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The AIDAInnova project AIRA

Advancement and Innovation for Detectors at
Accelerators

In the framework of HORIZON-2020

To explore applications of novel technologies

To strengthen the synergies between different
projects and communities

To increase the efficiency and quality of the beam
test and irradiation facilities

To render European Industry ready for large series
production of HEP detectors



WP6: Hybrid Pixel Sensors for.4D Tracking a.nd QAIDA
Interconnection Technologies

WP6 coordination: A.M., Claudia Gemme

Simulation, design and production of common 3D and Innovative Interconnection
LGAD productions Technologies
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3D and TI-LGADs 3D and iLGADs wafer Films

3D validation LGAD validation
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Technologies path towards small pitch LGADs

» Different technologies to be explored to achieve small pitch LGADs necessary for 4D tracking

Trench

® Trench-isolated LGADs (TI-LGAD)

region

Pixel 1 Pixel 2

e Resistive AC-Coupled Silicon Detectors
(RSD)
O AC-pad coupled to the resistive n+
layer via dielectric coupling
o Not segmented gain layer: 100% fill
factor

® Inverse LGAD (iLGAD):
o multiplication region on the opposite side

High resistivity p-doped wafer

of the read-out electrodes —
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Technologies: path towards small pitch LGADs AIDA

innova

Different technologies to be explored to achieve small pitch LGADs necessary for 4D tracking

® Trench-isolated LGADs (TI-LGAD)

IAIRA =

FONDAZIONE
Pixel 2 BRUNO KESSLER

region
Pixel 1

e Resistive AC-Coupled Silicon Detectors
(RSD)
O AC-pad coupled to the resistive n+
layer via dielectric coupling

o Not segmented gain layer: 100% fill
factor

® Inverse LGAD (iLGAD):

o multiplication region on the opposite side
of the read-out electrodes

P-type multiplication layer

cnmi

Centro Nacional de Microelectrénica IMB

A. Macchiolo, Hybrid Pixel Sensors for 4D Tracking, 1t MONOLITH Workshop, 6 Sept 2022



A first batch to focus on technology validation.

Second batch in the framework of RD50 based
on the experience of the first batch

W P

e 18 wafers with process splits

e Devices: Pixels, strips, pad with different geometry

e JTE and p-stop are replaced by a trench structure
® Trench act as a drift/diffusion barrier for electrons
4x4 mm? chips 2x2 mm?2 chips and isolate the pixels
BE ' e The trenches are a few microns deep and less than
< 1 um wide - TCAD simulation to optimize them.
e Filled with silicon oxide

AN

v RD50
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TI-LGAD prototypes

Contact Layout

Cc1
Ring-type
contact
GAIN below
contacts

Cc2
Hole-type
contact
no GAIN
below
contact

Gain to Gain distance

Nominal no-gain width

V1< lum
V2 < 3um
V3 < 4um
V4 <5um

VVVYVY

* Referred to 1-trench version

Number of trenches

» 1 Trench Layout (trench grid)

» 2 Trenches Layout

B 8 8 e
) |

() ———

* 2-trenches version has wider no-gain region

» Three trench depth: D1 < D2 < D3

Normalized cdllected charge

32.0 ym e~
21.6 ym V
16.8 um /
13.1 ym
8.0 um
05 I
160y 170p 180p 190y

Laser position (m)
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® Inter-pixel distance between 2 and 15um
Inter-pixel distance 5-20 times narrower
than in LGADs with JTE and p-stop (Fill-

Factor improvement)



TI-LGAD characterization AIDA

Iinnova
TCT set-up, before irradiation
50
25y t P 'l' pixel border
p ®
20p 40p W g 3
g trench depth
~ 15 9o D1
E 3 % — D2
- 2
= 104 @ D3
g 20p contact type
= ring
5
o e g, T4 .. e dot
10p
0
50 100 150 200 250 4 of “enc\‘\eso - 100 150 200 250
Bias voltage (V) Bias voltage (V)
« Border V2 is always better than V3 « Time resolution does not seem to depend
« Deeper trenches are better. systematically on these design and process
« Contact type “ring” is better. parameters.
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TI-LGAD irradiation campaign

TI-LGADs aimed towards future trackers.

Possible replacement of pixel disks of the CMS experiment in Phase-3, with fluence range 3-4x10%°.

