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Before 1980s —

e+ e- collider : Observation of low mass particles (~ a few GeV)
« 1974 - J/y, 1975 - 1, 1979 - gluon

After 1980s —

Proton collider : Observation of heavier mass particles.
* 1983 - W,Z; 1995 - top; 2012 - Higgs

— e+ e- collider : Precision measurement

* 1989 : neutrino : 3 generation

* LEP Electroweak measurement

Complementarity:

SppS: W/Z observation —> LEP: measurement

LEP: top mass expectation ? —> Tevatron: Top observation

History of the collider experiment
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New physics (expected heavy) are
searched for at Hadron Collider

| | | | |

1960 1970 1980 1990 2000 2010
year of first physics

LEP : EW measurement + Tevatron: Top mass measurement —> LHC: Higgs observation

2020,
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[Difficulties in pp collider analysis]

* Difference of center-of-mass energy and energy
used for collisions.

— Parton Distribution Function (PDF)

* Complicated collision due to composite particle of
proton

— Huge QCD background

— Spectator of the proton collisions

—Underlying event
— Multiple collisions in a bunch crossing
—Pile-up

— 10 order of magnitude difference between pp cross
section and interesting events.
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Difficulty of Hadron Collider
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Challenge of the Tracking Detector

Multiple interaction in an event at HL-LHC : 140-200 collision in an
event, Future collider: 1500 !

140 pileup @ HL-LHE
How to solve this issue? 1500 pileup @ FCC-HK

Improve granularity : Currently developing 50um pitch pixel

detector and very difficult to further reduce o
Timing information: Completely new information for tracking : &?ﬁﬁgﬁs
possibility of dramatical improvement of track reconstruction

—Should help if timing resolution achieved 1cm/c ~ 30ps

Impact for tracker with timing resolution: some examples include-

Particle identification

B=1 B =095

4D tracking !

— P=100GeV

0 12 3 456 7 89 10

Mass [TeV]
150ps difference at R=1m

e.g. Mass measurement for
K+ n+ separation long-lived chargino
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Operating and Planning Collider Experiment

nternational Linear Collider (ILC)

World highest energy collider ! ; )
Focusing on Higgs measurement (e+e-)

el arge Hadron Collider (LHC experiment)
13.6TeV Proton collider

x10 Luminosity

% i

NE Lectron Ton Collider (EIC)

N The Electron-lon Collider

HL-LHC present schedule has first beams in June 2030 (2030~)

== Nuclear experiment

Hig Ene oy LHC [Future Circular Collider]®

—

¥

IOOTeV Proton Collider
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Operating and Planning Collider Experiment

nternational Linear Collider (ILC)

World highest energy collider ! . )
Focusing on Higgs measurement (e+e-)
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Low Gain Avalanche Diode (LGAD)
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& Low gain Avalanche Diode (LGAD)

& General n*-1n-p type sensor with p* gain layer under »* implant to make very
high Electric Field at the surface.

- Good timing resolution. ,
Gain measurement (AC-LGAD):

Gain C L35 “. '__'
Gain=26.7 gl T
Signal drivers : s st nbfst timing rgsolu g
< 2
i UFSD Simulation @
‘5 e Tota\.:»lgnul 50 um thick 2
E - MIP Signal E
Qs — Gain =10 b
Gain Holes
Electrons
Gain Electrons
* 180 7 2 Ii)(.l
Electric field

Bias Voltage [V]
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% Spatial resolution of LGAD

Segmented LGAD :
To have spatial resolution, strip sensors has been processed.

Need Junction termination extension(JTE) and p-stop
structure to have individual gain layer

—Low fill factor (20% for 80um strip)
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Spatial resolution of LGAD

Segmented LGAD :
To have spatial resolution, strip sensors has been processed.

Need Junction termination extension(JTE) and p-stop
structure to have individual gain layer

—Low fill factor (20% for 80um strip)

Uniform gain layer with AC-Coupled electrode.
(AC-LGAD)

In principle, 100% fill factor.

