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1 Introduction

The objective of the CERN RD50 Collaboration is the development of radiation hard
semiconductor detectors for very high luminosity colliders, particularly to face the requirements of a
possible upgrade scenario of the LHC to a luminosity of 10*cms™, corresponding to expected total
fluences of fast hadrons above 10*°cm™ at a bunch-crossing interval of ~25 ns [1, 2]. This document
reports the status of research and main results obtained in the years 2009 and 2010.

Presently, RD50 counts a total of 261 members with 47 participating institutes. This comprises 38
institutes from 17 different countries in West and East Europe, 8 from North America (USA, Canada)
and one from middle east (Israel). During the years 2009 and 2010 four workshops and collaboration
board meetings have been held to discuss the recent results and co-ordinate the research activities of
RD50 [3-6]. Each workshop has registered a quite high rate of participation, counting an average of
73 participants with about 33 presentations. In addition to the two annual RD50 workshops a RD50
WODEAN (Workshop on Defect Analysis in Silicon Detectors) Workshop was held at the NIMP in
Bucharest 12-15 May 2010 [7] bringing together RD50 specialists on defect analysis with renown
experts from the solid state physics community. More details including all electronic versions of the
workshop presentations can be found on the collaboration web-site [8].

Review papers describing the common research activities of the RD50 collaboration have been
published in 2003 to 2008 [9-19] and in the reporting period covered by this status report [20-23]. As
in the previous years, the research activity of RD50 has been presented in form of oral contributions at
several international conferences and workshops [24]:

o 8" International Conference on Radiation Effects on Semiconductor Materials Detectors
and Devices, October 12-15, Florence Italy (Speaker: Ulrich Parzefall, Freiburg
University, Germany)

e SPIE Optics and Photonicsl - 5 August 2010 San Diego Convention Center San Diego,
California, USA (Speaker: Christopher Betancourt, SCIPP, USA)

e 12" Topical Seminar on Innovative Particle and Radiation Detectors (IPRD10) 7 - 10 June
2010 Siena, Italy (Speaker: Jessica Metcalfe, University of New Mexico)

e The 12th Vienna Conference on Instrumentation, Feb. 15-20, 2010 (Speaker: Sally Seidel,
University of New Mexico)

e Nuclear Science Symposium & Medical Imaging Conference 2009, Hilton Disney World,
Orlando, Florida 25-31 October 2009 (Speaker: Urmila Soldevila, IFIC, Valencia, Spain)

e 11th ICATPP Conference on Astroparticle, Particle, Space Physics, Detectors and Medical
Physics Applications, Villa Olmo, Como 5-9 October 2009 (Speaker: Michael Moll,
CERN, Geneva, Switzerland)

e RDO09 - 9th International Conference on Large Scale Applications and Radiation Hardness
of Semiconductor Detectors, 30 September - 2 October 2009, Florence, Italy
(Speaker: Otilia Militaru, Université catholique de Louvain,Louvain-la-Neuve, Belgium)

e VERTEX 2009, 13-18 September 2009, (Speaker: Anna Macchiolo, MPI Munich,
Germany)

e The 2009 Europhysics Conference on High Energy Physics, 16-22 July 2009 Krakow,
Poland, (Speaker: Giulio Pellegrini, CNM Barcelona, Spain)

e 1st International = Conference on  Micro  Pattern  Gaseous  Detectors
12-15 June 2009, Kolympari, Crete, Greece, (Speaker: Mara Bruzzi, Florence University
and INFN)

1-1



RD50 Status Report 2009/2010 - 1.Introduction

e NEW DEVELOPMENTS IN RADIATION DETECTORS, 11" European Symposium on
Semiconductor Detectors, June 7th - 11th, 2009 at Wildbad Kreuth (Speaker: Alexander
Dierlamm, Karlsruhe University, Germany)

e 11th Pisa Meeting on Advanced Detectors La Biodola, Isola dElba (ltaly) May 24 - 30,
2009 (Speaker: Frank Hartmann, Karlsruhe University)

e Technology and Instrumentation in Particle Physics, TIPP09, March. 12-17 2009 ,Tsukuba
Japan) (Speaker: Esa Tuovinen, Helsinki Institute of Physics)

e 4th Trento Workshop on Advanced Silicon Radiation Detectors (3D and P-type
Technologies), FBK —irst, Trento, Italy February 17-19, 2009, (Speaker: Mara Bruzzi,
Florence University and INFN)

The scientific organization of RD50 is given in Figure 1 (before May 2010) and Figure 2 (after May
2010). The organization is structured in research lines, which are managed by research line conveners.
In the framework of the research activity of each research line, working groups are active with
specific tasks. Each working group is composed of few institutes, which are directly involved in the
research program and co-ordinated by an RD50 member. In the year 2006 the research line for New
Materials had been suppressed, as SiC and GaN did not show promising results with respect to the
application of radiation hard sensor material in the timeframe of the LHC upgrade. In May 2010, with
the election of a new co-spokesperson, it was felt that a further change to the organizational structure
was necessary. The research lines for defect engineering and pad detector characterization were joined
in one research line as on the one hand less new silicon materials were produced in 2009 and 2010
and on the other hand a very strong overlap of the activities in both research lines was observed.
Besides working groups, common activities were continued or have been started on subjects of
common interest. Some of these activities are partially supported with the RD50 common fund.
Examples are the common purchase of silicon wafers that could only be purchased in big quantities or
the design and production of highly specialized test equipment of common interest like the
ALIBAVA system that allows for CCE measurements on segmented devices using the LHCb Beetle
chip.

Spokespersons
Mara Bruzzi, Michael Moll
INFN Florence, CERN PH

e

Defect / Material Defect Pad Detector New Full Detector
Characterization Engineering Characterization Structures Systems
Bengt Svensson Eckhart Fretwurst (. Kramberger Richard Bates Gianluigi Casse

(Oslo University) (Hamburg University) (Ljubljana) (Glasgow University) (Liverpool University)

Figure 1-1: Scientific Organization of the RD50 collaboration until May 2010

Spokespersons
Gianluigi Casse, Michael Moll
University of Liverpool, CERN PH

__—

Defect / Material Defect Engineering & New Full Detector
Characterization Pad Detector Characterization Structures Systems
Mara Bruzzi Eckhart Fretwurst Richard Bates Gregor Kramberger
(INFN & Florence University) (Hamburg University) (Glasgow University) (JSI Ljubljana.)