We irradiated with reactor neutrons at JSI to 3 fluences:
1) 1.5x10% n./cm?
2) 2.5x10% n./cm?
3) 3.5x10%n./cm?
4) 5.0x10* n_./cm?

Neg/CM?x107
0.0

15.0
—— 25.0
—— 35.0
Pad

left

Collected charge (C)
Time resolution (s)

100y

. -100p 0 100p
Laser position (m)

Laser position (m)

« Gain is significantly reduced

« Time resolution degraded by
radiation but still uniform until
the edges

« The time resolution is the value
in the plateau, for this split:

e« Notirr ~5ps
olrr ~15-30 ps
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Bias current (A) Bias current (A) Bias current (A)

Bias current (A)

e Curves measured in a probe-station at T=-20C

trench depth=D1 trench depth=D2

T

0 200 400 600 0 200 400
Bias voltage (V)
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Bias voltage (V)

IV curves after irradiation

trench depth=D3

600 O 200 400

Bias voltage (V)

M. Senger, AIDAInnova Annual meeting
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Fluence (n,q cm™?x1e15), contact type
=— 2.5, dot

----- 5.0, ring

contact type

dot

----- ring

Fluence (neq cm™x1e15)
— D5

— 3.5

— 0

«Breakdown voltage
moved from ~250V -
~600 V.
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Time resolution (TCT) after irradiation

50p
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20p

Time resolution (s)
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Before irradiation 4-6 ps

@ 200 V.

Radiation exposure
severely affects time

resolution.

M. Senger, AIDAInnova Annual meeting
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Inter-pixel distance after irradiation AIDA

Trench depth=D1 Trench depth=D2
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innova
pixel border
o
g V3
Fluence (negq/cm”2)/1e14
— 0.0
_‘
3 = 15.0
a| |—250
@ | ——350
o| | contact type
ring
----- dot
=
z IPD “converges” faster
> to lower values after
irradiation.
600
IPD is still good.
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12 wafers (6 inch)

With and without carbon doping of
the multiplication layer

Temporary metal to test the large
devices

Active thickness: 45-55 um Main detector v1
Process start: November 2022
To be completed in about 6/8
months

Technological Splits:
* Gain
* Carbon co-implantation
* Trench depth
* Trench isolation

Main detector v2
(or other...)

Pixel test
structure

FBK test
structures

FBK LGAD activities in AIDAInnova AIDA

* Stepper technology = max area 2x2 cm?
* Reticles divided in fourth sectors

Shot1: Main detector v1
e 1x1 cm?
* 55 micron pitch

Shot 2: Pixel small structures
* 55 um pitch
* Matrix 64x64; 32x32
* Compatible with Timespot
and Picopix
* Strips
* 2x2 matrix of 1.3x1.3 mm? pads

Shot 3: Main Detector v2
(or alternative structure)

FBK test structures

M. Boscardin, WP6 meeting, July 6t 2022 13
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PiN devices as initial step for single Timepix4
timing layer for WP3 Telescope
LGAD and iLGAD devices as second step for WP3

* iLGAD:
e JTE and Guard ring structure on the
multiplication side, 100% fill factor
* Hole read-out

A. Macchiolo, Hybrid Pixel Sensors for 4D Tracking, 1t MONOLITH Workshop, 6 Sept 2022

P+ Channel
N+ Cathodes N+ JTEs P Stops N+ Guard Ring Stopper
P I N P Substrate
P+ Anode
P+ Channel
N+ Cathodes N+ JTEs N+ Guard Rings Stopper
P Substrate
P+ Anode

N+ Cathode

N+JTE N+ Guard Rings

iILGAD

P+ Anodes P+ Guard Ring P+ Guard Rings

(S o

P+ Channel
Stopper

P Substrate

Giulio Pellegrini, WP6 meeting

Electrons Reading

Holes Reading
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CNM iLGAD LHAIDA

« In the iLGAD Third Generation (ILG3) we are going to use trenches to isolate the active area

v/ Multiplication region is fully isolated.

v Simpler single-side process and 50% less fabrication steps.

v Devices are able to sustain higher voltages.

v Slim-edge technology.

v/ Optimization of the multiplication layer is independent of charge collection and cross-talk at the electrodes.

e Fabrication run on 4” wafers (5i-Si+Epi) in preparation, run on 6” wafers as AIDAinnova production

