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Introduction
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Å{ŜƳƛŎƻƴŘǳŎǘƻǊ ŘŜǘŜŎǘƻǊǎ ƘŀǾŜ ōŜŜƴ ǳǎŜŘ ŦƻǊ ŜƴŜǊƎȅ ƳŜŀǎǳǊŜƳŜƴǘǎ ǎƛƴŎŜ ǘƘŜ мфслΩǎ

ÅLƴ ǘƘŜ мфулΩǎΣ ǘƘŜ ŀǾŀƛƭŀōƛƭƛǘȅ ƻŦ ƳƛŎǊƻŦŀōǊƛŎŀǘƛƻƴ ǘŜŎƘƴƻƭƻƎȅΣ ǿƛǘƘ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ 
structuring the electrodes at the 50-100 µm level has vastly improved the position 
resolution, down to 10 µm or below.

Ҧ {ŜŎƻƴŘŀǊȅ ǾŜǊǘƛŎŜǎ ŦǊƻƳ ǎƘƻǊǘ-lived particles (tau, B, D) become accessible

Å It has radically changed the way experiments are thought of and conducted

Å Today, virtually every high energy physics experiment deploys semiconductor 
detectors



Nowadays: Silicon Everywhere
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NA62 Gigatracker

AIDA Telescope

Belle II VXD



Tasks of Tracking Detectors
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Å Provide precise space points or space point clusters (vectors) 
originating from ionizing charged particles

- Particle track findingfrom patterns of measured hits
- Momentum(B-field) and angle measurement
- Measurement of primary and secondary vertices
- Multi-track separation and vertexing in the core of (boosted) jets
- Measurement of the specific ionization (dE/dx)

Å Keep the material influencing the paths of the particles to a 
minimum to avoid scattering in the material and secondary 
interactions



Vertex Resolution

cmarinas@ific.uv.es 5

Vertex resolution

Detector requirements
Å Fine segmentation
Å Low material (beam pipe and detector layers)
Å First layer as close as possible to the beam pipe
Å Large lever arm

Å Concentrating here on properties for vertexing in HEP experiments



Silicon Detectors
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ÅParticles flying through the bulk produce ionization

ÅIonization creates charges in the detector volume:

ÅElectron-hole pairs in a semiconductor detector

Å9ƭŜŎǘǊƛŎ ŦƛŜƭŘ ŀǇǇƭƛŜŘ ǘƻ ƳƻǾŜ ǘƘŜ ŎƘŀǊƎŜǎ ŀƴŘ ΨƛƴŘǳŎŜΩ ŀƴ ŜƭŜŎǘǊƛŎ 
current

ω Simplest detector: pn-junction
ςhǇŜǊŀǘŜŘ ƛƴ ǊŜǾŜǊǎŜ ōƛŀǎ Ҧ 5ŜǇƭŜǘƛƻƴ ǊŜƎƛƻƴ
ς¢ǊŀǾŜǊǎƛƴƎ ǇŀǊǘƛŎƭŜ Ҧ LƻƴƛȊŀǘƛƻƴ Ґ ǎƛƎƴŀƭ ŎŀǊǊƛŜǊǎ ƛƴ ǘƘŜ ǎƛƭƛŎƻƴ
ς Typical thickness 50 ς300 ˃ Ƴ

ω Shockley-RamoTheorem:
Moving charges induce signal on electrode



Increasing the Resolution: Segmentation
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ÅSilicon strip detectors

A strip detector is an arrangement of strip like shaped 
implants acting as charge collecting electrodes (one-
dimensional array of diodes).

ÅDouble sided silicon strip detectors

Two dimensional position measurements can be 
achieved by applying an additional strip like doping on 
the wafer backside by use of a double sided technology. 

ÅPixel detectors

2D array of pixels. Each pixel = 1 pn-junction
True 2 dimensional information without ambiguities
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Semiconductor Detector Types
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State-of-the-art of LHC Detectors
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All based on Hybrid Pixel Detectors

ATLAS IBL
LHCbVelo



From Hybrid Pixels to Monolithic
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ÅStandardHYBRIDpixels

- Various sensors: planar-Si, 3D-Si, diamond
- Mixed signal R/O chip
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- Mixed signal R/O chip

ÅMonolithic Active Pixel Sensors 

- MAPSusing CMOS with Q-collection in epi-
layer (usually by diffusion)

- DepletedDMAPSusing HRsubstrate and/or
HVprocess to create depletion region
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ÅStandardHYBRIDpixels

- Various sensors: planar-Si, 3D-Si, diamond
- Mixed signal R/O chip

ÅMonolithic Active Pixel Sensors 

- MAPSusing CMOS with Q-collection in epi-
layer (usually by diffusion)

