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Å charge sharing sensor é

Å SNR

- CCE

- C

Q
S =)v( connectionTindiode CCCC ++=

É Small collection electrode, small input transistor, short inter 

connection for low C

É BUT too small diode does not favor the charge collection

ҷצ σtrade-off based on exploratory prototypes

rather than on simulations

ü Ŭᴮ
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Ἕ ̔Hybrid vs. Monolithic
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- Planar sensor

- 3D sensor

- Avalanche silicon sensor 

(LGAD)

- Monolithic CMOS

¥HV-CMOS

¥HR-CMOS: STAR/ALICE

¥SOI (silicon on insulator)

̢Hybrid Pixel Detectorș ̣ ά ̢Monolithic Pixel Detectorṣ

|Ŷ
 2

0
0ɛ

m
  
Ÿ

|

|Ŷ
 
 

5
0ɛ

m
  
 Ÿ

|

DC/AC

CEPC tracker 1-17, 2025

̴ ̦2023.11.21̦ ὡ ᶴ◕



Monolithic Pixel Sensors: DEPFET and SOI
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DEPFET DEpleted P-channel Field 
Effect Transistor sensor CMOS
- fully depleted
- Very small collection electrode capacitance, 
allows high S/N operation

higher single-point resolution
- Charge collection continues even if DEPFET is 
switched off
- Need steering and rest of readout off chip or on 
another chip (semi-monolithic)
- BELLEň, vertex for the ILC

SOI Silicon On Insulatoṛ- CMOS sensor

- 200 nm fully -depleted CMOS process = 180 nm CMOS

- High Resistivity substrate (a few kɱϽcm ) with Double-
SOI/PDD-SOI sensor process 

to detect charged particles and X ray photons

- 3D vertical connection could be used

small pixel area

- BELLEň upgrade, vertex for e-e+ colliders, 

CEPC tracker 1-17, 2025
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Monolithic  Pixel Sensors: HR -CMOS vs HV -CMOS

6

Charge collection node

10-20ɛm >tens of ɛm

Small sensing diode Largesensing diode

High Resistivity CMOS sensors
- small collection electrode 
- partially depleted HR epi-layer

- small pixel pitch and low noise frontend design 
higher single-point resolution

- lower rate capability
- STAR-HLT2, ALICE-ITS2, vertex for e-e+ colliders

High Voltage CMOS sensors

- large collection electrode 

- large and homogenous depletion 

faster and more radiation tolerant

- reduction of charge sharing

- larger sensor capacitance O  ÌÁÒÇÅÒ ÎÏÉÓÅ ÌÅÖÅÌ

- Mu3eexperiment, ATLASInner Tracker (ITk) HL 
upgrade, tracker for e-e+ colliders

CEPC tracker 1-17, 2025
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Ref: P. Allport, CERN detector seminar, CERN, Oct.8 2020
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HV-CMOSἝ
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ü 180nm/150nm̵

ü 1015eq/cm2 ᾒ ≈ ̢NIEḶ

ü ns ờῼᾒ №ḥ ɡ

ệ ῼ ◌ᾒ

For Mu3e

ATLAS ITK ⁬̦
₡ᵦ BELLEII

MiniCACTUS̴ 65.3ps №ḥ
̢ ◌ №ḥ ̣

CEPC tracker 1-17, 2025



HV-CMOSἝ

9 CEPC tracker 1-17, 2025



R&D Objectives:CEPC inner silicon tracker (ITK)
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To achieveprecisepositionmeasurementsfor accurateparticletrajectorydetermination: 

Required ITK performances:

- Spatial resolution:

Barrel: ůū< 10 ɛm, ůz < 50 ɛm;

Endcap: ůū< 10 ɛm, ůz < 100 ɛm;

- Low material budget: <1% X0 per layer

- Luminosity: ~115ɿ1034 cm-2s-1 (Z-pole)

Maximum hit rate ~106 Hz/cm2

A few ns timing resolution to tag 23ns bunches;

- Cost effectiveness: 
~ 15 m2 area;

Sensor Design specifications:

CEPC tracker 1-17, 2025



R&D Objectives:LHCb Upstream Tracker (UT) upgrade
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ς ρπÃÍÓ

ρȢυ ρπÃÍÓχȢυin lumi

now 2035

ü Detector upgrade at ~2032 ̂ Long Shutdown4̃ to meet the requirement of 7-

fold̂maybe less need correct later̃ increase in luminosity̕

ü Maximum hit density : ~4 hits/cm2/BX (25 ns);

ü Time resolution of a few ns, low pile-up, and high radiation tolerance (3¦10ĭ  

neq/cm², 240 MradTID), with low power consumption (100-300 mW/cm²)

