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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™ and reduced bunch-crossing interval of ~10 ns [1, 2]. This
document reports the status of research and main results obtained after the fourth year of activity of
the collaboration.

Presently, RD50 counts a total of 262 members with 52 participating institutes. This comprises 43
institutes from 16 different countries in West and East Europe, 8 from North America (USA, Canada)
and one from middle east (Israel). During the fourth year of activity two workshops and collaboration
board meetings have been held to discuss the recent results and co-ordinate the research activities of
RD50: 25-28 June 2006, Prague, Czech Republic and October 16-18, 2006 at CERN. Each workshop
has registered a quite high rate of participation, counting an average of 65 participants with about 28
talks. Additionally a dedicated “RD50 workshop on defect analysis in radiation damaged silicon
detectors” was held at the University of Hamburg focussing on the investigation of microscopic
defects in silicon and resulting in a new common program on defect analysis. More details including
all electronic versions of the presentations can be found on the collaboration web-site [3].

Review papers describing the common research activities of the RD50 collaboration have been
published in 2003 [4], 2004 [5,6], 2005 [7-9] and 2006 [10-12]. As in the previous years, the research
activity of RD50 has been presented in form of oral contributions at several international conferences
and workshops [13]:

e International Symposium on the Development of Detectors for Particle, Astroparticle and
Synchrotron Radiation Experiments, April 3 - 6, 2006, Stanford Linear Accelerator Center
(SLAC), USA [14].

e 4™ CMS Workshop on Detectors and Electronics for the SLHC, April 3-4, 2006 Perugia,
Italy [15-17]

e 5" International Forum on Advanced Material Science and Technology, June 11 to 14,
2006, Xiangtan, Hunan, China [18]

o RADECS 2006 international workshop, September 27-29, Athens, Greece [19]

e CMS Pixel Group Preparatory Workshop on Future Upgrade, October 9-12,
Fermilab,USA [20]

e 6" International Conference on Radiation Effects on Semiconductor Materials, Detectors
and Devices, Firenze, Italy, October 10 - 13, 2006 [21]

e 2006 Nuclear Science Symposium, Medical Imaging Conference and 15" International
Room Temperature Semiconductor Detector Workshop, October 29 — Nov. 4, 2006 - San
Diego, California [22]

The scientific organization of RD50 is organised in two major lines, Material Engineering and
Device Engineering, each of the two lines are subdivided into three research lines as shown in Table
1-1. The management of the research lines is assigned to members of RD50 of proven relevant
experience (conveners). In 2006 the convenership for the “Pad Detector Characterization” was handed
over from Jaakko Haerkoenen (Helsinki) to Gregor Kramberger (Ljubljana). 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. Table 1-1 lists working groups and common activities within each
project, with the corresponding co-ordinator.

1-1
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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 MCZ silicon wafers that could only be purchased in big
quantities or the expensive processing of a batch of detectors in a 6” processing line with a RD50

common mask.

Line Project Main Research Activity Working groups and
Convener common acitivities
(1) Common defect
. Characterisation of the characterization of neutron
= (E)ﬁ fECt/tM "?‘te:.' al microscopic properties of irradiated silicon
o B arac(;: esrlsa lon standard-, defect engineered and  |(G.Lindstroem)
'dj > U e_ngto I vlsnsson new materials, pre- and post-
= < niv. Os1o, NOrwWay irradiation.
S >
= 2 (1) RD50 wafer
L [
fc(j o Defect Engineering [Development and testing of defect procurement (M.Moll)
S = Eckhart Fretwurst engineered silicon: Oxygen
- = Univ. of Hamburg,  |enriched FZ (DOFZ), High res.
S = Germany Cz, Epitaxial, Si enriched with
e S Oxygen dimmers
o O
£5
22 New Materials  |Development of new materials  [(1) SiC (I. Pintilie)
£ e Elena Verbitskaya  |with promising radiation hard (2) GaN (J. Vaitkus)
8 ° loffe, St.Petersburg,  |properties: bulk and epitaxial SiC,
@ 5 Russia GaN
= Pad Detector Characterisation of macroscopic ~ |(1) Standardisation of
© Characterisation |properties of heavily irradiated macroscopic measurements
E 2 Gregor Kramberger,  |single pad detectors in different  |(A.Chilingarov) _
z 'S [Ljubljana Univ., Slovenia operational conditions. (2) Technotest (V.Eremin)
E 2 New Structures Development of 3D, semi-3D and |(1) 3D (M.Boscardin)
N > - thin detectors and study of their ~ |(2) Semi-3D ( Z.Li )
2 c Richard Bates d post-irradiati
& L Univ. of Glasgow, UK pre- and post-irradiation
© @ ) ' performance.
© = T
= > Full Detector - Systematic characterisation of (1) Pixel detectors
a) : - - (D.Bortoletto- T.Rohe)
Systems segmented (microstrips, pixels) -
. L - (2) Radhard electronics
Gianluigi Casse ~ |LHC-like detectors. (H.Sadrozinski, SCIPP)
Univ. of Liverpool, UK |- Links with LHC experiments ' '

Table 1-1.: Organisation structure of the research activity in RD50.

Taking into account the scientific results obtained over the last four years in the reseach line of
“New Materials”, it was decided in the end of 2006 to suppress this research line and reduce it to
project level within the research line “Pad Detector Characterization”. This change in the RD50
organization will put in place from 2007 onwards.

In the next section our scientific work is reviewed in an executive summary. This section is

followed by six sections describing the status of the research activities of each individual research
line. Finally a work plan, milestones and an overview about the needed resources for 2007 are given.
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2 Executive Summary

2.1 Defect and Material Characterization (DMC)

Studies on the oxygen dimer and related defects: It is believed that the beneficial effect of
oxygen is not only due to the interstitial oxygen (O;) concentration but is also connected to the
oxygen dimer (Oy;) concentration. The latter may determine the generation of shallow donors
(BDs) in the material that can compensate the build up of negative space charge by the deep
acceptors. In order to better understand the role of the oxygen dimer, SIMS studies on the
oxygen depths distribution in EPI and MCZ silicon have been performed and the annealing of
the 10, defect was investigated in detail. Furthermore, a TSC study on the growth of the BD
defect was conducted which suggests that the beneficial annealing could be directly linked to
this defect.

Modeling of defect reactions in irradiated silicon: In 2002 the existence of the Siprcp
(fourfolded coordinated silicon defect) in hadron irradiated silicon was predicted. Simulations
have now been conducted to understand what would be the impact of this defect on the
macroscopic properties of silicon detectors after different kind of irradiations. The results are
in contradiction to experimental data and thus ask for a change in the modeling or might even
contradict the existence of the Sirpcp defect.

Measurements of charge carrier trapping times with the transient grating method have been
conducted on standard and oxygenated silicon. The results are presently under comparison
with data taken by other methods.

The depth dependence of defect interactions in FZ silicon has been investigated using the
depth distribution of the carbon interstitial defect as tracer. Crystals with <100> and <111>
orientation have been compared.

The charge carrier removal in 4H- and 6H- Silicon Carbide was studied arriving to the
conclution that due to a strong radiation induced trapping the material is presently not suitable
for particle detectors.

2.2 Defect Engineering (DE)

Standard and Oxygen enriched FZ silicon (DOFZ): Both material types have been studied
mainly for comparison with the other type of materials under investigation by the RD50
collaboration as for example high resistivity Magnetic Czochralski silicon (MCz), epitaxial
silicon (EPI) or pre-irradiated FZ and MCz silicon. In 2006 also intense work on p-type
material has been performed, motivated by promising results of improved charge collection
properties in structured detectors (strip detectors).

Thermal donor generation in MCZ silicon: The very high oxygen content of MCZ silicon in
the order of ~ 4-6-10"" cm™ facilitates an efficient generation of Thermal donors in the
material due to heat treatments. An effect which has been exploited to tailer the initial
resistivity and the radiation response of the detector material. In 2006 p- and n-type MCZ
silicon detectors have been enriched with Thermal donors via various heat treatments. Results
on the radiation induced macroscopic changes of the detectors as well as the microscopic

S1-
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formation of defects in these materials have been investigated and are presented in the DMC
and PDC chapters of this report.

= Oxygen dimers in epitaxial and MCZ silicon: In 2005 RD50 had demonstrated that the space
charge sign of n-type epi-layers with a thickness of 25, 50 and 75 pm and a resistivity of
50 Q-cm stays positive after 24 GeV/c proton as well as neutron irradiatin up to fluences of
10" cm™. This is a clear indication for the radiation induced creation of shallow donors in
theses materials overcompensating the radiation induced acceptors. The present assumption is
that the radiation induced donor is related to oxygen dimers O,; and not interstitial oxygen O;.
Various investigations into the oxygen dimer production have been performed in 2006 on epi
and MCZ silicon, which are particularly difficult as the oxygen dimer does not exhibit a level
in the bandgap and can thus not be measured with the most common microscopic tools. In the
line of this research the diffusion oxygenated epitaxial silicon EPI-DO was introduced as a
new defect engineered material. The EPI and MCZ materials were characterized with the
SIMS method for their oxygen depth profile and TCT and DLTS analyses were used to
investigate the formation of the 10,; defect in the materials. By measuring the 10,; depth
profile it was concluded that the 10,; defect can be used as an indicator for the oxygen dimer
depth profile.

» Pre-irradiated detectors are detectors produced from a silicon material that prior to
processing has been exposed to an irradiation usually performed in a nuclear reactor. It is
assumed that this pre-irradiation is forming gettering sites inside the material that are reducing
the detector radiation damage. Neutron radiation responses of pre-irradiated n- and p-type FZ
detectors have been compared to the response of standard and NTD (Neutron Transmutation
Doped) detectors. Some indications have been found for a reduced negative space charge
built up in the pre-irradiated detectors.

2.3 Pad Detector Characterization (PDC)

= A detailed study on the electric field profile in irradiated detectors was conducted using
simulations and experimental data obtained with the TCT technique. The simulations could
well reproduce the experimentally observed double junction effects. One result is that
although the shape of the electric field is complex in most cases one of the junctions clearly
dominates it. This dominating junction defines the sign of the space charge and the effective
doping concentration obtained from the depletion voltage is approximately giving the correct
value for the effective doping concentration in the electric field close to the dominating
junction.

= Studies on the effective doping concentration in different materials: Test detectors made from
n- and p-type MCZ, EPI (25 to 75um) and DOFZ silicon have been irradiated with 23 GeV
protons and reactor neutrons. The effective doping concentration extracted by CV
measurements has been parameterized as function of fluence and annealing time for the
various materials allowing now for a detailed comparison of the materials.

= The effect of biasing on the depletion voltage of irradiated MCZ detectors was investigated. A
significant change in the depletion voltage was found after the detector was set under bias and
confirmed in CCE measurements as function of voltage. No influence on the leakage current
was observed.

» The radiation induced leakage current increase of 50 um thick epitaxial silicon detectors was
found to not scale linearly with the hadron fluence. A very surprising result taking into

account that all other silicon detector materials exhibit a linear behavior.

» Further studies on the effective trapping times of irradiated detectors were conducted to
improve the parameterization of this very important damage parameter.

_0-
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Charge collection efficiency measurements with radioactive sources were conducted in
several institutes in 2006. One important outcome is that the charge loss at very high fluences
is lower than would be expected from present effective trapping time measurements. A result
that indicates that the trapping times at very high fluences are probably lower than the ones
thatzwere extrapolated from measurements obtained after irradiation fluences of below 10"
cm”.

2.4 New Materials (NM)

Silicon Carbide - Defects: Schottky diodes and p'-n junction diodes produced from n-type
4H-SiC epitaxial layers were studied in 2006. A detailed investigation on the microscopic
radiation defects and the change of the I-V, I-T and CCE(V) characteristics after 1 MeV
neutron irradiation was performed. The I-T measurements and the defect transient
spectroscopies by DLTS and PICTS have shown that the trapping centers which play the key
role in the decrease of the charge collection efficiency are related to deep levels with an
activation energy above 1.04 eV. The deepest defects observed, SN6 and SN7, with a
concentration of the order of 10"°-10'® cm™ after a fluence of about 8x10"° ¢cm™, have been
identified as the main reason for the detector degradation. These defects can be tentatively
assigned to a defect complex involving carbon-vacancy, carbon and silicon-vacancy defects.

Silicon Carbide — Annealing: The experiments on annealing of SiC p'-n diodes irradiated by
1 MeV neutrons have shown partial recovery of the reverse current and the collected charge.
After annealing for 30 minutes at 200°C the collected charge generated by MIPs, for a diode
irradiated with a fluence of 3x10' n/cm?, increased from 1800 e to 2200 ¢". By increasing the
temperature up to 400°C, further improvement of characteristics occurred: the leakage current
further decreased while the collected charges improvement reached 40%.

Silicon Carbide — Proton irradiation: Irradiation of detectors with 8 MeV protons and
operating tests in reverse bias and forward bias modes have been performed. The data on
forward bias mode allowed separating the contribution of electrons and holes to the CCE of
detectors and definition of ut.;, values. At a fluence of 3x10'* cm™ polarization occurs at any
polarity of the voltage, caused by carrier trapping to the deep levels of radiation induced
defects. The degradation of the signal in time due to polarization prevents a proper detector
application in the spectroscopy mode while operation in the counting mode remains possible.

Gallium Nitride: It was shown that the substrate related defects play an important role and the
detector properties were improved by increasing the epi-layer thickness. The maximal CCE
for a-particles in the new series of the samples with a larger GaN layer thickness was ~ 23%
after 10'° p/cm” and 17% after 10'° n/cm”. A new type of GaN diode structure with a defined
electric field region was processed and studied. The definition was achieved due to
inductively coupled plasma etching of the epilayer to get the contact to the n* buffer layer
that improved the CCE in non-irradiated detector.

