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Outline

e Introduction to CMOS Pixel Sensors

* Inner Tracking System 2 (ITS2)

* Inner Tracking System 3 (ITS3)

 ALICE 3
Vertex Detector
and Tracking Detectors ALICE3

T — B —_

CMOS Pixel Sensors in ALICE | Bormio 2026 | 2026-01-22 | Felix Reidt (CERN) 2



A Large lon Collider Experiment

ALICE

CERN Introduction to CMOS Pixel Sensors
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Pixel detectors
... are nowadays present everywhere

Pixel detectors are abundant, e.g. in
digital cameras (top left)
smartphones (bottom right), portable computers,
survelillance, etc.
though mostly for (visible) light

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

CMOS Image Sensor Integrated Circuit Architecture
Analog-to-Digital Conversion
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Digital Logic (Interface, Timing, Processing, Output)

 Nowadays the most widespread
implementation of image sensors

— Main advantage: price
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Anatomy of the Active Pixel Sensor Photodiode
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CMOQOS pixel structure

— Microlens focusing light on to sensitive area

— Color filter

— Few transistors

)

ALICE

Source: evidentscientific.com
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CMOS pixel sensors for charged particle detection

* Using the same (or similar) CMOS manufacturing process as CMOS Imaging Sensors
— Light and charged particles produce electron hole pairs

» Single silicon chip can contain both the detection volume and the readout electronics
— As opposed to hybrid pixel sensors, which use two chips that need to be interconnected

* Design differences compared to imaging sensors:
— Larger pixels: O(10 pm) vs. O(1 ym)
— Necessity to achieve 100% sensitive area S
— More complex in-pixel circuitry O(100) transistors vs. few transistors
— Not using optical components (color filters, micro lenses) | X
— No need for single photon efficiency

» Advantages compared to hybrid pixel detectors:
— small pixel pitches: O(10-30 ym)

— very low capacitances = low power consumption O(10-100 mW/cm?)
— thin: <50 ym (~ 0.05% XOo)
— commercial process
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CMOS pixel sensors for charged particles — working principle
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Epitaxial Layer P-

Simplified, not to scale!
Especially in terms of size
and number of transistors.
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Silicon pixel sensors in ALIC
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::";?,:f ction * Detectors closest to the interaction point
* Purpose: -
-Vertex reconstruction /‘
- Tracking
y - \
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A Large lon Collider Experiment

ALICE 2 ALICE 2.1 ALICE 3

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041
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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
10 m2 active silicon area, 12.5x10° pixels
1L N,
4 Eee———— Middle Layers (ML)
e 40 cm —
""" . nner Brrel
. OBl Inner Barrel (IB)
Beam pipe e >

Layer # 0 1 2 " 3 4 5 6
n. of Staves 12 16 20 24 30 42 48
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ALPIDE — the CMOS pixel sensor for ITS2
ALice Plxel DEtector

3 cm/ 1024 pixels

1.5cm/
512 pixels

D ———
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ALPIDE die on carrier card

« Developed within the ITS2 project

Key features

e Full CMOS circuitry within active area

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

CERN
Technology now used in other applications \\_/
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ALICE
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Buffering and Interface

ALPIDE architecture

In-matrix data sparsification

On-chip high-speed link (1.2 Gbps)

Low total power consumption < 47.5 m\\V/cm?
e Achieved by a 40 nW/pixel front-end
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11



A Large lon Collider Experiment
&) &
. \

ALPIDE requirements and performance ~7_

ALICE

Spatial resolution (um) These are not technology limits,

but mostly design choices!

Integration time (us) <30 <10

Fake-hit rate
(/ pixel / event)

Detection efficiency > 99% >>99%
Power consumption <100 < 50 _

(MW / cm2) > 70k chips produced and tested
Total lonising Dose > 270 (I1B) OK | | |

(TID) (krad) > 10 (OB) 24Kk in continuous operation on ITS2

+ several other applications

> 1.7x1012 OK I — e —————

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

CMOS Pixel Sensors in ALICE | Bormio 2026 | 2026-01-22 | Felix Reidt (CERN) 12
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ALPIDE performance — detection efficiency and fake-hit rate
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4 Charge threshold (e’)

Operational range

Very efficient ( > 99%) and low noise (<< 10-6 / pixel / event) even after irradiation
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CERN

