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o: pointing resolution/plane

Xiot/ Xo: total material budget
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EE=NTE - a=muEsRRASE

e 1995 - First Hybrid Pixel detector installed in WA97 (CERN, Omega facility)
* 1996/97 — First Collider Hybrid Pixel Detector installed in DELPHI (CERN, LEP)
 Complex systems operated in a challenging high track density environment

 Silicon pixel detectors were installed at the heart of LHC experiments since 2005

CMS Pixel Detector ALICE Drift Detector ALICE Strip Detector ATLAS SCT Barrel

202644 A19-22H BEERNBOALER - LT




BmIlrin — GERMsELZRRE
Al/polyimide laminate - the bus
front-end p-in-n silicon sensor
chip 72.72 mm x 13.92 mm

pixel
detector

RENGREER
a5 (Hybrid)
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200 um thin

0.25um CMOS
13.68mm x 15.58mm

SPD half stave integration
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Thinned to 150 um

ATLAS Pixel Module |
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CMOSE /R BiRGZ15=kss (MAPS)

* Onlyin the early 2000s proposed for charged particle tracking in HEP

» Need larger fill factor and better charge collection (higher resistivity substrate)

NH, NUCLEAR
Tz INSTRUMENTS
4 ‘% & METHODS
IN PHYSICS

RESEARCH

ELSEVIER Nuclear Instruments and Methods in Physics Research A 458 (2001) 677-689 SectionA

www.elsevier.nl/locate/nima

A monolithic active pixel sensor for charged particle tracking
and imaging using standard VLSI CMOS technology
R. Turchetta®*, J.D. Berst*, B. Casadei®, G. Claus®, C. Colledani®, W. Dulinski*,

Y. Hu*, D. Husson®, J.P. Le Normand®, J.L. Riester*, G. Deptuch®', U. Goerlach”,
S. Higueret”, M. Winter®

*LEPSI, IN2P3/ULP, 23 rue du Loess, BP20, F-67037 Strasbourg, France
YIReS, IN2P3/ULP, 23 rue du Loess, BP20, F-67037 Strasbourg, France

doi:10.1016/50168-9002(00)00893-7

CHARGED PARTICLE ~7

NWELL DIODE NMOS TRANSISTORS IN PWELL

ELECTROSTATIC POTENTIALS

DISTANCE«
rd

Integration of a sensor in 0.6 pum process
 Twin (P and N) wells

* Implanted in lightly doped (P) epitaxial layer

* Grown on top of the highly doped (P**) substrate
Charge collection diode is made of the junction

between the NWELL and P-type epitaxial layer

2026£E4 A 19-22H EGERNBHNAELERE - TLF



STAR PXL -- MIMOSARH

MIMOSA-family sensor developed for STAR/HFT (First application in HEP!)

AMS 0.35 um CMOS, Twin-well process

‘High’ resistivity (= 400 Q-cm) p-epi layer (~15 pm)

» Reduced charge collection time

> Improved radiation hardness (up to 10'> 1MeV N,/cm?)

Charge collection by diffusion (mostly) and drift

» Shallow depletion region formed between n-well and p-epi

» High-potential difference between lightly-doped epi and substrate

NMOS only in pixel array
Rolling-shutter readout architecture
Clock distributed across the matrix,
in-pixel amplifier

—~ |
T R A
o
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/ionizing particle

passivation

N
8

AN

Key Features:

Dimensions: 20mm x 22.7mm x 50um
Pixel pitch: 20.7um x 20.7um

Spatial resolution: ~ 3.7 um (3D)
Integration time: ~185.6 us

Ultra-low power (entire chip): < 170mW/cm?

© ®© © © © 6

Sensor efficiency: 299% with accidental rate <10



STAR PXL -- #Rimzg4EH

Ladder with 10 MAPS sensors (~ 2 x 2 cm? each) [ 4

140

120 & —m . mp+p

Oyy (um)

* 400 sensors (356M pixels, 0.16 m?)
e 2layers (2.8 cm and 8 cm) , _
* 0.4% Xo per Iayer oTotal cl)\)lsomen:um p1(éeV/c)2
* 10 sectors total, 4 ladders/sector

Carbon fiber sector tubes (~ 200 um thick)
2-layer kapton flex cable with AL traces

0 doi:10.1016/j.nima.2018.03.003

Mechanical support with kinematic mounts (insertion side) Ref.: L. Greiner (LBL) / CPIX-2014
20265F4A19-22H HEGRRNBOALER - LT 9



ALICE ITS2 - ALPIDER:H

ALPIDE produced using TowerJazz 180nm CMOS Imaging Sensor process
30mm

Quadruple-well process « >
High-resistivity (>1 kQ-cm) p-type epi-layer (~25 pum)
Small n-well diode (2 um diameter) , —
Deep PWELL shields NWELL of PMOS transistors,
allowing for full CMOS circuitry within active area
Reverse bias voltage to substrate to increase the NIEL
tolerance beyond 10'* 1MeV N.,/cm?)