Figure 2-1: Scientific Organization of the RD50 collaboration after May 2010

In the next sections the status of the research activities of each individual research line is presented
and finally a resource request for 2011 is given.
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2 Defect and Material Characterization

Comparative studies of the defects induced by irradiation with “’Co- y rays, 6 and 15 MeV
electrons, 23 GeV protons and 1 MeV equivalent reactor neutrons have been carried out.
Measurements revealed the existence of point defects and cluster related centers having a strong
impact on damage properties of Si diodes [1]. In particular, the WODEAN working group within
RD50 is aimed at investigating the occurrence of defect clusters in neutron and proton irradiated
silicon and their influence on the properties of silicon detectors. Several extended defects, previously
detected by electrical methods (DLTS, TSC, HRPITS) and characterized from the point of view of
their electrical properties, have been investigated in more detail and also with other complementary
experimental (EPR, FTIR, PL) and theoretical methods (DFT and SRIM) in order to identify their
chemical nature. It was possible to distinguish between point defects: as Ip, BD (Bistable Defect) and
extended defects as E30K, E4, ES, H116K, H140K and H152K. Main new achievements are [1,6]:

e Assignment of E4, E5-defect (the main leakage current generator) to tri-vacancy (V3) and its
transformation in tri-vacancy-oxygen complex (V30) at temperatures above 250°C (by DLTS
and FTIR techniques) [2].

e Possible identification of the shallow donor with enhanced generation rate after irradiation
with electrons and protons (E30K ) with the tri-interstitial (I3) (by TSC and PL techniques).

e Based on experimental evidence (e.g. TEM) energetic hadron bombardment resulted in the
formation of not only clusters but even amorphous inclusions.

e Theoretical calculations have shown that these kind of amorphous defect clusters introduce
acceptors in the lower part of the band-gap of Silicon. Good candidates to be associated with
amorphous inclusions in Silicon are the previously detected H116K, H140K and H152K
defects (responsible for the reverse annealing in hadron irradiated silicon).

It is well known that in the high fluence range (¢ > 10'*n/cm®) standard spectroscopy
techniques for the analysis of defects in the lattice bulk are suffering of severe limitations. In this
period, studies have been performed to refine standard techniques in view to get information on the
energy levels, cross sections and trap concentrations of radiation induced defects. In particular, ways
to detect by TSC the presence of deep levels [7] and correctly evaluate their concentrations [8] were
developed. Spectrally resolved photoconductivity was used to investigate defects in n-type silicon
irradiated up to 10'>-10'° n/cm2, while carrier recombination and trapping/generation were examined
in n-type MCZ Si irradiated by protons and reactor neutrons up to 3 x10'® n/cm” by photo-ionization
spectroscopy [9-12] .

A thorough study of defects induced by irradiation in p-type Si has started. First, electron
irradiation has been taken into account, to analyze point defects. A list of data on point defects
revealed in p-type silicon is shown in table 1 [13]. The formation of self-interstitials as well as their
migration kinetics have been studied in [13,14]. It was observed that self-interstitials formed under
low intensity electron irradiation in high resistivity p-type silicon can be retained frozen up to room
temperature. It was stated that their diffusivity is strongly dependent on their charge states. To
evaluate self-interstitial migration, main parameters characterizing the interaction rate of silicon self-
interstitials with substitutional carbon atoms have been determined.
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Peak label Sub-peaks Pre-factor (s~') Activation energy (eV) Peak origin

H1 Hla 2.5 %108 0.150° \%
H1b - - -

H2 H2a 3.4 % 107 0.139° CFp?
H2b 3.3 x 10° 0.170¢ =

H3 H3a 4.2 % 10° 0.187 Vs,
H3b 3.9 % 10° 0.192 Vs

H4 - 3.4 % 107 0.282 -

H5 = 1.8 x 107 0.292 G

H6 H6a 2.4 %107 0.364 GO
H6b 3.1 x 108 0.352 GO,

Table 1. Parameters of the main DLTS peaks appearing in p-Si after electron irradiation [14] .

Papers

1.

published by the RD50 Community of MDC project
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induced point- and cluster-related defects with strong impact on damage properties of
silicon detectors”, Nucl. Instr. and Meth. in Phys. Res. A 611 (2009) 52-68.
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3 Detector Characterization (DC)

The effects of the irradiation to detector operation at low fluences (<10"° cm™) is relatively well
understood. Most of the damage parameters such as evolution of effective space charge, leakage
current and effective trapping probabilities with fluence and annealing time can be found in previous
CERN-RDS50 reports for various silicon materials [1,2,3]. It is clear that the operation at equivalent
fluences exceeding 10" cm™ and high bias voltages (~1000 V) requires different understanding of
device operation. In such conditions the silicon detectors perform far better than expected in terms of
charge collection efficiency. The loss of charge collection efficiency with fluence seems not to limit
their usability at equivalent fluences even exceeding 10'° cm™ providing that bias voltage high enough
is applied. The major effort in the years 2009 and 2010 was therefore devoted mainly to
understanding the silicon detector operation under such conditions.

The studies concentrated on:

e searching for evidences of charge multiplication due to impact ionization
understanding the electric field distribution and the effect of space charge
reverse annealing studies

studies of effective trapping times

simulations of the impact ionization

Nevertheless there were some studies performed also at lower fluences:
e measurements of radiation damage with different particle types and energies (800 MeV
protons)
¢ studies on annealing of charge collection efficiency for FZ n-type detectors
e studies of radiation damage in mixed irradiations
irradiations under bias and at low temperatures

3.1 Charge multiplication in silicon detectors

The charge collection measurements at very high fluences and voltages in the past showed
large disagreement between simulations based on damage parameters measured at low fluences and
measurements. It was shown for strip detectors [4,5,6] that the measured charge even exceeds the
charge for non-irradiated sensors. The charge multiplication, probably due to impact ionization, was
observed also in n-type epitaxial pad detectors irradiated to equivalent fluences of 10'® cm™ with
23 GeV protons [7,8]. As shown in Fig. 1 the charge collection efficiency CCE becomes larger than 1
at high bias voltages. The CCE is larger for smaller penetration depth of light or alpha particle (thick
polyethylene absorber) as larger fraction of e-h pairs are created in a thin charge multiplication region
close to the p" implant, which is formed due to radiation-induced space charge (epitaxial detectors
don’t undergo space charge inversion after 23 GeV irradiations). For longer absorption depths the
increase is smaller as carriers are trapped before reaching the amplification region. The charge
exceeding the one in non-irradiated silicon was also observed with *’Sr electrons as shown in Fig. 2
[9]. In accordance with expectations the collected charge in thinner devices where the electric field is
higher at the same voltage (larger impact ionization) is larger than for thicker devices.

