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BASHI project
• BASHI : Bootstraping mAps development in a Shared Investigation

• A collaboration between two detector development centers, ITDC at KEK 
and C4Pi at IPHC, other groups to match the challenges of the development 
of CMOS monolithic active pixel sensors (MAPS) in the mid and long term. 

• Goals
• Development of OBELIX sensor (TowerJazz 180 nm) for Belle II vertex 

upgrade VTX

428th September 2022 Seminar at KEK - F. Orsini
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MAPS concept & detection principle
A Monolithic Active Pixel Sensor (MAPS) is a semiconductor detector which has the 
particularity of integrating both the sensing part and the CMOS readout electronics 

on the same homogeneous silicon substrate ≠ hybrid pixel
Hybrid pixel concept
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In case of charged particles (in High Energy Physics)
o Minimum Ionizing Particles (MIP) creates a small amount of electron-hole pairs ~80 e-/holes per µm → very

low level of signal ( 10 mV for a MIP)
o 100% fill factor is obtained by default

In case of X-rays (at Synchrotron)
o Photons reaches a certain depth in the Si volume (depending of their incident energy) → photoelectric effect →

a lot of charges are created (charges cloud) → high level of signal (saturation)
o Fill factor could be an issue and can go down to 30% only

The energy needed of an impinging particle to create an electron/hole pair in silicon is 3.6 eV

• R&D in the development of intrinsic 
amplification by impact in the 
silicon for the monolithic 
technology

• R&D on the new generation MAPS 
(TPSCo 65 nm) for ALICE ITS3 
and future applications
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Belle II vertex detector upgradeKEK (High Energy Accelerator Research Organization)

n 5-layer straight barrel ladders, using CMOS MAPS
– Small material budget

n 0.2%X0 (L1/L2), 0.5%X0 (L3), 0.8%X0 (L4/5)

n iVTX: 2 innermost layers
– Self-supported, and air cooling
– Redistribution layers for signal/power intter connections

n oVTX: 3 outer layers
– CF support structure, and cold-plate w/ water cooling
– Flex circuit readout. Possibility of Al circuit being investigated.

11

VTX detector

iVTX Inner Layer Concept

30

• Prototyping
• First real-size ladders at IZM-Berlin with dummy Si

• True iVTX geometry available

• Simulation on cooling
• Dry air cooling 15oC
• Assume 200 mW/cm2

• All-silicon module < 0.15 % X0
• 4 contiguous sensors diced as a block from the wafer
• Redistribution layer for interconnection
• Heterogeneous thinning for thinness & stiffness

TMAX ~ 20°C 
ΔT < 5°C 

cmarinas@ific.uv.es
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iVTX cooling

Only airflow FEM modeling for now

iVTX cooling test with outlet by the support iVTX cooling airflow with outel on oposite flange.

Outlet position influence : FLUENT modeling

It’s seems that :
Air flow more radially through the iVTX

Cu Redistribution layer (RDL)iVTX ladder oVTX ladder

• New vertex detector VTX :
　Fully pixelated 5-layer detector
　using CMOS MAPS

• Higher space-time granularity
• Small material budget : ~ 2.4% X0

• Inner layer : L1/L2
• Air cooling

KEK (High Energy Accelerator Research Organization)
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iVTX cooling

Only airflow FEM modeling for now

iVTX cooling test with outlet by the support iVTX cooling airflow with outel on oposite flange.