2.5 New Structures (NS)

Thin detectors: 50 um thick FZ silicon detectors with various resistivities (3kQcm to
150Qcm) have been produced using the wafer bonding technique. In a first irradiation test
with 23 GeV protons the high resistivity samples (3KQcm) were tested and found to behave
as expected.
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= 3D detectors of single column type (3D-stc) were characterized with the CV and IV methods
and tested in a position sensitive TCT setup. The measurements were found to be in good
agreement with simulations performed with ISE-TCAD simulations. Charge collection
measurements with a radioactive source and fast LHC read out electronics were performed on
3D-ste strip detectors. In the used system an efficiency close to 100% was reached applying
only 7V to the sample.

= The work towards a full 3D detector was continued. Detectors with two types of columes (p-
and n-doped) reaching 250 um into the detector volume from the opposide surfaces are under
development and prototype production runs are under way. The devices have extensively
been simulated to optimize the production.

2.6 Full detector Systems (FDS)

= Non inverting silicon materials: It is now fully established that reading-out finely segmented
silicon detectors from the side were the high electric field is located after irradiation gives the
major contribution to radiation hardness. This is due to the fact that charge trapping is the
main cause of charge collection deficit, because it reduces the lifetime of charge carriers and
therefore their collection distance. Short collection times are thus required to maximize the
charge collection. Traditional p-in-n detectors suffer from the migration of the junction to the
backplane after irradiation (the space charge type inversion), with the high electric field being
located on the non-segmented side of the device. The development and test of non-inverting
silicon materials, where the high electric field is always located on the segmented side of the
detector, has been the main subject of the FDS project during the year 2006. The candidates
as non-inverting silicon materials are p-type substrates (both FZ and MCZ) and n-type MCZ,
although this latter has been shown to invert after high dose of neutron irradiation.

= Gamma irradiation of p-type detectors: When n-side read-out is used on segmented detectors,
as for example in n-in-p geometries, a method for interstrip isolation has to be used. Possible
interstrip isolation methods are p-spray, p-stops or a combination of the two (moderated p-
spray). Since the p-type detectors are the most promising candidate for non-inverting
detectors, it is very important to study the effects of ionizing irradiation on the electrical
properties of the silicon detectors, like the interstrip capacitance, the interstrip isolation,
break-down voltage and leakage current. A dedicated study was performed with a “Co
irradiation on p-type detectors originating from the SMART project. The investigation of
surface effects showed no dependence on the p-type wafer type (FZ vs. MCz), but large
dependence on the surface treatment (high vs, low p-spray dose). Saturation was observed for
the interstrip capacitance at about 100 kRad, with very little annealing. The flatband voltage
and the oxide charge showed also saturation at about 150 kRad, but in addition a very large
annealing by a factor 3. The breakdown voltage was increased by the gamma irradiation, but
also showed very strong annealing. The strips showed good isolation before and after
irradiation and annealing.

= p-spray isolation studies: A dedicated simulation with the ISE-TCAD package on the
breakdown behavior of different types of p-spray isolation was performed and compared to
devices produced with different p-spray isolations. A good agreement between simulation and
measurement was found. The breakdown voltage of the non-irradiated n-in-p microstrip
detectors decreases as the total implanted charge increases. On the other hand, high doses of
p-spray are needed to avoid the inversion of the silicon surface in heavily irradiated devices.
A compromise solution is necessary. This could be critical for devices fabricated in substrates
with low resistivities, such as Czochralski silicon. However, strip isolation is not the major
concern in irradiated detectors, and more complete simulations are needed. The electrical
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measurements of detectors fabricated with a medium dose p-spray confirm the simulation
results. Even if the resulting p-spray profile is lower than the profile predicted by simulation,
the devices show good electrical behaviour and the microstrips are properly isolated.

= Laser test systems: Testing the CCE of detectors with a laser system offers many advantages
over the use of a radioactive source, has however the drawback that the estimation of the total
charge injected into the detector is very difficult and might easily change in the course of an
experiment. A step towards a higher accuracy was taken by the Prague University by
developing a dedicated laser head that monitors the incoming and reflected laser light.
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3 Defect and Material Characterization

3.1 Oxygen dimer and the evolution of radiation-induced defects

3.1.1 Introduction

Previous investigations suggested that the beneficial effect of oxygen may not only be connected
with the concentration of oxygen interstitial O;, which influence the generation of deep acceptors (like
the I defect [1]), but also with the concentration of oxygen dimers O, which may determine the
generation of shallow donors (BDs) in the material [2,3] that can compensate the build up of negative
space charge by the deep acceptors. These considerations have been the main motivation to conduct
systematic studies regarding the involvement of oxygen dimers in the formation of radiation induced
defects.

3.1.2 Samples and detectors studied

Silicon diodes manufactured on different kinds of epitaxial layers as well as on high resistivity
magnetic Czochralski (MCz) material were investigated in this work. The n-type epitaxial layers with
thicknesses of 25 pum and 72 pm were grown on highly Sb doped Cz substrates by ITME [4]. The
resistivity of the 25 pm layer was 50 Qcm, while that of the 72 um thick layer was 150 Qcm. The 300
pm MCz wafers with a nominal resitivity of > 600 Qcm were provided by Okmetic [5]. The
processing of the diodes was performed by CiS [6]. For one batch of the 72 pm thick epi layers a
special heat treatment for 24 hour at 1100°C preceding the standard processing was implemented in
order to increase the oxygen concentration in the epi layer. Diodes produced this way are denoted as
EPI-DO while the standard ones are indicated as EPI-ST. Oxygen concentration-versus-depth profiles
have been measured by SIMS [7] and are displayed in Fig. 3-1 for all the three different detector
materials used after full device processing (the carbon content in the epi-materials was ~3x10" ¢cm™,
which is close to the detection limit of the instrument used). The depth profiles of the EPI-DO and the
MCz sample are quite similar with respect to the absolute values as well as shape, showing in both
cases a homogenous distribution throughout the bulk material and a decrease near to the surface, most
likely caused by out-diffusion. On the other hand the oxygen concentration of the EPI-ST sample
exhibits a strong non-homogeneous profile typically observed for samples of fully processed epi-
layers without the DO option [8].
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Fig. 3-1. Oxygen concentration profiles measured with SIMS for EPI-ST, EPI-DO and MCz diodes.
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3.1.3 Results — annealing kinetics for the 10, complex

The 10, complex was first detected by DLTS in low dose electron-irradiated Cz silicon [9].
Recently, using TSC, the 10,-defect was detected also in other types of silicon material (DOFZ and
Epi/Cz) after exposure to high y-doses or 24 GeV/c proton fluences (the E(50K) TSC peak in ref.
[2,3D).

Isothermal annealing studies of the 10, defect complex at different temperatures have been
performed for the first time. For this annealing experiment EPI-ST diodes with a thickness of 25 um
were irradiated with neutrons up to 1x10'> ¢cm™ and annealed at 80°C, 100°C and 120°C. The
annealing data for the mentioned three temperatures are displayed in Fig. 3-2 together with their fits.
The Arrhenius plot in Fig.3-3 of the extracted time constants reveals a frequency factor of about ko =
3.5x10" s and an activation energy of E, =1.29 eV. Thus, with a first order kinetics and the
frequency factor k, close to the most abundant phonon frequency, it is very likely that the annealing of
the 10, defect is due to dissociation.
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Fig. 3-2. Isothermal annealing of the 10y Fig. 3-3. Arrhenius plot for the thermal
defect at different temperatures T,. Mea- activation of the 10,; defect after irradiation
surement performed on a 25 pum EPI-ST with d>eq:1xlO12 cm™ reactor neutrons. EPI-ST
detector irradiated with ®eq=1x10"* cm samples with 25um thick layer.

reactor neutrons.

3.1.4 Results — bistable donor (BD) center

As previously reported [2,3], the BD is generated in material with high concentration of oxygen.
The irradiation induced BDs are able to even overcompensate the negative space charge introduced by
deep acceptors such that no “type inversion” appears in DOFZ material or 50 um epitaxial silicon
even after very high doses [2,10]. The BD center was detected in high resistivity material via two TSC
signals — BD (98K) and BD tail - indicating that the BD center can exist in two configurations,
labelled in the following as A and B, respectively. A strong similarity of the BD complex to thermal
double donors TDD2 and the well known fact that oxygen dimers O,; are precursors for the formation
of thermal donors (see [9]) leads to the assumption that dimers are also involved in the formation of
BDs. Similar to the earlier stage TDD, structural transformations between the two possible BD
configurations (A and B) may be achieved by different illumination or bias conditions during the
cooling procedure before the TSC measurement [2]. However, in previous TSC studies on high
resistivity samples or lightly doped epitaxial layers subjected to high irradiation levels (2-4x10"cm™)
only the configuration A could be directly analysed. Present investigations on lightly doped samples
exposed to 1MeV neutron fluences of 5x10" cm™ reveal the direct detection of both A and B, as
shown in Fig. 3-4.



RDS50 Status Report 2006 CERN-LHCC-2007-005 and LHCC-RD-013

‘ EPI-DO, 5x1013 ¢cm-2 (1MeV neutrons) ‘
144 Fig. 3-4 TSC spectra recorded on a
e
X EPI-DO diode as irradiated to

124
[BD] = 8x1011 cm-3

5x10" n/em’ and after storage for
3 hours at 295 K.

=
o
1

TSC signal (pA)

(0/++)

20 40 60 80 l(I)O léO lAIIO 1fI30 1EI30 200
Temperature (K)

In the TSC spectrum measured directly after irradiation a peak at 49 K (attributed to BD""") is
recorded. It vanishes after a short storage time of 3 hours at room temperature, but during a second
measurement a strong increase of the (0/++) transition of the BD center is observed. The donor
activity of both BD transitions is proven by the temperature shift of their peak position as function of
the applied bias voltage (i.e., Poole-Frenkel effect on the rate of electron emission). For the EPI-DO
diode the BD introduction rate could be accurately evaluated resulting in a value of g(BD"™) =
1.7x10 cm™ which represents the rate of positive charge introduced by the BD in the space charge
region. TSC measurements on all investigated materials (MCz, EPI-ST, EPI-DO) demonstrate that
shallow donors (monitored via the BD* configuration) are generated in both the epi-materials but in a
much lower concentration in the MCz material possibly suggesting a higher concentration of
competing ‘reaction channels’ for migrating defects in the latter diodes.

An important issue concerns the annealing behaviour of the BD centers. In Fig. 3-5, the BD
concentrations measured after different annealing times at 80 °C are presented. It can be observed that
for all materials the concentration of BDs increases during the first 80 minutes at 80 °C. This
behaviour relates the growth of BD centers with the so called “beneficial annealing”.
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3.2 Modeling of defect reactions in irradiated silicon

In 2002, using state of the art plane wave density functional theory, Goedecker et al.[11]
predicted the existence of a new type of primary defect: Siprcp (Fourfolded Coordinated silicon
Defect) that is a pseudo-vacancy. It is obtained by moving atoms from the initial positions, but this
displacement does not break the bonds with the neighbours. The bond lengths are between 2.25+2.47
A and angles vary in the 97+116° range. So, the bond length and angle do not deviate significantly
from their bulk values. The formation energy is 2.45 eV (for p-type silicon), 2.42 eV (intrinsic), 2.39
eV (n-type), i.e. lower than the energy of formation of both vacancies and interstitials.

Assuming the following characteristics for the Sigrcp defect

- Itrepresents about 10% from all vacancies generated per act of interaction,

- Has an energy level in the band gap between E.— (0.46 +0.48) eV,

- Has a capture cross section between (5-+10)x10™"° cm?

- Ratiooy/o,=1+5.
the experimentally observed evolution as a function of dose and post-irradiation time of the leakage
current and effective carrier concentration can be reproduced by simulations employing rate equations
and ‘ordinary’ defect reactions. This holds, in particular, for hadron irradiation, which is, indeed, a
new and encouraging accomplishment [12], as illustrated in Fig.3-6 for the leakage current vs. time
evolution after different kinds of irradiation. On the other hand, the assumed properties for the Sigrcp
defect are in direct contradiction to experimental results, reported by numerous groups, regarding
defect generation in irradiated silicon, i.e., there is scarce experimental evidence for the existence of a
defect with such prominent characteristics as those assigned to Sigrcp. Further work is being pursued
to resolve this intriguing issue, including high resolution electron microscopy studies [13].
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Fig. 3-6 (a)—(d) The damage constant of the leakage current as a function of time after irradiation at

room temperature, with. (a) electrons of 800MeV kinetic energy, (b) protons of 24 GeV/c momentum;

(c) and (d) negative and positive pions at 350MeV/c. Inset: comparison between experimental data
(points) and model calculations without the contribution of the Sigrcp defect (continuous line).

3-4



RDS50 Status Report 2006 CERN-LHCC-2007-005 and LHCC-RD-013

3.3 Measured charge carrier trapping times in irradiated silicon

Direct measurements of the charge carrier trapping time in Si diodes irradiated by 24 GeV/c proton
up to a fluence of 1x10" cm™ has been conducted employing the transient grating technique [14]. The
measurements were performed at room temperature and the results for a number of different fluences
are depicted in Fig.3-7 for standard diodes (CE) and diffusion-oxygenated (CH) ones, processed by
CiS [6]. The inverse trapping time, which is proportional to the trap concentration, is displayed in
Fig.3-8 as a function of the proton fluence. Despite a limited amount of data, the trap generation rate
appears to be higher in the CH-diodes by ~30 % relative to CE-diodes, which is possibly related to a
higher generation of vacancy-oxygen centers in the former ones. At high fluences, deviations from a
linear relationship occur indicating a different type of dominating trapping center than at the low
fluences or a change of the capture coefficient of the trap [15].
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Fig.3-7 Diffraction efficiency (proportional to the square of the free carrier concentration) versus
time for standard (CE) and oxygenated (CH) diodes irradiated with different proton fluences.
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3.4 Depth dependence of defect interactions in standard FZ-Si
detectors

Detailed DLTS measurements have been undertaken on standard FZ-Si detectors irradiated with
6 MeV electrons at room temperature. In particular, the time evolution of the carbon interstitial
concentration as a function of depth has been studied and found to be hinge strongly on the depth
distributions of interstitial oxygen and substitutional carbon. This is illustrated in Fig. 3-9 showing the
remaining fraction of interstitial carbon (C;) as function of depth after annealing at 60 °C for 400
minutes in two diodes with different crystal orientation. In the near surface region (<30 um) the
remaining fraction of C; decreases rapidly which presumably reflects a high concentration of O;-traps
formed by in-diffusion of oxygen during the device processing. Hence, a non-homogenous depth
distribution of impurities/traps has a profound influence on the defect formation/annealing kinetics
and needs to be accounted for when evaluating the radiation hardness of standard FZ-Si detectors.
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Fig. 3-9 Depth dependence of remaining fraction of interstitial carbon in <111> (filled symbols) and
<100> (empty symbols) detectors after annealing at 60 °C during 400 minutes.

