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_The Future

L NEXT EXIT

Particle physics at the high energy frontier:
What comes beyond HL-LHC?

Future hadron colliders:
Challenges from very high luminosity operation
— extreme pile-up, track density, irradiation, data load

Central tracker requirements

Facility
Parameter HL-LHC SPS FCC-hh FCC-ee CLIC
Fluence [n,,/cm?/y] 10'6 10" 10" < 10' <101
Inn. tracker [m?] 10 0.2 15 1 1
Out. tracker [m?] 200 - 400 200 140
Pixel size [pm?] 50 x 50 50 x 50 25 x 50 25 x 25 25 x 25
Time res [ps] 50 40 10 1k 5k

— [doi.org/10.1016/j.nima.2020.164383]
Universitat Hambure A Vauth | High-D, 21.1.2022 | Introduction to LGADs 2/20



The need for new timing detectors

Experimental environments are evolving HL-LHC Bunch Crossing
— Include track timing to address new challenging conditions

Many use cases for fast timing detectors:
Pileup-reduction at HL-LHC,

ToF PID in Higgs factories,

Fast X-ray detection, ...

Time information can be used Example
to complement spatial information:
» Timing layer:
timing in event reconstruction
» “4D" tracking: y
timing at each point along the track

Y4

pileup tracks
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The need for new timing detectors

Experimental environments are evolving HL-LHC Bunch Crossing
— Include track timing to address new challenging conditions

Many use cases for fast timing detectors:
Pileup-reduction at HL-LHC,

ToF PID in Higgs factories,

Fast X-ray detection, ...

Time information can be used Example with timing info
to complement spatial information:
» Timing layer:
timing in event reconstruction
» “4D" tracking:
timing at each point along the track

added timing layer

UH
i; [
e e aamoug A, Vauth | High-D, 21.1.2022 | Introduction to LGADs 3/20

DER FO



The need for new timing detectors

Experimental environments are evolving HL-LHC Bunch Crossing
— Include track timing to address new challenging conditions

Many use cases for fast timing detectors:
Pileup-reduction at HL-LHC,

ToF PID in Higgs factories,

Fast X-ray detection, ...

4D Tracking

Time information can be used

to complement spatial information: &
» Timing layer: L 4
timing in event reconstruction 'I = i

» “4D" tracking:
timing at each point along the track

"o,
‘o,
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LGAD

Low Gain Avalanche Diodes

n++ gain e:
p+ absorbed

almost
\ right away
gain h:
long drift

Ultra Fast Silicon Detectors

optimised for timing measurements: S
|n|1|:1|al
e,

Thin multiplication layer
— High field
— Increase signal by factor ~10

p bulk
p++

LGADs are routinely produced in various sizes and pad numbers
(e.g. by CNM, FBK, HPK)

(O(30 ps) time resolution possible

- ® .
UH =~ - 7
idi by " IR arxiv:1811.04;
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LGADs for Timing

Time resolution is affected by:
» Each step in the read-out process
» Anything that changes the shape of the signal
2

_ 2 2 2 2 2
0t = UTimeWalk + ULandauNoise + ODistortion + U]itter + 0TDC arXiv:1704.08666
iv: .
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Time resolution is affected by:
» Each step in the read-out process
» Anything that changes the shape of the signal

2 _ |2 2 2 2 2
Ot =\9TimeWalk + UTLandauNoise + ODistortion T UJitter + 0Tpc

Variation in time of arrival
due to different signal amplitudes

arXiv:1704.08666

Compensation: \mem.d =
Constant Fraction Triggering — o,
or amplitude-based correction (TOT) o ]

| TOT, ]

. .- Time walk effect OE 56(3), 031224 (2017)
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LGADs for Timing

Time resolution is affected by:
» Each step in the read-out process
» Anything that changes the shape of the signal

2 __ 2 2 2 2 2
Ut = UTimeWalk + ULandauNoise + + U]itter UTDC )
arXiv:1704.08666

Caused by inhomogenities in Time-to-digital converter
drift velocity & weighting field contribution AT/V12  (bin width)
Compensation: in most cases small contribution

saturated drift velocity
& optimised geometry ("parallel plate")
ifi
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LGADs for Timing

Time resolution is affected by:
» Each step in the read-out process
» Anything that changes the shape of the signal

2 _ 2 2 2 2 2
0t = UTimeWalk + ULandauNoise; + UDistortion + 0TDC

arXiv:1704.08666

Energy deposit Time-Of-Arrival variations due to noise
Current fluctuations due to * Sensor noise

signal shape variations * electronics noise

for MIP ionization * slew rates (dV/dt)

= the main contributors  — low gain, thin detectors
Typical numbers: 20-30 ps time resolution
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Why Low Gain?