Signal shared on neighboring electrodes.
- Need optimization of n+ resistivity

Normal-LGAD
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Two approaches for achieving good spatial resolution

Charge sharing approach . .
For lepton collider or other low occupancy colliders. IE:)I:eH?gljthcgciljg;;%?/eeiggrri?nae%? like hadron collider.
Reconstruct particle position using charge sharing .
(charge fraction to next channels) Reduce crosstalk (charge sharing)
Relatively low n+ implant resistivity High n+ implant resistivity
Pros. : Smaller number of channel —-Save ASIC o
: Pros. : smaller occupancy and smaller data size like
power consumption. digital readout. Smaller detector capacitance.
Cons. : Smaller signal size. Need high resolution 1 et . .
ADC. Large detector capacitance gggs#' ol?lrglwl?r?r?gl :gZ?ﬁﬂagl eresolut|on by electrode

Fine pitch strip with narrow Al
(to reduce inter strip cap.)

VL L L L L L L L L4
VL L L L L LLLLA
VL LLLLLLLL A
V /0 4 0 20 0107 4
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% Two approaches for achieving good spatial resolution
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Charge sharing approach
For lepton collider or other low occupancy colliders.

Fine pitch electrode approach
For High occupancy experiment like hadron collider.

Reconstruct particle position using charge sharing .
(charge fraction to next channels) Reduce crosstalk (charge sharing)

Relatively low n+ implant resistivity High n+ implant resistivity
Pros. : Smaller number of channel —=Save ASIC

power consumption Pros. : smaller occupancy and smaller data size like

digital readout. Smaller detector capacitance.

Cons. : Smaller signal size. Need high resolution

ADC. Large detector capacitance Cons. : Limitation of spatial resolution by electrode

size. # of channels get huge...

150um

BNL prototype HPK EIC prototype | 200um
500um pitch strip (500um pitch) ,

A\

1OQum 5051m

&l

bt
2

- Il KEK-Tsukuba group with HPK successfully develop :
B 100um (50um) pitch Pixel detector

, 80um pitch Strip detector
for future colliders (e.g. EIC US-Japan Meeting 2023: https://indico.physics.lbl.gov/event/2259
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Two approaches for achieving good spatial resolution

Charge sharing approach _ . .
For lepton collider or other low occupancy colliders. IEg:eH?gI]thcg c%lfg;;%?/eegggrri%aeﬂt‘ like hadron coflider.
Reconstruct particle position using charge sharing Reduce crosstalk (charge sharing)

(charge fraction to next channels)
Relatively low n+ implant resistivity High n+ implant resistivity

Pros. : smaller occupancy and smaller data size like
digital readout. Smaller detector capacitance.

150um Al size

US-Japan Meeting 2023: https://indico.physics.Ibl.gov/event/2259/
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:lizinea;tgltfit Signal MPV:
‘ 122.415.5mV
MPV 34mV.

* 150um Al size
Smaller Electrode size showed
quite linear behavior of charge ratio

02 0.25 ) E K ) ; 0.25
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How to improve the timing resolution?

ta\ s threshold

The effect will be negligible
using constant fraction thr.

50% threshold
50% threshold

discriminator signal for A

discriminator signal for B

discriminator signal for A
iscrimi ignal for B

t

Two effects that deteriorate the timing resolution

Size of noise

w Op - On by
tr g1 ‘ﬂ A TR T
: ¢ dt| [t log

Slope of vol. Size of signal

Ramping time

g v
J To make smaller jitter

Faster signal turn on and good S/N ratio
should be the key to improve timing resolution

13/05/2025
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Timing resolution of LGAD sensor full picture

of= ofyt af+ o, : Charge collection noise (Landau noise)
For Minimum lonization Particle (MIP), charge deposition is not uniform depth Non-Uniform charge deposition
profile. . MP Geant4 simulation
e This effect makes timing resolution get worse. § £ : E; [3 ] (.
- The slower turn on for charge at deep region. (the thinner sensor the - E ol ) & |
better) 2 g B b Db b
- Signal increase by depth but saturated at some point (25um in ao: ! J 3 ! [3 ;
simulation) FD B @ b 0
0029 T P e wof b e n b
001 TCAD simulation- : f x @ i
~0.01F- — 2um depth = _ _ _ _ -
e i E Thinner gctlve thickness will help to reduge the effect . .
- S E 50um th!ck sensor : ~30ps CCN — 35ps in actual dev!ce ach!eved.
ook — asumaeptn 3 20um thICk. sensor : ~15ps CCN.—> 2093 in actualudewce achieved.
- 3 =>10um thick sensor? Smaller signal size (worse jitter) but better CCN.
-0.05 o —— 45um depth 3
—0.06:“‘ [EPPEN PEPET BPEE IR B | L 1 1:

