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Motivation & Outline

Presentation of the DRD3 as a platform for collaborative R&D on semiconductor sensors for future experiments

A flash-review of where we are, what we do and where future R&D will likely go.

Outline:
Å Semiconductor detectors in particle physics
Å DRD3 Collaboration 
Å LGAD and 3D (WG2)
Å CMOS (WG1)
Å Simulations and defect characterization (WG3,4)
ÅWBG materials (WG6)
Å Facilities and techniques (WG5)
Å Interconnections (WG7)
Å Conclusions
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R&D Evolution

(Detectors and Experiments for the 

Superconducting Super Collider, pg. 

491, Snowmass 1984

1980

òSilicon strip detectors (near the beam pipe) appear to be limited 
toéÒ 1032....the 1032limit could be optimistic.ó (PSSC Summary 
Report pg. 130, 1984)

1984

1992-2001
RD2/RD48 ςproved silicon detectors as solution for LHC
(defect and device engineering were born ςOxygenated Si)

2003-2023
RD50 (silicon) and RD42 (diamond) solutions for  for HL-LHC 
(p-type, 3D detectors, Low Gain Avalanche detectors) 
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Silicon detectors

Remarkablechallengeswere over come in the last decadefor the

LHCupgrade!

ÅRadiationhardnessat levelsnot imagineddecadesago(few 1016

n cm-2, tensof MGy)- 25x100, 50x50mm2 cells

ÅNot only the position but precise timing (~30 ps) should be

measuredfor the mip particles - EndcapTiming detectors for

ATLASandCMS(4Dtracking)

ÅSuperbspatialresolutionat low mass(ALICEITS)

Coming after the accelerator upgrade in 2030

200 pp collisions - pileup
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Semiconductordetectors ...

NewMajor Challengesfor the future beyond2030Χ.
ü FCC-ee/CEPC: Vertexdetectorswith low mass,highresolution(Targetper layer

spatialresolutionofҖ3 µm andX/X0Җ0.05%)

ü FCC-hh/SppC: low power and high radiation hardness(up to 8·10 17 neqcm-2).

Resolvingmanypp hits in a bunchby ultra-fast timing in O(10ps)

ü Fullintegrationwith electronics,mechanics,services

ü Largeareasensorsat low costfor calorimetry

ECFA Detector R&D roadmap [CERN CDS]

European Commission for Future Accelerators
Road map document on sensors 

https://cds.cern.ch/record/2784893/files/ECFA%20Detector%20R&D%20Roadmap.pdf

https://cds.cern.ch/record/2842569/files/CERN-2022-002.pdf

CEPC 
reference 
detector

https://cds.cern.ch/record/2784893
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Evolution of Si particle sensors

Remarkable success in HEP was enabled by  the 
significant advancements in chip industries.

Huge growth of semiconductor particle detectors in various fields 
Detector area increased by one order of magnitude each

decade(1 m2
Ą 10m2

Ą 200m2
Ą 600m2 )

A
T

L
A

S
 H

G
T

D

FCC 
CEPC

courtesy of F. Hartmann
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The DRD3 collaboration

A large collaboration on semiconductor has been formed at CERN to guide and steer the developments of 

semiconductor sensor developments in the next decades. 143 Institutes currently involved with 700+ people

Italy is at the forefront of the research
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Organizational structure

Work Package (WP) = strategic R&D activity and is linked to Tasks in the roadmap document. It should pursue the goals listed there. 
o WPs gather a subset of DRD3 institutions, are resource loaded with clear milestones and deliverables and (at least partially) funded 
o WPs reviewed/approved by DRD3 and appended to MoU annex 
ƻ ²tǎ ǿƛƭƭ ōŜ ǎƘŀǇŜŘ ŀƴŘ ƻǇǘƛƳƛȊŜŘ όǎȅƴŜǊƎƛŜǎ ǿƛǘƘ ǎƛƳƛƭŀǊ ǇǊƻƧŜŎǘǎΣ ǎƘŀǊƛƴƎ ǊǳƴǎΧύ 

Status of Collaboration ςtimeline:

12-2023   - provisional approval
01-2024   - formation of CB 
03-2024   - election of SP
05-2024   - formation of WG-WPs
06-2024   - approval (sci proposal)
06-2024   - first DRD3 week
07-2024   - start of scientific meetings

and preparation of 
WP projects

10-2024  - approval of the DRD3 rules
12-2024  - second DRD3 week
01-2025  - finalization of WP projects

(adjustment to funding reality)
02-2025  - first DRDC review



DRD3

G. Kramberger, Future Perspectives on Solid State Detectors and DRD3 R&D Program, Gran Sasso2025 9

Objectives of the collaboration

R&D for  
future 

particle 
physics

Nuclear 
Physics

Fusion

Medical 
imagingSpace

Quantum 
sensing

CSES-

Limadou

2

TheDRD3 collaborationhasthe dual purposeof pursuingthe
realizationof the strategicdevelopmentsoutlined in the ECFA
road map and promoting blue-sky R&D in the field of solid-
state detectors including the synergieswith other fields of
sciencewherechargedparticledetectionis a keyingredient.

We want mass-less detector, with superb time and position resolution with high rate capability with no power 
consumption and it must be very cheap, of course.
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Timing and position resolution
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Un-correctable time walk components:
ü variation of ionization pattern ςLandau fluctuations  
ü variation of the drift paths ςweighting field/distortion component
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Paths of present R&D 

Monolithic devices
(all in one) ςCMOS

55-180 nm processes

Large area 
passive 
devices
(strip)

Small electrode
device

Large electrode
device

with
gain

without
Gain

without
Gain

with gain

MAPS

Optimized for 
radhard/timing 

Optimized for 
rates/power/po
sition resolution

ǎƳŀƭƭŜǊ άƴƻŘŜέ
ƭŀǊƎŜǊ άƴƻŘŜέ

Hybrid devices

Planar 3D devices

With 
Gain?

With Gain
(LGADs)

Column
3D

Trench
3D

Proven/demonstrated
recent research
ideas
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Hybrid silicon technologies
and 4D tracking (WG2)

.ȅ άп5 ǘǊŀŎƪƛƴƎέ ǿŜ ƳŜŀƴ ǘƘŜ ǇǊƻŎŜǎǎ ƻŦ ŀǎǎƛƎƴƛƴƎ ŀ ǎǇŀŎŜ ŀƴŘ ŀ ǘƛƳŜ ŎƻƻǊŘƛƴŀǘŜ ǘƻ ŀ Ƙƛǘ - ~10-30 mm position and ~10-
30 ps time resolution ςsimultaneously (many benefits in dense particle environment for tracking and PID)

Real 4D timing ςgoal for the futute
(each point with 4D)

Track timing 
(separate points for position and for time ςin making at ATLAS/CMS)

CMS - ETL ATLAS - HGTD

ümuch better/simpler pattern 
recognition, ghost rate reduction
übetter and faster tracks/physics 
reconstruction, better tracking 
algorithms 
üless CPU power ( improved cost and 
energy efficiency )
üeffectively more luminosity
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Hybrid silicon technologies
and 4D tracking (WG2)

Almost impossible to achieve 
goals in planar technology 
without gain: jitter and LF and 
distortion terms are too big!

So far this requirements lead to two solutions for 
4D tracking: 
Å planar with gain - LGAD detectors
Å 3D detectors where drift time/rise time and  

signal size (thickness) are decoupled

ENC=150 e
ENC=100 e
ENC=50 e
ENC=20 e

saturated drift velocity in 

all depth at close to RT

(~100 mm/ns)

80 mm LGADs

100 ps(GT)*

35 mm LGADs
50 mm LGADs** 

LGAD with G=10

swf
(segmentation 
pitch/thickness)

sj - Jitter (tp= tcollection) slf - Landau fluctuations

~10 ps is 
(almost?) 
impossible 
in Si planar 
technology

SMPV =G re-h(d)d

„ͯ
†

ὛȾὔ

LGADs
„<< „

at „ „ὸὛ
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LGAD ςsilicon detectors with gain

Limitations for conventional LGADs: 
ü Fill factor (large cell devices) due to JTE
ü Radiation harness ςcurrently to ~3e15 cm-2