Outlet position influence : FLUENT modeling

It’s seems that :
Air flow more radially through the iVTX

Cu Redistribution layer (RDL)iVTX ladder oVTX ladder

• Outer layer : L3/L4/L5
• Carbon fiber support
• Water cooling

• Thin MAPS sensor :
　Optimized BELle II pIXel chip (OBELIX)

• New CMOS MAPS for Belle II vertex upgrade
• Tower Jazz 180 nm

• OBELIX matrix is based on TJ-Monopix2
for HL-LHC ATLAS

• Implementing new digital periphery and 
trigger logic for Belle II

• Detailed performance characterization of 
TJ-Monopix2 is crucial for OBELIX design
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TJ-Monopix2 performance characterization
TJ-Monopix2

• Chip size : 2 cm × 2 cm
• Pixel pitch : 33 µm × 33 µm
• 512 × 512 ch
• ~ 1 µW/pixel (90 mW/cm2)
• 25 ns time stamping

KEK (High Energy Accelerator Research Organization)

Lab-testbench
measurement

DESY e-beam
measurements

pitch/ 12 ~ 9.5 μm

L. Massaccesi (TREDI2023)

14

• Bonding issues while preparing new test modules: à Currently, ~50% success rate

KEK (High Energy Accelerator Research Organization)

Lab-testbench
measurement

DESY e-beam
measurements

pitch/ 12 ~ 9.5 μm

L. Massaccesi (TREDI2023)

14

• Bonding issues while preparing new test modules: à Currently, ~50% success rate

Lab-testbench measurements

DESY electron beam measurements

Including irradiated samples
• High efficiency even w/ 5×1014 neq/cm2
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KEK PF-AR testbeam line
KEK (High Energy Accelerator Research Organization)

KEK PF-AR beamline test in Dec 2024
◼ 3GeV electron beam with SOI 
telescope

◼ SOI telescope
– 4 INTPIX4NA sensors: for tracking

◼ Pixel pitch: 17um x 17um
◼ ~300um thickness
◼ ADC from all pixels are recorded
◼ Select RoI to reduce the data size

– XRPIX5 sensor: for trigger
◼ Pixel pitch: 36um x 36um
◼ Trigger latency: a few 10um at most
◼ No data stored in DAQ

◼ Reconstructed track rate 
on TJ-Monopix2:
– roughly about 70-80 Hz/cm2

◼ TJ-Monopix2 on-board NTC 
temperature: 
– about 26 degC
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3 GeV electron beam with SOI telescope

SOI telescope

• 4 INTPIX4NA sensors : for tracking
• Pixel pitch: 17 µm x 17 µm 
•  ~300 µm thickness
• ADC from all pixels are recorded
• Select RoI to reduce the data size 

• XRPIX5 sensor: for trigger
• Pixel pitch: 36 µm x 36 µm 
• Trigger latency: a few 10 µm at most
• No data stored in DAQ  

• Reconstructed track rate on TJ-Monopix2: 
• roughly about 70-80 Hz/cm2 

Preliminary results
• Efficiency is above 99%
• Position resolution : 12-14 µm

KEK (High Energy Accelerator Research Organization)
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OBELIX prototypeKEK (High Energy Accelerator Research Organization)

OBELIX (Optimized BELle II monolithic pIXel sensor)

13

TJ-Monopix2
OBELIX
(target)

Year 2020 2025 
(1st prototype)

Pixel pitch 33 μm 33 μm

Sens. area 17x17 mm2 30.2x18.8 mm2

Signal digits 7-bit ToT 7-bit ToT

Integration 25 ns 50 to 100 ns

Bandwidth 320 MHz 320 MHz

Power 200 mW/cm2 < 200 mW/cm2

TID
fluence

0.1 MGy
1015 neq/cm2

< 1 MGy
< 5x1014 neq/cm2

Contributors to design:
Bergamo, Bonn, CPPMarseille, Dortmunt,
HEPHY-Vienna, IFIC-Valencia, IPHC-Strasbourg,
KEK, Pavia

TJ-Monopix2 OBELIX

Year 2020 2025

Pixel pitch 33 µm 33 µm

Sens. area 17× 17 mm2 ~ 30× 16 mm2

Sens. thickness 25 - 100 µm ~ 30 µm

Integration 25 ns 25 - 100 ns

Bandwidth 320 MHz 320 MHz

Power 200 mW/cm2 200~300 mW/cm2
(depending on the hit rate)

TID
fluence

0.1 MGy
1015 neq/cm2

< 1 MGy
< 5 ×1014 neq/cm2

IPHC group leads the overall design.
Ph.D student (Xiangyu) from KEK contributes 
the design of OBELIX-1 (LDO regulator part).