Periphery Active area Periphery

Collector ring ;
P+ pixels Wafer reduction to 50 pm

High resistivity p-doped wafer

High resistivity
p-doped epitaxial layer

* TimePix3. 55x55 pm pitch, 256x256 pixels: 12
*  TDCPix. 300x300 pm pitch, 40x45 pixels: 8

* UZH-PSI. 100x100 pym pitch, 30x30 pixels: 36
+ iStrip. 80 pym pitch, 20 strips: 40

Giulio Pellegrini, WP6 meeting 15
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3D sensors for timing
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FBK: trenched 3D optimization

e Theideais to use a 3D based on trenches instead of columns in
order to obtain a more uniform electric / weighting field

between electrodes

* This reduces the dependence of timing on the impact position

of particles

 Technological tests performed at FBK to address the following

aspects:

Reduction of trenches width

Down to 3 micron

Passivation optimization

Increase the step coverage:

- Optimisation of PECVD
deposition

- Metal definition optimization

Temporary metal

Optimisation of the etching
process

Device planarization

TEOS Reflow

Wafer layout optimisation

Increasing the number of devices
per wafers but reducing the bow

Resist coating

Spray coating in FBK

G. Dalla Betta, AIDAInnova WP6 meeting, 06/07/2002

AIDA

innova

150 pm

Bias electrode
Readout electrode

3 micron trench etching

SEM HV: 30.0 kV WD: 11.35 mm VEGA3 TESCAN

View field: 21.3 ym Det: SE 5um
SEM MAG: 13.0 kx | Date(m/dly): 06/21/21

SEM HV: 30.0 kV

WD: 11.35 mm

View field: 262 ym Det: SE 50 ym
SEM MAG: 1.06 kKx  Date(m/dly): 06/21/21
w1 center w1 center02


https://indico.cern.ch/event/1175704/contributions/4951287/attachments/2475701/4248557/Talk_GFDB.pdf

AIDA

AIDAInnova FBK 3D production

, , B Readout trench
e 12 wafers with 3D trenched pixels
Continuous ohmic trench (left) vs dashed ohmic trench (right) .
Litography with stepper (reticle ~ 4 cm?), 20 shots per wafer @ Ohmic trench

- ] L I 8

I I ©, —
81
-] I DS s
Bump pad

55 um

Planned start

* Pixels 70% of the area Metal
* Baseline 55 micron pitch October 2023 poly T
* 32x32 pixels (TIMESPOT1) Readout trench
* 64x64 pixels (TIMESPOT2, Picopix) Temp. metal —— 4
» Test structures: single/multiple pixels, strips, diodes ppoly Contacts b

G. Dalla Betta, AIDAInnova WP6 meeting, 06/07/2002
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4D timing in CMS Inner Tracker Disks?

A. Macchiolo, Hybrid Pixel Sensors for 4D Tracking, 1t MONOLITH Workshop, 6 Sept 2022



4D Tracking in TEPX LXAIDA

® MTD will provide timing in barrel and endcap
®ETL covering a region from 1.6 < |n| < 3.0
®HGTD in ATLAS covers 2.4 < |n| < 4.0

®Extension of timing to higher rapidity in Phase-3 will greatly improve detector performance

A. Albrecht, DPG Conference, March 2022

|| Solenoid magnet |
3

| W )

r [mm]

0.00.20.4 0.6 0.8 1.0 1.2 14 1.6 18 2.0 2.2 2.4 26 TEPX 28 3.0
A, / o e— —_

RE3/1
- m—_—a! ]
L MET By

250

TFPX

Silicon he
tracker

200

150
100

50

Options in TEPX:
Replace one or two disks with LGADs pixels

0

z [mm]

* Implement timing capabilities but spatial resolution can
worsen if larger pitch 4D pixels have to be adopted with
respect to 25x100 um?

* Adding one disk with LGAD pixels: increase material budget
but original disks retain standard hit spatial resolution

A. Macchiolo, Hybrid Pixel Sensors for 4D Tracking, 1t MONOLITH Workshop, 6 Sept 2022



Environment in TEPX

Hit rate and occupancy le1s Fluence for 4000 fb-1
74 : — fluence
=== rmin = 62.9mm
part hits/roc  hits/cm2 occupancy (100 x25) occupancy (100 x100)

ring 1 46 13 3.19E-04 1.27E-03 °]
ring 2 27 7.3 1.87E-04 7.48E-04 5 -
ring 3 20 5.5 1.39E-04 5.54E-04

ring 4 15 4.2 1.04E-04 4.16E-04 ]
ring 5 13 3.6 9.01E-05 3.60E-04 3 -

50 75 100 125 150 175 200 225 250
radius [mm]

® Depending on the time of replacement the fluence level in R1 could be around 3-4E15 neq/cm?

