
Development of Monolithic Active Pixel

Sensors for Future Collider Experiments

Ệ‎’ (lailinxu@ustc.edu.cn)

University of Science and Technology of China

TDLI & INPAC Joint Seminar , Jun 5, 2025

16/5/2025 Lailin Xu



Outline

ÅIntroduction to MAPS

ÅR&D MAPS for STCF

ïIntroduction to STCF and the tracking requirements

ïCharTPix overview

ïMAPS simulation study

ïCharTPix prototype chips design

ïCharTPix-TJ-v0.1 preliminary characterization results

ÅProspect of MAPS development

ÅSummary

26/5/2025 Lailin Xu



Introduction to MAPS
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Tracking and Vertexing

ÅTracking and vertexing are indispensable for a typical collider experiment

ÅExcellent impact parameter resolution is mandatory for reconstruction of secondary 

vertices

ï Heavy flavor vertex (c and b vertex)
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https://cerncourier.com/a/tracking-the-rise-of-pixel-detectors/
https://cds.cern.ch/record/1505342


Silicon detectors

ÅWidely used in HEP experiments for vertexing/tracking

ï High signal-to-noise ratio

ï Excellent spatial resolution (better than 10‘m)

ï Excellent timing resolution (better than 1ns)

ï Compact, high-rate capability, readout speed, radiation hardnessé
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Silicon detectors

ÅAlso used in direct Dark Matter searches and Neutrino experiments
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Charge -Coupled Devices (CCD):

used in CONNIE, DAMIC

CONNIE CCD
arXiv:1906.02200

Skipper CCD in SENSEI
arXiv:2312.13342

WIM
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link

SENSEI @ SNOLAB

SuperCDMS

https://arxiv.org/abs/1906.02200
https://arxiv.org/abs/2312.13342
https://damicm.cnrs.fr/en/detector/
https://supercdms.slac.stanford.edu/


Common silicon detectors types

ÅGeometry

ïPlanar: Pad, 1D (strip), 2D (pixel)

ï3D

ÅSignal internal amplification

ïNo gain

ïWith avalanche gain: LGAD,APDé

ÅReadout architecture

ïHybrid

ïMonolithic
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Silicon pixels: Hybrid vs Monolithic
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Hybrid pixels: 
Å Radiation hard

Å Mature technologies, widely used in 

ATLAS/CMS/LHCb

Å Disadvantages
Å Hybridization: complex, expensive

Å Relatively large material budget

Monolithic pixels: 
Å High granularity

Å Low material budget

Å Lower cost, based on commercial

CMOS technologies

Å Disadvantages
Å Less radiation hardness

Radiationhardness
Highhit-rate

Granularity,Lowmass Rept.Prog.Phys. 81(2018)6,066101
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FrankHartmann

Evolution of silicon detectors in HEP

https://ep-news.web.cern.ch/content/development-radiation-tolerant-silicon-detectors-lhc-and-hl-lhc
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The Challenges of a Vertex Detector
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Marc Winter

Christine Hu-Guo

N. Wermes, CERN Seminar, 29/11/2013 Lifetime: LHC, HL-LHC: 7 years; 

ILC: 10 years; others: 5 years 

Å Conflict between physics performance driven parameters 

and running condition constraints

Å Ultimate performance on all specifications cannot be reached 

simultaneously

Å There is no single technology best suited to all applications
Å Motivation for continuous R&D

CEPC 2~6×1012 1~3 Mrad/year

pp

Heavy ion

ee

https://indico.cern.ch/event/124393/contributions/1338434/attachments/74595/106991/edit_school_cern_mwinter.pdf
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CMOS Technology

ÅC.M.O.S. ſ Complementary Metal-Oxide-Semiconductor
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Why is it so popular?

Å Reliable (industry-standard) 

Å Low-power consumption

Å Low-cost

Å Scalable (millions of transistors are integrated 
into a single chip)

Mooreôs law: The number of transistors in a dense 

integrated circuit (IC) doubles about every two 

years

TechInsights

https://www.techinsights.com/blog/sk-hynix-hi-5022q-128-format-50mp-resolution-064mm-pixel-pitch-stacked-back-illuminated-cmos?utm_source=&utm_medium=website&utm_campaign=&utm_term=&utm_content=


CMOS MAPS

ÅCMOS pixel sensors exploit the fabrication processes used in industry for mass 

production of integrated circuits

ÅCMOS MAPS: sensor + FEE in the same die

ï Integration of sensitive volume (epitaxial layer) and front-end read-out electronics(FEE) on the same 

substrate

126/5/2025 Lailin Xu CERN

Sensor CMOSFEE

https://cerncourier.com/a/alice-tracks-new-territory/


MAPS Process Evolution

136/5/2025 Lailin Xu

Å Use of PMOS in pixel array is not allowed :

any additional N-well used to host PMOS 

would compete for charge collection with the 

sensing N-well diode

Å Limits choice of readout architecture strategy
Å Already demonstrate excellent performances

Quadruple-well process (deep P-well ): 0.18 ‘m

Å N-well used to host PMOS transistors is shielded by 

deep P-well

Å Both types of transistors can be used

ÅWidens choice of readout architecture strategies

Twin-well process: 0.6-0.35 ‘m

1st generation of CMOS MAPS, 2000 2nd generation of CMOS MAPS, 2010



STAR Heavy Flavour Tracker (HFT) at RHIC

ÅInstalled in 2013, the first MAPS based vertex tracker at a collider 

experiment

ïMIMOSA family developed by IPHC Strasbourg

ï0.35 ‘m twin-well CMOS technology (N-well, P-well)

