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Bonjour tout le monde. 

Premièrement j'aime vous remercier de l'invitation.
Deuxièmement j'aime dire que je suis désolé pour mon Français
Si vous pensez à un moment qui mon Français est trop mauvais, je m'arrêterai et continuerai en anglais. 
Cependant, je voudrais vraiment essayer de donner cette présentation en français

Alors je commence: 
Aujourd'hui je voudrais parler au sujet du développement des détecteurs de semi-conducteur pour le futurs  générations de collisionneurs avec de très haute luminosité 

….et  en particulier au sujet des développements pour le remise a niveau (upgrade)  du LHC (le Grand Collisionneur Hadronique), le Super LHC.

..la plus grande partie des développements que je vais présenter
           ..  ont été effectuées par la collaboration CERN-RD50         
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8 North-American institutes
Canada (Montreal), USA (BNL, Fermilab, New Mexico, Purdue, 

Rochester, Santa Cruz, Syracuse)

1 Middle East institute
Israel (Tel Aviv)

41 European and Asian institutes
Belarus (Minsk), Belgium (Louvain), Czech Republic (Prague 
(3x)), Finland (Helsinki, Lappeenranta), Germany (Dortmund, 

Erfurt, Freiburg, Hamburg, Karlsruhe, Munich), Italy (Bari, 
Florence, Padova, Perugia, Pisa, Trento), Lithuania (Vilnius), 

Netherlands (NIKHEF), Norway (Oslo (2x)), Poland
(Warsaw(2x)), Romania (Bucharest (2x)), Russia (Moscow, 

St.Petersburg), Slovenia (Ljubljana), Spain (Barcelona, Valencia), 
Switzerland (CERN, PSI), Ukraine (Kiev), United Kingdom 

(Glasgow, Lancaster, Liverpool)

250 Members from 47 Institutes

Detailed member list:  http://cern.ch/rd50

Development of Radiation Hard Semiconductor 
Devices  for High Luminosity Colliders



RD50

Mara Bruzzi and Michael Moll on behalf of RD50 – LHCC, February 18, 2010   – Slide 3

1013 5 1014 5 1015 5 1016

Φeq [cm-2] 

5000

10000

15000

20000

25000

si
gn

al
 [e

le
ct

ro
ns

] 

n-in-n (FZ), 285µm, 600V, 23 GeV p 
p-in-n (FZ), 300µm, 500V, 23GeV p
p-in-n (FZ), 300µm, 500V, neutrons

p-in-n-FZ (500V)
n-in-n FZ (600V)

M.Moll - 08/2008

References:

[1] p/n-FZ, 300µm, (-30oC, 25ns), strip [Casse 2008]
[2] n/n-FZ, 285µm, (-10oC, 40ns), pixel [Rohe et al. 2005]

FZ Silicon 
Strip and Pixel Sensors

strip sensors
pixel sensors

Motivation:

Signal degradation for LHC Silicon Sensors

Strip sensors:
max. cumulated fluence for LHC  

Pixel sensors:
max. cumulated fluence for LHC   
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References:

[1] p/n-FZ, 300µm, (-30oC, 25ns), strip [Casse 2008]
[2] n/n-FZ, 285µm, (-10oC, 40ns), pixel [Rohe et al. 2005]

FZ Silicon 
Strip and Pixel Sensors

strip sensors
pixel sensors

Motivation:

Signal degradation for LHC Silicon Sensors

Strip sensors:
max. cumulated fluence for LHC  and SLHC

Pixel sensors:
max. cumulated fluence for LHC   and SLHC

SLHC will need more radiation tolerant 
tracking detector concepts!