3.5 Charge carrier removal in irradiated n-type Silicon Carbide

Silicon carbide (SiC) is frequently claimed to be radiation-hard but the amount of real evidence
for such a claim is scarce. In fact, studies on low-fluence ion-implanted epitaxial layers of 4H-SiC
showed a reduction in the free carrier concentration about 10 times larger than that in n-type silicon
for identical implant conditions [16]. In this effort we have investigated the charge carrier removal in
epitaxial layers of n-type (nitrogen-doped) 4H-SiC and 6H-SiC grown by chemical vapour deposition
and irradiated with 6 MeV electrons at room temperature. The main analysis techniques used are CV
(1 kHz to 1 MHz probe frequency), DLTS and Admittance spectroscopy. The results are summarized
in Table 3-1 and the loss of responding carriers (compensation) with fluence is about one order of
magnitude higher than in Si. No evidence for inversion from n-type to p-type conductivity is found

Isochronal annealing studies reveal gradual recovery of the charge carriers over a wide
temperature interval ranging from 200 to 1350 °C depending on fluence and polytype. In general, the
6H polytype exhibits a lower loss of responding carriers than 4H for a given fluence, and the major
features of the results can be quantitatively explained by trapping of free electrons at deep-acceptor
type defects. The main deep levels responsible for the trapping are attributed to the so-called Z;,, and
EHg/; defects in 4H-SiC with positions at about 0.7 and 1.5 eV below the conduction band edge,
respectively. In 6H-SiC, the corresponding centers are the so-called E;, and R defects with positions
at about 0.4 eV and 1.3 eV below the conduction band edge, respectively. The more shallow level
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positions in 6H than in 4H is found to be dominant reason for the lower loss of responding carriers at
a given probing frequency during CV measurements.

In conclusion, these data do not favor the use of 4H- or 6H-SiC as a material for particle
detectors because of the strong charge carrier trapping, unless the material can be engineered during
growth to suppress the formation of these deep acceptor-type defects [17].

TABLE 3-1. Survey of the samples used and carrier response before and after irradiation.

Polytype Electron dose Initial net carrier Carrier concentration after
(cm™) concentration (cm™) | irradiation (From CV, 1 MHz)
(CV, 1 MHz) (em™)

4H 2x 10" 43 x 10" Compensated
4H 4 x 10" 4.7 % 10" Compensated
4H 8 x 10" 4.8 x 10" Compensated
4H 1.6 x 10" 5.0x 10" Compensated
6H 2x 10" 6.3x10"° 4.1x10"

6H 4x107 5.4 x 10" Compensated
6H 8§ x 10" 7.0 x 10 Compensated
6H 1.6 x 10 4.8 x 10" Compensated
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4 Defect Engineering
4.1 Standard and DOFZ silicon

Both standard and oxygenated FZ (DOFZ) silicon is mainly investigated for comparison with high
resistivity Magnetic Czochralski silicon (MCz), epitaxial silicon (EPI) or pre-irradiated FZ and MCz
silicon. In 2006 intense work had been performed on p-type material, motivated by promising results
of improved charge collection properties in structured detectors (strip detectors). In heavily damaged
detectors the degradation of the charge collection efficiency by charge carrier trapping is one of the
limiting factors for the innermost layers of the tracking detectors in SLHC experiments. In case of
strong trapping segmented n'-p-p” structures present the advantage that the signal is dominated by
electron collection and, therefore, less trapping is expected due to the higher mobility of electrons
(shorter collection time) compared to holes.

4.2 Thermal donor generation in p-tye MCz silicon

Silicon crystals grown by the Magnetic Czochralski (MCz) method have a much higher oxygen
concentration ([O] = 4-6-10'7 cm™) compared to any oxygen enriched DOFZ material ([O] = 1-3-10"7
cm’™) due to the growth technology itself.

It has been demonstrated that such high concentration of oxygen will strongly influence the
radiation induced creation of oxygen related defects and the defect kinetics resulting in an improved
radiation hardness beyond the level observed so far in DOFZ silicon. Furthermore, it is well known
that in MCz material different thermal donors can be formed or annihilated by specific heat
treatments. This also leads to a further possibility to influence the radiation tolerance of this material.
The radiation hardness of n- and p-type MCz devices has been studied by different groups and recent
results on the radiation induced change of the macroscopic properties will be presented in section 5
(PDC). Microscopic studies are included in section 3 (DMC). In particular, TSC measurements on
irradiated samples have evidenced the introduction of shallow donors.

4.3 Oxygen dimers in epitaxial and MCz silicon

It had been shown that the space charge sign of n-type epi-layers with a thickness of 25, 50 and 75
pum and a resistivity of 50 QQ-cm stays positive after 24 GeV/c proton as well as neutron damage up to
fluences of 10'® cm™. For large fluences in epi-diodes the creation of acceptors is obviously always
overcompensated by an introduction of shallow donors. The formation of these shallow donors was
investigated by the Thermally Stimulated Current (TSC) method and it was demonstrated that the
TSC signal due to the shallow donor had a very similar dependence on the material as the average
oxygen concentration and the stable damage generation [1, 2]. It is believed that this radiation induced
donor is related to oxygen dimers O,; and not interstitial oxygen O,.

4.3.1 Material properties

In continuation of the research plan new n-type epitaxial layers with a thickness of 72 um and a
resitivity of 150 Q-cm were grown by ITME. The pad-diodes were manufactured by CiS using
different process technologies, either the standard process technology (denoted as EPI-ST) or
performing an oxygen enrichment of the epi layer by a heat treatment for 24 hours at 1100 °C
(denoted as EPI-DO) preceding the standard process steps. This way not only the oxygen
concentration should be manipulated in the epi-layer but also the concentration of oxygen dimers.

The depth profile of the resistivity is displayed in Fig. 4-3-1. The mean value in the range between
1 um and 65 um in the epi-layer is (148 £ 4) Q2-cm and in the Sb doped Cz substrate a value of p =
(9.5 £ 0.3)-107 Q-cm is observed.
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Fig. 4-3-1 Resistivity depth profiles as measured by spreading resistance for 72 um n-type epi layer.

The oxygen and carbon concentrations had been measured by Secondary lon Mass Spectroscopy
(SIMS) for the epi-layers at different stages of the processing [3]. In Fig. 4-3-2 the depth profiles are
displayed for an as grown epi-sample, an EPI-ST sample after being fully processed and for an EPI-
DO sample after oxygen enrichment, as mentioned above, followed by the standard process steps.

As can be seen from Fig. 4-3-2 for the as grown sample oxygen is out-diffusing from the Cz
substrate into the epi-layer already during the epitaxial growth up to a depth from the epi-layer
substrate interface of about 30 pm. For the EPI-ST sample, due to the high temperature treatments
during the standard processing procedures (thermal oxidation, activation of implants), the out-
diffusion from the Cz substrate continues, and an in-diffusion from the Si0O,-Si interface leads to an
error function like depth profile of the oxygen concentration in this surface region. In total a O-depth
profile is achieved, which starts at the front side of the epi-layer with a concentration of about 110"
cm”, decreases to a value of 2.2:10'° cm™ in a depth of 25 pm and followed by an increase up to
3.4-10" cm” at the epi-layer substrate interface. Similar strong non-homogeneous profiles are
typically observed for samples of fully processed epi-layers without the oxygenation treatment [1].

The oxygen enrichment at 1100 °C promotes further the out-diffusion from the substrate resulting
in a very homogeneous distribution throughout the main part of the epi bulk ([O] = 6.5:10"7 cm™)
excluding the surface region of 10 um, where a decrease of the oxygen concentration is observed,
most likely caused by an out-diffusion of oxygen.

The carbon concentration in the epi-layer varies between 9-10"* ¢cm™ and 1.9-10" ¢cm™ for the
different processing procedures but these values are supposed to be already below the detection limit
of the SIMS-method.

10'8 :

107L

—e— O, EPI-DO, full process
—— O, EPI-ST, full process
—— O, EPI, as grown

—o— C, EPI-DO, full process
—as— C, EPI-ST, full process
—o— C, EPI, as grown

1016

Impurity concentration [cm™]

1015 |

|
0 20 40 60 80 100

depth [pum]
Fig. 4-3-2 Oxygen and carbon concentration profiles measured with SIMS in 72 um n-type epi-silicon: after
oxygen enrichment and full processing (EPI-DO, —@—), after standard processing (EPI-ST, —A—) and as
grown layer (—&—).

For the MCz sample a SIMS profile of the oxygen concentration is measured ([O] = 5.6:10"" ¢cm™,
see Fig. 4-3-3), quite similar to the EPI-DO result. Also in this case an out-diffusion of oxygen at the
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surface can be seen. As the carbon concentration is concerned, a slightly larger value is observed ([C]
=2.5-10" cm™) in comparison to the epi-layer but as mentioned before such a small concentrations is
expected to be below the detection limit.

10'8
& Oxygen

&

s 107 i
= MCz, n-type, 300 pm

=

= SIMS after full process

]

=}

o

210 1
g

g Carbon

10]5 I I L
0 20 40 60 80

Depth [pm]
Fig. 4-3-3 Oxygen and carbon concentration profiles measured with SIMS in 300 um thick n-type MCz
silicon after full processing.

4.3.2 The 10, complex as an indicator for O,; in epi- and MCz-silicon

The 10, complex had first been detected by DLTS in low dose y-irradiated Cz silicon [4]. The
identification was achieved by comparing its annealing behavior after low y-doses, resulting from
DLTS measurements, with those deduced from IR absorption spectra measured after very high vy-
doses. Recently, using the TSC method, the 10,-defect was detected also in other types of silicon
(DOFZ and Epi/Cz) after exposure to high y-doses or 24 GeV/c proton fluences (the E(50K) TSC
peak in ref. [2,5]).

The DLTS spectra of a 72 um EPI-ST and an EPI-DO diode, as irradiated with 26 MeV protons up
to an equivalent fluence of 8.1:10''cm™, are presented in Fig. 4-3-4. The most obvious difference
between both spectra is the fact that the interstial-dimer complex (I0,;) is only seen in the EPI-DO
material while the carbon-interstitial defect (C;) is only detected in the EPI-ST sample. The formation
of the 10,, defect evidences the presence of O,; in the epi material with a high oxygen concentration.
The fact that C; is not seen in EPI-DO does not indicate that the carbon content of this material is
much smaller than in the EPI-ST material (see Fig. 4-3-2), it is only an effect of the higher probability
for the formation of C;O; in the EPI-DO material due to its higher oxygen concentration compared to
the standard material [6].
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4 i 1 —e—EPI-ST U_=-80V, U =-60V [
0.5+ i ——EPI-ST 72;m 05 ol : R 4
. ! +- EPI-DO 72um 20
5 04 0,4 L
= V,(-/0) + VP + Cluster LE V,(-/0) + VP + Cluster
E -
S 034 <" 0,3+ L
2 5
1 =)
[ @
3 0,24 o« 92 -
~
a
0,14 0,1 -
0,0 0,0 L
E.(34K)
T T T T
50 100 150 200 250 300 5I0 1(I)0 15;0 2(I)0 25:0 300
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Fig. 4-3-4 DLTS spectra for EPI-ST and EPI-DO Fig. 4-3-5 Comparison of DLTS spectra of the
diodes irradiated with 26 MeV protons with a fluence EPI-ST diode close to the substrate (UR = -80V, UP =
of O = 8.1-10"em™. Up=-20 ¥, Up=-0.1 V,t,=100 -60V) and in the region of low oxygen concentration
ms, Ty =200 ms. (UR=-20V, UP=-0.1V), t,=100 ms, Ty =200 ms.
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On the other hand from the absence of the 10,; signal in the EPI-ST diode it cannot be concluded
that oxygen-dimers are not present in this material. The 10,; is not visible due to the filling conditions
for the traps (Ug = -20 V, Up = -0.1 V) chosen for recording the spectra shown in Fig. 4-3-4. This
way, only defects in a depth between about 5 um and 33 um from the p' contact are detected. In this
region the O,; concentration in the EPI-ST material is expected to be very small since the oxygen
concentration is low. But near to the interface between the epi-layer and the Cz substrate the oxygen
concentration is much higher (see Fig. 4-3-2). Therefore, it is expected that the O,; concentration in
this region is also higher compared to the front region and the 10,; should become visible. In fact, this
is demonstrated in Fig. 4-3-5 where the spectrum of the EPI-ST diode shown in Fig. 4-3-4 (front
region) is compared with a spectrum recorded under filling conditions which corresponds to a
depletion region near to the interface. It is also obvious that in this region with its high oxygen
concentration the C; defect is not visible anymore pointing to the argument given above for the
absence of a C; signal in EPI-DO. In order to get more insight into the formation of the 10,; and its
dependence on the oxygen concentration, depth profiles were measured not only for the EPI-ST
material but also for the EPI-DO and the MCz material which exhibit an almost homogenous oxygen
distribution throughout the bulk.