- DepletedDMAPSusing HRsubstrate and/or
HVprocess to create depletion region

Moderate spatial resolution (10-100 ˃ Ƴ)
High material budget (few % X0)
High cost
Radiation hard

High spatial resolution (1 ˃Ƴ)
Low material budget (0.1 % X0)
Needs modifications for radiation
Simpler readout architecture



(D)MAPS
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EP-DT Training Sem inar - Jens Kroeger 8April 21 st, 2021

M any Di0 erent  Technologies

M onolit hic:
MAPS

Hybrid:

Shielded MAPS High Voltage-MAPS

High Resist iv it y-MAPS DEPFET Silicon-on-Insulator

Enhanced Lateral Drift Capacit ively CoupledBum p Bonded

Focus of today

(Depleted) MonolithicActivePixel Sensors

ÅMonolithic
Signal generation + readout integrated on a single unit

Low material budget

Å Active
Detection and in-pixel amplification and processing

Å Depleted
HV process or HR substrate to create depletion region

Fast charge collection via drift
Large depleted volume with large signal



(D)MAPS
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(Depleted) MonolithicActivePixel Sensors

ÅMonolithic
Signal generation + readout integrated on a single unit

Low material budget

Å Active
Detection and in-pixel amplification and processing

Å Depleted
HV process or HR substrate to create depletion region

Fast charge collection via drift
Large depleted volume with large signal

Very low mass, small pixel sizes, highly integrated modules



Many Different Implementations
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CMOS Image Sensors (CIS)
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Å All-in-one: Electronic Camera On Chip

Å Standard CMOS technology:
ü Lower production costs
ü Simpler integration of complex functionalities

Å Very small pixels (1 um, 40 M pixels)
Å Single low supply and power consumption
Å Increased speed (column- or pixel - parallel processing)
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Commercial Vendors
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Commercial vendors

58-10 July 2019 E. Vilella (Uni. Liverpool) Belle II VXD Open Workshop (CERN)

Monolithic sensor technologies based on 
commercial processes

Reduced cost, large throughput, fast 
turnaround, large wafers

Complex layouts, limited information on 
processing details, long term support

Various processes in use currently in HEP:
TowerJazz180 nm, 65 nm
TSI 180 nm
L-Foundry 150, 110 nm
Globalfoundriesмол ƴƳ Χ



Particle Detection in CMOS APS
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In standard CMOS image sensors, the photodiode is 
implanted in low-resistivity silicon.

Depletion is shallow
Charge collection efficiency is low
The detector element covers a small fraction of the pixel area

-> Not suitable for measurement of charged particles
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In standard CMOS image sensors, the photodiode is 
implanted in low-resistivity silicon.

Depletion is shallow
Charge collection efficiency is low
The detector element covers a small fraction of the pixel area

-> Not suitable for measurement of charged particles

Use of an epitaxial layer with doping few orders of 
magnitude smaller than the one on the p++ substrate

Potential barriers at boundaries:

Which keep minority carriers confined in the epi-layer
until they reach the depleted region under nwell



Particle Detection in (Thinned)CMOS APS

cmarinas@ific.uv.es 23

In standard CMOS image sensors, the photodiode is 
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Readout Architectures
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ÅGeneralities
Assume digitisation 
Need to absorb the max hit rate
Power connected to clock-speed

ÅComplex logic

ÅMIMOSIS case

ÅRequired by 
fluctuating rate

ÅSynchronous

ÅPriority encoder: ALPIDE, MIMOSIS
=> adapted for stitching: MOSS

ÅColumn-drain architecture: MONOPIX

ÅData driven, 
fired pixel adress within 20 ns over 
2cmlogic

output

pixel matrix
ÅMultiplexing toward output (! bottleneck)

ÅPotential trigger logic

ÅPower depends on memory management

ÅPower depends on read-out rate
(#outputs and clock)

m
a
tr

ix

logic
ÅAsynchronous

Åno in-ƳŀǘǊƛȄ ŎƭƻŎƪ Ҧ ƭƻǿŜǊ ǇƻǿŜǊ

ÅStill data-driven

ÅMALTA with pulses through

ÅAdapted to stitching: MOST



CMOS-MAPS R&D in a Nutshell

25

ÁGeneral concepts

ÁPerformance is a matter of optimisation

2x2 submatrix view 
thickness ~50 µm

Sensing 
In-pixel

pre-Amp.

