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Past: The findings of the ROSE collaboration

Present: The RD50 collaboration
From microscopic defects to macroscopic properties
Simulating device performance
Choice of Materials for HL-LHC
Charge multiplication after heavy irradiation
From future to present: 3D sensors

Near present:
New devices: HVCMOS

Outline
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Some history: the ROSE collaboration



  

RD48 (ROSE collaboration): 1996-2001

Main outcomes:

 Oxygen enrichment of Si bulk → Radiation 
hardening against charged hadrons → Choice of 
DOFZ material for pixel sensors (fluence 
dominated by charged hadrons)

 Hamburg model (prediction of type inversion 
point and long term behavior of the effective doping 
concentration Neff) → projection of damage results 
to LHC operational conditions

Method: Diffusion of oxygen from a thick oxide 
layer grown via a prolonged oxidation step

Microscopical reason at that time not clear

ROSE collaboration: 38 groups, 7 associated companies, 3 observers by 2001

 “Low” resistivity Si (1 kΩ.cm) beneficial for 
delayed type inversion after neutron irradiation

Pixel region

Plots from G. Lindstrom et al, NIMA 466 (2001) 308-326
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Present times: the RD50 collaboration

The RD50 collaboration
From microscopic defects to macroscopic properties
Simulating device performance
Choice of Materials for HL-LHC
Charge multiplication after heavy irradiation
From future to present: 3D sensors



  



  



  

Simulation of the damage 
created by a knocked on 
Si atom with recoil energy 
of  50 keV (~average 
kinetic energy transferred 
by a 1 MeV neutron to a 
PKA)

A. Junkes, PhD thesis, 2011

PKA
Displaced Si atoms

Impinging
particle
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Radiation damage highlights



  

 Significant progress over last few years identifying defects responsible for sensor 
degradation after neutron and proton irradiation. Defects related to N

eff
 and reverse annealing

Shallow 
donor Deep 

acceptors

BD

(23 GeV)

DO-epiN

Defects with impact on Neff

VERTEX2014 – Marcos Fernandez 9

I.
 P

in
ti

lle
, 
A

P
L  

9
2

, 
0

2
4
1

0
1

 2
0

0
8

The concentration of positive space charge 
overcomes that of deep acceptor (-sc). As a 
consequence no type inversion after proton 
irradiation seen in O-rich materials.

− Identified shallow donors [E(30K) and BD]  in 
O-rich epi-Si with higher concentration after 
proton than after neutron irradiation. They 
contribute with +sc (positive space charge). VP 
process also suppressed.

The peaks for deep acceptors (identified as hole 
traps, H(116K),H(140K),H(152K))  responsible for 
reverse annealing. Observed concentration 
increase with time at 80 C.

I. Pintilie et al./NIMAA611(2009)52–68

[overcompensation of +sc for short annealing times 
in DO-Epi material]



  

DLTS peaks proportional to defect 
concentration.

Defects with impact on leakage current 
have to be near the middle of the band 
gap.

Peak at 200K consists of several defects 
and “dissolves” with time and 
temperature. It correlates with the 
annealed fraction of leakage current.

Defects with impact on leakage current

Leakage current annealing with 
time at 60C

Correlation of the E5 
concentration with the change 
of damage parameter α in Si

Trapping: Indications that E205a (leakage) and H152K (N
eff

) are important (further work needed)
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 Measured defects not used in TCAD programs. 
Instead replaced by few (2-5) “effective” levels  that 
reproduce measurements (I

leak
,V

dep
,TCT and CCE). 

Also different sets for proton and neutron irradiation

 Simulations do not  make use of Hamburg model. 
Filling of traps by current determines space charge → 
electric field.

Defects implementation into simulations
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Donor: E = EV + 0.48eV
Acc.:    E = EC – 0.525eV
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E. Verbitskaya, 21st RD50 Workshop

backside

V. Eremin, A 476 (2002) 556–564

p+ 

(-sc)

frontside

n+ 

(+sc)

Double Junction:

Type inversion is a 
simplification of real process. 
Two junctions appear after 
traps are filled. 

There can be a resistive, non 
depleted region in between the 
junctions. 

Under reverse bias →  
voltage drop across it, 
leads to an electric field, 
even if it is not depleted!! 

Neff as single parameter 
describing the inversion is 
inaccurate.



  

 Despite the fact that our community has always concentrated in the bulk damage of detectors, both 
bulk and surface damage take place simultaneously

 The design of the detectors has to be adjusted in a way that the changes in the electric field 
due to the oxide charges do not influence the sensor performance

 Bulk and Surface damage are included into TCAD simulations by RD50. For surface damage both 
oxide charge density and Interface traps are being implemented. [Details in Ranjeet's talk 
tomorrow].