Before presenting the measured
10,; depth profiles it is noted that the wl w6  \Ca after imadiation L
DLTS spectrum of a MCz diode after —+— MCz before irradiation
irradiation with 26 MeV protons is 08
very similar to that recorded for the
EPI-DO sample (see Fig. 4-3-6).
Especially a clear 10,; signal is seen
and no C; signal. In Fig. 4-3-6 a
spectrum  before  irradiation s
included which shows two small S 749
peaks located at about 112 K and 62 [TDDJ=4,3x10"°cm”
K. While the 112 K peak cannot be 50 100 10 200 250 300
attributed to a known defect, the Temperature [K]
signal at 62 K is most likely related to Fig. 4-3-6 DLTS spectra for MCz material before and after
a thermal double donor TDD. This irradiation with 26 MeV protons with a fluence ®,, = 4.6 - 10"
assignment is based on a direct cm” Up=-20V, Up=-5V,1,=100 ms, Tyy=200 ms.
capture cross section measurement
resulting in a very large value of 6, = 1-10"'> cm” which is expected for a shallow double donor.

The 10,; depth profiles were extracted
from transient measurements, recorded at
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x a constant temperature of 67 K, varying
100 %HTE ; N - o E the reverse bias and the pulse bias
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a‘j of 200 ms. In Fig. 4-3-7 the depth profiles
= of the 10,; concentration are plotted for all
% —x three materials. As expected, the profiles
% 104 i of the MCz and the EPI-DO material are
5 e nearly flat in the measured region while
S s : Ei::gg the profile of the 10,; center of the EPI-ST
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This correlation between the respective

Fig. 4-3-7 Depth profiles of the 10,; defect concentration 10 E,md O; concentration has led to the

in EPI-ST, EPI-DO and MCz after irradiation with 26 MeV ~ question  whether —the ~measured 10,
protons with fluences of ®., = 8.1-10'" cm™, Dy = 4.8-10'" concentration can be taken as a relative
cm” and @, = 4.6:10"" cm™ accordingly. All concentrations —measure of the oxygen-dimer
are scaled to @, = 8.1-10"" em™. concentration itself in this material. If we
assume that the formation of 10,; via I +
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0, — 10y; is not disturbed by the competing reaction I + C; —Si; +C; or other interstitial related
defect reactions like the formation of [,0,; [4] the 10,; concentration should reflect the oxygen-dimer
content in the material.

IR absorption measurements by L.I.

wl T T T ] Murin et al. [7] showed a quadratic

] . Eﬁ::gg ] dependence of the oxygen dimer

144 * MCz T concentration on the O; content in
12]  ——Fit[OF for EPI-ST and MCz ] oxygen rich Cz silicon. In Fig. 4-3-8 the

= 1] ] 10,; concentration for all measured
g ] samples (EPI-ST, EPI-DO, MCz) is
E 8+ E § plotted as function of the oxygen
gé N ] concentration, showing an almost ideal

quadratic dependence as suggested by
the Murin result [7]. However this
g curve does not reproduce the value
T observed for EPI-DO, which is only

0 6 7 about 50% of the expected
[0] [10"/em?] concentration. This finding is so far not
understood.

In addition to the non-homogeneous
Flg 4-3-8 Concentration of the IOZ,- defect in EPI-ST, EPI- IOZi depth proﬁle we found also a
DO and MCz detectors as function of the oxygen concentration.

v ! ? ’ strong variation of the C; concentration
The solid line represents a fit with a quadratic function.

as function of the depleted depth in the
EPI-ST material, as demonstrated in
Fig. 4-3-9. The [C,] profile has a maximum at a depth where the oxygen concentration has its
minimum. Towards the regions with a higher oxygen concentration [C;] drops down rapidly. This
rapid decrease is due to the high capture rate of C; by O, forming the C;O; complex, when the O;
concentration is sufficiently large. The competing reaction C; + C; — C,C, plays a minor role, since
the concentration of C; is much smaller than the oxygen concentration as mentioned before. It should
also be reminded that the C; is mobile at room temperature (RT) and cannot be detected anymore, if
the sample is stored for a prolonged period at RT (the annealing time constant at RT is about 4 days
for carbon and oxygen lean material).
In conclusion, the 10, defect
complex can be regarded as a very

— .
sensitive indicator for the presence

of Oy in silicon and under some

prerequisites its concentration may = =
be taken as a relative measure for 2 10+ ] 102
the O, concentration in the =) ‘X 2
material. The importance of O,; for g As %
the radiation tolerance of silicon g A g
detectors had been outlined in & g
several papers and reports [1, 2, 8, 8 ' A EPiSTIO]fomsiMS | §
9] ®  EPI-ST [C] as irradiated
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Fig. 4-3-9. Depth profile of the C; concentration in a EPI-ST

detector irradiated with 26 MeV protons with a fluence of @ =
8.1:10"" cm™ and correlated with the oxygen concentration.
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4.4 Defect engineering by pre-irradiation treatments

In the frame of the RD50 research project, the INFN in Padova, the Institute of Nuclear Research
(KINR) in Kiev, ITC IRST in Trento and CNM in Barcelona have investigated radiation hardening by
preliminary neutron irradiation of silicon, which is expected to create gettering sites in the silicon
bulk. Preliminary irradiation of silicon by fast neutrons and the subsequent annealing lead to the
formation of sinks for primary radiation defects. These sinks are complexes of radiation-induced
defects with neutral impurities, such as C and O, always present in the silicon wafers. The optimal
value of annealing temperature was found experimentally (see Ref. [10]). It was shown that after pre-
irradiation and annealing procedures the changes in the electrical characteristics with respect to un-
irradiated samples are negligibly small.

The investigated materials are summarized in the following Table 4-4-1:

N-type silicon:

Producer Type p [kQ-cm] T [ps] d [um] Processing

TOPSIL FZ ~43 ~ 1000 310 ITC IRST
~ 46 after pre-irrad.

TOPSIL FZ NTD 3 ~ 600 280 ITC IRST

P-type silicon:

Ukrainian FZ ~10 ~ 1000 290, 360,480 CNM

prov. ~ 10 after pre-irrad.

In addition p-type standard FZ and DOFZ diodes with a resitivity of about 25 kQ-cm as well as p-
type MCz diodes with a resitivity of about 10 kQ-cm had been provided by CNM.

The irradiation of the different devices were performed at the research reactor of the Jozef Stefan
Institute in Ljubljana. In Fig. 4-4-1 the development of the effective doping concentration as function
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+ 10" . 1.40x10" - * W2 ref 1-0.0356 cm’
" * v W3 ref 1=0.0342 cm’
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! ¢ R MCZ [1-0.0244 cm’” v 8
. 10x107 * o o FZref j=0.0228 cm’
§ H § ¢
L 8.0x10% * * 3 !
z * Z 7.00x10" .
&0x10° - - . = REFERENCE [-0.028 2
- + NTD[=0015
4.0x10% o . * PRE-irradiated [:-0.011 X i
] 3.50x10" | +
2104 #
00 T T T T T T T T 1 r - T
10" 210" 30" 410" S0t ee0” T 0 1x10™ 210" 310" a1
@, nfem’ @, nfem”
Fig. 4-4-1 Effective doping concentration as function Fig. 4-4-2 Effective doping concentration as

of fluence for the n-type reference, NTD and pre- function of fluence for the different p-type devices.
irradiated devices. The lines are linear fits of the The lines are linear fits of the experimental data.
experimental data.

of fluence is shown for the different n-type materials and in Fig. 4-4-2 for the different p-type
materials, respectively. The extracted B-values are listed in Table 4-4-2:

N-type, B-values in cm™

Reference NTD Pre-irradiated

0.028 0.015 0.011

P-type, B-values in cm™

Reference W2  Reference W3  Pre-irradiated MCz DOFZ FZ
0.036 0.034 0.023 0.024 0.027 0.023
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The reverse current per unit volume as function of fluence is plotted in Fig. 4-4-3 for the n-type
diodes and in Fig. 4-4-4 for the p-type ones. All values are taken after irradiation without any

annealing.
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Fig. 4-4-3 Reverse current per unit volume as function Fig. 4-4-4 Reverse current per unit volume as
of fluence for the n-type diodes. function of fluence for the p-type diodes.

The variation of the corresponding a-values is sufficiently larger for the n-type diodes than those
observed for the p-type ones. This might be due to some differences in the irradiation history or
storage conditions after irradiation. Annealing experiments would clarify whether there are real
differences or not.
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5 Pad Detector Characterization (PDC)

The research of the PDC research line in 2006 has been focused to oxygen rich materials, which
are most likely candidates for the SLHC tracker material. The damage at SLHC will be dominated by
fast charged hadrons for <20 cm and neutrons of similar spectra as reactor neutrons at »>20 cm [1].
The limited access to CERN-PS in the last year resulted in more irradiations performed with reactor
neutrons at research reactor of Jozef Stefan Institute in Ljubljana and low energy protons (26 MeV) at
the cyclotron of the Forschungszentrum in Karlsruhe. The two most studied materials were MCz and
epitaxial silicon detectors, but also p-type FZ detectors were considered. The properties of
investigated materials are gathered in the Table 5-1. The detectors were produced by IRST, CiS and
CNM Barcelona within RD50 collaboration.

Table 5-1. Properties of investigated materials.

Material type: MCz, FZ Epi-Si
Producer: Okmetic Ltd (Vantaa, Finland) ITME (Warsaw, Poland)
Details: n type (0.5-6 kQcm ), 300 um thick n type (150 Qcm, 75 um thick)
p type (1.8kQcm), 300 pum thick n type DO (150 Qcm, 75 um thick)
n type (500 Qcm, 150 um thick)

The SMART collaboration produced the largest number of the samples this year. The uniform p-spray
technique has been used to increase n' implants isolation with two different implantation doses,
namely 3-10"> cm™ (low p-spray) or 5-10'* cm™ (high p-spray) for n"-p detectors. The processing of
n- and p-type MCz silicon detectors was carefully modified to avoid the thermal steps at temperatures
between 400 and 600°C in order to minimize the activation of Thermal Donors [2].

5.1 Electric field profile

The electric field profile in irradiated silicon detectors is different from the linear one typical for
homogeneous effective doping concentration (N.s=const.) [3]. How much the electric field differs
from the linear depends on type of irradiations, material and time after the irradiations [4]. The non-
uniform effective doping concentration changes also the interpretation of the results and damage
modeling (e.g. Hamburg model [5]), so it is a necessity to understand it. The shape of the electric field
is important particularly in the range of the fluences around 10> cm™ where the bias voltages are
around the full depletion voltage [6,7]. At smaller fluences detectors are likely to be over-depleted and
at higher the trapping of the drifting charge renders the electric field at the non-collecting electrodes
unimportant. The simplest model of electric field profile which explains so called “double peak” (DP)
observed in the TCT measurements is proposed in [3]. The origin of the DP is explained by trapping
of equilibrium carriers on the mid-gap energy levels of radiation induced defects, which leads to a
non-uniform distribution of space charge concentration N.4(x) with positively and negatively charged
regions adjacent to the p" and n” contacts, respectively (Fig. 5-1).

4+ Fig. 5-1. Structure of a heavily irradiated Si detector
p with a consideration of the electric field in the base
1 2 region.
E;
B
Ep | . N~/ .
W, | W, W,

5-1
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The DP model considers two space charge regions and the non-depleted base region in-between.
Due to the high resistivity of the non-depleted bulk a non-negligible electric field is also present [8]
allowing the drift of the carriers through it. The model describes the data (TCT and pixel test beam
measurements [9]) well already when assuming two radiation induced defects with mid-gap energy
levels. These levels are deep donors (DD) and deep acceptors (DA) with the activation energies of E,
+ 0.48 eV and E. — 0.52 eV, respectively [3,8]. This allows the simulation of N.(x) and E(x)
distributions. The main variable parameter that controls the N,4(x) and E(x) profiles is the ratio of the
concentration k = Np,/Npp.

The measurements of the induced current pulses are performed using the Transient Current
Technique (TCT) [10]. In TCT measurements, a laser with a wavelength of 670-870 nm was used for
non-equilibrium carrier generation. The measurements were done with a laser illuminating the p” side
of the detector. In this case the current pulse response results from electron drift which transverse the
detector bulk and change the drift velocity in accordance with the electric field profile. To determine
the parameters of the model the measured induced current pulses were fit with the corresponding
equation i(?) = Q.u(E) E /d exp(-t/7,5) where 7,4 is the effective trapping times of the injected carriers,
| the mobility, d thickness and Q) number of injected carriers (used for normalization). The extracted
electric field is then verified by simulation of the induced current pulse and is used to determine the
parameters that allow the calculation of N,4(x) and E(x) . An example of such reconstruction is shown
in Fig. 5-2.
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Figure 5-2: Measured TCT response after electron injection and calculated signal using the extracted
electric field profile (Left). The reconstructed electric field profile (Right) in a MCz-n diode produced
by SMART collaboration irradiated with neutrons to the fluence of 5- 10" 1MeV n/cm’. Measurements
are performed at V;=203V.

As an example, successive changes of the reconstructed £(x) profile in SMART detector from n-
type MCZ Si irradiated by 5-10'* n/cm” and operated in the range 184 V to 402 V are shown in

Fig. 5-3.
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Figure 5-3: Extracted electric field profiles for n-type MCZ Si detector irradiated by a fluence of 5-10*
ncq/cm2 (left) and simulations of electric field distributions with a consideration of carrier trapping at k=1.5
(right).
The changes correlate well to the simulation of electric field. The electric field near the p* contact
(in region 1) is practically constant. The increase of the bias affects mainly E(x) distribution in the
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region 2 extending from the n" contact. At high voltages the main junction (i.e. the junction with a
larger electric field amplitude and width) is near the n" contact. Starting from 400 V, negatively
charged space charge region 2 extends over the entire detector thickness. Thus, SCSI occurs in MCz
Si neutron irradiated detector, however at higher fluences than in FZ Si detector. The discrepancy
with simulated profiles is that the electric field near the n" contact decreases with respect of
increasing voltage.