A/D
conversion

Digital treat
& Storage

Data TX
& Control

Resource blocs 

Steering & clocking

Monolithic active pixel sensor

=

R&D topics for each box

power dissipation

Time resolution

Hit rate

Optimisation 1

Excellent 

spatial 
resolution

Low material
budget

High 

radiation 
tolerance

High hit 
rate

Excellent time 

resolution

Low power 

dissipation

Optimisation

ee & heavy ions

Optimisation

hh

Consumer
market

or

Some performance
are anti -correlated!



Towards Better Radiation Tolerance - I
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Electronics outsidethe charge collection well

Small collection electrode
Very small sensor capacitance (<5fF)
Ҧ [ƻǿ ƴƻƛǎŜΣ ƭƻǿ ǇƻǿŜǊΣ ƘƛƎƘ ǎǇŜŜŘ

Longer drift distances and low field regions
Ҧ wŀŘƛŀǘƛƻƴ ƘŀǊŘƴŜǎǎ ƴŜŜŘǎ ƛƳǇǊƻǾŜƳŜƴǘǎ

Large  vs Small col lection electrode

3Monolithic pixel detectors for ATLAS HL-LHC upgrade - T. Kugathasan - FEE 2018

Small collection electrode (TJ)

Small capacitance

Lower power

Less prone to coupling

Process modification for full depletion and 

radiation tolerance increase

Large collection electrode (HV-CMOS)

Large capacitance

Higher power

Electronics in the input well, signal coupling

Practically uniform field

Very high radiation tolerance

p+ substrate

nwell
collection 
electrode

pwell
deep pwell

nwell pwell nwe
lldeep pwell

PMOSNMO
S

p- epitaxial layer

depletion boundary

depleted zone

low dose n-type implant

p substrate

pwell

deep nwell collection electrode
nwell

PMO
S

NMO
S

depletion
boundary

depleted zone

Substrate
contact

Electronics insidethe charge collection well

Large collection electrode
No low field regions
Shorter drift distances
[Ŝǎǎ ǘǊŀǇǇƛƴƎ Ҧ aƻǊŜ ǊŀŘƛŀǘƛƻƴ ƘŀǊŘ

Larger sensor/well-well capacitance (>100 fF)
Ҧ tŜƴŀƭǘƛŜǎ ƛƴ ƴƻƛǎŜκǇƻǿŜǊκǎǇŜŜŘ

Å Electrode design



Towards Better Radiation Tolerance - II
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Å Modified process: Additional planar n-type implant
Full depleted epi layer (up to 40 um deep)
Fast charge collection < 1 ns

Å 3 nm gate oxide for good TID

Ҧ hǊŘŜǊ ƻŦ ƳŀƎƴƛǘǳŘŜ ƛƳǇǊƻǾŜƳŜƴǘ ƛƴ ǊŀŘΦ ƘŀǊŘƴŜǎǎ

Å Partially depleted epitaxial layer
Charge collection time < 30 ns
Operational up to 1014 1 MeV neq/cm2

A
L

IC
E

A
T

L
A

S

Å Process modification



TJ-MonopixPixel Design Issues
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TJ-Monopix/MALTA Modifications
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Additional process modiýcations can increase E-ýeld in pixel corners, further reducing charge collection tails. 

6G. Gustavino

Process modifications

LOW DOSE N-TYPE IMPLANT

NWELL COLLECTION 
ELECTRODE

PWELL
DEEP PWELL

P- EPITAXIAL LAYER

P+ SUBSTRATE

NWELL PWELL NWELL
DEEP PWELL

PMOSNMOS

DEPLETION 
BOUNDARY

DEPLETED ZONE

LOW DOSE N-TYPE IMPLANT

NWELL COLLECTION 
ELECTRODE

PWELL
DEEP PWELL

P- EPITAXIAL LAYER

P+ SUBSTRATE

NWELL PWELL NWELL
DEEP PWELL

PMOSNMOS

LOW DOSE N-TYPE IMPLANT

NWELL COLLECTION 
ELECTRODE

PWELL
DEEP PWELL

P- EPITAXIAL LAYER

P+ SUBSTRATE

NWELL PWELL NWELL
DEEP PWELL

PMOSNMOS

EXTRA DEEP PWELL EXTRA DEEP PWELL

M. Munker, JINST 14 (2019) C05013 

STD

Gap in the low dose N-type implant 

NGAP

Extra Deep P-Well 

XDPW 

Goal:
Å Bend the field lines towards the collection electrode
Å Shorten the drift path
Å Increase charge collection speed, specially at pixel borders



TJ-Monopix/MALTA Modifications
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Charge versus integration time