Typically 20-55 mm thick with signals of 20fC (G~40)

primary 
electrons

multiplied 
holes

!¢[!{ уέ La9 ǇǊƻŘǳŎǘƛƻƴ
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LGAD - Fill factor

effective IP

~7% loss

LGAD1 LGAD2

PIN
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beam 
direction

scan direction

Vbias= 100 V

LGAD1

LGAD2

PIN

Conventional LGADs ςlimited by the fill factor to ~1 mm2 pixels
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Radiation hardness of LGADs

ü C-enrichment of the gain layer (prevention of Boron removal 
and by that the reduction of the field) ςFBK and IME have 
mastered the processςis there still room for improvement? 

ü Compensated LGADs ςuse of compensated p+ silicon in gain 
layer which if carefully tuned would not suffer from 
reduction of negative space charge with irradiation (both P 
and B are removed)

ü Introduction of different dopants (Ga ς1st attempt not 
successful)

ü Thermal treatment >200oC re-activation of space charge

Reduction of the doping concentration of gain layer due to 
irradiation reduces the gain.

ὠ ὠ ȟɇÅØÐὧɇɮ

Dopant removal
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LGADs and fill factor

iLGADςsegment the side without 
multiplication no p-stop, JTE at the bottom 
(complex processing, radiation hardness, 
hole collection, ideal for high rate)

DC-RSD/AC-RSD (AC-LGAD) use 
AC coupling ςbipolar signals:
ü superb spatial and time 

resolution (up to ~5%  of the  
pitch)

ü rate limited, radiation hardness
Very promising DC-RSD with Trench 
isolation ςrestriction of  charge 
flow

TI-LGADςuse SiO2 trenches to 
isolate the pads, reducing the gap 
by an order of magnitude (C-
enriched produced)

Several technologies were proposed and are investigated to overcome fill factor problem:

DJ-LGAD

LGADs are the only planar technology 
good enough for precise timing (<50ps), 
but excellent electronics is needed.
(marriage of LGAD + CMOS looks 
promising ςDJ-LGAD, MONOLITH)

DC-RSD TI-LGAD

iLGAD
AC-RSD

DJ-LGAD
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LGAD ςrecent 

RSD-LGAD 
with trench
electrode 
isolation 

500
1000 mm

ü 5% of the pitch is the position
resolution with calibrated Look-up-Table
ü time resolution likely to be ~30 ps

N. Cartiglia
TREDI 2025

I. Velkovska
TREDI 2025
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3D detectors
3D technology astiming detectors:

üThey have fill factor ~100% (inclined tracks) 

üThey are fast (small distance) and can be thick (LF less 
important)

üThe radiation tolerance of small cell size  devices is large 
(for signal) and allows operation at  higher bias voltages ς
shown up to ~1e17 cm-2

üTechnology is already mature-latest 3D detectors are done 
in single sided processing!

Trench 3D
(INFN ςFBK)

Column 3D
(CNM/FBK/SintefκLa9Χύ

<30 ps
mips

( web.infn.it/timespot/ )
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3D detectors - recent

Challenges:

üthe capacitance will be much larger (hence noise and the jitter) 
particularly for thick sensors with large signals (very narrow 
columns/trenches -> 100:1 at IME) ςnoise and jitter

üscalability of the processing -Ҕ уέ

üclustering issues for small cells

üBoth column and trench perform well as prototypes!

Front. Phys., 22 April 2024
Sec. Radiation Detectors and Imaging
Volume 12 - 2024 | https://doi.org/10.3389/fphy.2024.1393019

Trench 55x55 mm2

Column 50x50 mm2

Trench 55x55 mm2

https://doi.org/10.3389/fphy.2024.1393019
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3D with gain ςfuture?

Simulation of 30x30 mm2 cell with 1.2 mm column 

IMECAS-уέ /ah{ ǇǊƻŎŜǎǎ ǿƛǘƘ ŀǎǇŜŎǘ Ǌŀǘƛƻ ƻŦ >70

Devices with gain are possible 
with narrow columns 
allows use of small cell sizes and 
thin devices with much less 
capacitance and dead area. With 
being thin cluster reconstruction 
is simpler.