In contrast to neutron irradiated detector the proton irradiated detector show the larger electric
field at the p~ contact as can be seen in Fig. 5-4. The agreement of simulated and electric field
extracted from measurements is achieved for k=0.5. The parameters of the model extracted from
measurements and used in simulations are gathered in Table 5-2.
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Loeon detector irradiated to 10'> cm™ with 24 GeV protons
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Table 5-2 Parameters derived by adjustment of simulated E(x) profile to the profile reconstructed from current
pulse response

Neutrons Protons
m; (cm™) 0.7 0.7
k= Np+/Npp 1.35 0.45
Np.4 (cm™) 6.75-10" 3-10*
Npp (cm™) 510" 6.6-10"

m ; - introduction rate of generation centers

Although in irradiated silicon detectors the shape of electric field is complex in most cases one of
the junctions dominates. The dominating junction defines the sign of the space charge. The
calculation of N,yrin the dominating junction in the form of V, is also approximately correct, which
explains why the damage models still work well even if based on the assumption N.;=const.

5.2 Studies of effective doping concentration in different materials

The evolution of effective doping concentration after irradiation can be described by three terms
(“Hamburg model” [5]): the decay of effective acceptors immediately after irradiation (“beneficial
annealing”™), stable part and creation of the effective acceptors at late annealing stages (“reverse
annealing”). The stable part in FZ silicon which was the only detector grade material up to recently
was always of negative sign [11]. As the reverse annealing and stable damage represent the
introduction of effective acceptors the increase of |N. | and consequently Vy; were kept as low as
possible by keeping the detectors cold for most of the time. The RD48 collaboration has proven the

5-3



RD50 Status Report 2006 CERN-LHCC-2007-005 and LHCC-RD-013

positive role of oxygen for detectors irradiated with fast charged hadrons [11]. The introduction rate
of stable acceptors was reduced by around factor of 3 when compared to STFZ detectors. In addition
it was shown that reverse annealing time constants are prolonged for high [O].

The oxygen concentration in DOFZ is around 2x10'” ¢cm™, which is an order of magnitude lower
than the [O] in MCz/Cz materials [12,13]. The latter materials don’t undergo SCSI (“movement of the
main junction”) after irradiation with 24 GeV/c protons [12,13]. The N, of MCz-n or Cz-n type
detectors first decreases, due to initial donor removal, and than starts to rise as the stable donors are
introduced (see Fig. 5-5). The positive sign of the space charge was confirmed by TCT (see previous
section) and also by the evolution of N,; during long term annealing (see Fig. 5-6). The |N,| increases
during beneficial annealing and then decreases reaching the minimum. After that detectors undergo
SCSI which is followed by further increase of |N.| with time. However, this happens at much
prolonged times which are comparable or even exceeding those of detectors being at room
temperature during the entire SLHC beam-off period.

A natural assumption would be that also MCz-p type detectors beyond certain fluence become n-
type after the initial shallow acceptors are compensated by radiation induced stable donors. However,
MCz-p type detectors after initial decrease remain p-type at all fluences. The [O,] and [O;] are the
same as in MCz-n and there is no explanation so far in what way shallow acceptors could influence
the formation of bistable donors. It is remarkable that after the end of beneficial annealing |g.4=0.007
e (IN,jl=gei*Deq) is approximately the same for all materials.
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Figure 5-5: The dependence of | N,y | on fluence for  Figure 5-6: The evolution of full depletion voltage

different oxygen rich materials [14-16] after with time for the same materials as in Fig. 5-5.
completed beneficial annealing. The processing

company is given in the brackets.

The epitaxial silicon detectors have much lower [O] concentration of order 10" ¢cm™ [17] than
MCz/Cz, but positive stable donors are introduced nevertheless (see Fig. 5-7). The introduction of
shallow donors is assumed to be related to the [O5;], which is assumed to be the precursor [18,19]. The
fraction [O]/[O] in epi-Si detectors is much larger than in MCz [20]. The most probable reason is
out-diffusion of O, from Cz substrate to epitaxial Si during the thermal treatments involved in device
processing. That also explains different introduction rate of bistable donors for different detector
thicknesses as can be seen in Fig. 5-7 [17,21].

After neutron irradiation Cz/MCz-n,p , DOFZ—p,n and STFZ-p,n exhibit similar dependence of
[Nyl on the fluence as can be seen in Fig. 8 [22-24]. The stable acceptors are generated with
introduction rate g, ~ 2 cm™, also found in STFZ [11]. The difference between different detectors in
the Fig. 8 is due to the different initial doping concentration and the doping type (MCz-n undergo
SCSI at around 10" cm™). On the other hand the epi-Si detectors exhibit the smallest stable damage
after neutron irradiations (see Fig. 5-9). It seems that for low resistivity (50 Qcm) detectors the stable
donors are generated and for higher resistivities the acceptors. Again, it is not clear how the shallow
dopants can influence formation of bistable donors. It is however interesting that stable donors or
acceptors are generated at about the same rate g.;~5 - 10° em™ [21,23,25,27], which is nevertheless
three times smaller than in any other material.
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float zone p-type materials, donors are generated and stable acceptors for the 150

and 500 Qcm detectors.

The reason for different behavior of detectors with high [O] after neutron and fast charged hadron
irradiation is due to different fraction of point defects/clusters for the same NIEL [11]. The 24 GeV
protons create more point defects than the neutrons where the damage is dominated by the cluster
formation [26]. As the damage is independent on the bulk material for neutron irradiated detectors, the
formation of bistable donors should be related to point defects. The fraction of NIEL going to
formation of point defects is even larger for low energy protons (around 20 MeV) [26], hence the
formation of bistable donors and suppressing of deep acceptors was expected to be even larger than
for 24 GeV/c protons. These reasoning was confirmed by “’Co irradiation where only point defects are
created and the positive space charge is introduced also for DOFZ and not only for MCz/Cz materials.

The MCz detectors irradiated with 26 MeV protons show contrary to expectation SCSI after few 10"
cm™ as shown in Figs. 5-10,11. The main junction moved from p" to the n” [28]. The dependence of
long term annealing of N, confirms that conclusion (see Fig. 5-12). Unlike the MCz material the epi-
Si detectors don’t undergo SCSI after irradiation as can be seen in Fig. 5-13 [29]. The SCSI however
occurs during long term annealing at around 50 min at 80°C, which was confirmed also with TCT
measurements.

In the first approximation the short term and long term annealing on the time scales of interest for
SLHC is independent on the material [11,14-17,21]. The acceptor activation is governed by the first
order process with the introduction rate gy varying between 2.6 and 4.8 cm™ and the time constant of
around 100 min at 80°C, depending on [O]. Significantly lower gy = 1.6:10% cm™ was observed only
in neutron irradiated epi-Si detectors [21]. In epi-Si detectors at much longer times of few 1000 min at
80C (not so relevant for SLHC) more acceptors are created with a second order process [17].
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The key parameters governing the radiation tolerance for different materials are gathered in the Table
5-3. The opposite sign of g, and g, can be exploited for compensation of the space charge. In case of
properly chosen scenario the Vy of such detectors can controlled and detectors of few hundred
microns could be depleted at fluences well above 10'° cm™.

ity 8o, Peg [10° cm™'] | gy [10° em™] | 1., [min at 80°C]
DOFZ-n [11] ~6 50 (a) ~200
STFZ-np[11,16] ~20 (b) 45 t0 65 >80
MCz-n [2,16,30,33] 410 -6.5 28 to 45 30 to 200
MCz-p [15,30] ~7 ~28 100 to 500 (d)
Cz-n [14] ~5 ~30 ~30
Epi-n [17,32] -31t0-10 (c) ~30 ~130

Table 5-2: Survey of damage parameters in different silicon materials after irradiation with 24 GeV/c protons.
(a) gy tends to saturate for DOFZ-n material at high fluences and may do so also in MCz. (b) The f3,, for STFZ-p
type measured by [16] was found around 5 times lower than expected. Large variations between different STFZ
materials were observed in the past also for STFZ-n type. (¢) The introduction rate depends on thickness of the
detector. Smaller absolute values are for thicker detectors. (d) The huge difference in time constant reported in
[15] is assumed to be related to thermal donors.
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5.3 Bias effect

The damage in silicon detectors depends on the applied bias during the irradiation[34-36]. It
anneals out after the bias is switched off for few days at 20°C [35,36]. After the bias is switched on
again, part of the damage reappears. This is called the bistable damage and was observed in STFZ
detectors. It was assumed that effective acceptors get activated after the bias is applied. The recent
measurements performed on MCz and epi-Si detectors revealed that, contrary to expectation, Vz; and
by that |N,j| always increase after applying the bias regardless on space charge sign. In n-type material
that doesn’t undergo SCSI the effective donors are activated [37].

For example the increase of V}; , due to applied bias, is shown in Fig. 5-14 for MCz-n type
detector irradiated with 24 GeV protons. An additional increase of [N, and consequently V7, can be
calculated as |AN,4/=g ® with g~0.004 cm™ and seem to be independent on irradiation particle type
and material [37]. After the bias is switched off the Vj; decreases to the level before the bias was
switched on. The time constant of “activation” and “deactivation” of damage is around a few hours at
T=20°C.

To verify that the effect is present also in charge collection measurements the signals of minimum
ionizing electrons from *’Sr source were recorded for the same sample as shown in Fig.5-14. As can
be seen in Fig. 5-15 the increase of voltage needed for efficient operation after 140 h with bias
applied is clearly seen and coincides with the difference in V}; as measured with C-V. The diode was
kept under bias larger than V', at T=20°C and measurements were than at T=-10°C.

Since g is approximately equal to stable damage the effect can be very important. It is still an
open questing what the activation times are at temperatures around -10°C. Only after these
measurements it will be possible to predict the impact of the bias effect on detector operation at LHC.
The leakage current is not affected by the applied bias as was already seen in STFZ material.
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Figure 5-15: The dependence of collected charge
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Figure 5-14: The evolution of V4 with time before the  detector as in Fig. 14. The Q/V plot before the
bias was applied, during the applied bias of 300 V and  bias was switched on is denoted by red and after
after it was switched off for an MCz-n type detector 140 h with bias on by black. The reproducibility
irradiated with protons to 5-10" cm™. In the bottom was checked before switching the bias on and is
plot the reverse annealing was subtracted. in blue.
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5.4 Leakage current measurements

The current damage parameter o has been measured for the epitaxial and the MCz samples irradiated
with neutrons, 24 GeV/c and 26 MeV protons. It was confirmed that leakage current damage constant
o(t) is independent on material [2,23,24,27,28-33] and irradiation particles. It has been shown in
[6,7] that for 24 GeV protons and neutrons o is the same in epi-Si, MCz, Cz as in FZ material. This
holds also for 26 MeV protons as shown in Fig. 5-16a. The only deviation from the expectations was
observed in thin low resistivity (50 Qcm) epi-Si detectors irradiated with neutrons [27,38,39] . There
the saturation tendency for o was observed at very high fluences (see Fig. 5-16b).
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Figure 5-16a: Leakage current damage constant for Fz,
MCz and epitaxial silicon samples as a function of the
received fluence after an annealing time of 8 minutes
at 80°C.

5.5 Effective trapping times

Trapping of the drifting charge in the irradiated silicon detectors represents the limiting factor for their
efficient use at highest SLHC fluences. The effective trapping probabilities are calculated as 1/7,, , =
Boit, T) @ , where f3,, depends on time after irradiation and measurement temperature [40].
Measurements of £ in p-type silicon and. for neutron irradiated silicon detectors were intensively
studied this year. The measurement of effective trapping times in different p-type materials irradiated
with neutrons is shown in Figs. 18,19 [22]. Although they agree with previous measurements (see
Table 5-3) it seems that f decreases slightly with fluence. The measurements performed by Dortmund
group on STFZ and DOFZ irradiated with neutrons (Be=3.0-10"® cm?*ns and 3,=3.6-10"'° cm?/ns at
RT) [41] also agree within error margin with previous measurements.
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Figure 5-17: Trapping parameter  measured for Figure 5-18: Trapping parameter 3 measured for
electrons, measured at different fluences at T=20°C. holes, measured at different fluences at T=20°C.

The values of effective trapping times damage constant from different groups [14,31,22,40-42] are
gathered in the Table 5-3. The effective trapping times within the error margins don’t depend on
resistivity, [O], [C], wafer production (Cz, FZ, epi-Si) and type of silicon (p or n).

twin » T=-10°C 10"°cm?/ns 10"°cm?/ns

Al I AL ] Table 5-3: Trapping time damage
Reactor neutrons 5711 37106 constants for neutron and fast charged
fast charged hadrons 6. 6409 5' s 0' 2 hadron irradiated silicon detectors.

The evolution of trapping probabilities with time after irradiation is described in the simplest model
by the decay of the dominant trap to another dominant trap which is described by the following
equation [40] B=5, eXp(—i) + /. |:1 _ exp(—t)} =8, _lgm)exp(_i) +8. > with £ and 3,

T

ta ta ta
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measured immediately after irradiation and at very long times respectively. For the annealing
temperatures of interest the [ is very close to  measured at the end of beneficial annealing. The
same equation is also valid for two traps model where one is constant in time and the other decays. An
example of effective trapping times annealing for STFZ diodes irradiated within neutrons is shown in
Fig. 5-19. [44]. The f, increases with annealing time and £, decreases with annealing time. Again, the
same behavior was found also for other materials and irradiation particles [22,31,40,42,44]. The
parameters describing annealing of effective trapping probabilities are gathered in the Table 3. The
amplitude (f-B.) [ is an average from different groups [31,40,41,42,44]. Here it was assumed that
the amplitude doesn’t depend on the material, which is not clear yet.

