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The original Motivation (2002 - ….) 
• LHC upgrade 

  LHC upgrade towards High Luminosity LHC (HL-LHC)  
after LS3 (~2024-26); expect 4000 fb-1 (x6 nominal LHC) 
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Semiconductor detectors will be exposed to hadron fluences equivalent to  
> 2 ∙1016 neq/cm2  (HL-LHC) 

 detectors developed for running LHC cannot operate after such irradiation 
RD50 : mandate to develop semiconductor sensors and characterisatoin methods for  

extreme fluence (where extreme is an ever increasing number).  
 



The RD50 Collaboration 

• RD50:  56 institutes and 358 members 
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The RD50 community brings together solid state physicists; device physicists; experts of radiation-matter 
interactions; high energy physicists; electronics system designers; ASICs designers; sensor foundries. This 
community has learned to work towards common goals developing methods, tools and standards that 
are world reference for the domain. This vast expertise is an unsurpassed basis for continuing research 
towards sensor solution for future challenges. 

The R&D Collaboration “Radiation hard semiconductor devices for high luminosity colliders” was formed 
in 2001 and approved by the research board as RD50 in May 2002.  

Main focuses:  

• Studying and make choices about various semiconductor materials 

• understanding the microscopic radiation damage mechanisms  

• modelling the radiation damage on microscopic and macroscopic level 

• Radiation hardening by: 

 device engineering  

 material engineering optimization of operational conditions  



The RD50 Collaboration 

• RD50:  56 institutes and 358 members 

 49  European institutes   
Austria (Wien), Belarus (Minsk), Belgium (Louvain), Czech Republic 

(Prague (3x)), Finland (Helsinki, Lappeenranta ), France (Paris, Orsay),  
Germany (Bonn, Goettingen, Dortmund, Erfurt, Freiburg, Hamburg 

(2x), Karlsruhe, Munich(2x)), Italy (Bari, Perugia, Pisa, Trento, Torino), 
Kroatia (Zagreb) Lithuania (Vilnius), Netherlands (NIKHEF), Poland 
(Krakow, Warsaw(2x)), Romania (Bucharest (2x)), Russia (Moscow, 

St.Petersburg), Slovenia (Ljubljana), Spain (Barcelona(3x), Santander, 
Valencia), Switzerland (CERN, PSI), United Kingdom (Birmingham, 

Glasgow, Lancaster, Liverpool, Oxford, RAL) 

Detailed member list:  http://cern.ch/rd50 
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7 North-American institutes 
Canada (Montreal), USA (BNL, Brown Uni, Fermilab, 

New Mexico, Santa Cruz, Syracuse) 

1 Middle East institute 
Israel (Tel Aviv) 

2 Asian institute  
India (Delhi), China (Beijing) 



RD50 Organizational Structure 

 Co-Spokespersons 
  Gianluigi Casse     and       Michael Moll  

  (Liverpool University, UK                         (CERN  EP-DT)           

& FBK-CMM, Trento, Italy)                                                     

Defect / Material 
 Characterization 

Ioana Pintilie 
(NIMP Bucharest) 

Detector  
Characterization 
Eckhart Fretwurst 
(Hamburg University) 

Full Detector  
Systems 

 Gregor Kramberger 
 (Ljubljana University)  

• Characterization of 
microscopic properties 
of standard-, defect 
engineered and new 
materials  pre- and post- 
irradiation 

• DLTS, TSC, …. 
• SIMS, SR, … 
• NIEL (calculations) 
• Cluster and Point defects 
• Boron related defects 

 
 

 
 

 

•Characterization of test  
structures (IV, CV, CCE, TCT,.) 

•Development and testing of 
defect engineered silicon 
devices 

•EPI, MCZ and other materials 
•NIEL (experimental) 
•Device modeling 
•Operational conditions 
•Common irradiations 
 
• Wafer procurement  (M.Moll) 
• Acceptor removal (Kramberger) 
 

• 3D detectors 
• Thin detectors 
• Cost effective solutions 
• Other new structures 
• Detectors with internal gain 
•LGAD: Low Gain Avalanche Det. 
• Deep depleted Avalanche Det. 
• Slim Edges 
• HVCMOS  
 

• LGAD (S.Hidalgo) 
• HVCMOS (E. Vilella) 
• Slim Edges (V.Fadeyev) 

• LHC-like tests 
• Links to HEP(LHC upgrade, FCC) 
• Links electronics R&D 
• Low rho strips 
• Sensor readout (Alibava) 
• Comparison: 
 - pad-mini-full detectors 
 - different producers 

•Radiation Damage in  
 HEP detectors 

•Timing detectors 
•Test beams  
    (M.Bomben & G.Casse) 