ITS2 in the ALICE experimental apparatus P

ALICE

“ TS IB Bottom &

— — c— . —

4 S

- | —— a1 1 Al = T e
= = < E e 5 T —_—m = —rz? — e -

ITS Out

—_————

er Barrel surrounding the beam pipe, MFT in the back

4

ITS Inner Barrel Bottom and Outer Barrel

ITS Outer Barrel installation website CMOS Pixel Sensors in ALICE | Bormio 2026 | 2026-01-22 | Felix Reidt (CERN)



https://alice-collaboration.web.cern.ch/node/35130
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Detector performance 7
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Improved impact parameter resolution for charged tracks and D* mesons

F. Schlepper - 3+1D reconstruction of the
Inner Tracking System (ITS2) for ALICE Run 3
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R&D — dE/dx using Time-over-Threshold

ITS IB dE/dX (a.u.)
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ITS dE/dx signal from 3 layers using Time-over-Threshold

& @

>~ ALICE

» |TS2 does not feature reading charge

information by default

» Using special operation mode:

— Deactivation of the signal clipping in the front-end
circuit
= Signal duration corresponding to charge

— Increased sampling frequency 200 kHz — 2 MHz
= Time-over-Threshold (ToT) information
= Sampling individual hits up to ~100 times

— Reduction of interaction rate
= free up bandwidth for the oversampling

— Only working in the innermost three layers due to
readout bandwidth limitation

CMOS Pixel Sensors in ALICE | Bormio 2026 | 2026-01-22 | Felix Reidt (CERN) 17
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ITS2 offspring — example sPhenix MVTX
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>\ ALICE

ITS3

ALICE 2 ALICE 2.1 ALICE 3

|LHC LHC ILHC LHC LHC
Run 3 LS3 Run 4 Y Run 5

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041
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The Inner Tracking System 3 (ITS3)

Outer layers

Middle layers

—_—

ner Barrel
Outer Barrel

Beam pipe

Replacement of ITS2 Inner Barrel
with 3 layers of curved, 50 ym thick,
wafer-scale MAPS

Air cooling & ultra-light mechanical supports

Reduced material budget of on average
0.09% Xo instead of 0.36% Xo per layer

Smaller radius of the innermost layer:
19 mm instead of 23 mm

New thinner, smaller diameter beam pipe

X/X, (%) for mi<1

ITS2 Inner Barrel ITS3 Engineering Model 1

Aluminurrl(14.3%) "\035llll|lll||||||||||'|""|""|'
B Glue (5.3%) X e
= Hl Water (9.7%) ~ ¢ -
- Kapton (24.3%) > |T83 I—O Iyl <1 Zy=0 ’
0.7 [ Carbon (26.8%) R >\< 0.30f -~ < X/ X > —0086% | : E
, Silicon (13.4%) P > 0 )
0.6H ﬂ I Other (6.1%) 7 o0o5k--- | | Carbon Foam |
Mean X/X0 = 0.36% | | Glue
0.5

1.5 2

ITS3 Layer 0

¢ (rad)

ITS2 Layer 0

ITS3 TDR — CERN-LHCC-2024-003
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| R&D items *»
i » Stitching f
'+ Bending of silicon wafers
& Alr Coollng

—_— — p———
T— —_— =


https://cds.cern.ch/record/2890181
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Stitching
Lithographic mask
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Stitching
Lithographic mask
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Stitching
Lithographic mask
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Stitching
Lithographic mask
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Stitching
Lithographic mask
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Stitching
Lithographic mask
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Stitching
Lithographic mask
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Stitching
Lithographic mask
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Stitching
Lithographic mask

I RSU RSU RSU RSU RSU  RSU  RSU  RSU  RSU  RSU  RSU

w

RSU  RSU  RSU seamentl | | | | o[BIV
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Stitching
Lithographic mask
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Stitching
Lithographic mask
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Stitching
Lithographic mask
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Stitching
Lithographic mask
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Stitching
Lithographic mask

—P Power supply
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Stitching
Lithographic mask

—P Power supply
<+—» Data and control
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Stitched wafer-scale CMOS pixel sensors — current results ~7 ALICE
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Engineering Run 1 wafer with various dies

Monolithic Stitched Sensor (MOSS) MOSS Detection efficiency and fake-hit rate

 First stitched MAPS for high-energy physics

10 Repeated Sensor Units (RSUs) stitched together: 259 mm x 14 mm per sensor

« 2 pixel pitches (18 ym and 22.5 ym) and 5 front-end variants, a total of 6.72 MPixel per chip
* Chip is operational and reaches full efficiency