Scaling of time constants to other annealing temperatures can be done by using the using Arrhenius
relation (1,=10-exp(Ew/kgsT)). Although the time constant for reverse annealing of N, and T, are
comparable at T=60°C the difference in activation energy points to different underlying defects.

T [min at 60°C] | (By-B.) B | EwleV] Table5- 4: Parameters used to model
Electrons | 650+250 0.35+0.15 | 1.0620.1 annealing of effective trapping times.
Holes 5304250 -0.4+0.2 0.98+0.1

The annealing of £, is important for choosing optimum operation scenario for segmented detector
operation. The charge collection of detectors with n” readout can in fact improve with time after
irradiation. This has been confirmed for irradiated ATLAS pixel detectors in test beam [43].
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Figure 5-19: Dependence of effective trapping times of 1IKT [8V]

holes and electrons on accumulated time at 40°C after Figure 5-20: Arrhenius plot for annealing of the
irradiation for STFZ 15 kQcm detectors irradiated with effective trapping times at different temperatures.
neutrons. The same detectors as in Fig. 5-19 were used.

The dependence of £, on temperature can be found in [31,40]. The trapping probabilities for both holes and
electrons decrease with temperature.

5.6 Charge collection

The measurement of charge collection measurements were performed by using electrons from the *°Sr
source. The signal in 24 GeV/c proton irradiated MCz-p diodes is shown in Fig. 5-21. [15]. It is clear
that for not fully depleted diodes (>1.1:10" p cm™) the collected charge decreases dramatically.
Around 15000 electrons were collected at 500 V at 1.1-10"° p cm™. Somewhat larger signals were
obtained after 26 MeV proton irradiations with the similar setup as can be seen in Fig. 5-22. [45] The
measurements of collected charge was performed also in heavily irradiated epitaxial silicon detectors
(see Fig. 5-23), which could be fully depleted [25]. The dependence of collected charge on voltage
shows that full depletion voltage determined by CV (denoted by a thick vertical line), is still a
relevant parameter also at very high fluences. The voltage at which the collected charge starts to
saturate coincides roughly with V. At ®.=8-10"> cm™ the most probable signal of around 3200e was
measured in 75 um thick epi-Si detector. Approximately the same signal is expected also in thick
detector as the T 'Vsaer = few 10 um. The measured values are larger than predicted by the
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simulation [46]. The reason is most likely in smaller trapping probabilities at such high fluences than
extrapolated from measurements at ®<10'"> cm™. There are also some other measurements pointing to

the same observation [47].
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Figure 5-22: Measured signal in MCz-p type pad

detectors irradiated with 24 GeV protons to 10'® p cm”
2. The measurements were performed at T=-30°C with

2 us shaping electronics.

Figure 5-24: Dependence of collected charge on
reverse voltage for a set of 75 um epi-Si detectors
irradiated up to (IDeq=8-10IS em™. The intersection of
the two lines fit to the measured points denote the
Vi as determined from charge collection
measurements and the vertical bar the one from the
CV.
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6 New Materials

6.1 Silicon Carbide detectors

The most recent results on SiC concern the use of epitaxial and semi-insulating materials, e.g.
[1-4]. Considerable effort should be concentrated on better understanding the detection performance
of SiC detectors after heavy irradiation. Degradation of the detectors with irradiation is caused by
lattice defects. Understanding of the defect generation and kinetics would make it possible to
purposely modify the material in order to reduce the degradation of the electrical properties of the
detectors [5, 6].

In 2006 the new results on radiation hardness of SiC detectors included three aspects:

e study of radiation induced defects and correlation with degradation of detector properties;
e recovery of irradiated detector properties via annealing;
e radiation hardness of SiC detectors irradiated by 8 MeV protons.

6.1.1 Deep levels in 4H SiC epilayers induced by neutron irradiation up to
10" n/cm2 and correlation to detector characteristics degradation

Schottky diodes were manufactured by Selex Integrated Systems (Roma, Italy) on epitaxial 4H-
SiC layer grown by CREE Research (USA). The details of the processes are reported in [7, 8]. The
epilayer thickness and its net doping concentration (Np-N,) before irradiation were found to be 39 um
and 6.5 x 10" cm™, respectively. The samples were irradiated with increasing fluence ® of 1 MeV
neutrons at TRIGA Reactor in Ljubljana in the range 2x10" cm™ to 8x10"° cm™.
The properties and the electronic levels associated with the defects were analyzed by I(V)
characteristics, Deep Level Transient Spectroscopy (DLTS) and Photo-Induced Current Transient
Spectroscopy (PICTS) measurements up to 650 K. The detector performance was obtained by the
measurement of signals arising from 5.486 MeV a.-particles from a **' Am source in vacuum.
I-V and C-V characteristics as well as diode spectroscopy measurements demonstrated that a
fluence threshold exists that makes 4H-SiC to dramatically change its transport properties. From I-V
characteristics as a function of the fluence it can be inferred that:
a) After irradiation the material becomes more resistive, as indicated by the decrease of the
current density both in forward and reverse bias polarity (compensation of 4H-SiC Schottky
diodes due to radiation induced defects was reported in [9]);

b) Irradiation with fluences higher than 8 x 10" cm™ gives rise to the same current density in
forward and reverse bias polarization (Fig. 6-1).

Reverse current was also measured in the temperature range from 294 to 560 K in order to
estimate the thermal activation energy E, of defect centers. Two approximate grouping of curves were
identified which refer to diodes irradiated at fluences below 2x10'* cm™ and higher than 3x10"° cm™,
respectively. The remarkable CCE degradation observed in the most irradiated samples has to be
ascribed to the induced deepest levels at E;> 1.04 eV. The main findings of CCE vs. ® data (Figs. 6-2
and 6-3) are as follows:

a) CCE decreases towards an asymptotic value when increasing the neutron fluence;

b) Even at ® of 8x10" cm™, the detector keeps still operative, although the CCE decreases to

about 20%.

DLTS and PICTS measurements were carried out before and after each irradiation step. DLTS
gives information on majority carrier traps, while PICTS is applied to highly resistive samples and
gives information on both majority and minority carriers. Both methods can determine level enthalpy
E, and capture cross section . However, A-corrected DLTS measurements do give an accurate
determination of the trap density N; whilst by PICTS it is possible to estimate only the order of N,.

Fig. 6-4 shows typical DLTS spectra of un-irradiated and irradiated diodes. The density of deep
levels (DLs) SN5 and SN6 is too low (in the order of 10'* ¢cm™) in un-irradiated sample and cannot
affect the CCE after irradiation, in agreement with the data of Fig. 6-2. Two main findings can be
evidenced from the DLTS results after irradiation at 2x10" and 6x10"° cm™:
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a)
b)

a new electron trap, labeled SN7, with E, = E. - 1.50 eV appears;

N; of SN5, SN6 and SN7 increases with the fluence ®@. Their maximum value, however, keeps
always lower than 7x10" cm™, that explains the good CCE even after irradiation at the above
mentioned fluences.
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Fig. 6-1. Forward and reverse current density as a function of the fluence ®, measured at +2 V and —200 V,
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fluence.

Due to compensation of free carriers by the deep levels at ®>1x10" cm™, PICTS was
applied for estimation of defect parameters. A typical PICTS spectrum is shown in Fig. 6-5
relevant to a diode irradiated with a fluence of 8x10™ cm™. The highest peaks are observed
between 400 and 650 K (excluded SN1) and correspond to DLs SN5, SN6 and SN7, the
characteristics of which are reported in Table 6-1. A few of these levels correspond to the
electronic levels detected by DLTS in the lower fluence irradiated samples, but they exhibit
different features. As the fluence raises above10'® cm?, the PICTS normalized signal of
these levels and, consequently, their density N; increase. N values evaluated for the most
irradiated samples (® = (7-8)x10"® cm™) are reported in Table 6-1 together with E; and o,
determined by an Arrhenius plot. The deepest levels SN6 and SN7 become dominant at the
highest fluence, meaning that their trapping times are comparable to or lower than the
charge carrier transit time in the detector [1]. According to [10-12], these defects can be
identified as a defect complex involving carbon-vacancy-, carbon- and silicon-vacancy-
defects. From the available data it is not possible to quantitatively assess the dependence of
N; on @ for the level SN7 when ® goes up higher than 3 x 10" cm™. For this purpose,
measurements by Current-DLTS are underway.

Conclusion

a) Even after an irradiation at fluence of 8x10"™ cm?, the diodes are still able to detect
a-particles with a CCE of = 20% at the highest reverse bias applied.
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b) The detectors continue to operate with a high CCE (= 80%) until fluences of some
10" cm™. After irradiation with fluences of the order of 10'® cm™, CCE decreases to
an asymptotic value.

reverse bias when the irradiation fluence approaches 10'° cm™.
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Fig. 6-4. Typical DLTS spectra of a) un-irradiated diodes, and b) diode irradiated with fluence of 6 x 10"
cm’? obtained with bias voltage -10V and fill 10 V, pulse width 10 ms, emission rate 11.6 s™".
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Fig. 6-5. PICTS spectrum of a diode irradiated with fluence ®, = 8x10'* cm™. The emission rate was e, =
25.6 57!, the filling pulse 100 ms. The sample was excited by an UV source with a wavelength equal to 372

nm and biased at -5 V.

Table 6-1

Enthalpy E;, concentration N; and capture cross section ¢
of the levels observed in 4H-SiC diodes irradiated up to
1 MeV neutron equivalent fluence ® = 7 - 8 x 10" cm™

Trap label |[Et (eV) [Nt (cm™)| o(em?) Label
SN1 0.05 10" |s8x10™ N
SN2 041 10 |37x10"% | EH1 " Z,"* ¢

- i W+

SN2b | 049 | 10% |a0x10's | RP3:1Ds 5 7
SN3 0.68 10" |70x10"7 ZUZ2 “¢
SN4 0.68 - 60x10" | M2 '\ EH3"
SNS 0.82 10% [20x 10" | RDy, %815 #
SN6 1.16 10%  |28x10"° | EH5 " ILys "
SN7 1.50 10" |30x10"| EH&EH7 "'

d) Trapping centers that play the key role in the CCE decrease are

related to the DLs

with Et > 1.04 eV. The defects SN6 and SN7, the concentration of which is in the
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order of 1015-1016 cm-3 for the mostly irradiated samples, have been identified as
the trapping centers that mainly determine the detector degradation.

6.1.2 Recovery of characteristics of SiC neutron irradiated diodes via
annealing

The diode structure, made at CNR-IMM (Bologna, Italy) [13], is based on a p' emitter, ion
implanted in a thick (55 pm) very lightly doped (2x10" cm™) n-type epilayer. A multiple Al
implantation process was carried out at 305°C, in order to obtain plateau and depth values of 4x10"
cm” and 0.4 pm, respectively. Diode area was between 0.0013 and 0.0154 cm®. Most of the diodes
featured a 200 pm wide, 0.6 um deep, p junction terminal extensions with a doping Na = 5x10'7 cm™.
The samples were irradiated with increasing fluence of 1 MeV neutrons at TRIGA Reactor by 6
different fluence values F logarithmically distributed in the range 1x10"* cm™ to 1x10'® cm™. Diodes
have been fully characterized before and after irradiations, and the results have been presented in [13-
15].

After irradiation the devices became intrinsic. The I-V curves were measured in the range 0-950 V.
The current of irradiated devices is always lower than in unirradiated diodes. The compensation of the
free charge carriers due to the deep levels generated by irradiation is responsible for the increased
resistivity and the decreased current density at constant voltage. The noise due to the current is very
low even at RT and it is not necessary to cool the device even after very high fluences.

In spite of the fact that after irradiation the p'n junction disappeared due to compensation, the
generated charges were separated by the high electric field and collected at the electrodes. After a
fluence of 1x10'* n/cm? the charge collection at the highest voltage of 950 V (Fig. 6-6) is reduced
from 3100 e to 2800 e, due to traps introduced by neutrons, and seems very much degraded beyond
~10" n/ecm’. The asymptotic CC is near 800 ¢". Over F ~3x10"° n/cm’ the collection is very low. After
a fluence of 10'° (1 MeV) n/cm” the estimated CCs are of the order of 100 ¢". As described previously
in [13, 16-18], neutron, proton and electron irradiations introduce deep levels in the band-gap of SiC,
producing free-charge-carrier compensation. Low temperature annealing [16, 19] causes some levels
to disappear or rearrange. The task of this study is analyzing if this effect produces damage recovery
in terms of collected charges and leakage current.

—_ ’: I convolution
'O 3000 & @950V 1 1200+ @900V Landau and Gaussian,
;’ measurements
g 2000 - 1 800
g . *g Fluence=
S . ] 3x10" niem’
(o]
g 1000} . O 400 -
8 Before irradiation .
B : I - 0
© E14 1E15_1E16 . . . -
Fluence ((1MeV) n/cn’) 0 2500 5000 7500
Channel (e)
Fig. 6-6. Collected charges as a function of the Fig. 6-7. Convolution of the signal and the pedestal at
fluence. The diode diameter is 1 mm and the diode 900 V after an irradiation of 3x10'* n/cm? and an
is not annealed. CC measured at 950 V. annealing at 200°C for 30 minutes. Diode diameter is
1 mm.

The annealing at 80°C is the typical thermal process for Si, which compresses the time-scale for
expected long-term effects during real operation scenario. In our case 80°C is the maximal T we could
use in-situ during CCE measurements. The evolution of the reverse current as a function of the
annealing time at 80°C showed that the current density decreased after 30 min to a very low value (15
nA/em® at 7x10" n/cm?, and then remained almost constant even after many hours of annealing
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(~170 h). CCE measurements have been repeated after every thermal cycle at 80°C. After many hours
of annealing, a slight increase of the collected charge was observed, but in the range of the
experimental error. Considering these results we conclude that the damage is not recovering after
annealing at 80°C.