High gain has many drawbacks: °°¢°°

risk of breakdown, power consumption, higher noise Gain 10

“Excess Noise Factor” (F): additional noise

induced by the multiplication mechanism °°°o.o

(gain not constant — additional fluctuations in current)

F~ G

signal after multiplication: multiplied by G

current noise increases with \/I? - Signal [ S E
— S/N ratio deteriorates at higher gain £ 3 5
o /, 2
. . . . Best S/N ratio | /I Shot noise o
For a given ENF, there is an optimum gain (10 ~ 30) = |—%—~ f S o
/| Electronic noise 3
,/ (gain independent) S
, A X N
10 100 1000 -
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Why thin sensors?

Current fluctuations are due to statistics of MIP ionization

» For a fixed gain: amplitude of the signal independent of thickness d:

Imax ~ Neh—initiat G q Vsat
arXiv:1704.08666

> Slew rate (dV/dt): increases with &

A\ same gain, sensors with different thickness 140 slew rate as B ;;: 50Q amplifier =
\ _ - <
i €120 = Gain=20 2
i > Gain=15 g
i TE; 100 w Gdn=10
i 2 * Gain=5 N
i s 80 o Gain=1 =
o
it : ] H . “
i(t) medium ! o t
i 2 60 =
1 20 IA
thick &
I 20
N H
t t t 0
2 3 0 50 100 150 200 250 300
Time [ns] Thickness [pm]

— Thin detectors improve time resolution (35-50 um available)
"
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R&D Challenge: Fill Factor

Segmentation to improve spatial resolution Standard Segce”tation

» Inter-pixel region:
isolation and termination structures
(p-stop, Junction Termination Extension, virtual GR)

» Carriers generated in this area not multiplied

» Interpad regions with no gain O(~ 30 um to 70 um) nominal
— R&D challenge: MaxG .nogainregon | MaxG

Segmentation with improved fill factor _T E ffective gain-loss 7—
reglon / G=50%

G=1 \
Space

[G. Paternoster , 35th RD50 workshop, Nov 2019]

Charge

Several technology options:
» Trench-isolated LGAD
» Inverse LGAD
» Resistive AC-Coupled LGAD
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TI-LGAD

Trench isolation:

» JTE and p-stop replaced by trench to isolate the pixels
» Filled with Silicon Oxide

» Typical trench width < 1 um
much smaller wrt. JTE and p-stop

— smaller no-gain region

1 Trench Layout (trench grid) 2 Trenches Layout

wTeans () :

UH
[G. Paternoster, 35th RD50 workshop, Nov 2019]
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TI-LGAD

Trench isolation:

» JTE and p-stop replaced by trench to isolate the pixels

» Filled with Silicon Oxide

» Typical trench width < 1 um
much smaller wrt. JTE and p-stop
— smaller no-gain region

Nominal | Effective
Layout . .

no-gain | gain-loss
1 Trench ~4um ~6 um

2 Trenches ~6um ~3um
[G. Paternoster , 35th RD50 workshop, Nov 2019]
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Comparison of FBK productions: UFSD3 vs Trench-Isolated
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[F. Siviero, 35th RD50 workshop, Nov 2019]
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Inverse LGADs:

» No segmentation of the multiplication layer

» Hole collection

» Complex double side process (first generation)

LGAD TECHNOLOGY
. Ch; d
N’ Electrode pa%%lee
'
P-type
multiplication layer
e ? 6
h'? 6 e
High resistivity p-type substrate
P’ electrode M
]
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[D. Flores, SIMDET '16, Sep 2016]

iLGAD TECHNOLOGY (iLG1)

Charged partice £+ Elactrode
"‘.‘ P-type multiplication layer
66 o
h
High resistivity p-type suns(ya(e"-._‘
P’ electrode

[A. D. Moreno, 16 th Trento Workshop, Feb 2021]
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Inverse LGADs:
» No segmentation of the multiplication layer
» Hole collection
» Trenches to isolate the active area (third generation)
» Single-side process