ð> Signiýcantly larger signal after irradiation (factor of ~ 3 - 4) with additional p-implant and 
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Conclusions
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ÅCMOS vertex and trackers in HEP are a mainstream technology:
Construction of large trackers for LHC
Possibilities for future upgrades (Belle II, LHCb, NA64) and new machines (Higgs factories)

ÅStrong interest for R&D to fully exploit potential of DMAPS
High granularity
Low material budget
Large area (vertexing, tracking, calorimetry, TOF) at reduced cost
Utilize industry postprocessing
Build compact, highly integrated modules

Å{ŜƳƛŎƻƴŘǳŎǘƻǊ ǘǊŀŎƪŜǊǎΣ ŀƴŘ /ah{ ƛƴ ǇŀǊǘƛŎǳƭŀǊΣ ŀǊŜ ƘŜǊŜ ǘƻ ǎǘŀȅΧ

ÅThe devil is in the details
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The Belle II VXD Upgrade
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SuperKEKBand the Belle II Experiment

33cmarinas@ific.uv.es

ÅSuperKEKB: Asymmetricenergye+e- collider
Ecm= m( (4S)) = 10.58 GeV

ÅPeakluminosity: L = 6·1035 cm-2 s-1 (x30 than KEKB)

Beamsizereduction. Highercurrent(x2 higher).

Belle II



Belle II Vertex Detector
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ÅPixel Detector (PXD)
2 layers of DEPFET pixels
r = 1.4 cm, 2.2 cm
L = 12 cm
~  0.027 m2

ÅSilicon Vertex Detector (SVD)
4 layers of DSSD
r = 3.9 cm, 8.0 cm, 10.5 cm, 13.5 cm
L = 60 cm
~  1 m2

SVD

PXD



Belle II VXD
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SVD

PXD



Belle II Upgrades
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IR: accommodate QCS 

replacement and repositioning 

VXD: all pixels

ÅDMAPS

CDC: replace r/o ASIC+FPGA

New tracker (pixels, gas)

TRIGGER: replace with latest 

tech to increase bandwidth, 

allow for new trigger primitives 

ARICH: possible 

photosensor upgrade 

TOP: replace readout to 

reduce size & power; replace 

all PMTs with extended-

lifetime ALDs (or SiPMs?) 

KLM: replace RPCs with scintillators 

in barrel (some with fast timing for KL 

time-of-flight); replace readout

ECL: replace crystals with pure CsI; 

APD readout; add pre-shower detector 

More distant future: ~mid-2030ôs

ṉDetector R&D for extreme-Ѓ environment



Requirements for VXD Upgrade
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Improve physics reach per ab-1
Upgrade motivation:

Å Cope with larger background activity

Å Improve momentum and impact parameter 
resolution in low pT region

Å Simplify tracking chain with all layers involved

Å Operation without special modes nor data 
reduction

Key sensor specifications:
Å Pixel pitch 30-40 µm
Å Integration time Ṃ100 ns
Å Power dissipation ṂςππÍ7ȾÃÍς



Belle II Upgrade: VTX - DMAPS
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Å5 straightlayersbarrel,usingCMOSpixelsensors

ÅLowmaterial: 0.2%X0 (L1+L2) - 0.5%(L3) - 0.8%X0 (L4+L5)

ÅModeratepixelpitch ~ 30˃Ƴ2

ÅTimeprecision50-100ns
Å Optionfor track-triggeringwith a fast low-space-granularity

Å iVTX: innermost2 layers,self-supported,air cooled

Å oVTX: 3 outer layers,CFstructure,water cooled

ÅOverallservicereductionandoperationsimplification



Small Electrode Sensor Design DMAPS

39cmarinas@ific.uv.es

TowerJazz180 nm CIS

ÅDeep pwell allows for full CMOS in pixel

ÅHigh resistivity epi-layer 1-8 kOhm.cm
Epi thickness 18-40 ˃ Ƴ

Å3 nm gate oxide for good TID

ÅModified process: Additional planar n-type implant
Full depleted volume
Fast charge collection

ÅDerived from LHC developments

Electronics outside the collection well
Small fill factor
Å Very small sensor capacitance
Å Low noise and power

Monolithic detector: Combine sensor and readout on the same wafer



TJ-MonopixFamily
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Present



TJ-Monopix2 Characterization
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ÅTJ-Monopix2 as forerunner of OBELIX

Å33x33 µm2 pitch, 25 ns integration, 2x2 cm2 matrix

Å7 bit ToTinformation, 3 bit in-pixel threshold tuning

ÅVarious sensing volume thickness (CZ-bulk, epi-30 µm)

ÅDetailed characterisation

ÅIn-laboratory

ÅThreshold / noise

ÅToTcalibration

ÅIn-beam (DESY, 5 GeV electrons)