New Structures 
 

Giulio Pellegrini  
(CNM Barcelona) 

 

Collaboration Board Chair & Deputy: G.Kramberger (Ljubljana) & J.Vaitkus (Vilnius), Conference committee: U.Parzefall (Freiburg) 
CERN contact: M.Moll (EP-DT),   Secretary: V.Wedlake (EP-DT),  Budget holder & GLIMOS: M.Moll & M.Glaser (EP-DT)  
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RD50 so far … 

Main achievements:  

• development of the p-type silicon strip and pixel technology 

• double column 3D detectors  

• convincing demonstration of the performance of planar segmented sensors to the maximum fluences 
anticipated for the H-LHC (3x1016 neq cm-2) 

• extensive evaluation of defect engineered Silicon and other semiconductor materials 

• observation and explanation of charge multiplication in highly irradiated sensors operated at high 
voltage 

• design and production of LGAD (Low Gain Avalanche Detectors) for 4D tracking 

• development of several unique characterization methods and systems for sensor and material analyses: 
Transient Current Technique (TCT), Edge-TCT, Two Photon Absorption (TPA)-TCT, Alivaba readout system 
and standardized measurement and analyses procedures, partly now marketed through spin-off 
companies 

• defect characterization: identification of defects responsible for the degradation of various detectors 
parameters defining the state of the art in the corresponding solid state community 

• data collection and development of damage parameters/models essential for sensor design (TCAD 
parameters) and for planning the running scenarios of LHC experiments and their upgrades (evolution of 
leakage current, CCE, power consumption, noise,….) 

• close links to the LHC experiments (upgrades) 
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RD50 and running experiments 
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RD50 provides: 

• large data sets for IV curves after irradiation and annealing. 

• large data sets for CV curves after irradiation and annealing (up to 
fluences where this is still relevant). 

• large data sets for Charge Collection curves after irradiation and 
annealing. 

Parameterisations of the evolution of IV, CV and CCE-V. 

Differences depending on material (O, C contents, CZ, FZ, Epi, …), 
thickness, electrode geometry, energy and type of irradiation, …. 

 

Work on simulations to improve on existing 
irradiation/annealing/bulk/interface models for including all possible 
parameters. Use of efficient/real defect parameters for improving 
simulation (applicable to all cases above).  
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type inversion

n-type "p-type"

[M.Moll: Data: R. Wunstorf, PhD thesis 1992, Uni Hamburg]

The macroscopic damage parameterisation (Hamburg 
model) 

Current sensors in LHC, mainly n-type 
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 Standard FZ silicon 
• type inversion at   ~ 21013 p/cm2 

• strong Neff increase at high fluence 

 

 Oxygenated FZ (DOFZ) 
• type inversion at   ~ 21013 p/cm2 

• reduced Neff increase at high fluence 
 

 CZ silicon and MCZ silicon  
 “no type inversion“ in the overall fluence range   

 

(for experts: there is no “real” type inversion, a more clear understanding of the observed effects is obtained by 

investigating directly the internal electric field; look for: TCT, MCZ, double junction) 
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The macroscopic damage parameterisation (Hamburg 
model) 



Change of charge collection efficiency 

• The irradiation introduces defects which act as trapping 
center for the charge generated by an ionizing particle 

• This reduce the overall signal thus affecting the detector 
efficiency 
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The degradation of the charge collection 
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Especially at high doses (HL-LHC regime) the VFD is not a 
useful parameter. Use charge instead. 

 G. Casse et al., "Enhanced efficiency of segmented silicon 
detectors of different thicknesses after proton irradiations 
up to 1×1016 neq cm-2, 624 (2010), 401-404. 



Annealing of the CCE after irradiation 
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Normalised annealing of the collected charge in n-in-p microstrip 
sensors after 2 and 10 x 1016 neq cm-2 ( 26MeV p irradiation) 



RD50 and running experiments 
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 The  evolution of leakage current and effective depletion 
voltage are based on Hamburg model. 

 Fluence is determined by Geant4 and FLUKA 
(comparison is ongoing), 

‐ the z-dependence of the fluence reflects 
the shape of the leakage current.  