The leakage current and the noise increase in the charge multiplication mode as well. The leakage
current increases well beyond the value given by volume generation current and is correlated with
charge collection efficiency [7,8,9]. As the consequent shot noise increases linearly with amplification
the improvement of S/N ratio can therefore only be achieved by fine segmentation where voltage
noise dominates [9] over the shot noise.
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Figure 1: Charge collection efficiency of front Figure 2: Collected charge dependence on

illumination of a 75 mm thick n-type epitaxial
detector, irradiated with protons to CDeq=10160m'
*, by alpha particles and light pulses of different
wavelength.

voltage for *’Sr electrons in n-type epitaxial
silicon diodes of different thicknesses. The
sensors were irradiated with 23 GeV protons to
10" cm™

3.1.1 The electric field profile in the irradiated sensors

The electric field in heavily irradiated detectors exhibits a non-linear profile with large
dominant electric field close the junction contact, but also sizeable field at the opposite contact — so
called double peak/junction profile observed by many groups in the past [10,11,12]. The electric field
in the region between both contacts, which is considered as un-depleted region at low fluences,
becomes substantial, hence the region is active. The velocity/electric field profile can be investigated
with new technique called Edge-TCT (see Fig. 3) where instead of the detector surface (TCT) a
polished edge of the strip sensor is illuminated by infrared light (m.i.p. like generation of e-h pairs)
[13]. A narrow beam (~10 pum FWHM) scanning the entire thickness of the detector enables the
determination of the charge collection (e.g. 25 ns integration) and drift velocity profile even at very
high irradiation fluences. An example drift velocity profile of and irradiated n"-on-p Micron detector
is shown in Fig. 4, where it is clear that whole detector is efficient. The electric field in the middle of

the detector depends on voltage and was measured to be of order 0.1-1 V/um.
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Figure 3: Schematic view of the Edge-TCT technique.
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The induced current waveforms measured in Edge-TCT reveal avalanche multiplication of
electrons when they reach the front electrode as the appearance of the second peak in the induced
current as shown in Fig.5. The induced charge is split into contribution of drift due to primarily
generated carriers (first peak) and that of multiplied carriers (second peak) which enabled the
calculation of charge multiplication profiles and multiplication factors in the detector [14]. The
technique has been employed also to study heavily irradiated MCz p-on-n detectors [15], which
showed almost homogenous charge collection profile and explained superb CCE observed with CCE-
Alibava measurements [16].
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Figure 4: Velocity profile (v.+v;) at different bias voltages of a n-on-p standard float zone silicon
detector irradiated with reactor neutrons to ¢>eq=5~10]5 cm”(annealed for 80 min at 60°C). The
expected full depletion voltage obtained from low fluence extrapolation would exceed 7000 V.
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Figure 5: Induced current pulses for different laser positions in the detector shown in Figure 4 (at
1000 V). The second peak in the current pulse is a consequence of electron multiplication upon
their arrival at the strips and consequent drift of secondary holes.



RD50 Status Report 2009/2010 - 3. Detector Characterization

Edge-TCT studies of detectors irradiated to low neutron fluences reveal [13] that the effects of
radiation damage to the standard float-zone detector and its performance are in accordance with
expectations — increase of N,y with fluence (g~0.02 cm™) and only a small deviation from constant
Ny at the back electrode (small double junction effect). The device degradation with fluence follows
the predicted way up to the fluences between 1-2:10"° cm™ [17].

3.1.2 Long term annealing effects

Unlike at low fluences the reverse annealing doesn’t seem to be so harmful at higher fluences.
There were several measurements mainly performed with strip detectors that charge collection
efficiency depends only weakly on annealing [18-21]. Initially the charge collection efficiency rises as
expected for beneficial annealing, but after reaching a plateau any further long term annealing does
not degrade the charge collection efficiency by more than ~20% over the period equivalent to several
years at room temperature. Moreover, if the detectors are operated at very high bias voltages (> 1000
V) the collected charge increases. It was shown that in the charge collection measurements using strip
detector electronics [22] and also seen in Edge-TCT measurements (see Fig. 6) [23]. The tentative
explanation would be that increase of effective negative space charge concentration near the
segmented electrodes increases the peak electric field and by that the impact ionization. Induced
charge due to the drift of the multiplied charge over-compensates smaller contribution from primary
carrier drift in the rest of the detector where the field is reduced with annealing.
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Figure 6: Induced currents in a detector shown in
Fig. 4 at different annealing times. While the first peak
coming from the drift of primary carriers remains
almost the same, increase of electric field near the
strips with annealing results in more multiplication,
hence larger second peak.

Figure 7: Dependence of collected charge on
annealing time for a FZ n-on-p strip detector (HPK)
irradiated with neutrons.

3.1.3 Effective trapping times

The superior performance of silicon detectors irradiated to high fluences and operated at high
bias voltages may not only come from charge multiplication. The TCT studies performed on thin (150
pum thick) epitaxial pad detectors irradiated to 2:10"° ¢cm™ showed that by assuming the field
dependent effective trapping times instead of field independent ones a beteer argreement between the
measurements and simulation is obtained. The dependence can be due to field dependent capture-
crossection or detrapping and can be parametrized as 7=1,+ 7;-E [24]. For the electrons the first term
7, dominates in the fluence region up to few 10'* cm™, while the second term becomes significant at
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fleunces above 10> cm™. The trapping probability decreases with electric fields significantly at large
fluences; e.g. by as much as factor of two for 2 V/um and 6 V/um at 3-10"° cm™, respectivley.

The trapping probabilities can also be accessed from the Edge-TCT measurements where a
rough agreement with expected trapping probabilities were found at 5-10"° cm™ [13].

3.1.4 Simulation model of charge multiplication

The device model incorporating the avalanche multiplication and active bulk was developed at PTI
named Space Charge Limited Avalanche (SCLA) [25,26,27] considers combination of several effects
in heavily irradiated Si strip detectors which affect the collected charge:

- avalanche multiplication of electrons and holes in high electric field of the junction;

- influence of carrier trapping to the deep levels of radiation induced defects on the electric
field profile E(x);

- electric field focusing and current focusing near the strips.