* Yield currently being studied in detail, main failure mechanism expected to be mitigated in the next submission
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Stitched wafer-scale CMOS pixel sensors — current results ~SZA ALk
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Engineering Run 1 wafer with various dies

Monolithic StltChed Sensor (MOSS) MOSS Detection efficiency and fake-hit rate
* First stitched MAPS for high-energy physics

* 10 Repeated Sensor Units (RSUs) stitched together: 259 mm x 14 mm per sensor
« 2 pixel pitches (18 ym and 22.5 ym) and 5 front-end variants, a total of 6.72 MPixel per chip
« Chip is operational and reaches full efficiency

* Yield currently being studied in detail, main failure mechanism expected to be mitigated in the next submission
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Stitched wafer-scale CMOS pixel sensors — current results ~7
ALICE
- I 100 - operaonal range 10-1 Irradiation comparison
Ei ol L [ ITS3 Requirement Region 2, top
g;:é‘ ********* v Hl > Al - B - O N -~ B~ - il Il ~H- - - B - - Pitch: 22.5 um
98 - 1072 _ Type: 2.5 um gap
; 2 2 split 1
S 96 T 1077 3 Jpaen = 100 DAC
::: L>)‘ ‘\ \\ RN E Ireset = 10 DAC
1 c 94 i gy EL~\ 104 X |, = variable
2 \ g B \ % Venie = 145 DAC
= L \ By BN 10-5 = Vcasn = variable
:= “5 92 \h ‘\\ ‘\‘EL\ \B\\\ 0 \E Vpsub = '1.2 V
S = \ | S\, o ITS3 Requirement 3 F=27°C
5': = 90 4 - .- -—-—-*—-»-----\--—-u-—--h(-—---—----—-u-&-\—-—--—-»---—-A-—-»---—-— 10_6 E
éé :Jd \\\ \\ \E\\ E\ =
B0 ) | \ i "B Y, . —#— Detection efficiency
1 ,é 0 8871 ALICE ITS3 beam test WP, e E~\ 10 9 _4- Fake-hit rate
il g Plotted on 9 Dec 8024 ~ = &~ & B 2 _ _
YLl 86 N T rep 1 1078 —#— Non-irradiated
g ' ~ m‘\w \\ﬂ] *
E 84 Association window: 100 um.\d,a,sked-daixe_lg.,per ditaset](0,33,4,0) 1 Wi __. " 0 1OM|\';|add
10 15 20 25 30 35 * ok .
Threshold (DAC) —#— 10%° 1 MeV neqCm

Engineering Run 1 wafer with various dies

Monolithic StltChed Sensor (MOSS) MOSS Detection efficiency and fake-hit rate
* First stitched MAPS for high-energy physics

* 10 Repeated Sensor Units (RSUs) stitched together: 259 mm x 14 mm per sensor

« 2 pixel pitches (18 ym and 22.5 ym) and 5 front-end variants, a total of 6.72 MPixel per chip

« Chip is operational and reaches full efficiency

* Yield currently being studied in detail, main failure mechanism expected to be mitigated in the next submission
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A Large lon Collider Experiment * Segment 12 RSUs + endcaps

ITS3 Half-Layers

* Repeated Sensor Unit
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A Large lon Collider Experiment * Segment 12 RSUs + endcaps

ITS3 Half-Layers

* Repeated Sensor Unit
» Layer 0: 3 Segments
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A Large lon Collider Experiment Segment 12 RSUs + endcaps

Repeated Sensor Unit
ITS3 Half-Layers Layer 0: 3 Segments

Layer 1: 4 Segments
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Alarge lon Collider Expetiment ... e Segment 12 RSUs + endcaps
Repeated Sensor Unit

ITS3 Half-Layers Layer 0: 3 Segments
Layer 1: 4 Segments
Layer 2: 5 Segments
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Mechanics and assembly S ALICE

CYlindrical
Structural Shell ——*
(CYSS)

Carbon sandwich

Half-ring

Carbon foam

Longeron -
Carbon foam ——&%

Half-layer sensors
65 nm TPSCo CMOS
imaging technology,
Radii=19]25.2 | 31.5 mm
Length = 266 mm

