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ALICE Silicon Detectors
Monolithic Active Pixel Sensor from ITS2 via ITS3 to ALICE3

Felix Reidt (CERN)
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* Introduction to Silicon Detectors

* Inner Tracking System 2 (ITS2)
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Introduction to Silicon Detectors
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| »Detectors closest to the interaction point

* Purpose:
-Vertex reconstruction
Interaction - Tracking
Point

* Technology used in ALICE:
Monolithic Active Pixel Sensors (MAPS)

*and in heavy-ion physics and particle physics experiments in genera| ALICE silicon detector introduction | CERN-Korean summer student program | June 28th, 2023 | Felix Reidt 4



Pixel detectors
... are nowadays present everywhere

Nobel Prize in Physics 2009
Willard S. Boyle and George E. Smith
"for the invention of an imaging semiconductor
circuit — the CCD sensor.”

Cut through a modern DSLR
Pixel detectors are abundant (smartphones,

surveillance, etc.)
though mostly for (visible) light
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CMOS Image Sensors

CMOS Image Sensor Integrated Circuit Architecture
Analog-to-Digital Conversion
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Figure 1

Digital Logic (Interface, Timing, Processing, Output)

 Nowadays the most widespread

implementation of image sensors

— main advantage: price

Microlens

Amplifier Red Color

Transistor Filter

Column _— " neset

Bus Tran&\ Ll
) B _

| - _,\.-h Row

Select Bus

Potential

Silicon Well

Substrate

Source: Olympus

* Light vs charged particles:

— both generate electron/hole pairs

— need to increase sensitive area to 100%
(no focussing lenses for charged particles)
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Silicon Pixel Detectors — In a nutshell

» Semiconductor detectors based doped silicon (Si)

* Operated as solid state ionisation chambers

. . . h -t
— Sensor based on reverse-biased p-n junction (here n-type)

— Traversing particle ionises the sensor volume: generates electron-hole (e-h) pairs

— Charges drift to the electrodes inducing a signal
» Key properties

— High density — large energy loss in a short distance

— Low ionisation energy of few eV per e-h pair sensor bulk _.
(e-ion in gas detectors 10x more expensive) (here p-type)
1 bias voltage
— Small patterns possible S —

— position resolution below 10 um reachable
— high granularity leads to large channel counts, power consumption and in turn cost

— Easy integration with readout electronics: same materials, very similar technology:
— High cost per surface unit

» Large experience with semiconductors in the micro-chip industry

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
Review of Particle Physics, Chapter 34 ‘Passage of particles through matter’

collection electrode

depletion
zone

particle

bias
voltage

L. Rossi, P. Fischer, T. Rohe, N. Wermes, Pixel Detectors
H. Kolanoski and N. Hermes, Particle Detectors - fundamentals and applications
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Monolithic Active Pixel Sensors (MAPS)

» Single silicon chip contains both the detection volume and the readout electronics

— as opposed to hybrid pixel sensors, which use two chips that need to be interconnected

* Advantages:
— small pixel pitches: O(10-30 um)

— very low capacitances = low power O(10-100 m\W/cm?2)
— thin: <50 uym (0.05% Xo)
— commercial process
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Main objectives of silicon pixel detectors

* Vertex reconstruction
— Identification of primary and decay vertices

— Pointing resolution: ’s
+ low-pr, multiple scattering regime (key for ALICE): 6, ina & 7o - 1/X/ X ’~ ‘

2

» high Pt Gpointing X Gpos V4

— Crucial to minimise radius and material of first layer (including the beam pipe)

 Tracking and momentum measurement L2

— Measurement of space points in magnetic field
— Momentum resolution:

\/ XX,

B-L
— maximise lever arm and magnetic field, minimise material

. limited by multiple scattering and lever arm: 6,,/p

Schematic drawing of the reconstruction
of a primary and secondary vertex

\/ X/ X,
B-L?

. Linear contribution from position resolution of hit measurements: ap/p X P

— should be sub-dominant in region of interest
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Radiation damage

* Non-lonizing Energy Loss (NIEL)

— Damage of the silicon crystal by particles impinging on the lattice

— Dislocations of lattice atoms or more complex distortions of the crystal lattice
— Affecting the charge collection properties (trapping), leakage current and the effective doping concentration
— Usually expressed normalised to the damage level caused by 1 MeV neutrons (1 MeV neq/cm?2)

» Total lonising Dose (TID)
— Surface damage and damage of boundaries and interfaces (e.g. Si-SiO2)
— Charge build-up in the oxide layers and at the interfaces
— Oxide charges influence the threshold characteristics of MOS transistors
— Effects less pronounced in modern IC technologies due to their very thin oxide layers used for transistor gates
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ITS1 in a nutshell

* 6 layers with 3 technologies

— 2 Silicon Pixel Detector (SPD) layers
— 2 Silicon Drift Detector (SDD) layers
— 2 Silicon Strip Detector (SSD) layers

* Distance to interaction point: 39 mm

» Material budget: ~ 1.14% Xo

* Pixel pitch (SPD only): 50 x 425 pm?2

« Spatial resolution (rg x z): 11 x 100 pm?2

« Readout rate: 1 kHz

ALICE exhibition at LHC P2

It served some 10 years and was key to many analyses and publications...

