also shows energy dependance

In ATLAS: at N=2.4, n:h=90:10; at N=4, n:h=50:50
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E ST I N A =
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= B ol BIZ =
- g z ') -
E z| Bl N 3
C © 5 o @ .
s| Blg @
E =3 I =8 =] < E|
E n o K& - 3
- Q S | a =
— A | 9'_
) —
E ol B > S E|
= mal (%] -
- r Laye o * 7
>1Q ot
E ptLayer |—|m Rl - |
g 2 3
107 10° 107 107" 1 10 10° 10°
Energy [GeV]

Pion spectra averaged over the rear (outermost)
and front (innermost) silicon layer of the HGTD.
The uncertainties are of the order of 5 %

11



Comparison of acceptor removal with 24 GeV IRRAD proton beam

= 26
>

€D, —e— Neutrons
Vgo=(245=0.1)V

¢, =(1.09 = 0.03) x 10" cm?

24 —=o— 24 GeV protons

C Vgo=(24501)V
22— c, = (2.94 £ 0.03) x 10™° cm?
20/ ATLAS HGTD
18-
161

v b b PN b e b b
0 5 10 15 20 25 30 35

D, [10™ ngg/em?]

Gaussian shaped beam with 0= 3-4
mm — non uniform fluence-------—--——-

Proton irradiation stack:

/\16 beamisie
—f PIN 1 GAD 1

QC-TS'1

~| LGAD 2 = PIN 2

Proton irradiation paper in preparation

=

i acTs2”
(was actually behind QC-TS 1)

Irradiations @UoB MC40 cyclotron with 24 MeV

protons

N
o
LA I L N I L ) B L

ATLAS HGTD Preliminary

Vg = Vg0 - € P .

Neutrons
Vg0=(252£0.3)V
¢y=(1.4%0.1) x 1071® cm?
X¥ndf=9.1/4=23

24 MeV protons
Cp=(2.9%0.2) x 10716 cm?
X?Indf =16.5/15=1.1

o

5 10 15 20

25 30

Deq [10% ngq/cm?]

24 MeV protons: ¢ = (2.9 +0.2) 10716 cm?
60 MeV protons: ¢ = (2.3 +0.2) x 10716 cm?
24 GeV protons: ¢ = (2.94 £ 0.03) x 10716 cm?

Only protons

35

The value of the acceptor removal coefficient for neutron irradiation is 1.2 x 10°7® cm? , whereas preliminary results for

proton irradiation indicate a c-value between 2 and 3 times that of neutrons, depending on the proton energy.
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HGTD LGAD hadron irradiation results Z [ ewemawiw T ]
g 100 & ssrciversrny 2sers @-30°C 3
IHEP-IME pre-production sensors, T = -30°C, 24 GeV protons S gob O ucmeerwme E
&5 250 © setan : 2 E USTC-IME sensors-
= & & v o 80} .« e 5
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C | 1 1 1 1 | 1 1 1 Il | 1 1 1 1 | 1 1 1 1 | 1 I 1 1 'y
1 1 1 1 o 35__
00 100 200 300 400 500 600 ";-- 2 . 7 3.§x:g:::fm§
Voias [V] 8 . 5 e
o 25F Fs = B 11.0x10" nfom?
. . . . [@)) C + o 4 25.0x10" nggfcm®
e LGAD performance degrades with radiation exposure due to a loss of gain 5 oob » - |
< F
o  Recovered by increasing the bias 5_’ 15E +0 v ATLAS HGTD Preliminary '
m Limitimposed by Single Event Burnout (SEB) effect (local s 105_____+9____v_____E__"1_1_fC____.',
E v e
breakdown of electric field) — V__ "~ 550V for 50 um thickness 55 B o 5 = ... ‘l
e Carbon-enriched gain layer — slower acceptor removal — better radiation - | T' | " T | ||
hardness % 100 200 300 400 500 600
Mixed irradiation in HGTD paper submitted Viies [V]
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Sensors meet 4 fC MIP MPV requirement up to ~2.5x10" neq/cmz (End-of-Lifetime fluence)



Beyond HGTD: TI-LGADs for future 4D tracking

See Gregor’s slides on DRD3; see more: |. Velkovska et al 2025 JINST 20 C08023

€© LGAD challenge

no-gain
inter-pixel region

active pixel active pixel

A

n* readout implant

n* readout implant
(cathode)

(cathode)

oxide /
passivation | 1 ]
¢ = = -—
P ganiayr B9 b ganiave A !
f avalanche X Ll 1 lanch
iplicati reduced gain avalanche
multiplication /4 f multiplication
1 R
p-type buk ——e b o N
(high resistivity) [ ? | :
1O
p** back contact
(anode) i

high field high field

(in gain layer) | | (in gain layer)
. + lowfield
Elemlr; o I/N" i"k
I |

x (lateral position)

Reduced fill factor due to inactive area
Effect becomes more severe for smaller pixel pitch.