Bulk and surface damage

 Some effects can only be 
simulated taking into account 
surface damage effects. Right: 
comparison of electric fields of n-
on-p and p-on-n type strip sensors 
after proton fluence of 1015 neq/cm2,  

considering oxide charge densities 
1.2×1012cm-2.

 Higher E-field in p-on-n sensor at 
the strip can produce 
microdischarges and lead to so-
called Random Ghost Hits.

R. Dalal, 2014 JINST 9 P04007 strip strip
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Simulation matching with measurements (effective 2 trap model)

R. Eber, 22nd
 RD50 Workshop

CMS FZ200P diodes

R. Eber, 22nd
 RD50 Workshop

R. Eber, 22nd
 RD50 Workshop

T.Peltola, R. Dalal, PSD10, Surrey 2014

 CCE simulations using 2 trap model + fixed 
charges at Si/SiO2 interface

 Model predicts test beam measured CCE 
(trapping!) of FZ320P and MCZ+FZ200P 
samples proton irradiated, neutron and mixed!

 Leakage current predicted correctly

p only

Data

200 µm

300 µm

VERTEX2014 – Marcos Fernandez 13

Φ=[1014-1015] n
eq

/cm2



  

Choice of Silicon material for HL-LHC

 P-type silicon brought forward by RD50. Now baseline for CMS and ATLAS tracker upgrades 

 Electric field and weighting field are maxima at the same electrode (    maximum)E⋅ Ew

 Reasons for this choice:

 Electron collection superior over hole collection:
1) Faster mobility for electrons
2) Electrons can multiply at n+ implant
3) Slightly lower trapping for electrons than for holes
4) Decrease of trapping prob with annealing for electrons
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A. Affolder, Liverpool, NIMA 623, 2010, 177-179

N-in-p microstri[ps, Micron, 280 or 300µm thick, 80µm pitch, 18µm implant, 
ATLAS readout

Charge Collection and annealing for n-on-p detectors

CMS:

Left: 200μm n-in-p type 
sensors show 8ke- seed 
signal after 2x1015 
neq/cm2

p-in-n type comparable 
signal but showed 
increased non-reducible 
noise and fake hits above 

Right: Thicker sensors 
give more signal but 
degrade faster.

CC of thin sensors 
(600V) do not degrade 
with annealing. 

600V,-20C

600V,-20C

CMS TK Upgrade Technical Proposal

ATLAS:

No reverse annealing in 
CCE measurements
for neutron and proton 
irradiated detectors



  

Observation: Charge Multiplication in heavily irradiated detectors

 Space charge increase after irradiation (Φ≥1015 n
eq

/cm2) leads to high electric field 

near the electrodes. 

 Observed in planar and also in 3D detectors, n-on-p (electron collection)

 Small gains measured < 10, reason being competition of CM and trapping  [E. Verbitskaya et al., 
NIMA 730 (2013) 66-72]

 CM also increases the current (shot) noise. Noise and signal can have different 
multiplication factors. For the SNR to increase the capacitive noise should dominate 
over the shot noise:

J. Lange, DESY-THESIS-2013-042

In general , the SNR will depend on the readout and individual sensor type

 Charge multiplication (CM) can occur for E-fields ~ 10-15 V/µm. 

 Collected charge can exceed that of the non-irradiated detector.
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I.Mandic, NIMA 612(2010)474–477

Charge Multiplication examples: strips, 3D

140 µm thick

300 µm thick

Expected maximum charge from trapping

Non-irradiated 140 µm depleted

G. Casse, NIMA624 (2010) pp. 401–404

non-irr

 Top left: The recovery of full charge collection 
only depends on the ability to provide a strong 
enough electric field to the sensor

 Top right: Charge collected by thin devices is 
higher than for thick ones (higher E-field for 
same voltage).