Further electrical characterizations after annealing at 200°C and 400°C have been carried out. After
30 minutes at 200°C a partial recovery of the damage occurred. Fig. 6-7 shows the convolution of the
signal and the pedestal at 900 V after an irradiation of 3x10"* n/cm” and an annealing at 200°C for 30
minutes. The pedestal (noise) and the signal peaks are well separated. The most probable value of the
Landau distribution is 2200£50 e". Before annealing CC was 1800 ¢, i.e. CC increase of 400 ¢ is
observed. The current density at 900 V decreases from 23 nA/cm’ measured before annealing, to 15
nA/cm? after 200°C for 30 min.

After 30 min at 400°C the reverse current density for the device irradiated at 7x10"* n/cm? further
decreases (Fig. 6-8,a). In fact at 900 V we measured a value of 8.5 nA/cm”. Moreover the CC at 900
V increases up to 1900 e with respect to 1400 e before annealing (Fig. 6-8,b). After an annealing at
400°C we have a further, still partial recovery of the damage.
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Fig. 6-8. Current density (a) and collected charge (b) as a function of the annealing temperature for the
device irradiated with a fluence of 7x10"* n/cm®. The samples were heated for 30 minutes at the indicated
temperature (isochronal annealing).

Conclusion

Annealing effects on SiC p'n diodes used as MIP detectors after very high 1 MeV neutron fluences
have been analyzed. At 80°C, a decrease of the reverse current after 30 min annealing occurred while
further annealing did not produce any effect. Also, after a number of thermal cycles at 80°C we could
only observe the CC increase within the experimental error. After an annealing at 200°C the collected
charge, for a diode irradiated with a fluence of 3x10" n/cm?, increased from 1800 e to 2200 ¢,
showing a partial recovery of the damage. After 30 min at 400°C the leakage current further decreased
while the collected charges increase was of 40%. In these cases we probably obtain a decrease of the
concentration of the deepest levels, but additional spectroscopic analysis as a function of the
annealing temperature is planned to confirm this hypothesis.

6.1.3 Radiation hardness of SiC diodes to high fluences of 8 MeV protons

The aim of this study was investigation of radiation hardness of low doped 4H-SiC epilayers (IKZ,
Berlin) with respect to 8 MeV proton irradiation. 4H-SiC films with (50-55) um nominal thickness
and donor doping {Np — N, = (2-5)x10'* cm™} were used for processing the diode structure:

1. Schottky diode (wafer # N31-41, Alenia processing);
2. p+-ndiodes, chip Die M6 (designed by the INFN-Gruppo V and University of Perugia).

Samples were irradiated by protons 8 MeV in the fluence range 5.0x10" cm™ up to 3.0x10"* cm™
(Table 6-2). According to the theoretical NIEL calculations for silicon [20, 21] the damage factor for
8 MeV protons is 10 with respect to to 23 GeV protons. The charge collection efficiency of SiC
detectors was investigated using nuclear spectroscopy technique with 5.4 MeV a-particles (range ~ 20

pm).
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All samples demonstrated the same behavior of CCE vs. bias U dependences. The CCE of non-
irradiated detectors reached a constant value of ~ 100 % already at 100 V for Schottky detectors and
at 3040 V for p'-n diodes (Fig. 6-9). The linear increase of the signal was approximated by a
function of the diffusion and drift components of the CCE:

Table 6-2 dE, dE,
The charge collection efficiency (%) of SiC- (CCE)X E, :( dx jLD +( dx )W (6-1)
detectors after irradiation by 8 MeV protons

8 McV proton fluence Here E, is the energy of an a-particle;

samples | | before (10 ™ cm™) (dE,/dx) the specific energy loss in the initial

irradiation part of the Bragg curve; Lp the diffusion

05| 075 1 3 length, W oc (U—i—Vbi)”2 is the space charge

Schotiky 100 20 5 | 53 region width; Vy; the built-in potential. In this

P 100 75 37 | Wav Lp~7 ;,Erm fqr Schottky dete.ctors and Lp
"Spectroscopy with 3.5 MeV a-particles was used. ~ 14 pm for p-n diodes were obtained.

A simple model of signal formation was
proposed in [22]. The model allows differentiating the contributions of the electrons and holes to
CCE. The normalized amplitude of a signal (q/qo = CCE) as a function of a bias (U) is expressed in a
simple form:

q_0th_p, 1_exp[_ 2R
B % 3dRU

(6-2)

2R
3d

+PU|1-exp| -
H ? PU

Here two parameters P; = (u1)e /d% P, = (i) /0% u is the mobility, 7 is the lifetime before the
trapping to the energy level for electrons and holes accordingly; d — detector thickness; q = Qe+ gy — a
total charge and Qo the charge generated by o-particles with a range R. The main condition of Eq.
(6-1) derivation is the electric field constancy. In order to obtain a more uniform distribution of the
electric field along the detector thickness it was proposed to use forward bias mode, in which carrier
injection is possible. The structure operates as a resistor with a high resistivity. The values of u7 for
both bias modes were found to be about 10® cm?/V (Table 6-3). Quantitatively, the values obtained at
a mobility of ~10% cm?/(Vs) correspond to the carrier lifetimes of ~ 0.1 ns.
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Fig. 6-9. Charge collection efficiency, a) Alenia group samples as a function of the reverse (1,2,3,4) and
forward (5,6) bias before (1) and after irradiation at a fluence: 2,5 — 5x10"* em™?, 3 — 7.5x10" cm™and 4,6 —
10" cm™; b) Perugia group samples as a function of the reverse (1,2,4) and forward (3,5) bias before (1) and
after irradiation at a fluence: 2,3 — 10" cm™ and 4,5 — 3x10™ cm™.

An illustrative factor for the comparison of the detector operation modes is the behavior of its
resolution, FWHM of the amplitude spectrum. Fig. 6-10 shows the FWHM as a function of bias for
the two modes. After the first irradiation (F of 1.0x10" ¢cm™), a significant difference in amplitude
variations can be clearly seen. After the second irradiation of the detectors of Perugia group at a
fluence of 2x10' ¢cm™, the basic characteristics worsened by no more that a factor of 2 (CCE = 0.37;
FWHM < 20 %) as compared to the fluence of 1x10"* cm™ (Table 6-3, Figs. 6-9,b and 6-10) [23]. By
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contrast, the x7 values decrease super linearly. The main decrease is observed for the carriers that drift
through the detector volume: for holes at forward bias (by a factor of 4.1), and for electrons at reverse
bias (factor of 5.1).
Table 6-3
pt values [cm®/V] in p+-n samples after
irradiation at a fluence of 1.0x10"* cm™

(p1)ex 10° (ut), x 10°
sample | reverse | forward | reverse | forward
bias bias bias bias
D4a 3.06 1.8 1.5 1.1
D4c 3.1 1.5 34 1.5
D5c¢ 1.7 0.48 0.88 0.97

We believe that, at fluences of 3 x 10'* cm™, the carrier transport cannot be adequately described in
terms of a two-parameter model [22]. In addition, temporal instability of the basic detector
characteristics (signal amplitude, energy resolution) and specific features of signal formation were
revealed [24].

' ' ' In addition, the study of the mechanism of defect
sor 1  formation in SiC subjected to heavy ions irradiation
ol v2 | was carried out. The structural and optical

P characteristics of 4H-SiC epitaxial layers (26 pum

S wl ©* |  thick, ACREO, Sweden) irradiated by 710 MeV Bi
= ions in the fluence range 1.4x10°-1x10" cm™ were
= ol | investigated [25]. For the first time it was shown that
: N the distribution of structural damage fits the

oWy vy “ ] calculation based on elastic collision. The important

0 500 1000 1500 practical observation is that the defects induced by

Bias Voltage [V] this more severe damage, as compared to that

Fig. 6-10. Energy resolution for Perugia introduced by neutrons and protons, may be partially
samples as a function of the reverse (1,2,4) and  annealed at the prospective working temperature of
forward (3,5) bias before (1) and after SiC devices of 500°C.

irradiation at a fluence of 10" cm? (2,3) and

3x10" em? (4,5)

Conclusion

1) Application of forward bias mode in which the electric field is distributed uniformly allowed
separating the contribution of electrons and holes to the CCE of detectors irradiated at
F<1x10" cm™ Beyond this fluence z7 should be regarded as effective values.

2) At fluence of 3x10" c¢cm™ polarization is revealed at any polarity of the voltage. This
polarization is due to carrier trapping to the deep levels of radiation induced defects. The
degradation of the signal in time caused by polarization restricts the detector application in
the spectroscopy mode while operation in the counting mode remains possible.

The future plan includes search for recovery of detector characteristics after the fluence of

relativistic radiation via low temperature annealing, and the analysis of long term stability of detectors
parameters.

6.2 GaN detectors

During 2006 tests of radiation hardness were performed on series of GaN material from Lumilog,
Ltd., France, irradiated in 2005, and also new series that were delivered from Nitride, Ltd., Japan.
Also a new type of material, GaN grown on Si substrate [26], was received from Berlin Technical
University. The samples were processed at Glasgow University. 12 and 2.5 pm thick GaN detectors
(series 36 and 45) were irradiated with protons (CERN) and neutrons (Ljubljana) to fluences ranging
from 1x10" cm™ to 1x10'® cm™. The investigation of sample properties was carried out in three
aspects:

1) technological processing,
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2) material study,
3) measurements of detector characteristics.
The listing of the samples and summary of the results are presented in Table 6-4.

6.2.1 Technological processing

Ohmic and Schottky contacts on the 12 GaN, 36 GaN and 45 GaN materials were fabricated at the
Glasgow University. For contact control deposition of 100x100 pm?* 200x200 um* and 300x300 pm®
squares were made on all 3 materials. The square separation distances were in the range 2 to 50 um.
The metallization scheme used was 20/60/40/50 nm of Ti/Au/Pd/Au and then detectors were annealed
at 850°C for 30 s. This procedure reveals defect structure at the surface, i.e. fast diffusion of
impurities via defect region occurs that explains the problems related to the contacts.

Table 6-4
Summary on GaN samples studied in 2006
CCE
series thickness structure material study F=1-10" ¢cm?
(um) non-irrad. protons neutrons
GaN on Si GaN on Si | CPC: 1,=22
ms

GaN-(AIN) | PL: defects,

on Si trapping
GaN bulk CPC: 1,5 ms
36GaN 2.5 SI GaN- defect structure 70 2:10% em™ | 2:10" em™:

n*GaN- at surface 10 20

sapphire
45GaN 2.5 - 97 20 40
12GaN 12 - CPC: 1,6 ms 53 23 17
ICP 12 C-V data! 100
45GaN

Inductively Coupled Plasma (ICP) etching was made on 45 GaN series to get contact to the n*GaN
buffer layer. The aim of this structure is a better definition of the electric field lines (Fig. 6-11). It
allowed receiving for the first time reliable C-V measurements.

2.5-12um epi

n- GaN buffer ~ 2um thick
Fig. 6-11. Inductively Coupled Plasma etched sample 45 GaN

6.2.2 Material study

The investigation of GaN-on-Si material showed that the technology of compensation of the Si and
GaN lattices misfit at room and at growth temperature by introducing AIN layers was not successful.
The change of defect structure is demonstrated in the luminescence spectra (Fig. 6-12) as an increase
of 2.2 eV defect related band and less pronounced exciton band, and as a long decay of
photoconductivity signal due to the trapping carriers in the barriers (Fig. 6-13). Contact
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photoconductivity (CPC), TSC and PL measurements were performed for both proton and neutron
irradiated 36 GaN and 45 GaN detectors, and five neutron irradiated 12 GaN detectors were studied
using CPC and PL measurements [27]. The study showed that substrate related defects play the most
important role. Radiation introduces numerous defects with continuously changing activation energy
in the wide band.

T T T T T T T T
0 A T o (W recdasen 3 102 L Excess carrier asymptotic decay
_ \ photon counting regime 1 omees CPC- GaN/Si Tas: 22ms
£ Excitation Power Density: 2- CPC- free standing GaN ¢, = 5 ms
> ok NN\ 0.015 W/em? (spot size ~0.2mm) | 3- MWA- GaN/sapphire © =6 ms
% ——0.4 Wiem® (spot size 1 mm) =
2 e
E 10° g 10
& )
10"
10° L
Photon Energy (eV)
Fig. 6-12. Photoluminescence spectra of GaN-on-Si ~ Fig.6-13. Comparison of photoconductivity decay in

GaN-on-Si, GaN bulk (free standing) and GaN-on-
sapphire

6.2.3 Detector characteristics

Evaluation of detectors included I-V and CCE measurements of non-irradiated, proton irradiated and
neutron irradiated 12 GaN, 36 GaN and 45 GaN samples [28]. The new result is that I-V, C-V and
CCE data were also obtained for a ICP etched 45 GaN detector. CCE measurements were carried out
using 5.48 MeV a- particles from an **'Am source. I-V characteristics of irradiated samples
demonstrated non-monotonous current change with accumulated fluence. Detectors irradiated to
fluences beyond 5x10'° cm™ show the leakage current that at a bias of -100V is lower than that in a
non-irradiated sample. As an example, [-V and CCE curves of sample 45 GaN irradiated by neutrons
are presented in Fig. 6-14. In addition to the results described in a review [29], the investigations of
this year demonstrated that radiation hardness of new series of samples based on the material grown
in Nitride, Ltd., is better (Fig. 6-15).

Unirradiated
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Fig. 6-14.1-V (a) and CCE (b) dependences for sample 45 GaN irradiated by neutrons
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Fig. 6-15. A summary of the best CCE data in SI-GaN Fig. 6-16. Comparison of CCE vs. V data for samples
for 2004-2006 years 45GaN

Measurements on ICP 45 GaN sample showed an increased leakage current as compared to that of
Schottky-Schottky diodes, while CCE was higher (Fig. 6-16) that is an optimistic result for the future
development and study.