... but technology has moved on!

m— M
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Run5

2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | 2037
ITS2 Detector Seminar: https://indico.cern.ch/event/1210704/
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ITS2 design objectives

Improve impact parameter resolution
by a factor ~3 in r¢p and ~5 in z at pr = 500 MeV/c

* Get closerto IP: 39mm = 23mm (innermost layer) | —

* Reduce material budget: iteraction pok
~1.14% Xo = ~0.36% Xq per layer (for the inner layers)

* Reduce pixel size: 50 x 425 ym2 => O(30 x 30 pm?2)

\ PIXe

Improve tracking efficiency and pt resolution at low pr

* |Increase granularity: 6 layers = 7 pixel layers

Fast readout

» Readout of Pb-Pb at up to 100 kHz (previously 1 kHz)
and 400 kHz for pp
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Detector performance in Run 3 — simulations
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o Improved tracking efficiency (95% instead of 60% at 200 MeV/c)
» Pointing resolution 3x better in transverse plane (6x along beam axis) at 200 MeV/c
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ITS2 layout /

o 7 layers (inner/middle/outer): 3/2/2  Outer Barrel (OB)
from R =23 mm to R = 400 mm =ML+ OL

e 192 staves (IL/ML/OL): 48/54/90

e Ultra-lightweight support structure and cooling

B

10 m2 active silicon area, 12.5x10° pixels
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ITS2 system overview
Central Trigger

E:: . iﬁm 32(5“/' b/S

CLK, CTRL 1 Readout Unit
DATA 9x1200 Mb/s per stave (192)

AL 1S A i e~ DP1 = 18 electronice arih. _racke | Processor
| ALICE Mmlframe’ PP~\1 16 ele(j_'.,o.ﬂ'c§;£aCks | Commorll Readout Unit (CRU)
i Inside the magnet . N | i ' 7
. Radiation environment | | |
| TTC PON
192 GBT LINKS
i Timing/Trigger
624 Data Cables " i di}: 624 GBT LINKS ';::2:::;::(;. ? Event
Twinax, Copper, ~7 m | | == 192 control ' Building
|
. 960 GBT LINKS : 192 control/data Farm
"""""""""" 576 Upstream | 240 data
384 Downstream : 5
y - \ : ‘:“gi? -
.:'lﬁ.i‘ | _ i
........ | 11x First Level Processors (FLP)

[
i

AAAAAAA

AQ9 - AD8 - AD7

Power System — CAEN

12 A3486, 13 Easy Crates
______________________________________________________ 61 A3009, 732 channels
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R&D, construction, installation and commissioning timeline

2012 <«— Research & Development
e Conceptual Design Report: Sep ‘12

e Technical Design Report: Nov ‘13
Detector construction and assembly

Dec 16 1| < e ~72000 chips —> ~2600 Hybrid Integrated Circuits (HICs) —> ~280 staves Ui
. . . Inner Tracking System
e > 10 production sites worldwide |
May ‘19 e ~ 30 institutes involved

On-surface commissioning w/ final services
= . 24/7 operation with ~200 shifters from ~30 institutes
Dec ‘19 e Calibration runs, cosmic muon data taking Conceptual Design Report
e Key to spot potential issues early
« Valuable input for the planning of the installation

Dec ‘20

Jan ‘21 : : . .
<«— Services installation in the cavern

Upgrade of the

Inner Tracking System

Mar ‘21 " <— Quter Barrel installation
May 21 ,<— Inner Barrel installation

, |<— Verification of the detector
Jul 21

<«— Global commissioning
Oct 21 "'<— Pilot beam test

Technical Design Report
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ALPIDE — the Monolithic Active Pixel Sensor (MAPS) for ITS2

~30 um collection electrode

2 x 2 pixel
volume

Artistic view

SEM picture of

ALPIDE cross s

of a

ection

A @

zero suppression

zero suppression
zero suppression

.

zero suppression

T--7T

.