A. Macchiolo, Hybrid Pixel Sensors for 4D Tracking, 15t MONOLITH Workshop, 6 Sept 2022



Technologies under investigation {XAIDA

option A : Replacement of two disks with 100x100 pum? pixels + 65nm CMOS ASIC

* TI-LGAD: loss in position resolution for a better pileup mitigation
 AC-LGAD could deliver good position resolution: radiation hardness? Occupancy?
* development of an ASIC “CROC like” with a TDC per pixel is likely possible, low cost

option B : Replacement of two disks with 25x100 um? TI-LGAD pixels + 28nm CMOS ASIC
 Keep same granularity as present disk design, no loss in position resolution

* development of ASIC quite challenging, high cost, need to be compatible with serial powering
and present CMS DAQ

A. Macchiolo, Hybrid Pixel Sensors for 4D Tracking, 1t MONOLITH Workshop, 6 Sept 2022 22



Conclusions AIDA

» Different technologies for 3D and LGAD common sensor productions for 4D Tracking are being identified in
AIDAInnova WP6 thanks to the characterization of prototype productions

Productions should be completed within the end of 2023

The performance will be assessed and compared with lab and beam tests, before and after irradiation

First (inofficial!) thoughts on replacement of Inner Tracker disks with timing layers in CMS for HL-LHC Phase-3

e Extension of timing capabilities for CMSin 3<|n| <4.0
* Different sensor and chip technologies being considered

A. Macchiolo, Hybrid Pixel Sensors for 4D Tracking, 1°* MONOLITH Workshop, 6 Sept 2022
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AIDA

innova

Inner Tracker — Detector Layo

* Extended coverage up to |n|=4

* Innermost modules located at r=2.75 cm from the beamline

* 4 barrel layers (TBPX) + 2x8 small discs (TFPX) + 2x4 large discs (TEPX)
 TBPX: no crack at z=0, two ladders per layer skewed in r¢ for the insertion in CMS
* TFPX and TEPX: each disc made of 4 identical dees

* Hybrid pixel modules:

 Two module types: 1x2 and 2x2 readout chip per module

E150; 0002040608 1.0 12 14 16 18 20 22 24 26 28 30
> E W v v 4 . v v < '—------,-----~,-‘
100+ 250 - ’ \ 3.2
L — ] [ |
L T - 1
50 l 00 — 1
I // //_--\\\\ 200 . -
r [ ","'-—"ﬂ“l,‘ \ AW my W EEEEEEEEEEEE =N, ] |
of- voAC )y s ﬁ S TEPX -
. \ N\~ 7 L
L " ~ 7/ E 1] 1 4.0 NG
=501~ — Boo 1] e — il T
: - .,mmy 1ww sl T r | M R
g S— - - p 1x2 ROC module 2x2 ROC module
100 I — B - 1 C -
r 1 :’_ 1 -7-7- - . - v —
1501 QI_!, ---7------1----‘--7 . L .
O P A ) W00 T A ) 2500
150 100 50 0 50 100 150 z [mm)]
x [mm]
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Physics case for forward timing AIDA

innova

signal VBF jet

Can PU mitigation be improved by
Measurement of tlmmg up to |1’] | <47

Higgs self coupling
at HL-LHC

A. Albrecht, DPG Conference, March 2022

Signal: VBF> HH - bbbb (Signal VBF and
b jets defined with matching to signal
genparticles)

Background: QCD sample (PU jets if
R(reco, gen) >0.6)

A. Macchiolo, Hybrid Pixel Sensors for 4D Tracking, 1t MONOLITH Workshop, 6 Sept 2022



Inter-pixel distance @H?

o |IPD: Distance between 50 % of normalized collected charge of each channel.

o Linearinterpolation, not “S function”.

— Observed deviations from “S”, different for each design pattern and dependent on the bias voltage.

Pad, n_pulse
left, 1
----- left, 2
— right, 1
----- right, 2

0.5

Normalized collected charge

Normalized collected charge

150p 160p 170p 180p 190p

0 100p 200p 300p

Laser position (m)

29 Mar 2022 IVI.Senger (UZH] - ATDAINnova 1st annual meeting

Laser position (m)

A
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Test 3 different scenarios:

Charged tracks (signal and PU) removed
1. ... with no timing requirement

2. ..ordt>0.1nsfor|n|< 3 BTL+ETL

Pile-up mitigation

ifdz>0.1cm ...