The design of the sensor is now achieved and 
simulations as well as verifications are on-going 
before its submission.
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Next generation MAPS for ALICE
ALPIDE (ALice PIxel DEtector)

Used in ITS2
• TowerJazz 180 nm
• Pixel pitch : 29.24 µm × 26.88 µm
• 1024 × 512 ch
• 40 mW/cm2

• Readout : Digital
• Process : Standard

ITS2

New MAPS for Inner Tracker System
• Using TPSCo 65 nm CMOS technology

• Prototype with a variety of key parameters
• Pixel pitch (15 µm, 18 µm, 22.5 µm)
• Matrix pattern (Square, Hex-Square)
• Inner structure (STD, BLK, GAP)

Inner structures
3/15

Standard (STD) Blanket (BLK) Blanket w/ gap (GAP)

Charge collectionCharge sharing

Improvements for better charge collection
1. Inserted low dose n-type implant                → Fully depleted
2. Gap of n-type implant with neighbor pixel → More field concentration 

to an electrode

Engineering Run 1: process submission in 2023
1. “Chiplets” for basic sensor characterization

• With a variety of key parameters
− Pixel pitch (15-22.5m), pixel matrix, inner structure, readout, … 

Prototype sensor 1: Chiplets
2/15

• 6x6 pixel matrix
• Direct analog readout 

from central 4x4

• 48x24 pixel matrix
• Rolling shutter analog 

readout

• 32x32 pixel matrix
• Asynchronous digital 

readout

𝟏𝟓 𝛍𝐦 

𝟏𝟖 𝛍𝐦 

𝟐𝟐. 𝟓 𝛍𝐦 

STD 
BLK 
GAP 

Square
Hex-Square

Pixel pitch Matrix pattern Inner 
structure× ×
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KEK PF-AR testbeam line
Telescope setup

6/15
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Analysis is on-going.
• Compare two inner structures (STD, GAP)

In collaboration with French and Korean ALICE groups
1. 2024ARTBL014: 2024/12/11-16

• CE65 characterization with different inner structures (+ Focal-E test)
2. 2024ARTBL019: 2025/3/6-11

• Configuration parameter scans of babyMOSS

Tests at PF-AR in FY2024
5/15

Thanks for helps, especially Uno-san, Enari-san, Ozawa-sanCollaboration with French and Korean group
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MAPS with an amplification layer
In near future particle physics experiments, silicon detectors are requested 
to provide precise time information for
• An accurate track reconstruction
• Particle identification
• Mitigation of beam-induced backgrounds

428th September 2022 Seminar at KEK - F. Orsini
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MAPS concept & detection principle
A Monolithic Active Pixel Sensor (MAPS) is a semiconductor detector which has the 
particularity of integrating both the sensing part and the CMOS readout electronics 

on the same homogeneous silicon substrate ≠ hybrid pixel
Hybrid pixel concept
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In case of charged particles (in High Energy Physics)
o Minimum Ionizing Particles (MIP) creates a small amount of electron-hole pairs ~80 e-/holes per µm → very

low level of signal ( 10 mV for a MIP)
o 100% fill factor is obtained by default

In case of X-rays (at Synchrotron)
o Photons reaches a certain depth in the Si volume (depending of their incident energy) → photoelectric effect →

a lot of charges are created (charges cloud) → high level of signal (saturation)
o Fill factor could be an issue and can go down to 30% only

The energy needed of an impinging particle to create an electron/hole pair in silicon is 3.6 eV

MAPS LGAD

MAPS with an amplification layer has the potential to improve time resolution like LGAD.
• Signal is amplified by an avalanche of electrons in the high electric field
• LGAD has good time resolution (~30 ps)
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APICS prototype

IPHC and KEK design prototype MAPS with an amplification layer.
• Tower Jazz 180 nm
• To understand the characteristics with different structures