The model explains the very moderate increase of multiplication factor with bias voltage, through
the trapping of holes released in multiplication close to the n" contact. They are trapped and hence
compensate the negative space charge due to deep acceptors and by that moderate the electric field. In
such a way even an exponential dependence of the ionization coefficients on the electric field [28,29]
doesn’t lead to abrupt increase of CCE. The model incorporates two deep — close to the band-gap -
traps, a deep donor (DD) and a deep acceptor (DA) with the activation energies of E, + 0.48 eV and
E.-0.52 eV, respectively [13,30]. The reduction of the negative effective space charge will one side
reduce the peak electric field close to the nt+ electrode and on the other extend the high field region
deeper in the bulk. This dynamic self-adjustment of the electric field stabilizes the avalanche
multiplication, prevents the detector breakdown, and diminishes CCE fluctuations. An example of the
simulated charge collection with (SCLA) and without allowing for avalanche multiplication is shown
for pad detectors in Fig. 2. At maximum V' = 1800 V the ratio is close to 3.8 that is in a reasonable
agreement with the experimental data.
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Figure 8: Simulated charge (in arbitrary units) collected in pad-detector irradiated at ® = 10 neqcm'2 .

The model is the same also for segmented detector where the higher field close to the n+
electrodes/implants (the effect of focusing of field lines) results in larger avalanche multiplication at
the same bias voltage than in a pad detector. In the geometry of ATLAS strip detectors an increase of
the electric field near the strips would be up to four times [31]. The larger effect of multiplication will
also increase the hole trapping which ultimately leads to more uniform self adjusted electric field in
the bulk. The model explains also the reverse current in irradiated sensors.
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Investigation of radiation effects at fluences up to 10*° cm™

Several studies were performed to clarify some important issues:

e The 800 MeV proton irradiation at Los Alamos National Lab confirmed the stable donor
generation in MCz (oxygen rich) n-type material [32,33]. The results of Ny annealing are
consistent with previous measurements of hadron irradiated samples. The 800 MeV protons
are therefore similar to 23 GeV protons.

e Cold irradiations (-50°C) of Fz and MCz pad detector were performed with 8 MeV protons at
University of Helsinki [34]. The samples under bias had smaller increase in leakage current
and effective doping concentration than the identical samples without bias voltage applied.
The difference was around 20-30% regardless of the material.

e Charge collection studies were made with FZ p-on-n sensors in order to (re)-verify the
running scenarios at LHC. It was found that the increase of full depletion voltage with time
reflects, as expected, in decrease of charge collection efficiency. However the fall off was
found smaller than expected; e.g. in detectors irradiated with reactor neutrons to 2:10"* cm™
CCE(500V) of around 60% can be reached after almost 1000 days at 20°C [35]. The first
measurement triggered extensive studies with other materials and also charged hadrons [36].

e Mixed irradiations were performed on different samples with mix of charged hadrons and
neutrons corresponding to different radii at upgraded CMS experiment. The results
confirmed that the damage was additive [37]; i.e. as expected with calculation of the damage
parameters for different particle types.
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4 New structures

The two years 2009 and 2010 have been very successful for the new structures working group of
RD50. The group includes those that fabricate detectors (including; CiS, Sintef, CNM and FBK),
those that characterize them at a device level and groups that wish to use the devices in LHC
experiments. The area of research is split between the thin detector sub-group, which includes activity
on inter-chip vias, and the 3D sub-group. The work is summarized in the following sections, followed
by a list of talks given at RD50 workshops and a list of publications in journals in this research area.

4.1 Thin Detectors

The thin detectors sub-section progresses towards the development of a new pixel module concept
for the foreseen LHC upgrades employing thin n-in-p silicon sensors together with a novel vertical
integration technology[1][2]. A first set of pixel sensors with active thicknesses of 75um and 150um
have been produced using a thinning technique developed at the Max-Planck-Institut fur Physik
(MPP) and the MPI Semiconductor Laboratory (HLL). Charge Collection Efficiency (CCE)
measurements of these sensors irradiated with 26MeV protons up to a particle fluence of 10'® ne,em™
have been performed, yielding higher values than expected from the present radiation damage models,
see the discussion on charge multiplication in this report. The novel integration technology, developed
by the Fraunhofer Institut EMFT, consists of the Solid-Liquid InterDiffusion (SLID) interconnection,
being an alternative to the standard solder bump-bonding, and Inter-Chip Vias (ICVs) for routing
signals vertically through electronics. This allows for extracting the digitized signals from the
backside of the readout chips, avoiding wire-bonding cantilevers at the edge of the devices and thus
increases the active area fraction. First interconnections have been performed with wafers containing
daisy chains to investigate the efficiency of SLID at wafer-to-wafer and chip-to-wafer level. In a
second interconnection process the present ATLAS FE-I13 readout chips were connected to dummy
sensor wafers at chip-to-wafer level, see Figure 1. After this successful demonstration of the
technology the SLID interconnection of the FE-13 chips to the real thin pixel sensors is in preparation,
with the chip to wafer technique employed in the test-assembly. Preparations of ICV within the
ATLAS readout chips for backside contacting and the future steps towards a full demonstrator module
are under way.
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Figure 1: The SLID interconnection applied to the ATLAS FE-13 pixel readout chip. In (a) the blue rectangle
marks the SLID pads that connect to the sensor pixel cells whereas the green rectangle denotes a group of SLID
pads that are used in the area of the end of column logic to increase the mechanical stability of the module. A cross
section of an FE-I3 chip connected to a dummy sensor is shown in (b). Clearly visible are the different phases of
the Cu-Sn alloy. In this case a relative misalignment of around 10m m is visible.
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4.2 3D Detectors

The 3D detector section has seen the production of double-sided 3D detectors at both FBK and
CNM-IMB. These have been characterized as both strip and pixel detectors in the laboratory and at a
number of beam tests. A number of different pixel detector geometries have been investigated
including the Medipix, FE-14 (ATLAS upgrade ROIC) and the PSI46v2 (CMS pixel ROIC) as well as
short strip detectors.

The laboratory-based measurements include; measurements of the device’s response to electrons
from an Sr-90 source and a position resolved response to a micro-focused laser, see Figure 2. The
beam tests include high-energy protons at FNAL and pions at CERN as well as a micro-focused x-ray
beam at the Diamond Light source. The charge collection of the device has been mapped over the unit
cell as a function of detector bias voltage, beam incident angle and radiation dose.

The 3D devices have been characterized both before and after irradiation up to the maximum dose
expected at the LHC upgrades. Charge multiplication has been clearly observed; see Figure 3 and
Figure 4, and the effect on the signal-to-noise ratio of the device measured. The charge multiplication
is shown to increase both the signal and the noise. Therefore the signal-to-noise ratio increases with
bias up to a certain point and then falls as the noise term increases faster than the increase in the
signal.