AN
15mm

<

v" Low-power hit-driven read-out 1024X512 pixels
DIODE  NMOS  PMOS / bIoDE Key Features:

Dimensions: 30mm x 15mm x 50 (100) um

Pixel pitch: 29um x 27um

DEEP PWELL

NWELL PWELL
DEEP /PWELL

.......

/
/
’
/
’
’
’
’
/
’

Spatial resolution: ~ 5 um (3-D)

Fake-hit rate: ~101° pixel/event

Ultra-low power (entire chip): <40mW/cm?
Epitaxial Layer P-

© ® ®© ©®© ©® ©

Global shutter: triggered acquisition (200 kHz) or
continuous (integration time <4us)

20264F4 A19-22H BEERNBOHRHERE - TTF 10



ALICE ITS2 |

RALICE

* Monolithic Active Pixel Sensor (MAPS),
ALPIDE (~24k chips)

* 5 um impact parameter resolution

* 7 cylinders covering ~10 m? area

* |nnermost radius: 23 mm

Beam pipe

* Inner Barrel (1B)

* 3 Inner Layers (48x 9-chip Staves)
ITS2 * ~0.35% X, material budget
7 layers of MAPS
12.5G pixels

10 m? active area

e OQuter Barrel (OB)
* 2 Outer Layers (90x 14-HIC Staves)
* 2 Middle Layers (54x 8-HIC Staves)
* ~0.8% X, material budget

e 100 kHz trigger rate
202644 A19-22H BEERNBOALER - LT 1



ALICE ITS2 -- i®inge 454

Inner Barrel (IB) ’g: 4OO§ E\z ALICE |
Material thickness: ~ 0.35% X, —— e = 7 | = 350 Current ITS (data) 1
Readout speed: 1200 Mbps . % 300+ \\ Jpgraded:1TS ]
o) F o \m
<radius> (mm): 23, 31, 39 § 250¢ ¥ W
[ N
Nr. staves: 12, 16, 20 Dc:» 200¢ = N
c L
Nr. chips: 432 HatSEe o stave = 150¢ \ \ e
. . o [ \Z N 'E"B.ﬂ_ o
Tited siaves williovetion Assembled and validated at CERN a 100F X e
= RN e,
50t & e
E \<==\*‘H—..::*"'“"Wﬂ—--
O -1
Outer Barrel (OB) — Middle Layers and Outer Layers 10 1 0 O(GeV/c)
Nr. modules/stave: 4 (ML), 7 (OL) <radius> (mm): 194, 247, 353, 405 T
Material thickness: ~ 1% X, Readout speed: 400 Mbps <100
o et e T — —
Power density ~ 40mW/cm? Length (mm): 844 (ML), 1478 (OL) > ////" ALIGE
Nr. staves: 24, 30, 42, 48 Nr. Chips: 6048 (ML), 17740(0L) § 80 ; Clifront FT
E Upgraded ITS
Assembled at Berkeley, Daresbury, Frascati, Nikhef, Torino, Bari, Liverpool, ® 50 / P9
Pusan, Strasbourg and Wuhan 2 //
X
8 40 .
ot /
- c /
OB HICHELR 5 200/
©
(o=
E 2
IB HICEEHk ® 10" 1 10
- B P, (GeV/c)
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ALICE ITS2 -- #3814 gk

Ref.: Magnus Mager@QM2025

CERNCO

Reportifig on international hig]

July/August 2021 cernc

g Al 1CE-Pa
‘ = ALIUE v IE‘ rnariGe
P4 Run.3 pp,.1s=13.6 TeV
o
g In| < 0.8
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= . Fd-projectioi
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Medical technologies % & ~) g T

\

v Introducing the MAPS tracker, ALICE significantly improved its tracking

- ‘ ge—— . performance
Llhe O:Eeorzblarrel of ALICE ITSZ installed in v' improved several measurements and access new channels
arch,