Buffering and Interface

continuous
or
external trigger

Developed within the ITS2 project

Technology Technology now used in other applications

e TowerlJazz 180 nm CMOS Imaging Process

High-resistivity (> 1kQ cm) p-type epitaxial layer (25 um) on p-type substrate

Small n-well diode (2 um diameter), ~100 times smaller than pixel (~*30 um)
-=> low capacitance (~fF)

Reverse bias voltage (-6 V < Vgz < 0 V) to substrate to increase depletion zone around
NWELL collection diode

Deep PWELL shields NWELL of PMOS transistors
=> full CMOS circuitry within active area

Key features

In-pixel amplification and shaping, discrimination and
Multiple-Event Buffers (MEB)

In-matrix data sparsification
On-chip high-speed link (1.2 Gbps)

Low total power consumption < 40 m\W/cm?

ESE Electronics seminar by T. Kugathasan

ALICE silicon detector introduction | CERN-Korean summer student program | June 28th, 2023 | Felix Reidt
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ALPIDE requirements and performance

3 cm /1024 pixels

Spatial resolution (um)

Integration time (us) <30 <10

1.5¢cm/
512 pixels

I —

Fake-hit rate
(/ pixel / event)

. . . > 0Qo >>0Q0 Tt az o _
(MW / cm?) . .
ALPIDE die on carrier card
(TID) (krad) > 10 (OB)

> 1.7x1012 OK

> 70k chips produced and tested

Non-lonising Energy Loss (NIEL)
(1 MeV neq/ cm?)

24K in continuous operation on ITS2

These are not technology limits, + several other applications
but mostly design choices! I— o —

EEEE——
ALICE silicon detector introduction | CERN-Korean summer student program | June 28th, 2023 | Felix Reidt 19



ALPIDE performance — detection efficiency and fake-hit rate
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100 200 300 400 500

Charge threshold (e™)

Availability and excellent support from test-beam facilities all over the world have been key for the development of this chip:
BTF Frascati, CERN, DESY, LBNL, UC Louvain la Neuve, Pohang (Korea), Rez (Czech Republic), SLRI (Thailand)
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ALPIDE series production

* Probe testing on ~10% of the wafers before thinning and dicing
» Tested all > 70000 thinned and diced chips individually

» Two separate, automated machines based on common probe card:

— 'ALICIA" Module Assembly Machine with chip testing extension
— ‘Corea YS-1" dedicated chip testing machine

 Classification based on

» Current consumption at nominal powering
* Performance of the on-chip biasing DACs

* Functioning of the on-chip digital circuitry

* Pixel response to analogue injections

* Charge threshold scan on every pixel

* Yield
 Electrical yield: 65%
» Gold* chips (used for the IB): 30%

Probe card ~ ALICIA Corea YS-01

* stricter overall cuts, but in particular no bad double column ALICE silicon detector introduction | CERN-Korean summer student program | June 28th, 2023 | Felix Reidt 21



Modules — Hybrid Integrated Circuits (HICs) — Inner Barrel (IB)

* 9 chips in a row, active area: ~ 1.5 x 27 cm?
* 1 high-speed link of 1.2 Gbit/s per chip

* Clock, control, data and power supplied via
Flexible Printed Circuit (FPC) using aluminium as conductor

e i ¢ » Interconnection by wirebonding through vias in the FPC
| * No other active components than the ALPIDE chips on the FPCs
» Production quantity: ~ 100 '
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Wirebonding through vias

4 mm 3.5 mm 100 pm 100 pym

25 um Coverlay

50 ym Polyimide

D D D EwD oD D @D @b @D
|

25 um Aluminium
25 um Coverlay

ﬁ ot
i - . S e e = 4 mm 10.7 mm
Top: bottom side of an IB HIC, bottom: view on FPC of 3 ALPIDEs IB FPC stack-up and patterning
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Detector staves

Space Frame

Cold Plate

Pixel Chip

Flex Printed Circuit

Inner Barrel (IB)

<radius> (mm): 23, 31, 39
Length (mm): 270

Nr. staves: 48 (total)
12 (LO), 16 (L1), 20 (L2)

Nr. Chips: 432

Material budget:
~0.36% Xo per layer

Single HIC per stave
Nr. Pixels / stave: 4.7M

Power Bus

Half-Stave HaIE S

Outer Barrel (OB) — Middle Layers (MLs) and Outer Layers (OLs)
e <radius> (mm): 194, 247, 353, 405

* Nr. staves: 24 (L3), 30 (L4), 42 (L5), 48 (L6); total: 144

* Nr. chips: 6048 (ML), 17740 (OL)

* Length (mm): 844 (ML), 1478 (OL)

« Material budget: ~ 1.14% Xo per layer

« Two partially overlapping half-staves per staves

« Nr. modules / half-stave: 4 (ML), 7 (OL)