The 3D detector has been modelled electrically both for static and transient responses before and
after irradiation. This has enabled the study of guard ring designs and device response to radiation
before and after a significant irradiation dose.

The work on 3D detectors has been reported in numerous conference and journal publications[3]-
[16]. The development work that has taken place inside RD50 has pushed forward the development
and understanding of the 3D detector as a radiation hard silicon detector. The technology is now ready
for a small production run for a limited scale LHC upgrade.
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Figure 2: Position resolved laser scans made over a square (110 um x 110 um) region, which includes four
columns. The resolution of the scan is 5 um both in the x and y directions. Scans referred (from left to right) to
0.5, 5 and 20 V voltage bias.

50000

45000
230000 40000

S0 —a— unirradiated /
’ —— Ix10" | 4
30000 —¥— 210" 1 %

1
i
\j.{
Y
Y
-—k
[EYTIRTITI FYRTACTINI INTTIRRATI ARTTIAYSTANTITAATIT,

25000
20000
15000

H
&
3
15
3
Collected Charge (electrons)

S 5000
0 . . . . I(l(](]();
0 5 10 15 20 50005
Fluence / 10 (1 MeV gy cm’?) o5 % T T
Bias Voltage (V)
Figure 3: Charge collected from Sr-90 source Figure 4: CNM 3D p-type strip detectors
tests using the Alibava readout system tested with Silicon Beam Telescope with CMS

readout (APV25 front end, analogue readout) and
50 ns shaping at CERN SPS (225 GeV pions), -
15°C.

4-2



RD50 Status Report 2009/2010 - 4. New structures

4.3 New 3D-Trench Electrode Si Detectors

A new design of the 3D detector has been proposed and extensively modelled. This design, known
as either the 3D-trench electrode detector or the Independent Coaxial Detector array, ICDA, has
trench electrodes for one, or both, of the electrodes rather then columns. One type of trench electrode
completely surrounds the other electrode. The electrodes may penetrate fully the device or only partly
as is the case in the different 3D detector designs.

The aim of this device is to remove the low field regions in the 3D detector that occur at the
midpoint between electrodes of the same doping type, therefore reducing the operation voltage of the
device. Except near both surfaces of the detector, the electric field in the 3D-Trench electrode Si
detectors is nearly cylindrical with no angular dependence in the circular and hexangular pixel cell
geometry, or nearly linear (like the planar 2D electrode detectors) in the case of parallel plates
geometry, all with simple and well-defined boundary conditions, see Figure 5.

The electric field in the detector can be reduced by a factor of nearly 10 with an optimal 3D-
Trench configuration where the junction is on the surrounding trench side. The full depletion voltage
in this optima configuration can be up to 7 times less than that of a conventional 3D detector, and
even a factor of two less than that of a 2D planar detector with a thickness the same as the electrode
spacing in the 3D-Trench electrode detector. This is simulated and shown in Figure 6 for a detector
irradiated to a particle fluence of 10'® n,,cm™, where the device is fully depleted at 240 V, which is
less than the 400 V required for a planar device of the same electrode spacing. In the case of non-fully
penetrating trench electrodes, the processing is true one-sided with backside un-processed, and the
trench etching processing should be no different than that for the columns used for conventional
(standard) 3D electrode Si detectors. The charge loss due to the dead space associated with the
trenches is insignificant as compared to that due to radiation-induced trapping in SLHC environment.

The ICDA also removes charge sharing between unit cells and as a result is an interesting
candidate for imaging and X-ray detectors.

a b
Figure 5: 3D-Trench electrode detectors; (a) Concentric type with an electric field with nearly no
angular dependence and (b) Parallel plate type with a near-linear electric field.
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Figure 6: Simulate hole concentration at 240 V depletion bias for a p-bulk 3D trench detector after a particle
fluence of 10" ng, cm™.

4.4 Talks on New structures given at RD50 workshops
in 2009 and 2010

14th RD50 - Workshop Freiburg, Germany, 3-5 June 2009

1. Thin: Anna Macchiolo (Max-Planck-Institut fuer Physik): Status of the Planar Pixel Production
at CiS

2. 3D: Michael Koehler (University of Freiburg): Test Beam Measurements with 3D-ddtc Silicon
Strip Detectors

3. 3D: Alessandro La Rosa (CERN): Evaluation of novel pixel sensors for future tracking

detectors

3D: Chris Parkes (Glasgow): 3D testbeam at the Diamond light source

Thin: Michael Beimforde (Werner-Heisenberg-Institut - Max-Planck-Institut fuer Physik): First

characterizations of thin SOl and epitaxial n-in-p sensors

6. 3D: Celeste Fleta (University of Glasgow): CNM status report

v e

15th RD50 - Workshop 16-18 November 2009, CERN, Geneva - CH

7. 3D-Trench: Zheng Li (BNL): New Detectrors with Novel Electrode Configurations for
Applications in sLHC and Photon Sciences

8. 3D: Alessandro La Rosa (CERN): Measurements of 3D/FBK sensors

9. 3D: Michael Koehler (Freiburg University): Results of Beam Test Measurements with 3D-
DDTC Silicon Strip Detectors

10. 3D: Daniela Bortoletto (Purdue University): Simulations of guard ring designs for n-on-p
sensors and of 3D detectors

11. 3D: Richard Bates (University of Glasgow): Charge collection studies of irradiated 3D
detectors
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12.

13.
14.

15.

16.
17.

18.

19.

20.

21.

22.