Boundary conditions & other challenges:
Granularity,  Powering, Cooling, Connectivity, 

Triggering, Low mass,  Low cost !
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Scientific Organization of RD50
Development of Radiation Hard Semiconductor Devices for High Luminosity Colliders

New 
Structures

Richard Bates
(Glasgow University) 

Co-Spokespersons

Mara Bruzzi and      Michael Moll
INFN and University of Florence                      CERN  PH-DT

Defect / Material
Characterization
Bengt Svensson
(Oslo University)

Defect 
Engineering

Eckhart Fretwurst
(Hamburg University)

Pad Detector
Characterization

Gregor Kramberger
(Ljubljana University)

Full Detector
Systems

Gianluigi Casse
(Liverpool University) 

Characterization of
microscopic properties

of standard-, defect 
engineered and new 

materials  pre- and post-
irradiation

• WODEAN: Workshop 
on Defect Analysis in 

Silicon Detectors
(G.Lindstroem)

Development and 
testing of defect

engineered silicon

• Epitaxial Silicon
• High res. CZ, MCZ
• Other impurities

H, N, Ge, …
• Thermal donors
• Pre-irradiation

• Wafer procurement
(M.Moll)

•Characterization of
test structures: IV, CV, 
CCE, TCT, ….

•NIEL
•Device modeling
•Operational conditions
•Common irradiations

•Standardisation of
measurements

(A.Chilingarov)
• New Materials

(E. Verbitskaya)

•3D detectors
•Thin detectors
•Cost effective

solutions
•Other new structures

•3D (R.Bates)
•Semi 3D (Z.Li)
•Thinned detectors

(M.Boscardin)

• LHC-like tests
• Test beams
• Links to HEP
• Links electronics R&D
• Comparison:
- pad-mini-full detectors
- different producers

•Pixel Europe: T.Rohe
•Pixel US: D.Bortoletto

Collaboration Board Chair & Deputy: E.Fretwurst (Hamburg) & J.Vaitkus (Vilnius), Conference committee: U.Parzefall (Freiburg)
CERN contact: M.Moll (PH-DT),   Secretary: V.Wedlake (PH-DT),  Budget holder: M.Glaser (PH-DT) 

Voici la structure de l'organisation scientifique  rd50;
nous avons un porte-parole et un porte-parole député;
et nous avons six voies de recherches avec différentes tâches. 
 chaque projet est guidé par un responsable
(DMC) caractérisation de défaut et de matériel; �cette équipe étudie les défauts à l'intérieur des cristaux et caractérise les impuretés à l'intérieur du semi-conducteur; dans ce groupe la plupart de nos physicien  à semi-conducteurs travaillent; ils emploient des techniques comme les DLTS, TSC, IR, SIMS, ...
(DE) ce groupe développe de nouveaux matériaux sur la base du silicium (par exemple silicium avec l'oxygène, le carbone, l'hydrogène)
(NM) ce groupe développe des nouveaux matériaux qui ne sont pas silicium,se sont des semi-conducteur comme le carbure de silicium ou le nitrure de gallium
(PDC) ce groupe fait des expériences d'irradiation. Ils utilise  des detecteurs avec une structure tres simple (pin diode) pour examiner les matériaux qui ont été développés  par les autres groupes
(NS) ce groupe développe de nouvelles structures de détecteur (comme le détecteur 3D et les détecteurs minces)
(FDS)ce groupe réalise des tests avec des détecteurs plus complexes, les détecteurs qui sont employés dans les expériences comme le detecteurs micro piste et les détecteurs pixel; ils suivent également le développement des systèmes électroniques 
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Defect Characterization - WODEAN
• WODEAN project (initiated in 2006, 10 RD50 institutes, guided by G.Lindstroem, Hamburg)

• Aim: Identify defects responsible for Trapping, Leakage Current, Change of Neff

• Method: Defect Analysis on identical samples performed with the various tools 
available inside the RD50 network:

•C-DLTS (Capacitance Deep Level Transient Spectroscopy)

•I-DLTS (Current Deep Level Transient Spectroscopy)

•TSC (Thermally Stimulated Currents)

•PITS (Photo Induced Transient Spectroscopy)

•FTIR (Fourier Transform Infrared Spectroscopy)

•RL (Recombination Lifetime Measurements)

•PC (Photo Conductivity Measurements)

•EPR (Electron Paramagnetic Resonance)

•TCT (Transient Charge Technique)

•CV/IV

• ~ 240 samples irradiated with 
protons and neutrons 

• first results presented on 2007 RD50 Workshops,
further analyses in 2008 and publication of most 
important results in  in Applied Physics Letters