* Nr. pixels / stave: 59M (ML), 102M (OL)
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Outer Layer stave — threshold and noise uniformity

o x10° «10°
o - —— All Pixels % i - —— All Pixels
S_‘< i “H Single Chip (scaled) D>_—< 16 :— Single Chip (scaled)
5000— [ B i ;
: 'L Threshold b Noise
4000:— u=994 ¢ s ) oc=93.93 €
- RMS(p) = 20.6 e 10 RMS(c) = 0.96 e
3000 -
i 8
2000:— 6 -
i 4 |
1000/ § i
; -
O_||||||||||||||| R B O:|4|=|_||||:L|"-y~g_4||||||||||||||||
0 50 100 150 200 250 300 0 5 10 15 20 25 30
Threshold (e) Noise (e)

e Chip-by-chip tuning of the settings of the 196 chips (103M pixels)

e Excellent noise and threshold uniformity maintained across the full stave
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Layer and Half-Barrel assembly

Layer assembly and testing
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On-surface commissioning
Inner Barrel Top Inner Barrel Bottom

Outer Barrel Bottom

» 1y, I

N X -

TV T T T ITIS.
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On-surface commissioning — services

Readout Units /
Power Boards I Readout / Control Servers
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On-surface commissioning — Outer Barrel — detection efficiency

3
4
5
6

Search window 0.2cm

VAN

99.74 + 0.02 - 0.02 99.6/7+ 0.02 - 0.02
99.75 + 0.02 - 0.02 99.68 + 0.02 - 0.02
99.44 + 0.03 - 0.03 99.62 + 0.02 - 0.02
99.67 + 0.02 - 0.02 99.60 + 0.02 - 0.03

L6 (ROI)
L5

* Analysis prior to software alignment

» Hardware alignment sufficient for first studies
« Based on straight line fits through 3 out of 4 layers

* Excluding tracks in corner cases
— Traversing inactive chips

— Inter-chip gaps
(enhanced due to tracks not originating from the nominal interaction point)

* Active area shows efficiency > 99%

Track candidate in OB Bottom Half-Barrel

ALICE silicon detector introduction | CERN-Korean summer student program | June 28th, 2023 | Felix Reidt 28



On-surface commissioning — Outer Barrel — fake-hit rate

Staves

Max sample: 20 runs/stave

No pixel masking

—

101 |_

100j

ITS Outer Barrel L
. 1 Requirement: _
/ 10-6 / pixel /event schemes offline:

Masking pixels noisy in all of the runs
—— Masking pixels noisy in at least 80% of the runs |
— Masking pixels noisy in at least 20% of the runs @

Masking pixels noisy in this individual run

. T Y R B T P PR T B
101 10-10 1079 10-8 1077 10-6

Fake Hit Rate (hits/event/pixel)

 Measured fake-hit in multiple runs per stave
» Calculation of fake-hit rate applying different masking

- No pixel masking (),
excluding only faulty double columns)

= Meeting requirement
- Masking pixels found noisy in all runs (—):
* Fraction of permanently noisy pixels

» Estimate for the performance achievable with
online / hardware in-pixel masking:
vast majority of staves < 10-7 / pixel /event

= possible to run the detector w/ a static mask

- Masking pixels present in 80% (—) and 20% ( —)
further improves the fake-hit rate

- Masking based on an individual run leads to a
fake-hit rate of 10-10 / pixel / event
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1.2 mm
nominal
clearance

Installation — challenges

* Precise positioning of fragile objects
inside the TPC bore
— manipulating from a few meters distances
— difficult to actually see the position by eye

» Use of 3d scans, surveys and o
cameras OB stave edge

OB stave edge clearance
3d scan when fully mated
models

OB
stave
edges

3d scans of IB Half-Barrels next
IB Bottom in the final position to beam pipe, based on survey
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Inner Barrel final positioning

Real time verification using 6 cameras
+ comparison to 3D CAD scans
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ITS2 in the ALICE experimental apparatus

— = = B - [y, U8
= o = — N ‘
— - —— e — e -t = |

e ——

ITS Outer Barrel surrounding the beam pipe, MFT in the back

B

ITS Inner Barrel Bottom and Outer Barrel

ITS Outer Barrel installation website ALICE silicon detector introduction | CERN-Korean summer student program | June 28th, 2023 | Felix Reidt



https://alice-collaboration.web.cern.ch/node/35130

ITS2 offspring — example sPhenix
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replica of ITS2 Inner Barrel (3 layers) — installed in Mar’23
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ALICE ITS2 — Performance

» Stable operation of 24k chips

« >99% functional pixels

* Very low fake hit rate: < 10-8/pixel/event

 Tuned and stable thresholds

ITS2 Threshold scan tuned (target threshold 100 e ), run 530038, Dec. 2022 - 2.1 % of the pixels pulsed

ALICE Performance
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ALICE ITS2 — Performance (2)