3D: Marco Gersabeck (University of Glasgow): Beam tests of Medipix2/Timepix double-sided
3D detectors

16™ RD50 Workshop, 31% of May, 2™ of June 2010, Barcelona, Spain

3D: Richard Bates (University of Glasgow): Modeling of 3D silicon detectors

3D-Trench: Zheng Li (BNL): Full 3D Simulation of the New BNL 3D-Trench Electrode Detectors
(IcDA)

3D: Michael Koehler (Freiburg University): Test Beam and Laser Measurements of Irradiated
3D Silicon Strip Detectors

3D: Celeste Fleta (CNM-IMB): 3D detector activities at CNM-IMB

3D: Ozhan Koybasi (Purdue University): Preliminary results from 3D CMS pixel detectors

17th RD50 - Workshop 17-19 November 2010, CERN, Geneva - CH

3D: Giulio Pellegrini (Centro Nacional de Microelectronica CNM-IMB-CSIC): Status of 3D
detector productions at CNM

3D: Gabriele Giacomini (Fondazione Bruno Kessler) Elisa Vianello (Fondazione Bruno
Kessler): 3D Detector status at FBK

3D: Andrea Micelli (Universita degli Studi di Udine): 3D-FBK pixel sensors: overview of recent
results with proton and neutron irradiated sensor

3D: Michael Koehler (Freiburg University): Comparative Studies of Irradiated 3D Silicon Strip
Detectors on p-type and n-type Substrate

3D: Chris Parks (University of Glasgow): Test beam analysis on Timepix 3D pixel detector

4.5 Papers published in 2009 and 2010 by RD50 groups

(1]

(2]

(3]

(4]

(5]

(6]

in the area of new structures

M. Beimforde, “A module concept for the upgrades of the ATLAS pixel system using the
novel SLID-ICV vertical integration technology”. Presented at the TOPICAL WORKSHOP ON
ELECTRONICS FOR PARTICLE PHYSICS 2010, 20—-24 SEPTEMBER 2010, AACHEN, GERMANY,
2010 JINST 5 C12025, doi: 10.1088/1748-0221/5/12/C12025

Andricek, L. “Application of the SLID-ICV interconnection technology for the ATLAS pixel
upgrade at SLHC”, Presented at the 2010 IEEE International 3D Systems Integration
Conference (3DIC), Munich, 16-18 Nov. 2010, IEEE Conference Record. doi:
10.1109/3DIC.2010.5751439

Michael Kéhler, “Beam Test Measurements With 3D-DDTC Silicon Strip Detectors on n-Type
Substrate”, IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 57, NO. 5, OCTOBER 2010, pp
2987 — 2994, doi: 10.1109/TNS.2010.2058863

Celeste Fleta, “Laboratory and Testbeam Results on 3D Detectors”. Presented at the 19th
International Workshop on Vertex Detectors, June 6 -11 2010 Loch Lomond, Scotland, UK.
PoS(VERTEX 2010)023

David Pennicard, “Synchrotron Tests of a 3D Medipix2 X-Ray Detector” IEEE TRANSACTIONS
ON NUCLEAR SCIENCE, VOL. 57, NO. 1, FEBRUARY 2010, pp 387-394, doi:
10.1109/TNS.2009.2037746

Gian-Franco Dalla Betta, “Performance evaluation of 3D-DDTC detectors on p-type
substrates”. Presented at the 11th European Symposium on Semiconductor Detectors,
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Wildbad Kreuth, Bavaria, Germany 7-11 June 2009, Nuclear Instruments and Methods in
Physics Research A 624 (2010) 459-464, doi: 10.1016/j.nima.2010.03.164

[7] Ulrich Parzefall, “Efficiency measurements for 3D silicon strip detectors”. Presented at the
1st International Conference on Technology and Instrumentation in Particle Physics,
Tsukuba, Japan, 12—-17 March 2009, Nuclear Instruments and Methods in Physics Research A
623 (2010) 180-182, doi:10.1016/j.nima.2010.02.188

[8] Gregor Pahn, “First Beam Test Characterisation of a 3D-stc Silicon Short Strip Detector”, IEEE
TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 6, DECEMBER 2009, pp 3834-3839, doi:
10.1109/TNS.2009.2030727

[9] Richard L. Bates, “Charge collection studies of heavily irradiated 3D Double-Sided sensors”.
Presented at the 2009 IEEE Nuclear Science Symposium, Orlando, FL, USA, Oct. 24 2009-Nov.
1 2009. Nuclear Science Symposium Conference Record (NSS/MIC), 2009 IEEE, pp148-156,
doi: 10.1109/NSSMIC.2009.5401831

[10]Aaron Mac Raighne, “Synchrotron tests of 3D Medipix2 and TimePix X-Ray Detectors”.
Presented at the 2009 IEEE Nuclear Science Symposium, Orlando, FL, USA, Oct. 24 2009-Nov.
1 2009. Nuclear Science Symposium Conference Record (NSS/MIC), 2009 IEEE, pp 2145-
2150, doi 10.1109/NSSMIC.2009.5402093

[11]C. Fleta, “X-ray detection with 3D Medipix2 devices”. Presented at the 10th International
Workshop on Radiation Imaging Detectors, Helsinki, Finland, 29 June—3 July 2008. Nuclear
Instruments and Methods in Physics Research A 607 (2009) 89-91, doi:
10.1016/j.nima.2009.03.135

[12]Ulrich Parzefall, “Silicon microstrip detectors in 3D technology for the sLHC”. Presented at
the 10th International Workshop on Radiation Imaging Detectors, Helsinki, Finland, 29 June—
3 July 2008. Nuclear Instruments and Methods in Physics Research A 607 (2009) 17-20,
doi:10.1016/j.nima.2009.03.122

[13]D. Pennicard, “Charge sharing in double-sided 3D Medipix2 detectors”. Presented at the 8th
International Conference on Position Sensitive Detectors, University of Glasgow, Scotland,
UK, 1-5 September 2009, Nuclear Instruments and Methods in Physics Research A 604
(2009) 412-415, doi:10.1016/j.nima.2009.01.095

[14]A. Zoboli, “Laser and beta source setup characterization of 3D-DDTC detectors fabricated at
FBK-irst”, Presented at the 8th International Conference on Position Sensitive Detectors,
University of Glasgow, Scotland, UK, 1-5 September 2009, Nuclear Instruments and
Methods in Physics Research A 604 (2009) 238-241, doi:10.1016/j.nima.2009.01.073

[15]Ulrich Parzefall, “3D silicon strip detectors”. Presented at the 8th International Conference
on Position Sensitive Detectors, University of Glasgow, Scotland, UK, 1-5 September 2009,
Nuclear Instruments and Methods in Physics Research A 604 (2009) 234-237, doi:
10.1016/j.nima.2009.01.067

[16]D. Pennicard, “Design, simulation, production and initial characterization of 3D silicon
detectors”. Presented at the 10th International Conference on Instrumentation for Colliding
Beam Physics Novosibirsk, Russia 28 February—5 March 2008, Nuclear Instruments and
Methods in Physics Research A 598 (2009) 67-70, doi:10.1016/j.nima.2008.08.077

[17]Zheng Li, “3D simulations of irradiated one-sided dual-column 3D silicon detector”.
Presented at the 7th International Conference on Radiation Effects on Semiconductor
materials, Detectors and Devices — RESMDD 2008, Firenze, Italy 10-13 October 2008.
Nuclear Instruments and Methods in Physics Research A 612 (2010) 519-515, doi:
10.1016/j.nima.2009.08.081
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5 Full detector systems (FDS)