… significant impact of RD50 results on 
silicon solid state physics – defect identification
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Example: TSC measurement on 
defects (acceptors) responsible for the 

reverse annealing
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Summary – defects with strong impact on the 
device properties at operating temperature

Point defects

• Ei
BD = Ec – 0.225 eV 

• σσσσn
BD =2.3⋅⋅⋅⋅10-14 cm2

• Ei
I = Ec – 0.545 eV

• σσσσn
I =2.3⋅⋅⋅⋅10-14 cm2

• σσσσpI =2.3⋅⋅⋅⋅10-14 cm2

Cluster related centers

• Ei
116K = Ev + 0.33eV 

• σσσσp
116K =4⋅⋅⋅⋅10-14 cm2

• Ei
140K = Ev + 0.36eV

• σσσσp
140K =2.5⋅⋅⋅⋅10-15 cm2

• Ei
152K = Ev + 0.42eV

• σσσσp
152K =2.3⋅⋅⋅⋅10-14 cm2

• Ei
30K = Ec - 0.1eV 

• σσσσn
30K =2.3⋅⋅⋅⋅10-14 cm2

V2 
-/0

VO -/0 P 0/+

H152K 0/-
H140K 0/-

H116K 0/-
CiOi

+/0

BD 0/++

Ip
0/-

E30K 0/+

B 0/-

0 charged 
at RT

+/- charged at RT

Point defects extended defects
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Reverse 
annealing

(neg. charge)

leakage current
+ neg. charge

(current after  γγγγ irradiation)

positive charge 
(higher introduction after 

proton irradiation than after 
neutron irradiation)

positive charge 
(high concentration in oxygen 

rich material)
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Correlation: Microscopic and Macroscopic data

• Bistable cluster related 
defect responsible for 

fraction of leakage current

[A.Junkes et al.,”Annealing of a bistable 
cluster defect’, NIMA 612 (2010) 525]]

Injection of 1A and annealing at 80C 
switches leakage current ‘on’ and ‘off’

Total current correlates with
sum of E4a+E4b+E205a
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Correlation: Microscopic and Macroscopic data

• Epitaxial silicon irradiated with 23 GeV protons vs reactor neutrons

[A.Junkes, Hamburg University, RD50 Workshop June 2009]
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Mixed irradiations – Change of Neff

• Exposure of FZ & MCZ silicon sensors to ‘mixed’ irradiations
• First step:   Irradiation with protons or pions 
• Second step:  Irradiation with neutrons 

FZ: Accumulation of damage MCZ: Compensation of damage

[G.Kramberger et al., “Performance of silicon pad detectors after mixed 
irradiations with neutrons and fast charged hadrons”, NIMA 609 (2009) 142-148]
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FZ n-in-p microstrip sensors (n, p, π π π π −−−− irrad)

• n-in-p microstrip p-type FZ detectors (Micron, 280 or 300µm thick, 80µm pitch, 18µm implant )

• Detectors read-out with 40MHz (SCT 128A)

• CCE: ~7300e (~30%) 
after ~ 1××××1016cm-2 800V

• n-in-p sensors are strongly considered 
for ATLAS upgrade (previously p-in-n used)
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[A.Affolder, Liverpool, RD50 Workshop, June 2009]
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[Data: G.Casse et al., NIMA 568 (2006) 46 and RD50 Workshops][Data: G.Casse et al., NIMA 568 (2006) 46 and RD50 Workshops]

• no reverse annealing in CCE measurements
for neutron and proton irradiated detectors



RD50

Mara Bruzzi and Michael Moll on behalf of RD50 – LHCC, February 18, 2010   – Slide 13

Do thin sensors offer advantages ?