Beampipe
Beryllium
Radius = 16.5 mm

Simplified drawing schematic of the ALICE ITS3 Wire-bonding tests for integration of bent pixel sensor with FPC
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MOSAIX — Final full size, full functionality stitched CMOS pixel sensor S

ALICE
— Modular design: — Radiation load”:
» Sensor divided into 5 rg-segments for layer assembly * Non-lonising Energy Loss (NIEL): ~4 x 10121 MeV neq cm2
« 144 tiles corresponding to 0.7% modularity to deactivate » Total lonising Dose (TID): ~ 4 kGy / 400 krad
broken portions of the sensor * recent estimates, based on radiation dose absorbed by ITS2

- _ s a0
Fractional sensitive area: 93% — Power dissipation (active area): < 40 mW / cm?

— Interfacing:
. Powering LEC and REC sides — Delivery from foundry expected in February

« Control and readout from the LEC only
— Pixel:
* Pitch: O(20 ym) / spatial resolution = 5 ym

* Detection efficiency: > 99%
* Fake-hit rate: 10-6 / pixel / event

— Hit load and readout:

* 5.75 MHz / cm? particle hit rate
(Pb-Pb collisions, safety factor 2)

* Minimum integration window: 2 us
« Off-chip data transmission: 30.72 Gb/s
« Multiple 5.12/10.24 Gb/s links

CMOS Pixel Sensors in ALICE | Bormio 2026 | 2026-01-22 | Felix Reidt (CERN)
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Stitched Wafer-Scale MAPS — MOSAIX — challenges P,

ALICE

* Interdependencies and integration: ‘module on a chip’

_ — ,-.:?
— ment |
| ITS2 Inner Barrel module | i

—— — — ——— —— — —  ————

“— .
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Stitched Wafer-Scale MAPS — MOSAIX — challenges S ALICE

* Interdependencies and integration: ‘'module on a chip’

* Fractional sensitive area of 93%

— No overlap zones (like in ‘conventional’ detectors)
— Readout and biasing need peripheral circuits

—_— (| »

Peripheral circuitry
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Stitched Wafer-Scale MAPS — MOSAIX — challenges

» Interdependencies and integration: ‘'module on a chip’

* Fractional sensitive area of 93%
— No overlap zones (like in ‘conventional’ detectors)
— Readout and biasing need peripheral circuits

* Power distribution
— Voltage drops on the on-chip metals of the CMOS stack significant
— Complex segmentation in many independent domains (tiles)
— Switches and cross-domain signaling and protections

Voltage (V)

CERN

HLICE

LEC REC

1,2 +

08 +

04 +

0,0 -

1.1V (out of 1.3 V)

-10 -5 0 5 10

Position in beam direct (cm)
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Stitched Wafer-Scale MAPS — MOSAIX — challenges

» Interdependencies and integration: ‘'module on a chip’

* Fractional sensitive area of 93%

— No overlap zones (like in ‘conventional’ detectors)
— Readout and biasing need peripheral circuits

 Power distribution

— Voltage drops on the on-chip metals of the CMOS stack significant
— Complex segmentation in many independent domains (tiles)
— Switches and cross-domain signaling and protections

« Data transmission

— Integrate 144 on-chip transmission lines of 25 cm working at 160 Mb/s
— High speed (10.24 Gb/s) wireline drivers for off-chip transmission

|Os / POWER PADS

TX@10G24

TX@10G24

TX@10G24

TX@10G24

DATA
IENCODING

CLOCKING

SERVICES
CONTROL

DIFFERENTIAL

CONTROL

CORE

DRIVERS / RECEIVERS

TX@10G24

TX@10G24

TX@10G24

TX@10G24

DATA
IENCODING

DATA ROUTER

TILE LINK RECEIVERS _|-|'

<
O
Z

TILE LINK RECEIVERS _I-l'

>

>

>

DATA (12x)

DATA (12x)

DATA (12x)

DATA (12x)

DATA (12x)

DATA (12x)

DATA (12x)

DATA (12x)

DATA (12x)

DATA (12x)

DATA (12x)

DATA (12x)
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ALICE

ALICE 3
Vertex Detector
and Trackers

.