3. ..ordt>0.1nsfor|n|<4 BTL+ETL+Timing EPX

0.45

-'(Q ? T ‘ T 17T ‘ T 17T ‘ T 17T ‘ T 17T ‘ T 17T ‘ T 17T ‘ LI ‘ T t
_9‘ I cMS ] Q :l TT I LI | TTIT I TTT | TTT | TTT | T 11T I TTT l TT1T | TT |:
G 0.4 Simulation Work in Progress W - ;}:’* 0 07: g'Mlstl Work in P, VBF_PUPPI_PU_track_T ]
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r . Entries 5036 n 005 - PL{_PUPPI_F’U_tla(:kg_o'l'73 ]
oost VBF+bb jets e | oooisee - Not matched e
r ] C . s - ]
ook E 0.04+ to genjet -
0.15 E 0.03p g
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0.05F . 0.01f :
o) SR I IR P B i B O B B ] 03 . F i . .
—1 —08 06 04 02 0 02 04 06 08 1 -1 -0.8 06 04 02 0 02 04 06 08 1

track dt [ns]

Momentum Smearing for Phase 2 tracker
* Phase 2 (25x100) resolution for dz

e Time smeared by 30 ps resolution

track dt [ns]

\\ Primary Vertex
s 0000 00000000 <
Colliding LHC beams Colliding LHC beams
Beamspot: 180-200 ps
-
30 ps

® lLeading Vertex
® Pileup Vertex \

A AR >

beam line
Z-axis

A. Albrecht, DPG Conference, March 2022
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fraction of jets

Signal/Pile-up timing distribution AIDA

% 0.45F T T T T
- F CMS VBF_PUPPI_signal_track_T ]
o 0.4 Simulation Work in Progress “Entries 45105 —]
g 045 5 [ Notiming oo
g 0 4 g O . 35 - Ei;::SPPlislgnaIJra;;S:S —
s = F Mean 0.002209 ] . . .
‘8 :\ EM‘\S\ 1 ‘ LI ‘ LI ‘ LI ‘ LI ‘ LI ‘ LI ‘ LI ‘ LI \: % 035 0-3; E"S,?:’elllpplfsigna\j;ggfj$ { PU Jets ShOW taIIS In dt
— 0.4 B VBF_PUPPI K T ] = E E"e‘::S 0000?232 E H H H
B N Simulation Work in Progress Entries o 48066 ] 0.3 0.25; gld Dev 0.03129 7: d ISt rl b ut I 0 n P U t ra C kS o
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2 035 S e buppLmse T ] . 02 ; Signal tracks dt < 0.1 ns
B Entri 89322 1 L : r 1
g 0.3 Mr;::s 0002587 | ’Ignal 045 0.15- =
r Std Dev 0.07351 ] - k - I ]
- PU_PUPPI_track_T ] racks o 0.1 - . . .
0.25 Ees 88 3 ' g ] PU tracks dt distribution
T Std Dev 01377 ] 0.05 0.05(- . .
: ] 0 bt B broader gaussian
0.2~ - ; 1 -08-06-04-02 0 02 04 0.6 08 1
E E track dt [ns]
0.15 —]
- ] g o PU tracks can be removed
[ _] PU ;‘g 0.07:, Simulation Work in Progress I . . . .
0.1 1 vacks &b e B s with timing requirement
= . g % A
0'05 [ ] F SEUD;\{JPP\ PU._ |ra%k23‘:3 1
N 1 0.05 E
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0.03F .
track dt [ns] 002k E
0.01; -
bt 1) B
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track dt [ns]

Signal: VBF_HH_bbbb sample PUPPI jets matched to b (R<0.2) or VBF quarks (R<0.4)
Background: QCD sample PUPPI jets not matched to genjet (R>0.6) (PU jets)
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b jet (R<0.2)
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A. Albrecht, DPG Conference, March 2022
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Pile-up rejection

Central region (up to |n/< 3 ): Signal rates similar for all scenarios; reduced PU jet rate with
timing
Forward region (4<|n|< 3 ): With timing up to 4 the PU jet rate is reduced even more than with
timing up to 3; Some signal efficiency lost
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