0 1 2 3 4 5

,6,...7“.8“.9‘. A
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Improvement of timing resolution

HPK 20um 500x500um 2prad 5600 FNAL 105V

FUR PHYSIK = 60 rrrrrr
2 Prelimmarg
- ingle-channel (w/o TrackerCorrecnon)—
. . . % 50— Single-channel (w/ TrackerCorrection) —

To reduce Landau noise : Fabricated 50um, 30um and 20um thick sensors 3 Multi-channel (w/ TrackerCorrection)

- Signal size (amplitude) is smaller in thinner sensors. e L E

- 20um thick sensor has the best timing resolution : ~20ps " sl 3

- Uniform timing resolution at the gap region as well. 205 ]

10 3

;1 ] ikt L Bl A S S W 1 (YW W U A J

" A P -48 -46 -44 -42 -4 -38 -36 -34 -32

s L )| pROLGl ey Breliminany Tracky posion ]
= 2205_ HPK20 ym FNAL board § HPK20umUCSCboard | Q [ §  HPK20 am FNAL board % HPK20 um UCSC board |1
© 200:— t  HPK30 um FNAL board ¥ HPK30 um UCSC board E 8 60| ¢ HPK30um FNAL board % HPK30 umUCSCboard |7

E 1gop Lt tPKOumPALoced  § HPKSOumUCSChead [ St HPKsoumFNALboad  § HPKsoumuGsGbead |4 Al results are for 500um pad detector
S 1601 .38 50 ‘ -
< 1d0f 95 3 3 ok .
o = : 4 € 40— : A . =
sof g o E 0 e, : e
3 : . y E . "2 *os ~35ps 1
60 . 3 20 958 E =
40;_ . ' e - —; E ~25ps E
. o * — 10— i
205 y E & ~20ps |
ot Lov oo oo b oo o e b o oo b 0o 0 ] o w0 ] ooy 1 - S
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Bias Voltage [V] 2 80 100 120 140 160 180 200
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Like normal silicon device

Bulk damage (NIEL) : Si lattice damage, Surface
damage (TID) : charge up at SiO2 -Si

In addition "Acceptor Removal” p+ in Gain layer
reduced

Acceptor removal (low p+ concentration) introduce
weaker field — Need higher voltage to keep high
electric field at gain layer

13/05/2025

Radiation Tolerance of LGADs

- Most typical radiation induced reaction:
E Conduction Band
C

& donor Bioy

ConductionBand, . -~ ¥
e . |Sii+B,> B
tional Boron .= ="

acceptor Bs

Ey P ——— Bi + O|9 B‘OI Ey

Doping concentration (cm3)

H
°

HPK2-W43-LGAD-neutron irradiated

,,,,, non-irradiated
——4E14 neq/cm?
——8E14 neg/cm?
10Y7 ——1.5E15 neg/cm?
——2.5E15 neg/cm?

2 22
Depth (zm)
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% Radiation Tolerance of LGADs

PHYSIK

L|ke normal silicon device

107

——2.5E15 neq/cm?||

Bulk damage (NIEL) : Si lattice damage, Surface i e
damage (TID) : charge up at SiO2 -Si e ConduatonBand [, g ¥ . Janduclon Band

tional Boron
= acceptor B

In addition "Acceptor Removal” p+ in Gain layer
reduced

Doping concentration (cm3)

H
°

18 2 22 24 2.6
Depth (zm)

Acceptor removal (low p+ concentration) introduce
weaker field — Need higher voltage to keep high
electric field at gain layer

B3 non-rrad (-20° C by 20° C result)
B3 non-irrad (20° C)

B3 1e14n,, i cm (-20° C)

A B3sSetdn, | em’ (-20° C)

lel4n, /cm?
. . Non-irrad 00 3\ Y )
Why “acceptor removal” is an issue? 0025(:200C conv:) C) .
= »

- Active shallow acceptors are no longer active by defect.

- Increase gain voltage by fluence.

e Possible maximum operation voltage NN S PIIE N S

- Single Event Burnout (SEB) happens if MIP particle dep03|tedO e
relatively high(~10 MeV) energy at high electric field reglon o eM | 3

- This happened only “>12V/um average E field” : " - : k
Independently by the gain layer concentration
or radiation fluence.