[D. Flores, SIMDET '16, Sep 2016]

inverse LGAD (third generation)

Periphery Active area Periphery

Peripheral ring P+ pixels

High resistivity p-doped layer
P-type multiplication layer

UH
» [A. D. Moreno, 16 th Trento Workshop, Feb 2021]
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iLGAD for Timing

To use iLGADs for timing applications — Reduce the thickness of the detector
CNM: fabrication with two different approache

1. Epitaxial wafer + epitaxial multiplication

2. Si-Si wafers + implanted multiplication

TCAD Simulation 300 um thick iLGAD Experimental 300 pm thick iLGAD TCAD Simulation 50 um thick iLGAD

3,0
' o T Multiplied . 9
25 [:fﬂ:,i, I}m holes drlft Eecond peak: 8 [T=20¢ \_.,_1:”
] i 1 & |Low dose |——
ts}::;‘;sn:ls':'r;;;z:m q—:ggz E t —iLGAD 7 | strip width = 112 ym ; ;::z
Tt 500V 3 o First peak = |thickness = 50 ym | ——
20 600V | e hdrift | EN _6 |-—>—300v
g vV |=—700v | v Averagedl <5
=15 ] o 3
g [l \‘ €4 ‘,7;&‘
£ bt IR Iaser \ & \
3 "1 Foyve \ 33
oaf- < \ 2 i
0,543 [ N \ &
' o N 1]
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Resistive AC-Coupled LGAD

» Continuous resistive n+ implant
» Readout: AC-coupling through a dielectric layer

» Segmentation obtained by postion of the AC pads
— 100% fill factor design

resistive n+
coupling |

dielectric
particle |
pa N

\

UH
iti

o s niversitat Hamburg A Vauth | High-D, 21.1.2022 | Introduction to LGADs 12/20



Resistive AC-Coupled LGAD (2)

Naturally leads to signal-sharing among the pads
— High position resolution even with “larger” pitch e.g. ~ 5um resolution with 200 um pitch
Charge sharing optimisation:

Arrays (regular/staggered),
Pad shape designs

o 3 B 8 5 8 2
T
s B 8 &8 8
T

s 8

g

o 5 B 8 & 8
T T

— ~—~— 1 1064nm

bty PICOlASEr SPOL R
n
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Resistive AC-Coupled LGAD (2)
Naturally leads to signal-sharing among the pads
— High position resolution even with “larger” pitch e.g. ~ 5um resolution with 200 um pitch
Charge sharing optimisation:

Arrays (regular/staggered), charge sharing among pads
Pad shape designs

Y [um]
Y lum]

700

500

400,

300

200

0 100

100 200 300 400 500 600 700
X [um] X [um]

o [doi.org/10.1016/j.nima.2021.165319]
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Resistive AC-Coupled LGAD (2)

Naturally leads to signal-sharing among the pads

— High position resolution even with “larger pitch e.g. ~ 5 um resolution with 200 um pitch
. o E le: FBK RSD2 desi

Charge sharing optimisation: i e

Arrays (regular/staggered),

Pad shape designs

Hit on pads: charge sharing
only 10-20 um from metal edge

1202 Ao ‘PPYITO000TZOZOT oaunu uogedijdde ‘(3| i) uewdo;
-9/5 1UOL02T JO ABSIUIIN Uelfe}f S O} PSRALANS Juied USSP Hg4-NANI

UH
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R&D Challenge: Radiation Tolerance

Irradiation causes three main effects:
» Decreased charge collection efficiency
» Increased leakage current

100 HPK 50D Gain -20C & -30C

. . L ©pre-rad -20C

» Change of doping profile g ° o O1e14-20C

r PR o [n] [3e14 -20C

Deactivation of p-doping by Boron removal I o 08 o A AGe14-20C
— Gain reduction due to irradiation & & o 2% Ote15-20C
& 10 fovoeee O A----O- - 3e15-20C

: °o - & . A6e15-20C

< A o

o A % +1e15-30C

* A , 6 Kg(x % 6015 -30C

] n irradiated

L & . A NIMA940 (2019) 19-29
0 200 400 600 800 1000

Bias [V]
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R&D Challenge: Radiation Tolerance (2)