ÅWith only NMOS transistors, not fully CMOS

ïCharge collection mostly by diffusion
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Å Pixel size 20.7 ‘m x 20.7 ‘m (hit res. 6 ‘m) 

Å Rolling shutter architecture (185.6 µs)

Å Chips thinned to 50 ‘m 

Å 356 M pixels ~0.16 m2

ÅMaterial budget: 0.37 % X0 per layer
Å Radiation environment: 

Å 20~90 kRad / year

Å 2x1011~1012 1MeV neq/cm2

arXiv:1710.02176

https://arxiv.org/abs/1710.02176


ALICE ITS2 Upgrade

ÅITS2: an all-pixel version based on MAPS
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G. Rinella
Fully installed and operational since May 2021

ALICE-TDR-017

NIMA1032(2022)166632
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ALICE ITS2 Upgrade: ALPIDE
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ALPIDE(ALice PIxel DEtector) technology
Å TowerJazz CMOS 0.18 ‘m
Å High-resistivity (> 1kɱ cm) p-type epitaxial layer (~25 ‘m) 

on p-type substrate

Å Deep p-well allows to have PMOS and NMOS inside the 

pixel cell 

Å Pixel pitch ~ 30 ‘m
Å Small n-well diode (2 µm diameter)Ą low capacitance Ą

large S/N

NIMA824(2016)434-438

ALPIDEchip:1.5cm 3cm2 2 pixelarray

https://doi.org/10.1016/j.nima.2015.09.057
https://doi.org/10.1016/j.nima.2015.09.057
https://doi.org/10.1016/j.nima.2015.09.057
https://doi.org/10.1016/j.nima.2015.09.057


ALICE ITS2 Upgrade: ALPIDE
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Inner-most layer:

Å Power density

< 40 mW/cm2

Å X/X0: 0.35%

ALPIDE development: large investment of efforts and time
W. Snoeys

https://indico.ihep.ac.cn/event/6618/contributions/86024/attachments/45065/51817/W_Snoeys_CEPC2017.pdf
https://indico.ihep.ac.cn/event/6618/contributions/86024/attachments/45065/51817/W_Snoeys_CEPC2017.pdf
https://indico.ihep.ac.cn/event/6618/contributions/86024/attachments/45065/51817/W_Snoeys_CEPC2017.pdf


MAPS development for CEPC

ÅDetector key specifications and Ref-TDR
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JianchunWang,CEPCworkshop,2024.10
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MAPS development for CEPC: vertex detector
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Key specifications:
ÅSingle point resolution 3~5 ‘m
ÅLow material (0.15% X0 / layer)

ÅLow power (< 50 mW/cm2 )

ÅRadiation hard (1 Mrad/year)

Based on TowerJazz 

180nm CIS process

Testbeam measurements:

spatial resolution ~ 5 ‘m,
efficiency > 99%

JadePix3: NIM A 1048 (2023) 167967

TaichuPix3: NIMA 1059 (2024) 168945JianchunWang,CEPCworkshop,2024.10

Vertex prototype with
TaiChuPix3
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MAPS development for CEPC: inner tracker
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CEPC Ref-detector Inner Tracker, key challenges
Å~15 m2 Ą cost-effectiveness crucial

Å  < 10 ‘m spatial resolution required by momentum resolution

ÅA few ns timing resolution to tag 23ns bunches at Z-pole

ÅLow material budget (<1% X0 per layer)

Based on SMIC 55nm
HV-CMOS process

Yiming Li

NIMA 1069 (2024) 169905

https://indico.global/event/12247/contributions/109713/attachments/50777/97489/20250114_HVCMOS_Yiming_v3.pdf
https://indico.global/event/12247/contributions/109713/attachments/50777/97489/20250114_HVCMOS_Yiming_v3.pdf
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https://doi.org/10.1016/j.nima.2024.169905
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STCF and the tracking requirements
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Super Tau Charm Facility (STCF)
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Å 1 ab-1 data expected per year

Å Generate an unprecedentedly large number of † leptons, particles made of ὧquarks

Å Important playground for study of QCD, exotic hadrons, flavor and search for new physics

Linear accelerator 
400 m

Storage ring 
~1000 m

Detector

Damp ring

100 m

Å Energy range: Ecm = 2-7 GeV

Å Peak luminosity >0.5³1035 cm-2 s-1 at 4 GeV

Å Potential for an upgrade to increase lumi. and realize polarized beam

A next-generation high-

luminosityὩὩ collider

operating in the† ὧὬὥὶά
energy region



Conceptual design
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Inner tracker(ITK)

Å <0.35%X0/layer

Å sxy<100 ‘m

Main drift chamber(MDC)

Å sxy < 130 ‘m

Å sp/p~ 0.5%  @ 1GeV   

Å dE/dx ~ 6%

Electromagnetic calorimeter(EMC)

Å E range : 0.025~3.5 GeV

Å sE @1GeV: Barrel 2.5%; Endcap 4.0%

Å Pos. res. : 5 mm

Particle identification(PID)

Å p/K (K/p) 3~4s sepa. up to 2 GeV/c

Muon detector(MUD)

Å 0.4 ~ 2.0 GeV

Å p suppression > 30

Solid angle coverage: 93%Ö4p(polar angle:ςπЈ~ρφπЈ) 

Front. Phys. 19, 14701 (2024)

https://doi.org/10.1007/s11467-023-1333-z


Detector considerations

ÅTracking challenges at low pT

ï Momentum resolution: Multiple Coulomb scattering

ï Track reconstruction efficiency

ÅLow material budget is essential

246/5/2025 Lailin Xu

M. Keil 2015JINST10C03012

ALICE ITS2 Upgrade Tracking Performance
1.14%X0 Ą 0.3%X0 (inner layers)BESIII tracking efficiency