• Comparison of n-in-p sensors of 140 and 300 µµµµm thickness
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open symbols: 
300µµµµm

closed symbols: 
140µµµµm
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Charge Multiplication –Epi Diodes

• Epi diodes, 75 and 150 µµµµm thick
• Measured trapping probability found to be 

proportional to fluence and consistent with values 
extracted in FZ

• Multiplication effect stronger for 75 µµµµm diodes
• Smaller penetration depth (670 nm laser) 

→→→→ stronger charge multiplication

n-type, αααα [J.Lange et al., 14th RD50 Workshop, June 2009]

75 µµµµm

75 µµµµm

150 µµµµm
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M.Moll - 09/2009

References:

[1] G.Casse, VERTEX 2008
        (p/n-FZ, 300µm, (-30oC, 25ns)

[2] I.Mandic et al., NIMA 603 (2009) 263
        (p-FZ, 300µm, -20oC to -40oC, 25ns)
           

FZ Silicon Strip Sensors

Good performance of planar sensors at high fluence

• Why do planar silicon sensors with n-strip readout give such high 
signals after high levels (>1015 cm-2 p/cm2) of irradiation?
• Extrapolation of charge trapping parameters obtained at 

lower fluences would predict much lower signal!
• Assumption: ‘Charge multiplication effects’ as even CCE > 1 was observed

500V

800V

1700V

• Which voltage can be applied?
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A new tool:  Edge - TCT
• A new tool to study

• electric field, charge trapping 
and ‘charge collection profile’

• Principle of operation
• IR laser focused on sensor edge

• small beam width (e.g. 8 µm) and pulse length (e.g. 200 ps)
• precise beam positioning (e.g. some µm)

• requires pixel or strip sensor
• structured sensor with polished edge

• Example: Non irradiated n-in-p minstrip sensor
Position scan at fixed voltage                                      Voltage scan at fixed position (20 µµµµm)

strip side 

back contact

[G.Kramberger, 15th RD50 Workshop, CERN, Nov. 09]
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Edge–TCT: indications for avalanche
• Neutron irradiated p-type sensor

• n+-p strip sensor  (Micron, 300 µm thick, 80 µm pitch)

• Φeq = 5×1015 cm-2 (annealed: 80 min at 60C; measured: -20ºC)

• Velocity profile (‘Prompt Current Method’)
• measure current at ½ of rise time of system (i.e. at 300 ps)

[ ] heeffhe
he tyvyv

W

NAe
tyI ,,

,0 ,)()()0~,( τ<<+≈

constant
(if no charge

multiplication)

• measured after very short 
times: trapping does not yet 
influence the signal

• For non-irradiated sensors:
Velocity profile can directly 
be transferred into Electric 
Field profile.

• For this heavily irradiated 
sensor current is higher 
than allowed by ‘saturation 
velocity’
Proposed solution:  

Carrier Multiplication!

saturated 
velocity

[G.Kramberger, 15th RD50 Workshop, CERN, Nov. 09]
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• Total charge produced by a m.i.p.
• integration over charge collection profile

gives total charge <Q> for a m.i.p.

• correlates well with leakage current Ileak

Edge–TCT: indications for avalanche
• Neutron irradiated p-type sensor

• n+-p strip sensor  (Micron, 300 µm thick, 80 µm pitch)

• Φeq = 5×1015 cm-2 (annealed: 80 min at 60C; measured: -20ºC)

• Charge collection profile
• estimate how much charge e-h pair delivers 

that is created in certain depth of the sensor

Expected bulk current for 
fully depleted detector

[G.Kramberger, 15th RD50 Workshop, CERN, Nov. 09]
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Planar pixel productions

• MPP-HLL thin pixel production (75 and 150 µµµµm) on n-
and p-type FZ silicon using a wafer bonding technique 
that allows variable thicknesses down to 50 µµµµm

• Pre-irradiation characterization of the p-type wafers 
shows high yield and good breakdown performances

• RD50 Planar Pixel project : production of pixels at CiS 
(CMS and ATLAS geometries) on FZ and MCz silicon 
with R&D focus on: 

- direct comparison of n-in-n and n-in-p performances
- slim edges (needed for inner pixel layers  in ATLAS)
- Pixel isolation methods (moderated, uniform p-spray) 

n-in-n 
wafer 
design

[M. Beimforde 14th RD50 
Workshop, June 2009]

p-type pixels
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• “3D” electrodes: - narrow columns along detector thickness,
- diameter: 10µµµµm,  distance: 50 - 100µµµµm

• Lateral depletion: - decoupling of detector thickness and charge collection distance
- lower depletion voltage needed
- fast signal
- radiation hard

Development of 3D detectors 

• Fabrication of 3D detectors 
challenging: modified design under 
investigation within RD50