202644 A19-22H HESRRVBUALHER - ELF 13



Next development of MAPS pixel detector

Other

0.7 - s Water

EEm Carbon
Aluminum

Il Kapton

E Glue
Silicon

— mean = 0.35%

ALICE ITS2 (2021 -2025)

Material: 0.35% X,
Minimum radius: 2.3 cm
Pixel pitch: ~ 30 um

0.4 1

STAR HFT (2014-2016)

Material: 0.4% X,
Minimum radius: 2.8 cm
Pixel pitch: ~ 21 um

X/Xo [%] for tracks in [n] <1

6 1IO 2[0 3IO 4I0 SlO 6|O
Azimuthal angle [ °]
e (Can the material be further reduced?
 Can we get closer to the interaction
point?

202644 A19-22H HESRRVBUALHER - ELF 14



ALICE ITS3: Stitching MAPS

A truly-cylindrical, ‘silicon-only’
detector to achieve unprecedented
tracking performance at low pr

’W‘

ALICE ITS2 (2021 -2025)

Material: 0.35% X,
Minimum radius: 2.3 cm
Pixel pitch: ~ 30 um

STAR HFT (2014-2016)

Material: 0.4% X,
Minimum radius: 2.8 cm
Pixel pitch: ~ 21 um

ALICE ITS3 (2027 - ?)

Material: 0.09% X,
Minimum radius: 1.9 cm
Pixel pitch: < 25 um

20264F4 A19-22H BEERNBOHRHERE - TTF 15



ALICE ITS3: Stitching MAPS

65nm CMOS Imaging process
MOSAIX

Endcap L Repeated Sensor Unit Endcap R
Peripheral circuits 2 Pads N~ 10

1

~16-18 mm

~25 mm
Endcap Pads Peripheral circuits Pads Endcap Pads

e Large wafer-scale ultra-thin sensor — 6 sensors

* Truly cylindrical — bent sensor

* No FPC for data, power — everything on silicon * Ultra-light self supporting
* 0.09% X/X, mechanics
First time in a High Energy Physics experiment! * Nostave

Ref. S. Siddhanta @ SQM 2026 * Air cooling

20264F4 A19-22H BEERNBOHRHERE - TTF 16



ALICE ITS3: Performance

102

o(DCA,,) (um)
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10" 1

v improvement of factor 2 over all
momenta

202654 H19-22H

efficiency primary particles

v’ large improvement for low transverse
momenta
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EREIRMZEFIE(Y - ALICE 3 s236

* Compact, low mass, all-silicon detector, retractable vertex detector
* Super-conducting magnet system (2T)

* Continuous readout + online processing Outer Tracker ALICE 3

Inner Tracker

e Extensive particle identification

— 100
£ ALICE 1 t TOF
3 ® v
> RALICE N
@
3 \ ALICE 2 FD
g—_ @ Run 3
?' g’ ALICE 2
& 10 .@ Run 4
z /
s RICH
° ® ECal
:'-’D ALICE 3 Magnet
;g. Absorber
B 1 Muon identification

1 10 100 1000

Acceptance (An)X Pb-Pb interaction rate (kHz) FCT

20264£4F19-22H BEERRNBNTLERE - TTF 18



ALICE 3: Vertex Detector

Retractable vertex detector:

v’ Three layers within the beam pipe in secondary vacuum
v’ Stitching: Wafer-scale bent sensor (relying on ITS3 R&D)
v" IRIS service system being developed

v' Resolution: 0,05~ 2.5 um = 10 um pixel pitch

v' Material: ~0.1% X/X, per layer

v 100 ns time resolution

—h B
<% L
TrTr—TTrTT

oA
?,
Ty

pointing resolution (um)

AR | LR R AL | (S SR RLL
ALICE 3 study .

n=0 R_=100cm
min

- Layout V1

—_ [TS2

— [TS3

+ ALICERun 3
ALICE Run 4 _|

\

ALICE 3 vertex detector

raaaul sl

Beam injection
20264F4 A19-22H BEERNBOALER - LT

1 10 | 11.02
P, (GeVic)

Beam stable
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ALICE 3: Middle & Outer tracker

Requirements
Material: ~1% X/X, per layer
Spatial resolution: ~10 um = pixel pitch < 50 um

H

W=

1y
I

\/\l

Power consumption = 20 mW/cm?