IDEAL DEVICES FOR TIMING

First observation of possible gain at high 

bias voltages in FBK25x25 mm2, with 4 

mm wide columns

30x30 mm2 cell
1.2 mm column 

100 V, 1014 cm-3

30x30 mm2 cell
4 mm column 

100 V, 1014 cm-3
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Aim is to advance the performance of monolithic CMOS, combining sensing and readout elements, for future 

tracking applications, tackling the challenges of:

very high spatial resolution;
high data rate;
high radiation tolerance;
low mass;
covering large areas;
reducing power;
keeping an affordable cost;
and ultimately combining these 
requirements in one single sensor device.

WG1 research goals <2027

Description

RG 1.1{Ǉŀǘƛŀƭ ǊŜǎƻƭǳǘƛƻƴΥ Җо ҡƳ Ǉƻǎƛǘƛƻƴ ǊŜǎƻƭǳǘƛƻƴ

RG 2.2 Timing resolution: towards 20 ps timing precision

RG 1.3 Readout architectures: towards 100 MHz/cm2, 1 
GHz/cm2 with 3D stacked monolithic sensors, and 
on-chip reconfigurability

RG 1.4 Radiation tolerance: towards 1016 neq/cm2 NIEL 
and 500 MRad

RG 1.5 Low-cost large-area CMOS sensors

Monolithic silicon sensors (WG1)

MauriceGarcia-SciveresandNorbertWermes2018Rep. Prog. Phys. 81066101
PericI 2007, Nucl. Instrum. MethodsA 582876ς85

We will have several MPW and engineering runs in 
65-180 nm technologies (LF, Tower, AMS, TPSCo)

Program shared 
between DRD3/7
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WG1/WP1 ςmain challenges

Cactues

ta
k
e

n
 f
ro

m
 N

. W
e

rm
e

s

LARGE ELECTRODE DESIGNSMALL ELECTRODE DESIGN

Timing: large jitter and 
small distortion component 
- ~100 ps

Timing: small jitter and large 
distortion/landau component ~ 1ns 

Main challenges (from DRD3 point): 
Á availability of the active volume (60-80 e-h/mm)
Á epitaxial layer decreases with smaller node 

processes (350 nm->28 nm). Also,  the lateral 
drift becomes even bigger problem for thin 
epitaxial layers.

Á few foundries are/will be open to use high 
resistivity substrate wafer

Á costs increase rapidly with the smaller node 
(MPW runs may not be available)

Á allocating the vendors that are open to our needs 
Á minimum information about the process 

which allows for simulation of particle 
detection in the devices.

Á adaptation of the process
Á accessibility to the processes ςlicensing      

(process development kits - PDK)
Á requirements of additional processing (back side 
ǇǊƻŎŜǎǎƛƴƎύΣ  ōŀŎƪ ǎƛŘŜ ƳŜǘŀƭƭƛȊŀǘƛƻƴ Χ
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Anexampleof advancesin the design
MALTA(TowerJazz180nmprocess)

Modified 
implant 
(lateral 
collection)

Modified implant 
ςadditional notch

several tens of Vbias

Standard
(few V)

W. Snoeys et al.,  Nucl. Instrum. Meth. A 871 (2017) 90.
H. Pernegger et al 2023 JINST 18 P09018

Å good efficiency over the pixels even after 3e15 cm-2

Å ToAdistribution shows differences in signal speed ~2 ns resolution

MALTA-Czςhigh resistivity substrate
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Future advances ςCMOS with gain
üCMOS sensor with gain ςcan the process be modified in the way that you create an internal gain structure

ü faster rise time and better S/N  - better timing

ü better position resolution

ü less power consumption 

üExamples of different approaches to reach gain layer multiplication (small electrode design seems more suitable)

Cassia (DRD3 WP1 project) PicoAddSiGe130 nm (Uni-Geneve)
Acrcadia

άŘŜŜǇ ƧǳƴŎǘƛƻƴέ Ǝŀƛƴ ƭŀȅŜǊ ŘŜǎƛƎƴ 
ü TJ180 conventional LGAD

üSiGebipolar amplifiers ςfast (good timing)
üCMOS for digital electronics (monolithic)
üGain-layer removed from the surface allowing 
very good spatial resolution without dead area

üBack side processing 
üHigh-field grows from the back side ς
high drift field at the back.
üFirst results Gain 7-13 ςmore soon!