ALICE 2 ALICE 2.1 ALICE 3

|LHC LHC ILHC LHC LHC
Run 3 LS3 Run 4 Y Run 5

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041
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ALICE 3 — Concept \

>\ ALICE
Novel and innovative detector concept
« Compact, low-mass all-silicon tracker Outer Tracker
 Retractable vertex detector Inner Tracker

e Excellent vertex reconstruction
and PID capabilities

 Large acceptance
e Super conduction magnet system
* Continuous read-out and online processing

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

RICH
Scoping document for ALICE 3:
Letter 0 f |n ten t for ALICE phase llbupz«lec:::::“gc Long Shutdown 4
ALICE 3 ECal
& Outer ALICE 3
| o Magnet
P |
b ”' Absorber
sani Muon identification —’

FCT
CERN-LHCC-2022-009 ~ CERN-LHCC-2025-002
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A Large lon Collider Experiment g e | ALICE| 3study| B rc
S e = = cm :
ALICE 3 — Vertex Detector (VD) 57 120 M= 100
S [f2 ] — ITs2
10°E . —— ITS3 =
 Pointing resolution « r; - \/x/XO (multiple scattering regime) g 1 Tttt /ALICEZ j
S T : ALICE 2.1 -
— Radius and material of first layer crucial S 10 . E
— Minimal radius given by required aperture: :
R =5 mm at top energy, =
R =15 mm at injection energy : . ALICE 3
— retractable vertex detector P Y. S RN R
107 107" 1 10 10°
* Key detector characteristics p. (GeV/c)

» 3 detection layers (barrel + disks)

* Retractable: ro=5 mm

» Material budget: 0.1% Xo/ layer

* Unprecedented spatial resolution: 2.5 ym

* Main R&D challenges
— Light-weight in-vacuum mechanics and cooling
— Radiation hardness (>101° 1 MeV neg/cm?2 + 300 Mrad)
— Pixel pitch of 10 uym
— Particle load of ~100 MHz / cm?
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5 ol o
ALICE 3 — Vertex Detector (VD) 57 120 P10
o [ fax] — IT82
10°E _ — ITS3 E
 Pointing resolution « 7, - \/x/XO (multiple scattering regime) g R T ALICE 2 j
SR : ALICE 2.1
— Radius and material of first layer crucial S 10 =
— Minimal radius given by required aperture: :
R =5 mm at top energy, 13
R =15 mm at injection energy : . ALICE 3
— retractable vertex detector P Y. S RN R
107 107 1 10 10°
* Key detector characteristics p. (GeV/c)

» 3 detection layers (barrel + disks)

* Retractable: ro=5 mm

» Material budget: 0.1% Xo/ layer

* Unprecedented spatial resolution: 2.5 ym

* Main R&D challenges
— Light-weight in-vacuum mechanics and cooling
— Radiation hardness (>101° 1 MeV neg/cm?2 + 300 Mrad)
— Pixel pitch of 10 uym
— Particle load of ~100 MHz / cm?
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ALICE 3 — Vertex Detector (VD)

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

— Radius and material of first layer crucial

— Minimal radius given by required aperture:
R =5 mm at top energy,
R =15 mm at injection energy
— retractable vertex detector

* Key detector characteristics
» 3 detection layers (barrel + disks)
* Retractable: ro=5 mm
» Material budget: 0.1% Xo/ layer
* Unprecedented spatial resolution: 2.5 ym

« Main R&D challenges
— Light-weight in-vacuum mechanics and cooling
— Radiation hardness (>101° 1 MeV neg/cm?2 + 300 Mrad)
— Pixel pitch of 10 ym
— Particle load of ~100 MHz / cm?

CMOS Pixel Sensors in ALICE | Bormio 2026 | 2026-01-22 | Felix Reidt (CERN) 29



A Large lon Collider Experiment

ALICE 3 — Tracking detectors (Middle Layers and Outer Tracker)

o YT T T
\ / .X/XO 5:- 0,14;— ............ AIEICE3 stui!y . ................. ____________ _;
. Relative pr resolution « o1 ACTSrecorsmeion SO SO S
B . L E Ref. Ia:ou.;t :?erta;;y 2024 . :
(Iimited by multiple Scattering) 0.15_ ............ B 1T ................. . ................ ‘.:.:.-_.:_
) 0} f —— 0 =1 :.,.Jl' .......... ................. ................ ............. 0* ............ =
— Integrated magnetic field crucial I e i L N T T
. s -1 siB=2T,p BT S
— Overall material budget critical T SR e —— — :’ ...... —
- .  omoinsoan ,ﬁg“%*#*”',.""' ............ E
* Key detector characteristics Tttt SR o