• Columnar electrodes of both 
doping types are etched into the 
detector from both wafer sides

• Columns are not etched through 
the entire detector: no need for 
wafer bonding technology but 
column overlap defines the 
performance.

n+ columns

p+columnsp-type substrate

metal

oxide

3D-DDTC

• Two manufacturers: CNM (Barcelona):    14 wafers (p- and n-type)
FBK (Trento):    3 3D-DDTC batches fabricated with different overlaps
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3D-DTC sensors –Test-beam data

[M.Koehler 14th RD50 Workshop, June.2009]

front column

back column

Overall efficiency: 97.3% Overall efficiency: 98.6%

No clustering 
strips with highest and 2nd highest 

signal joined into clusters 

2D efficiency at 40 V for Q>2fC

• Device from FBK: p-type strip sensor, 50  µµµµm column overlap

• Test-beam at CERN: 225 GeV/c muons and APV25 analogue readout (40 MHz)

Strip structure is clearly visible 
only when clustering is not 
applied.
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New structures …. new ideas
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Workplan for 2010 (1/2)

• Characterization of irradiated silicon:
§ Continue WODEAN program (Extend EPR activities)
§ Common publication in Phys. Rev. B on new results
§ Modelling and understanding role of clusters 
§ Extend studies to p-type silicon detectors
§ Extend search on defects responsible for trapping

• Secure supply of 150µµµµm thick epitaxial silicon
• Production of epitaxial silicon on FZ substrate
• Extend common irrad. programs with fluences up to 1016cm-2

(get clear understanding on trapping and avalanche processes)
• Extend investigations on ‘mixed’ irradiations
• Cold irradiations (down to -40°C) 
• Irradiations with and without applied bias
• Study of hydrogenated silicon sensors

Defect Engineering

&

Pad Detector
Characterization

Defect and Material
Characterization
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Workplan for 2010 (2/2)

• Working, high quality double column 3D devices (pad, strip, 
pixel) are now available within RD50: Further tests in 2010

• Comment:   Strong R&D performed now within ATLAS-3D group
(not part of RD50)

• Further explore fluence range between 1015 and 1016 cm-2

• ‘Mixed irradiations’ & cold irradiations
(see also pad detector characterization)

• Long term annealing of segmented sensors
• In depth study on S/N behaviour in ‘charge multiplication mode’
• Support and distribute Alibava system among RD50 members
• Investigate on electric field profile in irradiated segmented 

sensors and impact on CCE: Exploit new Edge-TCT technique
• Study impact of implant shape on charge multiplication
• Perform another RD50 test beam
• Pion irradiation (Beam request to PSI posed)

New Structures

Full Detector 
Systems
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Resources requested for 2010

• Common Fund:

RD50 does not request a direct financial contribution to the RD50 common fund. 

• Acknowledgement: Council Whitepaper – Theme 3 R&D – PH Workpackages

The CERN-RD50 group activities are included in and supported by the 
Work Package 4 “Radiation Hard Semiconductor Detectors” 

• Lab space and technical support at CERN:

As a member of the collaboration, the PH-DT should provide (as in 2009) access to 
lab space in building 14 (characterization of irradiated detectors), in building 28 (lab 
space for general work) and in the Silicon Facility (hall 186, clean space). 

• CERN Infrastructure:

- One collaboration workshop in November 2010 and working group meetings
- Administrative support at CERN through PH-DT secretariat
- Request for one additional office in blg. 28 next to Silicon Facility
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Main results in 2009

• Progress in understanding microscopic defects
• Defects responsible for reverse annealing identified
• Defects responsible for positive charge build up in MCZ and EPI identified 

• Consolidation of data obtained on p-type silicon strip sensors
• Further results on radiation tolerance 
• Further results on long term annealing

• New tool developed: Edge-TCT
• Charge carrier velocity profile; Electric field profile; Charge collection profile, …

• Installation of the ALIBAVA readout system in many RD50 institutions

• Good progress in understanding the ‘good performance’ of highly irradiated 
structured sensors with n-implant readout: Charge multiplication processes

• ATLAS planar pixel group & RD50: Common project on pixel sensors