ÅEfficiency ~99%

ÅPosition resolution ~9 µm

PIXEL2022, Santa Fe ς C. Bespin15 Dec 2022

TJ-MONOPIX DESIGN

ҍDesigned for ATLAS ITk outer layer specs with column-drain readout like in FE-I3 in a 2 cm column 

ҍPixel readout capable of dealing with hit rate > 100 MHz /  cm2 

ҍGoal: 1015 1 MeV neq/ cm2 NIEL tolerance and 100 MRad TID 

ҍLatest iteration TJ-Monopix2: 33.04 µm pixel pitch in 
512 x 512 pixel matrix (2 x 2 cm2) 

ҍ7 bit TOT resolution (40 MHz BCID clock - 25 ns timing) 

ҍ3 bit in-pixel threshold tuning 

ҍCommunication via four differential lines 

ҍCommand-based slow control (taken from RD53B) 

ҍ160 MHz data output rate (frame-based 8b10b encoding)

5



Irradiated TJ-Monopix2 Test Beam
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Set-up

10.07.2023

Telescope
planes 1-3

Telescope
planes 4-6

TJ-Monopix2

Å General setup configuration:
ÅAIDA TLU V2
ÅAdenium Telescopewith ALPIDE sensors
Ҧ integration time 10 s˃, 1024×512 px, 
pitch 29.24×26.88 m˃ч

ÅModule powered by remote 
controlled HamegPSU

Å Additional lab set-up 
running Ҧ next slide

Status Report Testbeam DESY 2023 5

Parameter scans:
HV, IBias, PSub, VClipΣ ./L5Σ Χ

Angular scans, resolution, efficiency

Module Status

10.07.2023

Serial Home Institute Irradiation Substrate

W02R05 Strasbourg None 30 µm EPI

W02R09 Strasbourg Neutrons 1 × 10Ý 30 µm EPI

W05R16 Strasbourg Protons 5 × 10Ý 30 µm EPI

W08R19 Vienna None 30 µm EPI

W14R12 Göttingen None Cz

ÅW02R09 does respond in beam, but no lab characterisation possible
Å Only some registers can be configured; injection does not seem to work at all

ÅW05R16 first characterisation in lab available & measured in the beam, but no longer operable elog
Å Threshold scans of few columns available for all settings used in TB
Å Also, timewalkand HitOr delay measurements for some settings

Å All tuning files used during testbeam (week1)

Status Report Testbeam DESY 2023 3
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Serial Home Institute Irradiation Substrate

W02R05 Strasbourg None 30 µm EPI

W02R09 Strasbourg Neutrons 1 × 10Ý 30 µm EPI

W05R16 Strasbourg Protons 5 × 10Ý 30 µm EPI

W08R19 Vienna None 30 µm EPI

W14R12 Göttingen None Cz

ÅW02R09 does respond in beam, but no lab characterisation possible
Å Only some registers can be configured; injection does not seem to work at all

ÅW05R16 first characterisation in lab available & measured in the beam, but no longer operable elog
Å Threshold scans of few columns available for all settings used in TB
Å Also, timewalkand HitOr delay measurements for some settings

Å All tuning files used during testbeam (week1)
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W05R16 Efficiencies
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Module FE run no. efficency error

W05R16 NF 879 0.99799 0.00006

NF CASC 884 0.99799 0.00006

HV CASC 789 0.99941 0.00014

HV 789 0.99954 0.00017

Run 884 Run 789 HVC Run 789 HV

Run 879
W05R16 InPixel Efficiencies
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Run 789 HVC Run 789 HV

Run 879 Run 884

Efficiency >99% for 5x1014 neq/cm2 (310 e- threshold)

Cluster position residuals ~9.5 ˃Ƴ

W05R16



OBELIX Design

43cmarinas@ific.uv.es

ÅMatrix design

ÅExtended copy of TJ-Monopix2

Å2 front-end flavours: DC- and AC- cascodeamplifier

ÅClock for time-binning slowed down: 100ns

ÅPowering

ÅLDO regulator for easier voltage distribution

ÅOverall power depends on hit rate: 200-300 mW/cm2

ÅTrigger Unit

ÅSimulated with realistic inputs: 120 MHz/cm2

ÅCan sustain 600 MHz/cm2 for 0.5 µs

ÅFine time stamping

Å6 ns achievable with end-of-column fast clock

ÅLimited to hit rate Ṃ10 MHz/cm2

ÅTrack trigger 

ÅReduced granularity to 8 strixels( ~4 x18 mm2)

Å Increased transmission rate: 33 MHz