ARCADIA LF110 nm (DRD 3.1/7.6 ςINFN-TO)
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Recent achievements
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Future advances ςscaling up

ü Chip-Chip transmission and  serial powering (Power&Space)

ü Stacking up the wafers ςbetter electronics

ü Large-scale reticle stitching of thinned foldable MAPS

üLarge area strip sensors 
ü Reduced material budget
ü Easier integration
ü Potentially low cost and availability

Next step is implementation of the FEI4 like readout per strip

Monolithic CMOS Strip Sensors  for large area detectors
(Dortmund, Freiburg, DESY, Bonn) 
LFA150 nm - Resistivity of wafer: >2000 ʍϊŎƳ
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Simulations (WG4)
ÅSimulations are essential for planning, understanding the performance and designing of devices. 

ÅSimulations WG will provide the tools that could be (easily) implemented to simulate any specific detector or measurement. 

άaƻƴǘŜ /ŀǊƭƻέ
(predicting the performance of 
complex detector assemblies)

TCAD
(understanding the sensors)

GOALS:
Å Developingand verification of damagemodels(effectiveand defect

based)
Å Establish how to benchmark/evaluate the models against the

measuredproperties(important milestone)
Å Improvingthe TCADwith new findings(WBS,extremefluences)
Å Developa flexible framework to simulate performanceof different

processes(CMOS)

GOALS:
Å Implementationof improved semiconductormodels (e.g.

mobility, impact ionization,trappingΧ)
Å Adaptationof WBSsensors
Å Adaptationof dynamic/adaptive E,Ew
Å Implementationof commonelectronics/digitization

GEANT4

E,Ew

AllPix2 / Garfield++ as the main tool
complement by other ones (KDetSim, WF2)

Synopsis, SilvacoΧ
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Radiation damage characterization and sensor operation at 
extreme fluences (WG3)

s

Extreme fluences
understand physics, possibilities for 

operation  of detectors

Radiation hardening
of material

understand fundamental damage 
process, defect formation, impact 
of defects on device performance 
(also non-silicon!), material and 

defect engineering

Radiation hardening
of devices and systems

understand device operation
with radiation damage, device 

engineering

WG3: Radiation Hardening 

ÅWG covers 3 main areas around radiation hardening (see below)

ÅWG closely related to all other WGs
WG6: Non-silicon based detectors

Å Material & devices to be studied and 
understood as silicon in terms of radiation 
damage in all areas (simulations, 
material/sensor characterization, tool 
development)

Å Developments for extreme fluence

s

WG1 & WG2: 
Silicon based  detectors

Å Radiation hardness evaluation of all 
sensors with exposure to radiation 

(existing and newly developed 
sensors/sensor concepts)

Å Developments for extreme fluence

s

Synergies with other 
application areas in radiation fields
Å Detectors for nuclear physics, space 
ŀǇǇƭƛŎŀǘƛƻƴǎΣ ŦǳǎƛƻƴΣ ƳŜŘƛŎŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎΣ Χ

WG4: Simulations
Need for simulations in all areas

Å on the material level 
DŜŀƴǘпΣ ¢wLaΣ bL9[Σ 5C¢Σ Ya/Σ Χ

Å on the device & system level
TCAD, AP2, Signal & MC simulators, generic sensor 
parameter simulations (e.g. Hamburg model)

Å extrapolation to extreme fluences
do models still deliver reliable results?

s

WG5: Characterization techniques
Need for tools in all areas

Å on the material level 
9twΣ C¢LwΣ t[Σ 5[¢{Σ ¢{/Σ Χ

Å on the device & system level
TCT, CV, IV, IBIC, test-ōŜŀƳǎΣ ΧΦ

Å extrapolation to extreme fluences
which tools still deliver reliable results?
ǊŀŘƛŀǘƛƻƴ ŦŀŎƛƭƛǘƛŜǎΣΧ

s
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Other materials ςnon silicon (WG6) 
 