V. Gkougkousis, “LGAD Safety and Stability Concerns ”
— HGTD Sensor Meeting April 2018, CERN-OPEN-2023-017

1 |Il Il\ 1l HII‘I[II‘II]\'H Il\ II‘ III‘]IH

Non-irrad (20°C)
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% Improvement in radiation tolerance of LGADs
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- Protection of gain layer is of key importance to reduce Acceptor removal

- New ideas: Ref: R. Arcidiacono, TREDI (2019)
1. Carbon annealing (confirmed by FBK) - studied

rigorously both by ATLAS and CMS collaboration for
Phase-2 Upgrade

Boron
Radiation creates interstitial defects
that inactivate the Boron

Sensors with Carbon survive up to 2e15neq/cm2 : Vop can
be below 550V

Carbon
Interstitial defects filled with Carbon
instead of with Boron and Gallium

~300V lower Vop after 2e15n, q/cm2 irradiation.

80 20 [ _e-HPK-P2-W28 2.5e15 cm?

i Insufficient time resolution region 18 | -=FBK-UFSD-3.2-W19 -30°C

A %) . -o-CNM-R12916-W1 SEB region
Q =1 g :
— 60 \. ) —4-|HEP-IMEv1-W1
a8 ‘ 80 14  -e-IHEP-IMEV2-W7Q2
c 5o l\ ' 5 NDL-V3-B14
i o USTC-IME-V1.1-W11 |
- - - - -
. : - Next talk by Matteo !
3 40 --HPK-P2-W28 o5 10 -+USTCIME-V2.1-W17 eX a a eo
o = FBK-UFSD3.2-W19 ©
& 30 -eCNM-R12916-W1 S 8
S
SC_J - |HEP IMEv1-W1 a 6
i= 20 eIHEP MEV2-W7Q2 SEB region 2
NDL-V3-B14 S s g
10 2.5e15 cm?
~+-USTC-IME-V1.1-W11 s 2 o
o [USTC-IME-V2.1-W17 Insufficient charge region .
0 200 400 600 800 1000 0 200 400 600 800 1000
bias voltage[V] bias voltage([V]
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Improvement in radiation tolerance of LGADs

2. Compensation method: Both Boron(p+) and
Phosphorus(n+) are doped —should work if donor removal is
faster than acceptor removal

HPK successfully produced working LGAD with a few types of Componestion

compensation parameters. — —
Performed a couple of Irradiation Campaign at CYRIC e \ —
Same effective p+
g

Donor removal / Acceptor removal

I——;
I decrease p 1 Decrease both p and

arXiv:2401.08108

nt+ = Effective p+

Slower decrease of eff. p+?

13/05/2025 2nd Workshop on Silicon Sensors for Radiation Detection and Quantum Applications
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Improvement in radiation tolerance of LGADs

2. Compensation method: Both Boron(p+) and
Phosphorus(n+) are doped —should work if donor removal is

faster than acceptor removal

HPK successfully produced working LGAD with a few types of
compensation parameters.

Performed a couple of Irradiation Campaign at CYRIC

Different compensation ratio:
1B (reference)

1.5B+0.55P : No visible improvement
2.5B+1.5P : No visible improvement
5B+4.05P : Saw slight improvement (~50V

arXiv:2401.08108

pt ﬁ nt+ = Effective p+

Normal Compensation

Slower decrease of eff. p+?

=

10B+9.2P : No significant signal observed § 102 = 40(’*‘“‘“[ T
5 g 305 o= 2.5B+1.5P .
o = r ome o B
= S 3000 —A— Comp2B é Ref E
: = 300 1.5B+0.55P :

= 2500 o .

[0 - =

10 § 2000 5B+4.05P =
Reference non-irrad < 1 50 E E

—2 C ion 5B+4.05P non-irrad F =
10 Reference 6e14 F 7
1 0_3 Compensation 5B+4.05P 6e14 1 00 ; ?
Reference 3e15 50 ; 5 _f

_4 Compensation 5B+4.05P 3e15 - .
10 B 0" | 8 | | jii ) g | | | | I
1 0"5 . J\[: 1 .l | S5 (A | | | E ] | l 111 1 \ ) - J | - l 111 _2 _1 1 2 3 4 5 ?4 7 28
0 100 200 300 400 500 600 700 Fluence [10™* neg/cm?]
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% Improvement in radiation tolerance of LGADs

PHYSIK

2. Com ensation method: Both Boron(p+) and
Phosphorus(n+) are doped —should work if donor removal is @_ i) = [ Effactive ot

faster than acceptor removal

HPK successfully produced working LGAD with a few types of
compensation parameters.