Lots of R&D ongoing, different doping profiles and ion implants:

Defect Engineering of the gain implant
» Carbon co-implantation in gain layer volume
» Boron as gain layer implant

Modification of gain layer profile ]
» Narrower doping layer FBK-2018 (C)
with higher initial doping

Acceptor removal

=
N

-

o
3

Fraction of gain layer
=3
o

More on radiation damage:
See talk by Chuan Liao
tomorrow afternoon

[

UH 1.00E+13 1.00E+14 1.00E+15 1.00E+16
Fluence [n_eq/cm”2]
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Ultra-fast silicon detectors - performance

Example: Study for TOPSIDE Example: Irradiation study for HGTD
» HPK LGADs with 35/ 50 um thickness » LGAD with 45 — 55 um thickness
» Time res up to ~25ps » Different vendors/implantations
» With 3 layers: 14.3+1.5ps » ~40 ps time resolution after irradiation
& PpT — ARaan Comparison at 2.5e15 cm™>
o =7 60
= asf 35um G
S f 25°C e s0| e \.‘
=] E - o ~e—FBK-UFSD3.2
8 40:_ Sot‘lm ' g_: & 40 —~CNM-AIDA2020v2
&’ 35:_ 25°C " g_ﬁ _S +-NDLv3 (1.5e15cm
o 5 ’ S A 530
S E » &3 ©
F oF \\' = & 20
F . ] ]
25:— ’ ‘ 35|Jm —i g 10
F -30°C ] [A. Howard, 37TH RD50 Workshop, 2020]
B "m0 a0 o mm a0z w0 a0 % 0 240 420 640 840
Bias Voltage (V) Voltage [V]
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Ultra-fast silicon detectors - performance

Example: Study for TOPSIDE Example: Irradiation study for HGTD
» HPK LGADs with 35/ 50 um thickness » LGAD with 45 — 55 um thickness
» Time res up to ~25ps » Different vendors/implantations
» With 3 layers: 14.3+1.5ps » ~40 ps time resolution after irradiation
& PpT — ARaan Comparison at 2.5e15 cm™>
o =7 60
= asf 35um G
S f 25°C e s0| e \.‘
=] E - o ~e—FBK-UFSD3.2
8 40:_ Sot‘lm ' g_: & 40 —~CNM-AIDA2020v2
&’ 35:_ 25°C " g_ﬁ _S +-NDLv3 (1.5e15cm
o 5 ’ S A 530
S E » &3 ©
F oF \\' = & 20
F . ] ]
25:— ’ ‘ 35|Jm —i g 10
F -30°C ] [A. Howard, 37TH RD50 Workshop, 2020]
B "m0 a0 o mm a0z w0 a0 % 0 240 420 640 840
Bias Voltage (V) Voltage [V]
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Hamburg University LGAD projects (1)

HEP detector R&D: dedicated beam tests for G TEST
conceptual / technical design, calibrations, commissioning, ... B EAM .

— DESY Il Testbeam Faciliy

Integral part of test beam infrastructure: Beam Telescopes
Current EUDET-type telescopes:

Six planes of MIMOSA26 sensors

Intrinsic sensor resolution: ¢ = 3 um

Rolling shutter readout, readout cycle 115 s

Add faster device for time stamping the tracks
— LGAD timing layer
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Hamburg University LGAD projects (2)

LGAD prototypes expected:
» TI-LGADs from FBK(*)
» i-LGADs from CMN

(*)received first test structures

Setups for characterisation existing / in preparation
» CV-IV measurements
» Beta-source setup for timing measurements
» TCT setup
>

Future plans: testbeam campaigns and irradiation studies

UH
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Summary & Outlook

» Low Gain Avalanche Diodes to measure both
time and space - with improved signal-to-noise ratio

» For timing: 30-50 um thickness, gain (O)(10)

» LGAD design: R&D ongoing on
» radiation hardness (doping profile, ion implantats)
» segmentation (Trench / Resistive AC / i-LGAD)
> and more (uniformity, electronics, ...)