The activity of the FDS groups during 2009-2010 has mainly focused on measurements and
investigation of the charge multiplication effect found in heavily irradiated silicon detectors. This
effect is responsible for the enhanced performances of irradiated sensors that make silicon sensors
adequate to operate even in the inner layers of the future sSLHC (with a radiation tolerance of more
than 2x10' ne, cm™). In the four RD50 workshops in 2009 and 2010 it can be seen that experimental
measurements using LHC speed analogue electronics and simulation efforts have been systematically
undertaken to understand the impact ionisation mechanism that is behind the high charge collection
after severe irradiation. The effect is linked to the radiation damage and the consequent electric field
distribution resulting from the radiation induced changes of the effective space charge (Neg). The
electric field reaches high peak values near the junction and a controlled impact ionisation takes place,
increasing the measured signal. The task of RD50 is to measure the charge multiplication effect as a
function of the detector characteristics (junction profile, resistivity, dose, detector thickness, electrode
geometry, ...) in order to identify the design parameter that will allow designing detectors with
optimised signal to noise after the target fluence. The parallel effort in device simulation will permit
the fine tuning of the relevant parameters. RD50 offers a unique opportunity for combining a large set
of experimental data with device simulations driven by leading detector experts for further enhancing
the radiation tolerance of silicon detectors

5.1 Measurements of irradiated detectors in Charge
Multiplication (CM) regime

The measurements showing a higher than expected (relative to the known amount of charge
trapping) collected charge have been produced at the 2009-2010 RD50 workshops. Several
measurements of this effect have been reported in the RD50 workshops [3, 4, 6, 7, 32, 37]. As
significant examples among many results, Figure 1 shows a measurements of a 140um thick silicon
microstrip sensor (compared with a 300pm thick) irradiated to 5x10% Neq cm? and of Si diodes
irradiated to 1x10' ne, cm™ that exhibit signals significantly higher than the ionised charge in non-
irradiated sensors. This is a striking evidence of the effect of impact ionisation in severely irradiated
Sensors.
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Fig. 1. Evidence of charge multiplication in microstrip (left) and Pad (right) irradiated detectors.
The left plot shows the collected charge by a 140pm and a 300pum 1 cm? microstrip sensors irradiated
to 5x10" ng, cm?. The red line shows the charge collected by the 140um thick sensors before
irradiation above full depletion. After irradiation the collected charge exceeds this value by a factor of
~2. The left plot shows the Charge Collection Efficiency (relative to the pre-irradiation value) of a
diode irradiated to 1x10™ Neg cm? and illuminated with particles with different penetration depths.
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5.2 Annealing and impact ionisation

RD50 has reported results that show the changes of the collected charge as a function of time after
particularly important for the current and future
the irradiated sensors at temperature well above
zero (e.g. RT=20°C) for limited periods during machine shut downs. The RD50 data have shown a
recovery of up to 150% of the signal in radiation damaged sensors after being kept for several days at
RT (the extent of this improvement depends on the radiation dose). The increase of the signal comes
together with a strong reduction of the reverse current (40-50%) resulting in a potentially powerful
tool for extending further the lifetime of the irradiated sensors. The charge multiplication mechanism
2. Important sets of measurements have been
36]] and conferences (see Chapter 1). Further
studies are planned for achieving an accurate parametric description of the behaviour that would allow
accounting for the annealing during the planning of the running scenario of Si detectors in the

irradiation at different temperatures. These results are
LHC experiments for evaluating the effect of holding

is also implicated in this feature, as shown in Fig.
presented in the RD50 workshops [13, 14, 30, 33 -

experiments.
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Fig . 2. Most probable charge versus annealing t

acceleration factor of 500 and corresponds to the time

0
Time at 60°C (min)

ime measured with four irradiated detectors at
different bias voltages. The top time axis is calculated by multiplying bottom axis time with
at 20°C in days, which would result in the same

reverse annealing of space charge. Note logarithmic time scales.

5.3 Other activities

RD50 institutes are obtaining their results (in the

framework of the FDS research group) mainly
with laboratory measurements of the electrical characteristics of segmented sensors. The most direct
measurements is charge collection as a function of bias voltage, where the most probable value of a
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minimum ionising particle is recorded versus the bias voltage with LHC clock speed (40MHZz)
electronics. A dedicated test system has been developed within RD50 to this purpose, called the
Alibava systems based around the Beetle chip initially designed for LHCb. The system is now widely
used by most of the institutes involved in the FDS research, it has been calibrated and demonstrated
[5, 17 — 21, 28] and several results have been already published. Besides the laboratory test with
radioactive sources, the ultimate method for qualifying radiation hard tracking sensors is through test
beam measurements. A telescope based on hardware used for commissioning the CMS tracker sensors
is being used by RD50 institutes to this purpose [9, 11, 31]. A further telescope based on Alibava
boards is being commissioned and will be soon ready to host RD50 samples for testing at Desy and
CERN. The investigation on the possible advantages obtained by using silicon crystals other than the
standard high resistivity FZ, studies on n and p-type bulk Magnetic Czochralski (MCz) silicon are
continuing [9, 14, 24, 31]. A small advantage seems to be found with increased charge collection at
lower voltages up to doses of about 2x10™ ne, cm™? by nMCz sensors. Further studies after neutron,
proton and mixed irradiation will determine the extent of the possible improvement achieved by using
this crystal. Other studies on modified sensor geometries (e.g. trenched strip, resistive charge division
sensors) are being carried out: the sensors have been produced and preliminary tested [38, 39, 41].
Segmented detector simulation activity and test of interstrip and surface properties, relevant to system
aspects for using the detectors in the experiments (due to their impact on the noise performances and
operation at high voltage) have been carried out [12, 15, 23, 40].

5.4 Links with the experiments

RD50 members are also active within LHC experiments and in particular in their upgrade
activities. These links are witnessed by the many talks concerning the detector related activities hosted
in RD50 workshops and mostly given by members of both, experiments and RD50 [1, 8, 10, 16, 22,
26, 27, 29, 42, 43, 44] . In ATLAS, CMS and LHCh, RD50 colleagues also occupy leadership roles
towards the development of the radiation hard sensors for the future HL-LHC. This insures that the
recent results from our collaboration are presented to the “users” community. Solutions like the p-bulk
silicon and the use of annealing as a tool for further extending the lifetime of n-side readout sensors
have reached the common knowledge of the experiments and are (or will be) implemented in their
roadmap.