• Doping concentration
• Depth and size of amplification layer
• Size of electrodes …

• I visited Strasbourg and we started working on a simulation with the same setup.Avalanche diode structures

724/01/2025 andrei.dorokhov@iphc.cnrs.fr

p-Epi

NwellPWell PWell

P-gain layer

Nwell/P-gain layer will form APD structure.
We will explore few options for gain layer 
options, geometry, p-Epi and process:
1. gain layer: 

 deep pwell 
 deep p-diff A
 deep p-diff B

2. Geometry, or size and shape of Nwell and 
Pwell exclusion, two variants 
 Large Nwell
 Small Nwell (our target as we need more 

space to hold more complex circuit in 
future)

3. p-Epi
 25um thick
 50um thick
 Hi-res Czochralski

4. Process
 With n-layer (ngap)
 Without n-layer 

¼ of APD, pitch 15um

Combinations of Gain layer and Geometry options 
/all of them will be combined with p-Epi/:

1. Large Nwell + deep Pwell 
2. Large Nwell + deep p-diff A
3. Large Nwell + deep p-diff B
4. Small Nwell + deep Pwell
5. Small Nwell + deep p-diff A
6. Small Nwell + deep p-diff B

Will be covered by 
TCAD simulation 
presented by Hasan

Included in coming submission 
with different wafers

Included in coming 
submission with 
different wafers

APICS (Impact Amplification with CMOS pixel Sensor) project
in DRD3 WG 1 project (CASSIA)
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Simulation resultsSimulating LGAD Structures: 15 µm Pixel Pitch, 18 µm 
Silicon Thickness (Round electrode)

Structure 1 Structure 2

18
 u

mDeep Pwell

Nwell

High electric field 
at the periphery

Large electrode Small electrode

For the large electrode structure, optimized parameters of p-well are
• ~ 1 × 1016 cm-3 doping concentration
• 1.5 - 2.5 µm depth

Inner structures
3/15

Standard (STD) Blanket (BLK) Blanket w/ gap (GAP)

Charge collectionCharge sharing

Improvements for better charge collection
1. Inserted low dose n-type implant                → Fully depleted
2. Gap of n-type implant with neighbor pixel → More field concentration 

to an electrode

MAPS (Standard) with an amplification layer
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Simulation results
MAPS (Blanket) with an amplification layer

Inner structures
3/15

Standard (STD) Blanket (BLK) Blanket w/ gap (GAP)

Charge collectionCharge sharing

Improvements for better charge collection
1. Inserted low dose n-type implant                → Fully depleted
2. Gap of n-type implant with neighbor pixel → More field concentration 

to an electrode

p-well

Structure Electric field

The amplification region is only generated locally, and the gain
and time resolution change depending on the hit position within the pixel.

→ To reduce position dependency, the design is changed
　 to implant p-well in the entire pixel area.
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APICS prototype chip
Chip size : 5.5 mm × 2 mm MAPS with an amplification layer

• 15 µm × 15 µm pixel size
• 8 × 8 matrix
• Different p-well pattern
• Different structure (STD, BLK)

Simple diode (for measurements of characteristics)
• 300 µm × 300 µm pixel size
• 3 × 3 matrix
• Different p-well pattern
• Different structure (STD, BLK)

The prototypes are to be sent in fabrication now.



15

Summary
• Goals of BASHI project

• Development of OBELIX sensor for Belle II vertex upgrade VTX
• R&D on the new generation MAPS

• TPSCo 65 nm for ALICE
• Internal amplification layer for future applications

• OBELIX sensor development for Belle II
• TJ-Monopix2 characterization confirmed in lab, DESY and KEK PF-AR test 

beam line.
• OBELIX prototype design is on-going.

• TPSCo 65 nm MAPS R&D for ALICE and future e+e- collider
• Characterization of CE65 chips with different structures.
• A beam test at KEK PF-AR test beam line. Analysis is on-going.

• MAPS with an amplification layer
• TCAD simulation with different structure is done.
• Prototype chip design is done.