» Current University of Hamburg projects:
beam telescope timing layer & radiation hardness studies

The future of timing:
LGADs will find more and more applications in 4D-tracking
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AC LGAD Signal Formation

d Z Drifting e/h pairs induce charge on n+ implant
+

(1) b

Signal spreads along n+ layer

(2) Fastsignal
[

"\ short RC

Fast signal

—\/\[ AC pads discharge long RC

(3) Slow discharge

R - n+ sheet resistance
C - bulk thickness, metal pad capacitance

[doi.org/10.1016/j.nima.2021.165319]



iLGAD Third Generation (iLG3): Fabrication Process

We are planning to carry out this fabrication with two different approaches:
1. Epitaxial wafer + epitaxial multiplication
2. Si-Si wafers + implanted multiplication

M @ Dose/energy multiplication
~—— layer is adapted to the Si-Si
4" high resistivity >10kOhm- 5 iplicati
e AT thermal process
CNM
(3) (4)
Wafi duction to 50 . .
clerrecucionfo=hpm After (4), the profile is the same
as standard LGAD runs. This is the
Foundry

starting point for the fabrication.

2 | Instituto de Microelectrénica de Barcelona (IMB-CNM) | 16t Trento Workshop (2021) -



Beta Timing Setup

fast oscilloscope

Sr-90 source
with collimator

Bias-T amplifier
40dB
bias supply ‘
= Bias-T amplifier
12v
[
LGAD 2 ‘
40dB
bias supply ‘
plus separate trigger?
_
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ATLAS

High-Granularity Timing Detector for phase 2 upgrade

Two endcap disks at z=4+3.5m
2 double-sided layers

30 ps TOF resolution for
charged particles,

1.3x1.3mm? pixels
for occupancy <10%

6.3 m? active area

CERN-LHCC-2018-023



CMS

MIP Timing Detector timing layer between tracker and calorimeter

» Barrel Timing Layer:
thin crystal (LYso) + SiPM

» Endcap Timing Layer MTD design overview

in front of HGCal: LGAD Keg®

[

30 ps TOF resolution for

charged particles
(b > 0.7GeV) | ENDCAPS

7.9 m?2 sensor area/side

Thin layer between tracker and calorimeters
MIP sensitivity with time resolution of ~30 ps
Hermetic coverage for |n|<3




cms/ |
Benefits of 30ps Timing to CMS Physics J

Signal 30ps Timing Benefits Physics Impact

H-yy (%) Photon isolation, vertex choice +25% precision on cross-section
VBF + H=T1T  Isolation, VBF tagging, MEr resolution +20% precision on cross-section

HH Isolation, b-tagging +20% signal efficiency
SUSY Reduce MET tails -40% irreducible BG

T T T
—oct=100cm
—ct=30cm

<+ Benefits across many physics channels

@

3

3
T

ct=1.0cm

+ Overall: +20-40% effective integrated lumi

—ct=03cm

neutralinos / 1.5 GeV
IS
8
8

<+ New physics opportunities

+ Reconstruct mass of tracks (LLP, HSCP) - 200

+ TOF PID: exclusive flavour physics in Pb-Pb

Francesco Pandoffi CMS Timing Detectors in Phase-2



.. Example of time-aware vertexing

» Event with 50 pileup collisions to ease eye analysis

Simulated Vertices

t(n:

06 3D Reconstructed Vertices EXAMPLES OF
| —e— 4D Reconstruction Vertices MERGED VERTICES IN 3D

—+— 4D Tracks

o o
N by
TTTT]
pd

-

: brof 4.
180 ps RMS ?i* tid i *{
e SR 3] ¥$ b bf i
02f— ¥ T ;j
s ]
"“;‘ N | ‘{ ' ‘. L PN TN P
10 <—48cmRMS —% 2 em)

* 4D reconstruction with track time information: 0~25 ps

o

[ [slide Tommaso Tabarelli-de-Fatis , Scint 2017

# of pileup tracks/signal PV

40 CMS simuiation preliminary 13 TeV
[ ttevent tracks
- p,>0.9GeV
30 o HL-LHC BS, 3D vtx, PU=140
F =HL-LHC BS, 4D vitx, PU=140
' aHL-LHC BS, 3D vtx, PU=200
r  w¥HL-LHC BS, 4D vtx, PU=200
20F Ax
£ 3D
. - 2 A
L [ ]
F A
10F oz ®
F a
[ N v v VY
I T LI RN .S
0 0.4 0.8 1.2 1.6 2

pileup density (events/mm)

-
=
(g}

HL-LHC

[CERN-LHCC-2017-027]
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