• Aim of defect studies: 
 Identify defects responsible for Trapping,  

Leakage Current, Change of Neff , Change of E-Field 

 Understand if this knowledge can be used to mitigate  
radiation damage (e.g. defect engineering) 

 Deliver input for device simulations to predict detector performance under various conditions 
 

• Method: Defect Analysis performed with various tools inside RD50: 
 
• C-DLTS (Capacitance Deep Level Transient Spectroscopy) 

• TSC (Thermally Stimulated Currents) 

• PITS (Photo Induced Transient Spectroscopy) 

• FTIR (Fourier Transform Infrared Spectroscopy) 

• EPR (Electron Paramagnetic Resonance) 

• TCT (Transient Current Technique) 

• CV/IV (Capacitance/Current-Voltage Measurement) 

• MW-PC (Microwave Probed Photo Conductivity) 

• PC, RL, I-DLTS, TEM,… and simulation  
 

 RD50: several hundred samples irradiated  
with protons,  neutrons,  electrons and 60Co-g 
 

 

Defect Characterization 

Example: TSC measurement on defects produced by 
23 GeV protons in p-type silicon of different resistivity 
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• Some identified defects 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 Trapping: Indications that E205a and H152K are important (further work needed) 

 Converging on consistent set of defects observed after p, p, n, g and e irradiation. 

 Defect introduction rates are depending on particle type and particle energy and (for some) on material! 

Summary on defects with strong impact on 
device performance after irradiation 

VERTEX 2018 21 - 26 Oct. Chennai (India) -15- 

positive charge 
(higher introduction after 

proton irradiation than after 
neutron irradiation) 

positive charge 
(higher introduction after 
proton than after neutron 

irradiation, oxygen dependent) 

leakage current 
& neg. charge 

current after  g irrad, 
 V2O (?) 

Reverse 
annealing 

(negative  charge) 

Boron: shallow dopant 
(negative  charge) 

Phosphorus: shallow dopant 
(positive charge) 

Leakage 
current: V3  

Build updated tables with levels and 
cross sections is given in the spare slides. 

BiOi 
(positive charge) 



Defects with strong impact on device 
performance after irradiation 

• Most relevant defects with impact on device performance 
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https://doi.org/10.1109/TNS.2018.2819506


Radiation Damage Models 
- Defect Parameters - 

• Several different models and tools are used within RD50 and other communities 
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Studying the electric field 
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RD50 investigation methods: Edge TCT. 
Charge generation, charge velocity and 
electric field profile. Fluorescent 

solution 

focus 

TPA: Two Photon Absorption 

Single 
Photon 
Absorption 

Two 
Photon 
Absorption 

100 objective 

Two Photons must be 
coincident in time 
(pulsed mode-locked 
lasers) and in space 
(microfocusing) 

Top-TPA 



HVCMOS – CCE as function of fluence 

• 350nm – neutron irradiation 

 AMS, 350nm, CHESS-1, 20 Wcm (7.1014cm-3) 

 2mm x 2mm passive sensor (400 pixel) 

 Sr90, 25 ns shaping, 120 V 
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• 180nm – neutron irradiation 

 AMS, 180nm, HV2FEI4, 10 Wcm (1.4.1015cm-3) 

 100m x 100 m passive pixel 

 IR-laser, 5 ns integration 
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• CCE rising above initial value for fluences in order of some 1015 neq/cm2 

 Up to about 1015 neq/cm2 CCE decreases [diffusing charge gets trapped] 

 Above about 1015 neq/cm2 CCE rises above initial value [reduction of Neff , “acceptor removal”] 

 Above some 1015 neq/cm2 CCE finally degrading [trapping, increase of space charge Neff] 



RD50 and HV-CMOS 
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HV-CMOS: key 
technology for the 
future of experiments 



4D Tracking 
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RD50 development for 4D tracking: LGAD (Low Gain 
Avalanche Diodes) or UFSD (Ultra Fast Silicon Detectors). 
Inspired by the Charge Multiplication effect. 
Stimulated attention of HL-LHC experiments: 
Pile-up mitigation. Performance required: tres < 50 ps 
Limitation to overcome: radiation tolerance to some 1015 neq 
cm-2. Improving the fill factor. 



4D Tracking 
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Idea suggested by charge multiplication in silicon. 
Low gain (<< 100) silicon detectors (LGAD) have been proposed for 4D tracking: combine the high spatial 
resolution of segmented silicon sensors with avalanche multiplication for producing high S/N devices. 
This can achieve time resolutions < 100 ps. Several application possible, also Timing Layers for primary 
vertices disentanglement at the HL-LHC. 
Pioneered within RD50, first devices fabricated by foundries within RD50: CNM, FBK. 

 Maximize slope dV/dt (i.e. large and fast signals) 
 Signal ~ gain, expect jitter ~ 1/G 
 Minimize noise N 

Principle: 
Add to n-on-p Silicon sensor an extra thin p-layer below th junction 
which  increases the E-field so that charge multiplication with 

moderate gain of 10-50 occurs without breakdown. 