Automated module
assembly tests

— Barrel layers (7 cmm < R <80 cm) + forward disks
— Total surface: ~ 60 m=2 .
— Material budget: 1% Xo/ layer Disks

— Spatial resolution: 10 um / ~ 50 ym pixel pitch
— Low power consumption: 20 m\W/cm?2

— 0O(100 ns) time resolution

e Main R&D challenges
— Module design for high yield industrial mass production
— Low power consumption while maintaining timing performance
— Power distribution (serial powering)
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Towards an ALICE 3 pixel sensor — new compact analog front-end circuit “2

ALICE
» Layout fitting an area of 5 um x 10 um
including collection electrode 1600 - B
_ o _ _ _ Initial candidate FE ALICE 3
(significantly smaller than previous circuits) 1400 - — Simplified candidate FE ALICE 3
= rendering 10 um pixel pitch possible fé; -
© 1000 -
: >
» Perspective for lower thresholds £ s
(~75 e- instead of ~150 e-) ?c:_)
. . 600
= larger portion of the signal above threshold 0
= 400 -
|_
- : . . 200 -
* Improved current utilization, yielding: e
— Faster Time-of-Arrival (ToA) == 200 400 600 300 1000
— Improved time resolution (ToA spread) Charge above threshold (e-)

* Test chips to be submitted in the next submission
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Towards a ALICE 3 pixel sensor — improving charge collection SZA  ALICE

n-well collection
NMOS PMQS ___electrode

' a
_ p-well n-well | P-wel L_'
deep p-well

1/2 pixel pitch

depletion . depleted
boundary zone

!
|
!
!
!
|
|
!
!
|
|
!
0- epitaxial layer :

p+ substrate

Standard process
» Used in ALPIDE

» Charge collection by drift
and diffusion

* Charge sharing between pixels
=improved position resolution
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Towards a ALICE 3 pixel sensor — improving charge collection

n-well collection n-well collection
NMQS PIQS electroc%e :ms PMQS lectrode
: ! =00 Y :
___p-well n-well | P-Wel Ll o-well l n-well pr—well I’L_:
deep p-well /

--------- deep p-well -}

low dose n-type implant

depleton _»\  depleted depletion
boundary zone boundary

! |
| |

i |

| :

| |

: | N AN

1/2 pixel pitch | 1/2 pixel pitch \/
\ i i

| |

| |

| |

| |

| i

O- epitaxial layer p- epitaxial layer |

p+ substrate

p+ substrate

Standard process Modified process
 Used in ALPIDE * Developed within ALICE ITS2
« Charge collection by drift « Significantly increase depletion

and diffusion + Faster charge collection

y Ch.arge sharing Pgtween pix.els » Slow horizontal charge transport
=improved position resolution from the pixel edges and corners
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Towards a ALICE 3 pixel sensor — improving charge collection HLICE
NMOS PMOS n-\fvell g?ellst(r:g%g S PMOS n-well C?Iletc?tion NMOS PMOS n-well gf)elléetc;ggg
, _M [l - | ,
p-well n-well | P-wel & | pwel I mwal JPel | ‘ vwol ]"’ i E
deep p-well N deep-p-well-——-——y N - deap p-well - /
| " o gap, \ |
| low dose n-type implant | 1.25 ym low dose n-type imp}gnt |
| | ‘\ ife
: >! « ; - “‘ ." >! ’g
1/2 pixel pitch | 1/2 pixel pitch : 1/2 pixel pitch (WA=
depletion . , depleted : deplet'ion : deplet'ion :
boundary zone | boundary | boundary
N | \ | \ |
- epitaxial laver : ‘ﬁp-‘epitg_xial Iayer R : P e'pitaxial layer ot
pt+ substrate pt+ substrate p+ substrate
Standard process Modified process Modified process with gap
 Used in ALPIDE * Developed within ALICE ITS2 * Further optimization in the MALTA
« Charge collection by drift « Significantly increase depletion context

and diffusion + Faster charge collection

. . . the edges
Charge sharing between pixels « Slow horizontal charge transport

=improved position resolution from the pixel edges and corners

* |Improved charge collection from
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Towards a ALICE 3 pixel sensor — improving charge collection HLICE
NMOS PMOS n-\fvell g?ellgtigag S PMQS n-\fvell C?IIet?tion M 3 PWS n-well gf)elléatcﬁggg
p-well n-well | P-wel L' __p-wel ] n-well J“’ wel o I p-well ] n-well ]"’ i E
deep p-well - /