ü ~8m2 in area̕

LHCb detector System

LHC Operation Schedule

CEPC tracker 1-17, 2025

~1.6ɿ108 Hz/cm2
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Prof.Wu Gao 2024.5.24 at ᾈ

Ὠ ᾱ ̴digital-on-top ₦
№ ̦UVM ₡ ♩‖ᾒ ̵

ᾛꜞṿ ᾒ

100nm ⱡ ᾱᾒ ⁬

CEPC tracker 1-17, 2025



Main development stepsto do from 180nm - > 55nm
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1. Process exploration and modifications: 
for sensor optimizations

2. Pixel array readout scheme and 

necessary functional modules design̴
3. Full-size full-function sensor performances 

optimization

Å Well structures, injection concentration, 

depth;

Å Sensor pitch size, gaps, p-stops;

Å Resistance of the substrate;

Å Guard ring structures;

éé

Example of the process development in the history: 2well -> 4 

wells in-pixel,  substrate resistance ~ɋĀcm -ɵseveral kɋĀcm 

Å In-pixel electronics;

Å Organization for matrix readout;

Å Periphery digital logics and functional 

IPs;

Å Slow control & Fast controlé.

Å Data/Power/CLK interfaceséé 

éé

Å Time resolution;

Å Power dissipation;

Å Detection efficiency & fake hit rate;

Å Radiation Influences (NIEL, TID, é);

Å Yield;

Å Material;

éé

CEPC tracker 1-17, 2025



Prototypes in 55nm HV-CMOS Process 
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Submitted 2023.8/received 2023.12 

COFFEE2

Several MPWs to reach the full-size full-function sensor

HV-CMOS process cross-section diagram 

showing the guard ring and pixel structure.

¼ of thefull size3ɿ4 mm2

Time line

2023 2027

COFFEE3

Submitted 2025.1/ expected received 2025.5 

Å In-pixel electronics;

Å Organization for matrix readout;

Å Periphery digital logics and functional IPs;

Å Slow control & Fast controlé.

Å Data/Power/CLK interfaceséé 

éé

3ɿ4 mm2

CEPC tracker 1-17, 2025



COFFEE2:
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The COFFEE2 design includes three independent regions.

2

1

3

Published paper: NIMA Volume 1069 P169905 (2024) 

https://doi.org/10.1016/j.nima.2024.169905

É Sensor ̦ᶯ ̦ ɠ ̴

-₦ ̴TCADɠAllpix2 ̵

-ṿ ̴IV, CV, ≈ ᾶ ḣ

ᾖᾖ̦ ḩῘɠ ṿ ̵

É ᾶ ɠ ̴

-‖ ₩ὡ ɠḇ ꜗ̵

- ṿ שׁ : ̦ ɠἐ

ɠ ḩῘɠ‖ ṿ ̵
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╦ ̴

ü₡ᵦ1̴ ώ ⱡ ̦ ᾒ ꜗ

̵

ü₡ᵦ2̴Ợ№⁬ HV-CMOSᾒ ᾱɠ55nm

ᾒⱡ ᾱ ̵ ⱡ ╥ ᾒ₡ᵦ̵

₡ᵦ ᶪ ᾒAISCῴỴꜗ ̦₡ᵦ

ờὑ ̵ ♆ ￼SPIάῳῇ

̢4bit in-pixel DAC̣ ̦ mask̵ Ỵ Ṧ

64b/66b ̢ ̵̣

ü ₡ᵦ  ᾒpassive diode ̵

ü PLL̵

₡ᵦ1

₡ᵦ2

Passive diodes PLL

Array̴48 12

Pixel̴ 40um*145um Array̴32 12

Pixel̴ 40um*100um

DLL LVDS driver/receiver

CEPC tracker 1-17, 2025



Design specifications
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1. ῼ̴ bunch tagging̵

3. Ἀ ῼ̴ hit density̦ digital/analogue pile up̦FIFO depth̦ ̦serializer̦ readout speed;

4. Ᵽ ̴target 200 mW/cm2 

2. №ḥ ῼ̴ ờὑ̦ ῼ̵

5. ḗ ᾒⱣ IP ̴PLL, LVDS, DLL̦ serializerᾖ

CEPC tracker 1-17, 2025

Ṙᶪ TOTṖả̦Ᵽ Ἱ

~1.6ɿ108 Hz/cm2̛ ̦hit densityỈṑ №ṙ̦
♩ὡᾒῠ ₉
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₡ᵦ̴ COFFEE3₡ᵦ1̴

LVDS driver/receiver up  to 1.28Gb/s

ü NMOS ̦ ệ₩ὡ Ṝ№ ̦ ᾥṜ ệ Ṝ ḩ ̦ ὠᶪᾖ̵

ü ệin-pixel ῇ ̦mask ᾖⱣ ̵

ü  ḇATLASPIX, MightyPixṼ ̦COFFEE3₡ᵦ1  ◌hit density ᾒἈ ̵

CEPC tracker 1-17, 2025
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₡ᵦ̴ COFFEE3₡ᵦ2̴