 Two strategies followed from here on:

26 MeV protons, Alibava readoutReactor neutronsSTRIPS

STRIPS

3D

M. Köhler, NIMA659 (2011) 272–281

1) Junction engineering to study and 
control amplification in irradiated devices

2) Detectors with built in gain
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Charge multiplication via junction engineering

RD50 run of 5 wafers from Micron Sem. Ltd (UK): 

 Varying w/p ratio, implant energy (2E imp), implant 
diffusion time (extra diff), with/without intermediate 
biased/floating strips, thickness (4×300 µm, 1×150 
µm), resistivities (8-13 kΩ.cm)

 Irradiated with 23 MeV protons (1e15) or reactor 
neutrons (1e15, 5e15 n

eq/
cm2)

S. Wonsak, PSD10, Surrey 2014

neutron 5e15 neq/cm2, 800 V

CM

No CM

600V

Pitch 80, width=6 µm

600V

C. Betancourt et al, NIMA 730 (2013) 62-65

M. Fernandez, S. Wonsak, PSD10, 2014

std

Charge multiplication only observed at bias>600V 
for neutron irradiated at 5e15 neq/cm2

 Highest for “2E imp” and for lower w/p ratio (as 
expected since fields are larger at strip edges).

 Edge-TCT charge profiles clearly show gain region 
at the detector front. Multiplication appears when 
front junction dominates over backside junction.



  

LGAD: Low Gain Avalanche detectors
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 Why low gain?
− Built in Low Gain allows read 
out using same FE as standard 
detectors. 
− Thinner detectors can be 
produced to give the signal of 
thick ones. Noise can be kept 
moderated.

 Technology:
Based on APDs. An extra p-
type layer (Boron) is diffused 
below the n+ electrode of a 
standard n-on-p detector. 
Under reverse bias, a high E-
field is created in this region, 
and impact ionization leads 
to multiplication for electrons 
reaching n+ electrode.  Technological challenge:  control B implant dose to better than 2⋅1012 

cm-2. Abrupt changes of gain for small changes of B implantation.

More info: V. Greco's talk tomorrow

Performance before irradiation

Gain~×8 at 300 V, no increase of noise

G.Kramberger, 22nd RD50 workshop, Albuquerque

Performance after neutron irradiation

Effective acceptor removal in the p+ layer is 
responsible for gain degradation [G.Kramberger, 24th RD50, 2014]

G.Kramberger, 22nd RD50 workshop, Albuquerque

  Investigation of other p-layer doping options: different acceptor ions



  

3D detectors
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 In the road since 1997 (Parker et al.), they have been intensively studied by ATLAS community.
Now populating 25% of ATLAS IBL. Commissioning taking place as of now.

 Maximum fluence at IBL is 5×1015 neq/cm2 (conservative 3000 e 
threshold chosen)

C.Da Vià, NIMA 699 (2013) 18-21

More info: S. Grinstein today

New RD50 project: 
exploring the 
capabilities of DRIE 
etching at cryogenic 
temperatures (40:1 
aspect ratio)



  

New devices: HVCMOS

Near present:



  

HVCMOS
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More info: D. Muenstermann talk tomorrow

 Depleted active pixel detectors implemented in CMOS process. The sensor element is a 
deep n-well in a low resistivity (~10 Ω.cm) p-type substrate. The main charge collection 
mechanism is drift in a very thin depletion region 10-20 µm. Substrate can be thinned down!

 Hit position encoded as height of the pulse in the 
pixel address line.

 Different readout geometries possible. For instance strip readout (summing pixels) using a 
standard RO chip (tests done with Alivaba).

 AC coupling to the 
chip is possible. 
Successfully glued 
(not bump bonded) 
to ATLAS FE-I4 
using flip-chip for 
alignment.

 Proposed for the HL ATLAS upgrade, as pixel detector for Mu3e experiment (PSI) and 
Panda Luminosity Monitor.

 HVCMOS Collaboration includes: University of: Bonn, Geneva, Goettingen, Glasgow, Heidelberg; 
CERN, LBNL, CPPM.

FEI4

HVCMOS



  

HVCMOS: edge-TCT characterization
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 HVCMOSv3 laser tested 
using edge-TCT technique 
(see G. Kramberger talk in this 
conference for edge-TCT details). 

Charge drift-only [a.u.]

D
ep

th
 [

m
m

] 

C. Weisser, CERN-SSD+Un. Geneve

Side view of HVCMOS

Deep n-well

+-

+-
+-
+-

+-

Secondary signal. 
Partial collection 
by diffusion+drift

Recombination

S
ign

al lo
ss

~
4

0 µ
m

Primary signal. 
Collection by drift

~
2

0 µ
m

Room T 
measurement

Trapping kills 
slow diffusion 
component

Drift 
component 
remains 
almost 
invariant.

Not irradiated

Φ
eq

=1×1015 n
eq

/cm2

Readout conf: drift+diffusion
Very good performance for neutron irradiated detectors:

 Scope readout: time 
resolved waveform 

 Sampling 
induced current 
across the 
thickness of the 
detector using a 
collimated IR 
pulsed laser.