5.5 FDS presentations at RD50 Workshops (2009-2010)

14th RD50 - Workshop Freiburg, Germany, 3-5 June 2009

1. M. Mikestikova Electrical characteristics of ATLASO7 Series | large detectors.

2. P. Kodys Irradiation program in Prague - status.

3. A. Affolder Comparison of the CCE properties of microstrip detectors made with different
substrates and irradiated with protons and neutrons at different temperature

4. H. Sadrozinski Anneling of Charge Collection in Strip sensors and the Depletion

5. U. Soldevila Neutron irradiation for p-type sensors. Detector characterization with ALIBAVA
system

6. V. Eremin The avalanche effect in operation of heavily irradiated silicon p-i-n detectors

7. G. Casse Can we claim multiplication effects in irradiated silicon?

8. M. Schneider Measurements of Lorentz angle in highly irradiated silicon-strip-detectors

9. T. Maeenpaeae Performance of irradiated MCz detectors in a test beam environment

10. V. Chiochia Commissioning the CMS pixel detector with cosmic ray data
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11.
12.
13.
14.

15.
16.
17.
18.
19.
20.
21.

22.
23.

24.
25.

26.
27.
28.
29.
30.
31
32.

33.
34.
35.
36.
37.
38.
39.

40.
41.
42.

43
44

15th RD50 - Workshop 16-18 November 2009, CERN, Geneva — CH

J. Haerkoenen First Results of SiBT test beam 2009

E. Verbitskaya Interstrip resistance in silicon position-sensitive detectors

C. Wiglesworth Charge collection annealing study of p-in-n silicon microstrip detectors
N. Pacifico Annealing of Charge Collection Efficiency in highly irradiated MCz-n strip
detectors.

H. Sadrozinski Surface properties of ATLAS n-on-p sensors

J. Bohm Full-size ATLAS Sensor Testing

R. M. Hernandez Alibava System Hardware

H. Brown Alibava - a discussion on Software and FAQ

E. Sanchez Status of the CERN ALIBAVA system

M. Breindl Status of the Freiburg ALIBAVA systems on the laser and beta setups

R. Bates Status of the Glasgow Alibava system

16" RD50 Workshop, 31 of May, 2" of June, Barcelona, Spain

F. Hartmann Campaign to identify the future CMS sensor baseline

E. Verbitskaya Impact of bulk generation current on operation of floating guard rings in
silicon segmented detectors

N. Pacifico A CCE and TCT study on low resistivity MCz-n detectors

P. Weigell Characterization of 75 and 150 micron thin strip and pixel sensore produced at
MPP-HLL.

A. Macchiolo Characterization of the n-in-p CiS pixel production.

A. Rummler Status of the n-in-n CiS pixel production

R. M. Hernandez Alibava system upgrade

Rummler Outlook on the 2010 n-in-n CiS pixel production on thinned silicon

I. Mandic Annealing effects in irradiated HPK strip detectors measured with SCT128 chip

P. Luukka Test beam results of MCz-Si detectors

M. Walz Charge collection measurements on irradiated planar silicon strip sensors

17th RD50 - Workshop 17-19 November 2009, CERN, Geneva — CH

I. Mandic Annealing effects in n+p strip detectors irradiated with high neutron fluences

G. Casse Room temperature annealing of the CCE in p-type Si sensors

C. Lucas Annealing CCE study on HPK FZ p-on-n ministrip detectors.

R. Eber Annealing study of a high irradiated FZ CMS mini sensor with the alibava setup

G. Kramberger Edge-TCT measurements of heavily irradiated HPK p-type sensors

J. Haerkoenen AC—coupled pitch adapters for silicon strip detectors

G. Pellegrini Fabrication of new p-type strip detectors with trench to enhance the charge
multiplication effect in the n-type electrodes.

H. Sadrozinski Investigation of Punch-through Protection (PTP)

I. Vila A novel two-dimensional microstrip sensor with charge division readout

C. Gallrapp Characterization and Testbeam Analysis of irradiated Silicon n-in-p Pixel
Detectors for the ATLAS Upgrade

. D. Muenstermann First measurements with planar pixel detectors after SLHC fluences

. R. Plackett The Timepix Telescope
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6 Resources

All participating institutes organize their own resources required for the research activities in their
home laboratories. Integration in a CERN approved R&D project allows them to apply for national
funding in terms of financial and manpower resources. The collaboration comprises several institutes,
which have access to irradiation sources (reactors and accelerators, see [1]), as well as clean room and
sensor processing facilities. A very wide range of highly specialized equipment for characterization of
sensors and materials is also available (see [2]).

6.1 Common Fund

RD50 has a Common Fund to which each institute contributes every year a certain amount. The
Common Fund is used for project related investments, like processing of common test structures or
purchasing of special material and equipment. Furthermore it is used to cover the organization of
collaboration workshops, common irradiation runs, or other specific activities of common interest.

6.2 Lab space at CERN

The RD50 collaboration was temporarily using existing infrastructure and equipment at CERN in
2009/2010 and requests to continue to do so in 2011. As a member of the collaboration, the group PH-
DT can provide access to available lab space in building 14 (characterization of irradiated detectors),
in building 28 (lab space for general work) and in the PH Departmental Silicon Facility (hall 186,
clean space). The collaboration would like to use the CERN infrastructure to organize one workshop
at CERN in 2011.

6.3 Technical support at CERN

A low level of support from PH-DT (wire bonding and sensor mounting) may be profitable. The
expected work volume for 2011 is estimated to be very limited.

6.4 Support of the CERN RD50 members

It is requested that the RD50 members affiliated to CERN are further financially supported in their
research activities through the CERN PH Department. The corresponding activities shall be
coordinated by the PH-DT group assuring a balanced research program following on the one hand the
RD50 research strategy and on the other hand the research interests of all LHC experiments towards
radiation tolerant silicon detector upgrades for the SLHC.

For 2009/2010 the RD50 collaboration highly acknowledges the funding and support received
through the PH Department work package WP4 “Radiation Hard Semiconductor Detectors” of the
“CERN DG-Whitepaper project”.

[1] An extensive list of irradiation facilities open to RD50 can be found on the RD50 web page:
http://www.cern.ch/rd50/

[2] R&D Proposal - DEVELOPMENT OF RADIATION HARD SEMICONDUCTORDEVICES FOR VERY
HIGH LUMINOSITY COLLIDERS, LHCC 2002-003 / P6, 15.2.2002.
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