Implementation

* Four (middle) layers at 7-20 cm + 3x2 endcap disks

* Four (outer) layers at 30-80 cm+ 6x2 disk layers
» 60 m? active detection area
»CMOS MAPS are foreseen as the sensor technology.
»The integration scheme is based on ITS 2 experience,

250 pm carbon grid
17 pm graphite sheet

with sensors assembled into modules and then into
staves.

20264F4 A19-22H BEERNBOHRHERE - TTF 20



MAPSIR NS 5=t R

1st generation MAPS

2" generation MAPS

SSD ISEEPXL TPC

pa—

Z4
)

STAR PXL ALICE ITS3 ALICE 3 Tracker

rrrrrrr

TPC \Cryostat
\GEM AT

CBM STS MPD IT

EIC/ePIC SVT EicC Tracker

Stitching-based

MIMOSA - MOSAIX

ALPIDE MIMOSIS MIC6
HEGERNB[OALZHRE - TTF
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EicC1RiE R %t

R(cm) Length(cm) Pitch Size(um) X/ X% Tech.

5.3 28.0 20 0.09 MIC7

4.4 28.0 20 0.09 |Ts3-like MIC7

5.5 28.0 20 0.09 MIC7

- 255 73.42 30 085 |r5o.ike MICO
30.0 80.01 30 0.85 MIC6

65.5 174.88 150(r — ¢)x150(z) 1.50 MPGD

675 174.88 150(r — ¢)x150(z) 1.50 MPGD

Particle: m, n>-0.5&&n<-0.5 Particle: , 5.0<p<7.5 GeV/c
2.0 —4— n, Vertex MIC7 12 —4— n Vertex MIC7
—4— m, Vertex MIC6 —4— m Vertex MIC6
10|
IS
26
a
©
4
2
080 25 50 75 100 125 150 % 3 2 a1 6 i 2 3
Momentum [GeV] n
Particle: , n>-0.5&&n0<0.5 Particle: , N>-0.5&&1<0.5
7014 —e— 1 Vertex MIC7 70{t —e— 1 Vertex MIC7
6ol —4— mVertex MIC6 —s— mVertex MIC6
' 50 \
a0 |
N \
\
§ 307 )
Q
20

P
e TN
A A A i

0 12 14 16 0 12 14 16

6 & 1 6 & 10
Pe [GeV] P: [GeV]
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EicCIRIBREG g2t AmE
MIC6 V3 block diagram

Matrix

32 readout regions
[~ d6doublecolumns | | | T
‘onoono ong o
! oo oflg -- 0 !
 ONg 0o oo
:of[oojlo- gfo
“::> ‘olloola oo
‘olloollc oo
Qo Ogmo--- g
Pixels Config c oo oo oy LIRS
- e~
~> 4
1 Region Readout (1) RR (2) |[RR (3) RR (32) KC705 FPGAEVB =
128x24b DPRAM)| 5%
T 533 : B
321 DATA MUX
Configuration <
Registers le—> Readot{t 4= | Chip Data Formatting
& Parallel Data Port - P
Module Data Management
=)
8b/10b
contr°! 2 Triggers 5 Serial Out Port
Logic

Serial Data Transmission

| [re oo > =—
e ALPIDE MIC6 J5i
Tz TowerJazz 180nm GSMC 130nm
[N 1.8V 12V
o RAF 30 mm x 15 mm 30 mm x 15.48 mm
BEET 1024 x 512 980 x 512
BERS 29.24 um x 26.88 um 30.53 um x 26.8 um
B IBUEIR ] 2us 1us
B 1] 5~10us 5~10us
Bl FE A KA AERD J5 i KA AERD 773
IR AT 1.2Gbps  (8B10B #sH) 1.1Gbps  (8B10B %) .
Uik 40 mW/em? 32 mW/em? 905 r;ﬂ“ﬁt