 This is the real rate measured on-detector,
including final services

» Essentially, apart from a hand-full pixels
Run 001098 (15 x 10° events @ 50 kHz, VBB = -3 V, THR = 100 e tuned)

per chip, the detector is noise-free 10-5 I
_ _ _ o number of pixel vs hit frequency
* Biggest contributor is natural radiation 10-6 W 15853 !
(which is not excluded here) ) o | 100, 57 H
10 B 101-0.1%: 27
BN 0.1%-10%: 13
107° BN 10%-99%: 6 )
i >99%: 24

(-

<
bt
o

fake-hit rate (per pixel and event)
—
< S
= 5

10—12

0 102 103 104
number of masked pixels (out of 28 x 10°)
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ITS2 performance — the noise floor is really that low
0

128

256

Row [px]

Y

384 &hipsfof IBT, effective exposure >0.5 yearst

\

511

500 - 5571 Tyng 100 Pb-210 decays
' (full chain)

+

o

o
]

PbSnAg solder

300

Counts / (8 x 32 px)

200

100

... radioactive Pb-210 seems to be one of the main real noise sources!
0 at a - for all but academic purposes — negligible rate of totals few hits/chip/hour
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e

ITS3

W

LS2 Run 3 LS3 Run 4 LS4

2019 | 2020 | 2021
ITS3 Detector Seminar: https://indico.cern.ch/event/1071914/

2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | 2037
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How to improve on ITS2?

Inner barrel Layer 2 (20 staves)

ITS2 layout

e ek R BRI T T ——
- S T T T e
. 5 A " L

(L2 Rmax R42.148)
(L2 Rmid R39.341)
(L2 Rmin R37.835)

(o
by WY
ol

(L1 Rmax R34.589)
(L1 Rmid R31.586)
(L1 Rmin R30.189)

(LO Rmax R26.703)
(LO Rmid R23.49)
(LO Rmin R22.429)

Y ANNw,

Beam pipe

d

Ny

(2.113)

LO (2.212)

L2 (2.195)

L1

» |TS2 is ultralight but densely packed
— Can the material be further reduced?

« Can we get closer to the interaction point?
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Material budget

power & data:
— If integrated on chip

—
W

0.8 L
Innermost layer Other * Observations:
0.7 - mmm Water — Si makes only 1/7-th of total material budget
B Carbon — Non-uniformity due to support, cooling &
- 0.6 - Aluminum overlaps
vV o B Kapton L
= m Glue « Removal of water cooling:
E 0.5 7 s Silicon — |If power consumption
' —— mean = 0.35 % < 20 mW/cm?2
C 0.4 - . :
v » Removal of the circuit board for
@)
S
X
>

Nl NN
WHWM!HJWWW

0 10 20 30 40 50 00
Azimuthal angle [°]

O
N

 Removal of mechanical support:
— Self-supporting arched structure

©
-

O
o

T — T ————————

ALICE silicon detector introduction | CERN-Korean summer student program | June 28th, 2023 | Felix Reidt



ITS3 layout

 Getting closer to interaction point:

— Beam pipe radius
18.2 — 16.0 mm

— Layer O position
24 mm (mean) — 18.0 mm

* Reducing material budget:

— Beam pipe thickness
800 — 500 pum (0.14% Xo)

— Layer thickness
0.36 — < 0.05% Xo

Carbon
foam

B
inner/outer radius (mm) / 16.0{1 6.5 \
Layer parameters Layer O Layer 1 Layer 2
Radial position (mm) 18 24 30
Pixel sensor dimensions (mm?) 270 x 56 270x 74 270 x 93
Number of pixel sensors 2

Pixel size (upm?) O(20 x 20)
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Performance gain of ITS3 over ITS2

1073 100
] —— ITS2 standalone __====22E
——= ITS2+TPC e
O ITS2 standalone (full MC) /’
—— |TS3 standalone 80 - g
= ——= ITS3+TPC _
= 102 - ITS3 standalone (full MC) =
S ] >
) LC) 60 -
= @
@) @)
d 5
o - o
% g > T o E 40 _
= 1 S %
g 10 &
= 20 - —— |ITS2 standalone
_______ === |TS2+TPC
—— ITS3 standalone
——- ITS34TPC
100 T T T L L T T — 1t T 0 ' ' ' 1 T T - T - - - -
0.05 0.1 0.2 0.3 0.5 1 2 3 5 10 20 30 0.05 0.1 0.2 0.3 0.5 1
Transverse momentum [GeV/c] Transverse momentum [GeV/c]
[ALICE-PUBLIC-2018-013]
» Pointing resolution 2x better . Improved physics performance for
e Improved tracking efficiency for low momenta heavy-flavour baryons and low-mass dielectrons

(EOI: ALICE ITS Upgrade in LS3,ALICE-PUBLIC-2018-013)
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Mechanical models
Bread board; Model

Engineering Model 2

[ » Improved support
> Less glue seepage into carbon foam

R
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Air cooling

» 3 layers of silicon chips,

embedded in Kapton PCB with

heating traces

« Exemplary power consumption:

— matrix: 25 m\W/cm?2
— end-cap: 1000 mW/cm?2

summer student program | June 28th, 2023 | Felix Reidt
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Integration and services

» Data transmission up to 10 Gb/s

 Detector service board close to the detector

— Electrical to optical conversion
— Power regulation

A-Side FPC prototype m e —

A -1-’" = h, ‘;-v .7 e “\ \\\\
g L U0 LILR) e — } —

DT ¥

G

7 f\,\‘\\%‘_ R S Wl
- N E——————

B S

A B T

v |

A3

, \s

\\:
;"f \

Wire-bondning

T —
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Bent MAPS Iin beam tests

Nominal operating point

1071 ——
— & —
z ALICE ITS3| .
o Detection efficien y of a 50 @m ALPIDE ) — @

bent to 22 mm ragius. | / O

< ] ‘
© 2020-08-28-001 | p < P -1
~10724 === smoeees Fe i" & 99 /o efficiency
Y | .,
O
© |
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Clearly proving that bent MAPS are working!

191

127

63

Row

-
+
(@)

o

0.0°

4.9°

9.7°

-19.5°

- 24. 4°

-29.2°

-34.1°

-39.0°

Incident angle

' Nuclear Instruments and Methods in Physics
Research Section A: Accelerators,

Spectrometers, Detectors and Associated

ELSEVIER

Equipment

Volume 1028, 1 April 2022, 166280

First demonstration of in-beam
performance of bent Monolithic Active
Pixel Sensors

ALICE ITS project !
Show more v

+ Add to Mendeley o« Share 99 Cite

https://doi.org/10.1016/j.nima.2021.166280 » Get rights and content 2

Abstract

A novel approach for designing the next generation of vertex detectors foresees
to employ wafer-scale sensors that can be bent to truly cylindrical geometries
after thinning them to thicknesses of 20-40 pm. To solidify this concept, the
feasibility of operating bent MAPS was demonstrated using 1.5 cm X 3 cm
ALPIDE chips. Already with their thickness of 50 um, they can be successfully
bent to radii of about 2 cm without any signs of mechanical or electrical
damage. During a subsequent characterisation using a 5.4 GeV electron beam, it
was further confirmed that they preserve their full electrical functionality as
well as particle detection performance.

doi.org/10.1016/j.nima.2021.166280
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Bent fully processed 65 nm wafer
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Technology qualification

0o

v LB b,
e L e

e Concentrated effort ALICE ITS3 together with CERN EP R&D X —

T i YT T g b

~ s
4 ey Y —

e TPSCo 65 nm CMOS Imaging Sensor process

e Key benefits (over 180 nm technology in ITS2):

- Smaller features/transistors: higher integration density e T —
- Lower power consumption f | = Sl
- Larger wafers (200 — 300 mm) ﬂ'_“ =
e MLR1 L ] _
- Comprehensive first submission: 55 prototype chips : __::u—-— SR L
- Goal: qualify the technology (achieved) s | %S | s | g
See: doi.org/10.48550/ [ ae
* ER1 arXiv.2212.08621

- Goal: first test of stitching

- First sensors tested beginning of June!
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MLR1 testing condensed summary

__________ Ts3 o r10°

.48550/arxiv.2212.08621
DPTS Veup|=-2.4V

s-.._\;\\:i - 102 DPTS, 15 pym pixel pitch [@F{IEe
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ER1: wafer-scale sensors

e First MAPS for HEP using stitching

- one order of magnitude larger than previous chips

e “MOSS”: 14 x 259 mm, 6.72 MPixel
(22.5 x 22.5 and 18 x 18 ym?)

- conservative design, different pitches

e ‘MOST": 2.5 x 259 mm, 0.9 MPixel
(18 X 18 um2)

- more dense design

¢ Plenty of small chips (like MLR1)

ER1 pad wafer
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Bonded sensor tests
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* First MOSS chips bonded
* Functional tests started and promising

Wire bonds

—
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TOF

Superconducting p|cH
magnet system

ALICE 3

Vertex Detector
chl\anrl;?agrs a n d Tl'aC ke I'S

&

absorber

Run 5

2019 | 2020 | 2021 | 2022 | 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 | 2032 | 2033 | 2034 | 2035 | 2036 | 2037
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ALICE 3 — Vertex Detector and Tracker