 

Property Diamond GaN 4H SiC  Si 

Eg [eV] 5.5 3.39 3.26 1.12 

Ebreakdown [V/cm] 10
7
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er 5.7 9.6 9.7 11.9 

e-h energy [eV] 13 8.9 7.6-8.4 3.6 

Density [g/cm3] 3.515 6.15 3.22 2.33 

Displacem. [eV] 43 20 25 13-20 
 

diamond

Leakage current
Operation voltage
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Material budget

Charge collection for SiCand diamond:
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SiC
55 mm 

diamond
500 mm

Q~lϽ36 e-h/mm
(l<<thickness)

Diamond: ~2000-4000 e@1016 cm-2

SiC: few 100 e @1016 cm-2

https://www.researchgate.net/journal/IEEE-Transactions-on-Nuclear-Science-1558-1578?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
http://dx.doi.org/10.1109/TNS.2006.872202
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Other materials ςnon silicon 
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e-h energy [eV] 13 8.9 7.6-8.4 3.6 

Density [g/cm3] 3.515 6.15 3.22 2.33 

Displacem. [eV] 43 20 25 13-20 
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SiC
55 mm 

diamond
500 mm

Q~lϽ36 e-h/mm
(l<thickness)

Diamond: ~2000-4000 e@1016 cm-2

SiC: few 100 e @1016 cm-2

Charge collection for SiCand diamond:

Other semiconductor materials are not more radiation hard in terms of charge 
collection. Due to band-gap, however, they have low leakage current.

Why are they still considered for high radiation environments?
ÅDevice engineering ς3D diamond sensors !
ÅGain devices ςSiCLGAD with possibly lower dopant removal!

https://www.researchgate.net/journal/IEEE-Transactions-on-Nuclear-Science-1558-1578?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
http://dx.doi.org/10.1109/TNS.2006.872202
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Silicon Carbide LGADs

Note ςimpact ionization is larger for holes 
than for electrons  in SiC(p++-n+-n device)

Quite different processing ςbut wafers are available 
Å not the same implant depth as for Si)
Å Apart from JTE and bevel-ed edge termination
Å Doping levels of gain layer an order of magnitude higher 

than for silicon

LBNL & NCSU
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SiC- irradiated sensors  

Similar results obtained for SICAR ςproduction It seems that the irradiation increases the dopant concentration in gain layer! 

Forward operation 
possible ςbut still 
lower CCE (not LGAD)

Charge multiplication also observed after operation in 
forward bias in irradiated SiCdetector (not LGADs).
Lots to be understood, but very encouraging first results!

nirr. 
LGAD

Gain increase with irradiations!
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Diamond ς3D detectors 

3D electrodes made with laser 
(graphitization when focused light 
pulls through the diamond ςslow)

Twisted structure would improve 
timing performance and reduce the 
impact of the pCVDgrains.

3D diamond detector connected 
to CMS pixel ASIC 
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New techniques, common infrastructures,
and characterization facilities (WG5)

ÅWG lines of actions:

ÅDevelopment/improvement/diffusion of methods and techniques for characterizing sensors (those 

ŦƻǊ ŘŜŦŜŎǘǎ ǎǇŜŎǘǊƻǎŎƻǇȅ 5[¢{Σ¢{/Σ 9twΧΦ ŀǎ ǿŜƭƭ ǘƘƻǎŜ ŦƻǊ ŎƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ¢/¢Σ .Ŝǘŀ-ǎŎƻǇŜΧύ

ÅJoint research activities for the delivery of common infrastructures for sensor testing (common 

ǎŜƴǎƻǊ ǊŜŀŘŜǊǎΣ ƧƛƎǎΣ ǘŜǎǘ ŦƛȄǘǳǊŜǎΣΧύ 

ÅPromoting  the use of unique  characterization facilities.

Irradiation facilities (e.g. JSI reactor) Test beam activities (CERN/DESY)fs high intensity laser facilities 
ό9[L tǊŀƎǳŜΣ {DLY9w .ƛƭōŀƻΧύ