, 1×1015 n
eq

/cm2

, 1×1015 



  

Summary
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 RD50 is a CERN R&D collaboration. Common projects with experiments: Irradiation 
campaigns, test beams, wafer procurement and common sensor projects.

 RD50 is a transversal collaboration. Silicon experts from different experiments can 
come together and discuss/share information.

 Most of the activity focused on Si, in particular radiation hardness towards HL-LHC.

 Topics covered involve: 

­ Defect characterization of Si (comprehensive map of defects)

­ Detector Characterization (including development of new characterization 
techniques like edge-TCT)

­ Device simulation (from excel spreadsheet to most complex TCAD machinery) 

­ New structures (3Ds, thin detectors, slim edges, LGAD,...)

­ Full detector systems (Portable readout for Si microstrips: Alibava, comparison 
of producers, test beams... )



  

RD50 highlights
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[from Michael Moll]

Some important contributions of RD50 towards the LHC upgrade detectors:

p-type silicon (brought forward by RD50 community) is now considered to be the base line option for the 
ATLAS and CMS Strip Tracker upgrade

n- MCZ (introduced by RD50 community) might improve performance in mixed fields due to compensation 
of neutron and proton damage: MCZ is under investigation in ATLAS, CMS and LHCb

Double column 3D detectors developed within RD50 with CNM and FBK. Development was picked up by 
ATLAS and further developed for ATLAS IBL needs. They are an option for the CMS pixel upgrade.

RD50 results on very highly irradiated planar segmented sensors have shown that these devices are a 
feasible option for the LHC upgrade

RD50 data are essential input parameters for planning the running scenarios for LHC experiments and 
their upgrades (evolution of leakage current, CCE, power consumption, noise,….).

Charge multiplication effect observed for heavily irradiated sensors (diodes, 3D, pixels and strips). 
Dedicated R&D launched in RD50 to understand underlying multiplication mechanisms, simulate them and 
optimize the CCE performances. Evaluating possibility to produce fast segmented sensors?
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BACKUP



  

Hamburg model



  

Benefitial ann. Reverse ann.

=g
a
Φ

eq
e-t/τa



  

Leakage current decreases in time. If α → 0, then it 
would reach the same value as before irradiation
Constant a is normally quoted after 80 min at 60C

The Temperature shown is the temperature at which the 
annealing is done. If the detector is left at room T, the 
leakage current after the technical stop will be smaller 
than if the detector was kept cold.

After 10 min at 106 C (for instance) α~2.5e-17. If we 
start irradiating the detector at 20C, then the increase of 
leakage current is smaller than if we had annealed the 
sample at 21C

Vertex 2014 LHCb Silicon Detectors - Christian Elsasser

Dilema:
Leave detector cold and benefit 
from slower reverse annealing 
or warm the detector and 
benefit from Ileak annealing



  

Virtues of DOFZ

G. Lindström, Volume 466, Issue 2, 1 July 2001, Pages 308–326G. Lindstroem, CERN-RD48, LEB-workshop, Cracow 14-Sep-00

Strong reduction (w.r.t. “standard 
silicon”) of Vdep after 24 GeV/c 
proton and 300 MeV/c pion 
irradiation

Unchanged after reactor neutrons

Saturation of 
reverse annealing

Stable damage 
(acceptor 
introduction) 
improved by a 
factor 3.

http://www.sciencedirect.com/science/article/pii/S0168900201005605


  

 Significant progress over last few years identifying defects responsible for sensor 
degradation after neutron and proton irradiation. Defects related to Νeff (left) and N

eff
 reverse 

annealing (right)

Shallow 
donor Deep 

acceptors

BD

(23 GeV)

DO-epiN

− Identified shallow donors [E(30K) and BD]  in 
O-rich epi-Si with higher concentration after 
proton than after neutron irradiation. They 
contribute with +sc. VP process also suppressed

The concentration of +sc overcomes that of deep 
acceptor (-sc). As a consequence no type 
inversion after proton irradiation seen in O-rich 
materials.

Defects with impact on Neff

The peaks for deep acceptors (identified as hole traps, 
H(116K),H(140K),H(152K))  responsible for reverse 
annealing. Observed concentration increase with time at 
80 C.

I. Pintilie et al./NIMAA611(2009)52–68
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Top right: For short annealing times around the 
minimum of ANeff the large E(30K)concentration after 
proton irradiation leads to an over-compensation of the 
deep hole centers and thus, in contrast to neutron 
damage, the effective doping remains positive, 
increasing with fluence .



  

Defects



  



  



  



  

Choice of Material for HL-LHC



  



  



  



  

New structures
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