R (m)
COO0O000000O

ALICE 3 tracker

8.
7.
6.
5.
4.
3.
(A ——— |
(]5 ' , - — e H\%ﬁﬁ/’lu- e S ——m ~———————--——--——%———~ '
—4 -3 —2 -1 1 2 3
Z (m)
11 barrels ; 12 discs Layer Material  Intrinsic Barrel layers Forward discs
— inner-most part within beam pipe thickness resolution Length (+z) Radius (r) Position (|z]) Rin  Rout
| f . ~60 m?2 (%Xo) (um) (cm) (cm) (cm) (cm) (cm)
arge active area. m 2 0 0.1 2.5 50 0.50 26 0.005 3
— order of magnitude more than ITSZ2, 59 1 0.1 2.5 50 1.20 30 0.005 3
o >0 2 0.1 2.5 50 2.50 34 0.005 3
— the currently largest MAPS application
3 1 10 124 3.75 77 005 35
low material budget: 0.1% Xo / inner layer 4 : 10 124 / 100 0.05 35
.5 1 10 124 12 122 0.05 35
— less than ITS2, while being larger gl 6 1 10 124 20 150 0.05 80
_ o , 58 7 1 10 124 30 180 0.05 80
high intrinsic resolution: 2.5 ym Ox= 3 ! 10 264 45 220 005 80
9 1 10 264 60 279 0.05 80
10 1 10 264 80 340 0.05 80
11 1 400 0.05 80
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ALICE 3 — Silicon Tracker — Specifications

Vertex Detector (VD) Tracking Detectors
(Middle Layers + Outer Tracker)

VX! X,

. Pointing resolution o 7, - 1/x/X,
(multiple scattering regime)

. Relative pT resolution «

— Radius and material of first layer crucial B-L

— Minimal radius given by required aperture: (limited by multiple scattering)

R = 5 mm at top energy, — Integrated magnetic field crucial

R =15 mm atinjection energy — Overall material budget critical
— retractable vertex detector

Component Observables In| < 1.75 (barrel) 1.75 < |n| < 4 (forward) Detectors

Multi-charm baryons, Best possible DCA resolution, = Best possible DCA resolution, Retractable silicon pixel tracker:
Opos = 2.5 UM, Rin = 5 mm,

Vertexing . Ny
dielectrons obca = 10 ym at 200 MeV/c obpca = 30 ym at 200 MeV/c X/Xo ~ 0.1 % for first layer
: Silicon pixel tracker:
Tracking cltl/ilgllgc_:frrc])?\r? baryons, opt / PT ~1-2 % Opos =~ 10 um, Rout = 80 cm,
X/Xo=1 % / layer
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ALICE 3 Vertex Detector and Tracker — in numbers

_____________\VertexDetector Middle Layers |Outer Tracker

Pixel size (um?) Bl 010 x 10) 0(50 x 50) ] O(50 x 50)  O(20 x 20) 0(30 x 30

N

Position resolution (um) 2.5 10 10 5 5
Time resolution (ns RMS) 100 100 100 100* / O(1000) O(1000)
Shaping time (ns RMS) 200 200 200 200* / O(5000) O(5000)
Fake-hit rate (/ pixel / event) = <10® H <108 <108 <10-7 << 106
Power consumption (mW / cm?2) 70 20 20 20** 47/ 35***
Particle hit density (MHz / cm?) » 20 JEENCY! 1.7 g3 0.06 8.5 5
Non-lonising Energy Loss (1 MeV neq / cm?) BRI 1 x 1016 2 x 1014 E 5.6 x 1012 3 x 1012 3 x 1012
Total lonising Dose (Mrad) * 1000 pmefolo 0.2 0.3 0.3
Surface (m2) X1 0.15 - 6 Y 0.06 10
Material budget (% Xo) 0.1 1 0.05 0.36 /1.1 ***
* goal, not crucial, like not possible due to power budget ** pixel matrix *** innermost layers / outer layers

Improving performance concerning all aspects B¢ Change compared to ITS2

Different optimisations needed for the different ALICE 3 Vertex Detector and tracking layers
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ITS3 — Radiation hardness - detection efficiency & FHR

Detection efficiency (%)

[485507/ar
=24V
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90

Xiv.2212.08621

85
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L
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L

Fake-hit rate (pixel‘1 s~1)

i + 1014 1MeV ne cm ° |
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3><IT33

Performance at sub-zero

temperatures?
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ITS3 — Timing resolution