202654 H19-22H
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EicCIRIBRG - mE=tAHE
MIC6 V4 block diagram

E 6x Region i' R-e§§ irReg 'Reg!
N Y
MICA6-V3 i3 — bl Core POWER 1.2V
T | A
HE LW &
1 N
1 oh
H 1 "
1= [N L.
_— RN —
T1 711 T1 Analog Refs DACs
D'Q'“'Pefh"‘_eflcoiie_ls_____..___________I__l__l______l__—_i_—__l _____________
| Pixeis Confi Region Readout Unit 1 'mzzu" AU n;j :
I DPRAM |
I DACS_CTRL |
I —
- =iy ADC ' ADC
: Registers ::: graL g 1_ ADC_CTRL CONTROL :
: Cmd Reg | [[sor_Reser £ \ 32:1 DATA MUX 4 |
- I
@
: ¥ FROMU :
| THIGGER Framing J TnuTopneadwwnnl SET, | BMU Busy [BUSYgMON
Control Readout | —— — : |
| U Jusv_mol Unit |
oo | ! e A |
CHIPID Pags || | &b 1jomifz || v |
xR : DTU Interiace ] '
—— \ DMU Data Management Unit :
I | I
e N h o ettow _T e Rt _L_f__$____..'
\CLK40 ‘cumo .
b4 MM R
(2][2] [¥4] m|_| 5]
s : MM XY MY XK XXX
|8 Y2 E ¥ 2v3 IR | sz ;8 oz
flg EE ° %8 3% s 53| 8§35 5 55 5§ |%o|§ 3
- I

Add Red Parts

202654 A19-22H

Modify Yellow Parts

Features MIC6_V4
Process Technology GSMC-130 nm
Core Voltage 1.2v
Chip Size 30 mm X 15 mm
Pixel Array 980X 497
Pixel Size 30.53 um X 26.8 um
Zero Suppression Readout AERD

,@ High-Speed Serial Output 1.2Gbps

Encoder 88108
Slow Control MLVDS Control Bus

master-slave data

RERFNBHF LR - TTF

Parallel Data Interface

aggregation and
}transmission

24



FicCIRILE R G =

> ZRENAGREREIRNSFAERAZ A RBERR, BEXARSMA~%
> BEREGRENEME, ARIEVRERAHE SMBREMITSHKEHE

MeEstH= SR

A
oA
A

RIS AE T RS E T4 S AL

20264F4 A19-22H BEEFENBHNHRHE - TTE 25



=+
IIEL.I\ zl:l

H2001 R HCMOS MAPSHEEA RISk, B3I HAFRHIC/STAR, LHC/ALICE%ﬁ
RHIC/sPHENIX % B 5Tl #5048,

ERFMESIRIEHERIMARIFEESTIS (NICA/MPD, EIC/ePIC, ALICE 3, H-NSFA
EicC. CEPCFISTCFZ ) HB#HGEHFNFEAEZOEITRNEE;

LR, FRNFEAEEALZRIERRE, PEWRBEANRERSSHENEGRRNE
HEEASMEIR T E SRR A;

v MAPS: JadePix (IHEP&CCNU), MIC6 (CCNU), SuPix (SDU), STCF pix (USTC), TaiChuPix (IHEP), ...
v iEHBFZ: USTC, IHEP, CCNU, SDU, ...
v IRMISE/AAE 5E /. CCNU, IHEP, IMP, CIAE, ...

AHEIBA B EM EicCLEE G RIRNMBERFERIM LT !

1538 K3 |
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» A process modification developed as side activity of ALICE R&D
» Doping profiles of MAPS have been repeatedly improved to reach full depletion

nwell collection
NMOS PMOS electrode
= — - @@ 1 ]
pwell well 9 pwell nwell
deep pwell deep pwell
]
=
A5
s -
x
S
£ |
o 3
a \ depleted zone
depletion boundary

* Partially depleted epitaxial layer
* Charge collection time <30 ns
e Operational up to 10'* 1 MeV

Neg/CM?

202654 H19-22H

p epitaxial layer

https://doi.org/10.1016/j.nima.2017.07.046

(ALICE R&D)

NMOS PMOS

low dose n-type implant

Modified

nwell collection
electrode

RALICE

https://iopscience.iop.org/article/10.1088/1748-
0221/14/05/C05013 (ALICE R&D)

nwell collection
electrode

NMOS PMOS

depletion boundary

RAREFNSHHLERE - TTT

low dose n-type implant

depletion boundary

Gap

depleted zone

p epitaxial layer

* Fully depleted epitaxial layer
e Charge collection time <1 ns
* Operational up to 101> 1 MeV

Neq/CM?
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https://iopscience.iop.org/article/10.1088/1748-0221/14/05/C05013
https://iopscience.iop.org/article/10.1088/1748-0221/14/05/C05013
https://doi.org/10.1016/j.nima.2017.07.046