Performed a couple of Irradiation Campaign at CYRIC

Different compensation ratio: s Slower decrease of eff. p+?
1B (reference)

1.5B+0.55P : No visible improvement
2.5B+1.5P : No visible improvement

arXiv:2401.08108

Normal Compensation

decrease p

5B+4.05P : Saw slight improvement (~50V)
10B+9.2P : No significant signal observed < = 4002”'¥'R';‘””"”"”"“”"”"””‘”' E
P o) = :r:renca =
Inference: 5 g % % E'"EEE 2B 1P ¢ Ref.
. , = o e o o
- Small compensation doesn’t work, 3 = B0 1.5B+0.55P E
because acceptance and donor 2 2500 o -
removal is roughly the same. (Eji 200/ 5B+4.05P -
Reference non-irrad < = ]
Ci 5B+4.05P 150; 7:
Reference 6e14 1 00 ; é
Compensation 5B+4.05P 6e14 - .
Reference 3e15 50 ; 5 _:
O Compensation 5B+4.05P 3e15 - : ; ]
Cooon b ogmi o v b ia bov e b a o Iy | | N .
e e R R R S-S B
10—5 \ 10 |ﬂ 1 v vy by v by ay | 14 2.
0 100 200 300 400 500 600 700 Fluence [10™* neg/cm’]
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Improvement in radiation tolerance of LGADs
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2. Compensation method: Both Boron(p+) and
Phosphorus(n+) are doped —should work if donor removal is @_ )= [ Effoctive pr
faster than acceptor removal Y
HPK successfully produced working LGAD with a few types of - Cempssation
compensation parameters. '

Performed a couple of Irradiation Campaign at CYRIC

arXiv:2401.08108

ww ‘ Donor removal / Acceptor removal ‘ il p+?
1B (reference) ——
1.5B+0.55P : No visible improvement ,} S—=
2.5B+1.5P : No visible improvement [rag T 1 e G I
5B+4.05P : Saw slight improvement (~50V)
10B+9.2P : No significant signal observed : : . :
]0-13 " - © EPI - protons 4
Inference: I A LGAD - protons
- Small compensation doesn’t work, A - i eigensusi 1
because acceptance and donor e T % » L= paen
removal is roughly the same. E‘ 1014 - <. e
- Large Compensation works as N 5¢ . _3' ™ 1
larger doping concentration have [ . .
smaller acceptor removal 10-15L A: 1
]013 1014 ]015 1016 lol’/
chf,O[ Cm—3 ]
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% Improvement in radiation tolerance of LGADs

PHYSIK

2. Compensation method: Both Boron(p+) and
Phosphorus(n+) are doped —should work if donor removal is @_ )= [ Effoctive pr
faster than acceptor removal Y
HPK successfully produced working LGAD with a few types of
compensation parameters.

Performed a couple of Irradiation Campaign at CYRIC

arXiv:2401.08108

Compensation

Different compensation ratio: Slower decrgase of off. pi{
‘ Donor removal / Acceptor removal ‘
1B (reference) ——
1.5B+0.55P : No visible improvement ,} S—=
2.5B+1.5P : No V|s.|ble _|mprovement ' e st 1 R Oy T
5B+4.05P : Saw slight improvement (~50V)
10B+9.2P : No significant signal observed | 02¢- T RN E T R E Ty GETT T g , , . :
> 0.18- : Releronce ] 130 © EPI - protons a
Inference a = ,.,,m:f: 3 10 E !':\ IA(‘-AI)'—pIromns
. , = 0.16- . ®- Comp28 -3 5k O~ ]
- Small compensation doesn’t work, " . 1 - e - < ; “P‘:’-\ .
Sar ] p— e e Pl - neutrons
because acceptance and donor biio o E NE . 8 A & LGAD - neutrons
removal roughly the same. 01? 3, 1014 - B e
- Large Compensation works as 0.085 11 & 5¢ . _3' i 1
. . ° E ® ™
larger doping concentration have 0.06 ] I Wi W
smaller acceptor removal 0.04- E 10-15L g
. C | E A
- Problem: larger compensation 0.02- 1 B
have risk of reduction of signal S, sla vofu wals sals ool 13 14 5 16 17
sive g 05 6 5 4 é é 10 10 10 10_3 10 10
Relative dope concentration chf,O[ cm ]
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- Timing information is crucial for tracking purposes in future collider experiments.
- LGADs will be used in Phase-2 operation of CMS and ATLAS detectors (HL-LHC).
- AC-LGAD development has been ongoing for 6 years - for improved spatial resolution and fill-factor (100%)