Sensor only

With front-end

ALICE ITS3 beam test preliminary APTS OPAMP 0 &1 300 | | | |
a LINne P) -eV/c hadrons ] , ' ' '
175 %ost!?cgé;uéhbszﬁfljajlzlozze; eV/c hadrons ?y'pce mog;‘?ed with gap | ALICE ITS3 [0 Not corrected (5.0 ns per bin)
— ~ | doi.org/10.48550/arXiv.2212.08621 Readout scheme and
150 I\R4|\e/|2r;]'1é537f34p25 o= 2125uA 7OOg ' L - “===* timewalk corrected (2.0 ns per bin) |
Overflow entries: 3 ‘; * ! | Mean: -1.4 ns
Gaussian fit: Kreset:;ggrrnn\\// 6001 RMS: 19.7 ns 5
% 125 H: 1595 ps Verar = 900 MV f .~ |—— Gaussian fit
o 0. 109x7 ps Vowel = Vsup = — 2.4V :
g )(z/ndf: 1.31 T = ambient(34°C) 500 |J -gg rI’]]S -
o 100 Timing resolution:  Fitl 0 ; O: -2 NS
= V2 = 7745 tranolat = |
- o/ = /1O PS —--- Extrapolation = 400
2 75 | Detection efficiencs Fit range: +1.60 | W
e DeLection eiicie “{; Errors are statistical only 1
L] OPAMPO: 98 9+0.3% 300-
OPAMP1: 98.1+0.4% E
50 |
200
2> 100
0 - — 0;
-1000 -750 =500 -250 0 250 500 750 10C —200 —150 —100 —-50 0 50 100 150 200
OPAMP1 - OPAMPO At (ps) DPTS1 signal time - DPTS2 signal time (ns)
~80 ps timing resolution e :
~6 ns timing resolution @ (~30 ns not corrected)
~o U IN-pIxXe . .
: : ~120 nW in-pixel
~3 mW in-chip
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Vertex Detector (IRIS) Mechanics — W /
Petal inside design ™ S

radius [mm]

» Active cooling to -25°C inside the petal TN | P
to remove heat generated by the sensors ‘ 8
A cold plate is in thermal contact through

carbon paper / foam to the sensors

Carbon
foam

Coldplate

Material adopted from Corrado Gargiulo’s presentation during the ALICE upgrade weeKCE silicon detector introduction | CERN-Korean summer student program | June 28th, 2023 | Felix Reidt 58
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Tracker Module R&D

2% embedded channels D=1mm

Mechanical interface:
Pins/Slots (LEGO-like)

3mm

Slot |

—_— ‘ i g |
wall E ¥ \ ‘,,1
100 [

)

Seal fitting, CNC carbon PEEK

(F0%)

Micro O-rings (NBR material)

ALICE ITS2 OB module on large-scale 3D printed ceramic cold plate
developed in the CERN EP R&D context o e

Targeting easy replacement while maintaining

ST PR O O SR e O
S i EEN EEN REEEN EEE HECDN IIIE

low material budget - it g
— simplify detector construction ¢ Padsie 00000 e

%
eE
?
5
J

100um x 100 um (smal) é'i--.. sas nes e Red Platinu
— Important to achieve a high yield e a - (R

Using silicon heater chips to optimise module
and chip layout

Silicon heater of 2 cm by 2 cm for module integration studies

For information on the CERN EP R&D developments here ALICE silicon detector introduction | CERN-Korean summer student program | June 28th, 2023 | Felix Reidt
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Tracker Module R&D — MAPS foil

! 8
".‘fq

,’ ";.j :‘Bﬂg
W\

il

Single ALPIDE sensor embedded into Kapton

part

o — -

~_Cu plating
Cu cladding

N - -

N

Polyimide

< Mmetal stack

N - -

BB silicon

glue

Polyimide

total:

Cross section of the MAPS foil

Next generation: 3 x 3 ALPIDE sensors embedded in to Kapton

thickness

13 um
5 Um

45 pm

25 pm
10 pm

45 pm
25 um

45 pm

213 pm

radiation length

(0.09%)
(0.03%)

0.02%

0.01%
0.01%

0.05%
0.01%

0.02%

0.10%
(+ 0.13% Cu)

Nuclear Instruments and Methods in Physics e

A Ny gt
L)

" .
e &
¢ ¥

¥ Research Section A: Accelerators, Spectrometers, = = —

ELSEVIER Detectors and Associated Equipment
Volume 1046, 11 January 2023, 167673

The MAPS foil
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Abstract

We present a method of embedding a Monolithic Active Pixel Sensor(MAPS) into a
flexible printed circuit board(FPC) and its interconnection by means of through-hole
copper plating. The resulting assembly, baptised “MAPS foil”, is a flexible, light, protected,
and fully integrated detector module. By using widely available printed circuit board
manufacturing techniques, the production of these devices can be scaled easily in size
and volume, making it a compelling candidate for future large-scale applications.

A first series of prototypes that embed the ALPIDE chip has been produced, functionally
tested, and shown to be working.
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Novel module concept leading to flexible modules
Kapton serves as mechanical support and protection
Potential alternative for wafer-scale chips

Production process similar to the one of Printed-Circuit
Boards (PCBs)
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Summary
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o ALICE silicon detectors are at frontier of technology
e |TS2

e |argest and most granular pixel detector in high-energy physics
e |TS3

first wafer-scale bent silicon pixel detector

e ALICE3

» retractable vertex detector

« targeting unprecedented detector performance

» |argest pixel detector to be built (¥60 m?2)
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