Timing resolution: 



4D tracking 
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2018 

Smaller C 
Low noise 

Hartmut F.-W. Sadrozinski, "UFSD Timing", 
RD50 June 2018 



4D tracking 
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Improvements on LGAD’s: 
Radiation tolerance: in HL-LHC the timing layer 
sensors would need to operate up to 1-2 x 1015 neq 
cm-2. 
Fill factor: the shaping of the electric field at the 
edge of the multiplication region introduces no-
Gain areas in the detector.  

No gain region 



Radiation hardness studies of LGADs 
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Changes of the p-doping layer: Ga instead of B? 

Gain reduction caused by acceptor removal. 



Radiation hardness studies of LGADs 
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Changes of the p-doping layer: Ga instead of B? 
Old results can also help (crystal engineering) 

Mitigating acceptor removal. 

A. Ruzin et a., “Radiation effects in silicon 
detectors processed on carbon and oxygen-
rich substrates”, Mat. Science in Sem. 
Processing 3, pp. 257-261 (2000) 

Proton irradiated Carbon enriched Si 
FZ diodes exhibit faster acceptor 
introduction rates. This can be used for 
compensating for the acceptor 
removal (C layer should much the 
depth profile of the multiplication p-
ayer).   



Radiation hardness studies of LGADs 
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Changes of the p-doping layer: Ga instead of B? 
Old results can also help (crystal engineering) 



Radiation hardness studies of LGADs 
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Protons seem to damage less 
Thickness matters at fluences up 
to 1E15 neq/cm2 since Jitter is 
small, Landau fluctuations 
dominate 

Carbon Infusion helps up to 3E15 
neq/cm2 

Measurements were done with  
the UC Santa Cruz β-telescope 

Hartmut F.-W. Sadrozinski, "UFSD Timing", 
RD50 June 2018 
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Improving the fill factor of LGADs 

S. Hidalgo et al., 27th RD50 
meeting, 3/12/2015, CERN 
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Improving the fill factor of LGADs 



Improving the fill factor of LGADs 
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Improving the fill factor of LGADs 



VERTEX 2018 21 - 26 Oct. Chennai (India) -33- 

Improving the fill factor of LGADs 
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Improving the fill factor of LGADs 



Ultra-high radiation tolerance 
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• Array of electrode columns passing through substrate 

• Electrode spacing << wafer thickness (e.g. 30m:300m) 

• Benefits 

 Vdepletion    (Electrode spacing)2 

 Collection time  Electrode spacing 

 Reduced charge sharing 

• More complicated fabrication - micromachining 

Around 
30 µ m 

+ ve + ve - ve 

holes 

300 
µ m 

n - type 
electrode 

p - type  
electrode 

electrons 

Particle 
Around 
30 µ m 

+ ve + ve - ve 

holes 

300 
µ m 

n - type 
electrode 

p - type  
electrode 

electrons 

Particle 

Proposed by S. Parker  and C. 

Kenney in 1995. 



Ultra-high radiation tolerance 
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3D sensors efficient after 
3x1016 neq cm-2! J. Lange, 3D detectors for the LHC, 

31/11/17, 31st RD50 meeting, CERN. 



Ultra-high radiation tolerance 
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Exploring final limit: 1017 
neq cm-2, still alive? 

M. Mikuz, 28th RD50 meeting, 
Torino, 8/06/2016 G. Kramberger et al. JINST 8, 

PO8004, 2013 



RD50 in the future … 
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Sensors for various applications are ongoing a transition : successful and well mature hybrid 
sensors (micro-strip in particular but also pixelated hybrid sensors) could be phased out in many 
domains.  
• Applications are going to be ever more demanding on sensors, beyond current technology 

capabilities. High energy physics in particular sets extreme challenges: 
• radiation survival up to 7x1017 neq cm-2 is a challenge for future applications 
• tight resolution requirements (1 μm  point resolution)  
• Very light and low power sensors (< 1% X0) 
RD50 is ideally positioned for carrying out the research program towards: 
• Sensing up to extreme radiation fluences (1017 neq cm-2 and above): 

Characterization of sensor behavior (current, temperature dependence, annealing 
effects, signal measurements) 

Microscopic defects investigation to the new damage regime 
• Extended models for describing sensor performances up to these extreme fluences 

Insertion of extreme damage effects in TCAD semiconductor simulation software 
Parametric description of operation parameters (signal, trapping, current) as a function 

of fluence and temperature. 
• Investigation of new structures and enhancement of their potential (LGAD, small area 3D, HV-

CMOS). 
 

And, just as it happens to R&D endeavours and as the history of RD50 testifies, be the forum 
where new ideas develop. 