The inactive inter-pixel region reduces the fill factor,
with a larger relative impact as pixel pitch decreases.
TI-LGADs address this by using trench isolation to
minimize the dead area.

TI-LGADs target the combination of high fill factor, small pixels and precision timing for next-generation tracking.

AIDA

D RD , innova
e Why this is exciting?

S——

e TI-LGAD solution ‘

Trench isolation pushes the inactive =y
region to a minimum. <1

SiO,filled
trench

Top metal / Top metal /

contact

\

Candidate technology for future 4D

n* implant —z&

Gain layer / traCKing

o e e ATLAS HGTD replacement of damaged

_ sensors during HL-LHC/outer disk
e < layers in CMS/ATLAS Phase 3
b - future lepton colliders
p bulk ———e trench-related
region

reduced-gain /
no-gain region
(“dead region”)

e Sensor with small pixels
(~100%x100 pm? or smaller)
e high fill factor (95 % or higher)

« future collider trackers need time + position
with minimal dead area
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Standard segmented LGAD

Wide no-gain inter-pixel region limits the fill factor,
especially for small pixel pitch.

Top metal / z Top metal /
readout contact . ho-gain readout contact
\ inter-pixel region
) l I U

n* readout |
implant |- = | | - =
L o ganiver ] o ganiayer
p* gain layer r ? * \ ' !
avalanche i no/strongly i/ /" avalanche
multiplication‘ | reduced gain | multiplication \
ptypebulk Lo E !
(high resistivity) i !
U
:
p** back contact
(anode) . ;
high field ! ! high field
Electric field (in gain layer) ! low field : (in gain layer)
|E] : (no gain) ,
x (lateral position')
Reduced fill factor

Larger relative dead area for smaller pixel pitch.

Trench isolation confines the inactive region to a minimum,

TI-LGAD

maintaining a high fill factor even for small pixels.

n* readout T’

implant

p* gain layer

(high resistivity)

p** back contact g}

(anode)

Electric field
[E|

p-type bulk —e

Top metal / s'toré-:g:‘ed Top metal /
readout contact © readout contact
trench width

(O(um))

[ pgainlayer I
Sk.d r A ?\

/ avalanche avalanche
/ multiplication multiplication

high field L high field
(in gain layer) reduced field (in gain layer)
(narrow region)

|

»

x (lateral position)

Inactive region pushed to a minimum
High fill factor, enabling small pixels.




2-year extensive beam-test characterization of TI-LGADs

Tested various designs of trench depth and trench width
375 pm x 250 pm pixel pitch, 45-55 pm thickness
Multiple TI-LGAD designs tested at normal incidence and

at different tilt angles @ DESY Bremsstrahlung/conversion
beam with electron energy up to 6 GeV

# events

bt T L Hitmap of the CROC;

column zoomed-in ROI
corresponding to the
position of the HPK LGAD

@ CERN SPS

Back side facing particles Front side facing particles

: | e 120 GeV pion beam

i R !
&853‘ oLD Box| 4 _' S~ s e EUDET beam telescope with MIMOSAZ26 sensors (18
L e 1 um pitch)
e  CMS ReadOut Chip for ROI selection (CROC); Chubut
readout boards

Track reconstruction using Corryvreckan software
e CAEN DT5742 digitizer, 500 MHz @ 5 GS/s




assigned-pad hit efficiency [%]

TI-LGADs beam test results
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Efficiency results
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TI-LGAD efficiency versus threshold: W11 and W5

W11 uses the original per-channel run201 efficiency selection and tightened pad boxes

Dotted vertical lines = nominal working thresholds
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AIDAInnova Test beam paper in
preparation

Lots of data analyzed... 17
13 TB of raw data in March alone



Timing performance before irradiation
Bulk time resolution ~ 40 - 42 ps

y [mm]
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The signal
transfers sharply
from one
neighboring pixel

to the other. 13

MPYV for umrradlated
Local charge MPV waferis 11.08+£0.10 fC

Timing across 2 pixels

5 um Dromes q= O QX
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grey = insufficient local support
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After irradiation: reduced gain —

larger jitter — degraded time resolution
higher bias can compensate
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Future plans and objectives

Parametrisation of inter-pixel efficiency loss

Equivalent 1D efficiency loss [%]

Main message: the effective inactive width determines how much

20 1

151

101

TW1 — unirradiated

ATLAS HGTD

1.3 mm

50 100 200 500 1300
Pixel pitch p [um]

efficiency is lost as pixel pitch becomes smaller.

Thank you for the
attention!

Key objectives

* Validate the parametrisation with existing
test-beam data

» Use TCT to link local charge collection with
expected beam efficiency

» Compare trench geometries and identify
robust small-pixel designs

For published papers check:
https://orcid.org/0009-0009-4142-340

9 - -
Research timeline

Finalising measurements and

N

, ow analysis of testbeam data overall
@ 2027 Selecting best trench designs for

d

high-fill-factor operation

@ Longer term design guidance for future 4D
T tracking sensors

Strategic goal: Generate and discuss predictive design rules for next-generation 4D trackers