--------- deepp-well------—f‘k\ T --------deep}p-well-------4

9ap, \
1.25 ym low dose n-type imp}ant

low dose n-type implant

L
« > < < o
1/2 pixel pitch 1/2 pixel pitch 5

depletion . , depleted | depletion depletion

boundary zone boundary boundary

|
|
|
|
|
|
|
|
|
|
|
|
\

|
|

|

|

|

: |

1/2 pixel pitch :
| |

|

|

|

|

|

0- epitaxial layer p- epitaxial layer p- epitaxial layer

. 1 v

pt+ substrate

p+ substrate p+ substrate

Standard process Modified process Modified process with gap
» Used in ALPIDE » Developed within ALICE ITS2 » Further optimization in the MALTA
« Charge collection by drift « Significantly increase depletion context

and diffusion * |Improved charge collection from

. Faster ch lecti
asler cnarge coliection the edges

y Ch.arge sharing Pgtween pix.els » Slow horizontal charge transport
=improved position resolution from the pixel edges and corners
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Towards an ALICE 3 pixel sensor — improving charge collection (2) SZA  ALTCE
Foundry
oS mos  NWELLEOUSTION nwos PMOS ~ default
w r'_- %= 100
| PW : PW o *
; NX 8
tNXSIﬂE = NX + NXaaa -g 10
O
S
S 1
S
=
O 0.1
P- EPITAXIAL LAYER (D 6
. 5
“E’ 3
* Further improvement of the collection electrode o 2
g
2 )
S Split 1
20 um
pitch
-1.2V

Simulations of different pixel optimisations (“splits™)
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Towards an ALICE 3 pixel sensor — improving charge collection (2) SZA  ALICE
Foundry ITS3/

NMOS NWELL COLLECTION

ELECTRODE NMOS PM_OS' —~~ defaUIt ALICE 3 tracker
LL
“ ] ' | o 100 varlants
)
| c
NX NX E—Nx+NX¢dJ 8 10
; '6
(©
Q.
g I I
: B
(7))
C
O 0.1
SO
P- EPITAXIAL LAYER
3
e | g
£ 4
)
E °
* Further improvement of the collection electrode ‘é’ 2 I I
g 1
* Lower capacitance = improved signal-to-noise ratio s . I
S split1  Split4  Split5 = Split6

20 um 20 um 20 um 20 um
pitch pitch pitch pitch

-1.2V -1.2V -1.2V -1.2V

Simulations of different pixel optimisations (“splits™)
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Towards an ALICE 3 pixel sensor — improving charge collection (2) SZA  ALTCE
NWELL COLLECTION Foundry ITSB / ALICE 3
PMOS NMOS e NMOS PMOS ~ default ALICE 3 tracker Vertex Detector
“ ] e [ E < 100 varlants \
)
O
NX C
\Xsipe = - NX + NX o J ‘lcg 10
| 2
©
Q.
5 B
(7))
cC
O 0.1
= CD 6
5
e ]
£ 4
E S
* Further improvement of the collection electrode ‘é’ 2 I I
g 1
* Lower capacitance = improved signal-to-noise ratio s . I
.. . < Split1  Split4 = Split5 = Splité  Splitl Split 1
» Faster, efficient charge collection, © zz' ZZ' zz' 22' 12' 12'
ags s . . m m m m m m
utilizing larger reverse substrate bias (-4 V instead of -1.2V) Jtch | pitch | pitch | pitch | pitch tch
= Improved radiation tolerance 12V <12V 12V <12V 4V 4V

Pre-radiation End-of-life
~~—_ 7

Simulations of different pixel optimisations (“splits™)
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Towards an ALICE 3 pixel sensor — improving charge collection (2) SZA  ALTCE
NWELL COLLECTION Foundry IT83 / ALICE 3
PMOS "% ktectrope  WMOS s ™ o defaUIt ALICE 3 tracker Vertex Detector
“ ] ' [ E Y varlants \
O
NX (-
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©
Q.
i B
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5
e | ]
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* Further improvement of the collection electrode ‘é’ 2 I I
g 1
* Lower capacitance = improved signal-to-noise ratio s . I
.. . < Split1  Split4 = Split5 = Splité  Splitl Split 1
» Faster, efficient charge collection, © zz' ZZ' zz' 22' 12' 12'
ags s . . m m m m m m
utilizing larger reverse substrate bias (-4 V instead of -1.2V) Jtch | pitch | pitch | pitch | pitch tch
= Improved radiation tolerance 12V <12V 12V <12V 4V 4V
» Test chips expected in February Pre-radiation  End-ot-life