LVDS driver/receiver up  to 1.28Gb/s

ü Data-driven readouț ệ ỗ ᾒCoarse-fine TDC̦ ῇ ̦maskᾖ Ᵽ ̵

ü ROMὐἄᾦ ̦RAMὐἄ ̦ ῴỴ̵20Mhz №⁬̵

ü  ḇRD50̦ MnonopixṼ ̦COFFEE3₡ᵦ2 №ḥ ̵ № ἧ̴3bit ̦1bit ̵ № ἧ ỗḇ Ỵ̦

ⱡ ̢ῠ Ᵽ ̣

CEPC tracker 1-17, 2025
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QinҍVout ₮ ῏

TOTҍQin ῏

CEPC tracker 1-17, 2025
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Ἴ
É Data driven readout̴ Token ring

É Coarse-fine TDC principle

2*2 token Ἅᾫ

ÉῴỴ ♁ ̢₡ᵦ2̣

CEPC tracker 1-17, 2025



Summary & Outlooks
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É ᾃɠṿ ᾃ ᷄ ̴ ệ

É ṿ יּ ɠ № ɠ ᾖ ̵

Éṿ ︢ ⱦ ṫ ̵

É ệⱡ ᾒ ̵

COFFEE3 ̔16 designers
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COFFEE3ᶔ , : 2025.1.7
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1st region: passive diode arrays
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Photo of passive diodearray in COFFEE2̔

Å pixel size 40ɛm¦80ɛm;

Å 6 sub-arrays ofdifferent design structure̕

Table: details of 6 sub-arrays: various of DNW size, 

distance, with/without P stop 

* Process profiles are from experience not the foundry

Å About simulation, please see JianpengDengôs poster (ID:55 ) ñTCAD 

Simulations of HV CMOSò;

Å About test, please see ZhiyuXiangôs poster (ID: 21 )ñTest of CMOS chip 

using 55nm processò;

TCAD simulations are conducted.



1st region: TCAD simulation Vs test results
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Figure: IV curves of different substrate resistivity Figure: CV curves of different DNW gaps

TCAD simulation

Test results

TCAD simulation results are confirmed through 

testing.

ü Current substrate resistivity (10 ɋĀcm) limits the 

break down voltage of the sensor at ~70 V. (Could 

be significantly increased for a substrate with 

higher resistivity)

ü The diode equivalent capacitance reaching ~40 

fF/pixel at ~70V.(Decreases as the bias voltage 

increases)



1st region: leakage current after radiation
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É Leakage current increased from 0.01 nA / pixel to ~1 nA /pixel ̢ Biasing at 50Ṿ after 1014 neq/cm2 radiation.

Test results at CSNS



1st region: Allpix 2 simulations for pixel response to MIP
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Simulation configuration details̴

ü 3ɿ3 pixel array̵

ü 10 ɋ·cm substrate resistivity̵

ü Electric filed model from TCAD̵

ü 4 GeV proton beam (MIPs) used 

for simulation̵

Simulation results ̴

ü Cluster size ~1 for the center incidence, ~2.3 for the diagonal 

incidence;

ü MPV of the landau distribution for seed pixel ranges from 0.8 

ï1.1 ke-;

ü The P-stop structure effectively reduces charge sharing;



2nd region:  an active pixel matrix
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Layout of the 2nd region Floor plan of the 2nd region

ü A 32ɿ20 active pixel matrix, peripheral modules including bandgap, analogue buffer, DACs and row/column 

selection;

ü Three sub-arrays with different in-pixel electronics are included̕

1. Only CSA inside;

2. CSA + NMOS Comparator;

3. CSA + CMOS Comparator;

1 2 3

3 variations of in-pixel electronics

To evaluate the ñcross-talk" issue in this new process and 

guide the overall design of the next detector chip.
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2nd region:  in -pixel design

Schematic of the in-pixel electronics

Simulation performances:

ü CSA(for in-put capacitance ~100fF):    

~ 140 e- Equivalent Noise Charge; ~57ɛV/e- Charge to Voltage factor; 

4.6ɛA power dissipation;

ü CMOS comparator: 

Time-walk ~2ns; time over threshold ~5ɛs; 15ɛA power dissipation;

ü NMOS comparator:

Time-walk ~9ns; time over threshold ~5ɛs; 8.5ɛA power dissipation;

*About design details, please see LeyiLiôs poster (ID: 53)ñDesign of coffee2: 

a pixel sensor prototype in 55nm high-Voltage CMOS process ò;