Fine pitch LGADs -
improved spatial
resolution

AC-LGAD with 80um pitch strip sensor
- Good S/N ratio : 99.98% at 1e-4 noise rate
AC-LGAD with 100pm x 100um pixel sensor
- Larger signal than strip sensor!!

Good timing
resolution!

20pm thick AC-LGAD was successfully developed by HPK
- achieved ~20ps level time resolution! — Need to test pixelated LGAD

Needs improvement

Radiation tolerance of LGADs :
-  Tested carbon annealing and compensation
method
Next steps: to check compensation with carbon

° Fast & low power ASIC needs to be developed

In future, Development of monolithic detector - hybrid detector as intermediate step

13/05/2025 2nd Workshop on Silicon Sensors for Radiation Detection and Quantum Applications
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Impact for tracker with timing resolution

« Collider experiment gets high energy and high intensity. —Future
Tracking detector should have timing information for all hits!

« Tentative Requirement — 30ps timing resolution &~o(10)um spatial
resolution — (hadron collider) ~o(1016)neq/cm2 radiation tolerance

Particle identification
ATLAS Simulation Predminary

o YE T ATOV.AE lul.z% W - '. B — 1 B — 095
o AR

Y PUTIY FYUTY POTPY PP e N
6 7 8 9 10
Mass [TeV]

A W I 150ps difference at R=1m

; e.g. Mass measurement
Solve pileup hits in an event K+ 1+ separation for long-lived chargino
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Read-out principle of AC-LGAD

https://indico.cern.ch/event/1495650/contributions/6317745/

e Read out principle of AC-LGAD @ Charge split : Impedance ratio e 10? S R P BRE / T '/ ™3
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crosstalk/sharing

Bias Voltage [V

* Additional cross talk is expected due to the inter-electrode capacitance C, Pa
— Amount of crosstalk may also depend on input capacitance on the
electronics.

Parameter space in n+ and p+ doping concentration has been optimized.
- n" concentration should be lower than Normal (DC) LGAD to reduce
charge sharing (Crosstalk).
- p* doping concentration is used to tune operational voltage (i.e.
avalanche voltage)

p+ doping concentration

concentration
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AC- LGAD collaboration

Collaboration for EICROC

‘I Bi-CMOS A Skl f i 28nm ATLAS ASIC

#* Si1-Ge BiCMOS Monistic
M EGA \ UNIVERSITE

Mi croelectron cs S ‘ ,0\' BERKELEY LAB * 7
’ J M at J milab NALIONAL I"\BOR"\[“R.‘

; . collaboration

<. N ﬁ % L .> collabora'aoxi3 ASIC for EIC

HGTD (ATLAS LGAD) Sensor Development

ASIC Development
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% Two detector approaches for improving

FFFFFFFFF

e Readout ASIC (amplifier) with smaller noise:
- 3D detector with CMOS ASIC

- Time Spot

- Various ASIC (TSMC 28nm)

- Monolithic detector with Si-Ge BICMOS
- Monolith (Univ. of Geneva) by IHP

e Making sensor with larger signal and faster turn on
- Low Gain Avalanche Diode (LGAD)

Both approaches may be realized at the same time.
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Idea of monolithic AC-LGAD

Hybrid Type AC-LGAD detector Monolithic type AC-LGAD detector
SOl wafer
Low resistivity Si
- Readout ASIC MO
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Radiation hardness comparison between DC- and AC-LGADs

R PHYSIK

may be a bit different between DC-LGAD and AC-LGAD
- p* doping concentration is different. Compared AC and DC LGAD with proton irradiated sensors.
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