~—._____—7

Simulations of different pixel optimisations (“splits™)
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Beyond ALICE

CE/RW
\
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Beyond ALICE — pixel timing resolution

Corrected time residuals (ns)

2000 —0.4 —0.2 0.0 0.2 0.4 0.6 0.8 1.0
| NIMA(2024) 170034 T Entries: 43340
; o [ Time residuals
6000 mean: -2752 £ 1 ps
; : RMS: 92 + 2 ps
17 ; | meangg 79: -2752 = 1 ps
QSOOO_ RMSgg 79,: 87 =1 ps
g ! FWHM: 176 ps
= ; , L__.1 Corrected time residuals
o 40001 | ‘ mean: 1+1ps
‘U’) [ — | 1V [ R RMS: 76 £ 3 ps
L | _ _ _ meangg79: 1 £ 1 ps
S 3000{  Pixel time resolution: 67 ps |  RMSsesw: 70=1ps
QO N FWHM: 148 ps
= . N | | — Gaussian fit
o 2000 M 0 + 3 ps
© | | of
; ’IF ; Fitrange: 30
1000+ | \ || = = Gaussian fit extrapolation
, L|—|_I1 Errors are statistical only
O: | L

—30 -2.8 -2.6 -2.4 -2 —2.0  -1.8

Time residuals (ns)

-3.2

Pixel timing resolution @ - 4.8 V reverse-substrate bias, 10 ym pitch

& @

>~ ALICE

* 6/ ps time resolution measured with
APTS-0OA test chip:

— With analogue output
— No gain layer (like in e.g. LGADSs)
— 10 ym pixel pitch

* Exploitation in fully integrated sensor
power intensive
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Beyond ALICE — wafer stacking S\ ALICE

* Increasingly employed for high-end image sensors

» Direct Cu-Cu connections w/ small connection pitches (O(1 um))
= allowing for multiple connections per pixel

. » Possibility to use multiple chips to implement functionality

> ' ' '

<_U — _

o ﬁ Ell Bonding Advantages

= interface  <40um » More complex circuitry possible

""""" » Compact

% Cu-Cu « Can combined optimized technologies particle for detection and processing
— 4 BE3 Bl| connections

S : . . — Drawbacks

E * Need to design multiple chips

* Increased cost and complexity

Figure taken from 10.1109/TED.2021.3097983 CMOS Pixel Sensors in ALICE | Bormio 2026 | 2026-01-22 | Felix Reidt (CERN)



https://doi.org/10.1109/TED.2021.3097983

A Large lon Collider Experiment

Similar developments

» Other small collection electrode developments:

(CLICTD, MALTA, FastPix, MIMOSIS, OBELIX, CEPC chips, ARCADIA,...

— Small collection electrode featuring small capacitance
— Limited active volume thickness (few tens of um)
— Moderate reverse-substrate bias

HV-CMOS developments
(MuPix, MightyPix, ATLASpix, RD-50 chips, LF-Monopix, COFFEE,...)

— Large collection electrode encompasses electronics
— High voltage (O(10 V)) applied to the substrate
— Larger ionization, but also larger capacitance

» Silicon-on Insulator (Sol)

— Isolation layer separating electronics from active volume

CERN

CMOS HLICE

eIectromcs

p - substrate

NMOS \ El PMOS

oxide i / \ I —

pwell nwell

deep nwell

g_ ?é e-

(= i o
2 | |p-substrate l E
8' (high ohmic >100 Qcm) i)

~50-100 um

X-ray photon ) ‘|'Vb

Figures taken from M. Garcia-Sciveres. N. Wermes 2018 Rep. Prog. Phys. 81 066101
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Summary SZA  ALICE

e |TS2: 10 m2 CMOS pixel-sensor-based detector operating successfully at LHC

» |TS3 is getting close to ideal vertex detector

— Low material budget in the acceptance
— Close to interaction point
— Next step: testing of full-size, full-functionality prototype pixel sensor

* ALICE 3 poses the next major challenge
— Extreme environment in the Vertex Detector
— Very large surface, low power tracker

» \What might be next? ALICE 3 is a de-facto prototype for an FCC-ee detector
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