The detailed results on the investigation of GaN samples are also presented in [30-33].

Conclusion
It was shown that the substrate related defects play an important role and the detector properties
were improved by increasing the epi-layer thickness. The maximal CCE in the samples with a larger
GaN layer thickness is ~ 23% after 10'® p/cm” and 17% after 10'° n/cm’.
The nearest tasks for future are an irradiation and study of advanced ICP GaN samples and the
growth of SI-GaN on GaN substrate (suggested by Bremen University).
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7 New Structures

7.1 Introduction

The past year of 2006 has been a successful year for the new structures working group of RD50.
The thin detectors sub-section reports encouraging device fabrication and irradiation tests performed
on 50um p-i-n diodes. The main progress in 3D detectors has been the full characterization of the 3D
devices fabricated by IRST/CNM in 2005, including characterization of short strip detectors with
ATLAS readout electronics, as well as the design and start of the fabrication of 3D devices at CNM
and a commercial supplier IceMOS Technology. The work on semi-3D detectors has progressed at
BNL but will be reported in the next status report when more detailed data will be available.

7.2 Thin detectors

Thin 50um thick n” float zone, FZ, silicon detectors of various resistivities (3 kQcm to 150 Qcm)
have been fabricated at MIP Munich and tested by the MPI and Hamburg groups. The process steps
of the thin detectors are illustrated in figure 2-1. The top wafer, which becomes the thin detector, is
back side processed. The handle wafer, which is the supporting wafer, and the top wafer are then
bonded together using a commercial wafer bonding technique. The wafer bonding requires surface
oxidation of the two wafers and a high temperature (>1000°C) annealing process to bond the wafers
together. The top wafer is lapped and polished to the required thickness and processed in a standard
fashion. The back side is then etched, with the silicon oxide layer at the bonded wafer-wafer interface
acting as the etch stop, and finally metallised as required.

| Top Wafer . .
PR —— Fig. 2-1. The process sequence for production of
ACK Sh impiantalions . g . . .
(a) g thin silicon sensors with electrically active back
‘ Handle Wafor side implantation starts with the oxidation of the top

and handle wafer and the back side implantation for
the sensor devices (a). After direct wafer bonding,

fer bonding and thinni A . .
g the top wafer is thinned and polished to the desired

(b) thickness (b). The processing of the devices on the
top side of the wafer stack is done on conventional

process -> passivation equipment; the openings in the back side

— e — passivation define the areas where the bulk of the

© handle wafer will be removed (c). The bulk of the

handle wafer is removed by deep anisotropic wet
etching. The etch process stops at the silicon oxide

@ [ /“ —_— \ /“"""""‘ ] interface between the two wafers (d).
] deep sn}mﬁpﬁc etching '

7.2.1 Prototyping

Two designs, (Type I and II), of thin diode were fabricated as detailed in figure 2-2. The difference
between the two devices is the side of the patterned p” implant with respect to the handling wafer as
shown in figure 2-2. Type I devices have been fabricated to 10mm?, while type II devices have been
made with sensitive areas as large as 6.5cm’.
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Fig. 2-2. Cross-sections of the two different types of p-i-n diodes on FZ n'-substrate. Type I has a large-area area
ohmic contact at the bond interface with pn-junctions and guard rings at the top wafer surface (a), Type II is vice
versa with a structured p'-implant at the bond interface and a large-area ohmic contact at the top wafer surface

(b).

7.2.2 lIrradiation results

Type 1 high resistivity diodes (3 kQcm) were irradiated with 23 GeV protons for a fluence from
4x10" cm™ to 8.6x10" cm™. In order to investigate the radiation induced changes to their short- and
long - term operation, after irradiation all samples underwent an isothermal annealing procedure at
80°C with cumulative steps up to 45000 minutes (=31 days). After each annealing step the devices
were characterized at 20°C by C-V and I-V measurements. After the full annealing cycle of 31 days
charge collection measurements were performed with ***Cm 5.8 MeV a-particles.

The development of the devices full depletion voltage, Vg, extracted from C-V measurements after
annealing at 80°C as function of fluence is shown in figure 2-3. The annealing time used
corresponded to that at which the annealing curve of Vi (or ANgk) reached its minimal value (see
figure 2-4). According to the standard parameterization of Ne#(®), taking only donor removal and
acceptor creation into account (solid line in figure 2-3), a P value of 3.6x10° cm™ was derived from
the slope at high fluences. This B-value is in the same order as obtained for oxygen enriched FZ
(DOFZ) silicon (see [1]) although these devices were not subjected to any deliberate oxygenation
procedure. Possibly the high temperature treatments during the bonding and the device processing
lead to an in-diffusion of oxygen from the oxide surface layers, which may have increased the oxygen
concentration throughout the 50 pm thin bulk beyond the initial level of the untreated material.
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Fig. 2-3 Development of full depletion voltage Vi
as function of fluence after annealing at 80 °C for
specific durations (8 min up to 1.7x10" ecm™, 30 min

Fig. 2-4 Change of effective doping concentration
as function of cumulated annealing time at T, = 80°C
after irradiation with different fluences.

at 3.5x10" cm™, 60 min at 8.6x10"° cm™).

In figure 2-4 the annealing of AN for the full set of fluences is shown. The solid lines are the
result of fits according to the functional dependencies as described by the Hamburg model [1]. From
these plots it becomes obvious that the minimum of the annealing curves shifts to longer annealing
times for the last two high fluence values. This shift corresponds with an increase of the short term
annealing time constant and in particular a strong delay in the reverse annealing as function of
fluence. A similar dependence has also been reported for DOFZ-detectors but at lower fluences [1].

For the reverse current per unit volume, taken at full depletion and after an annealing of 8 min at
80°C, a linear increase with accumulated fluence is observed. The extracted slope representing the
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current related damage parameter is o(T,=80°C, t=8 min) = 2.4x10™"7 A/cm which is in agreement
with results of numerous studies on various silicon materials [2].

In figure 2-5 the measured charge collection efficiency, CCE, is plotted as function of fluence. For
all devices the CCE was obtained at a detector bias of 190 V, which was always above their full
depletion voltage. The solid line in figure 2-5 is a fit to the experimental data according to: CCE =
1-Sx®. For the parameter £, a value of 3.4x10™"7 ¢cm? is derived which leads to an extrapolated CCE
value of 66% at ® = 10'® cm™. This is comparable to charge collection measurements on proton
irradiated 50 um epitaxial devices performed with a *’Sr B source were a value of 60% at 10'° cm™ is
reported [3]. This indicates that for thin detectors charge collection measurements with o-particles
result in similar CCE values as achieved with mips. Further, these observations point to a universal
behaviour of charge carrier trapping in highly proton irradiated silicon devices being independent on
the silicon material type and the impurity content. More details on this work can be found in [4].
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0.9} - .
S 0.8} I ]
O \\\\

0.7} T

0.6} .
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Fig. 2-5 Decrease of CCE with fluence after full annealing cycle at 80°C. Measurements performed at 20°C.

7.2.3 Future Work

Future work is aimed at further device fabrication to understand the ability to make structured
sensors that can be used in full detector tests. Simulation results from RD50 collaborators will be
compared to the experimental results.

7.3 3D detectors

The past year has been very successful with the development of 3D detectors and their
characterization. Results are reported on the modelling and characterization of single column 3D
detectors fabricated at ITC-IRST, Trento. Further to devices fabricated by the Trento group, devices
have been designed and are under fabrication at CNM, Spain. The New Mexico group has joined
RD50 and their work on 3D detectors fabricated at Stanford is reported.

7.3.1 Testing and simulation of single column type 3D detectors

The single column type 3D detectors, (3D-stc), reported in last year’s status report have been
further investigated by several university groups. The IV and CV characteristics of simple pad devices
made from an array of 3D-stc devices have been measured at IRST, Glasgow University. The results
obtained are compared to simulations performed at each institute with ISE-TCAD. Charge collection
measurements of pad devices and strip devices have been performed by the Glasgow, Freiburg,
Florence and Santa Cruz groups. The Ljubjana group has performed the first position sensitive TCT
measurements on small strip 3D-stc devices to illustrate the dependence of the charge collection
efficiency on the charge deposition position inside the device.
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7.3.2 Measured and simulated 1V and CV characteristics

As reported in last years status report 3D-stc detectors have been fabricated and tested [5], [6]. The
basic unit cell of the 3D detector have been connected together to form pad detectors and strip
detectors with either 10 or 250 columns per strip. The devices are all nt+ doped columns inside a
lightly doped p-type substrate with a uniform n+ doped back contact. Several different isolation
techniques on the front side around the n+ doped columns were fabricated and tested. The IV and CV
curves have been measured at all the institutes noted above, while the simulations reported below
were performed at Glasgow and IRST.

The detector was simulated using ISE-TCAD. In order to keep the size of the simulated mesh as
small as possible the device’s symmetry was exploited and only a section of the device with % of an
n+ column with silicon of thickness of 4 of the column pitch was simulated as shown in figure 3-1.
The simulated device has n+ columnar electrodes implanted on a p-type silicon substrate. For
simplicity, the columns are not hollow but made of silicon doped with phosphorous with a
concentration of 10"’cm™. The column depth was 150um, the diameter was 10pm, the pitch was 80pm
and the wafer thickness was 500pum. The substrate resistivity was Sk-cm, which corresponds to a
boron doping concentration of 2.6x10'* cm™. There was an oxide layer with a positive charge of 10"
cm™” on the top surface, although no isolation structures (p-stop or p-spray) were defined for
simplicity of the mesh [7].
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Fig. 3-1 Simulation of the depletion behaviour of a STC-3D detector. The colour red indicates zero and positive space
charge, and the spectrum up to blue indicates increasing negative charge. The side of the figure is 40um, half the
distance between two adjacent electrodes. The back p+ contact is not shown.

Figure 3-1 shows the depletion of the simulated device as the voltage difference between the
columnar and back plane electrodes is increased. It takes place in two stages: first, the depleted region
grows laterally from the n+ electrodes until at 7.5 V the region between the columns is fully depleted,
and then progresses like in a planar device towards the back contact. The detector volume is fully
depleted at an approximate voltage of 300 V, compared to 500 V for the equivalent planar detector.
Naturally, the depletion voltage will vary with doping concentration and substrate thickness.

The measured current-voltage and capacitance-voltage curves from devices similar to those in the
above simulation are shown in figures 3-2 and 3-3. Five different designs in the detail of the p-stop
ring around the n+ column were fabricated and results from all these are given in the figures. A planar
diode was fabricated on the same wafer as the 3D detectors and the results from these devices are
shown on the same plots. The IV curves show good behaviour and a similar order of magnitude in
leakage current density as to that obtained for the planar device. The CV curve shows two noteworthy
points. The first is the higher capacitance for a given bias voltage of the 3D detector with respect to
the planar device, which is to be expected. This will lead to a higher noise for a given front-end
amplifier. The second point is that there is a distinct kink in the CV curve at 7V, which is also seen in
the simulated CV dependence, shown on the same figure. The reason for this change in capacitance is
due to the full lateral depletion of the material between columns at this bias voltage.
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Fig. 3-2 Current-voltage curves of the Float Zone Fig. 3-3 Capacitance-voltage curves of the 3D
bulk silicon 3D pad detectors. The characteristic of a detectors. The characteristics of a planar diode and of
planar diode fabricated on the same wafer is also the simulated device are also shown for reference.
shown for reference

7.3.3 Charge collection

Charge collection in the pad devices was also simulated in Glasgow and shown to be relatively
slow due to the zero field regions in the centre of four columns where the charge carriers move only
by diffusion. According to simulation results, the peak of the pulse produced by an incident particle in
this region will arrive to the readout electrode in 2.5 ns, although the complete collection of charge
takes 10 ns.

The charge collection efficiency measurements were performed with beta particles from a *Sr
source on a pad 3D-stc device by both the Glasgow (with a shaping time of 500ns) and Florence (with
a shaping time of 2.5pus) groups. Figure 3-4 shows the CCE curve for a detector fabricated in MCZ
silicon, measured at Glasgow University. The charge collected is normalized to the value expected by
an ideal detector 300um thick, 3.5 fC. Three different stages can be clearly distinguished. At low bias
voltages the efficiency increases very rapidly with the applied voltage, due to the fast depletion of the
region between columns. The change on the slope of the CCE curve at about 8 V indicates that the
volume between the electrodes became completely depleted. This is followed by a second stage where
the charge collected increases more slowly with the voltage as the depletion progresses towards the
backplane. All the charge generated by the incoming particle is collected for voltages higher than 25
V, which indicates that all the detector volume has reached full depletion. Another interesting feature
of these devices is that there is non-zero charge collection at 0V, due to the depleted region already
present around the columns in the unbiased device, as can be seen in figure 3-1.
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Fig. 3-4 Charge collection efficiency of a 3D-stc pad Fig. 3-5 Charge collection measured by the ABCD
detector. The substrate is MCZ silicon with a SCT chip as a function of illumination position. A
thickness of 300um. high threshold corresponds to a low charge collection.
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Charge collection measurements, as a response to 2ns duration 982nm wavelength, pulsed laser
illumination of short strip 3D-stc detectors has been performed. The detectors were readout with
ATLAS SCT binary readout electronics at Freiburg University [8]. The device was assembled into a
module using spare ATLAS SCT components from the ATLAS forward SCT construction. To
provide good cooling, which is essential for highly irradiated sensors, the sensor was glued into
machined slots in the thermo—conducting graphite material used as the thermo-mechanical support of
the module. The graphite material is glued to an ATLAS SCT hybrid [9]. For data collection the
SCTDAQ software and standard SCT hardware was used. The sensor was connected, via a fan—in, to
a binary ABCD3T ASIC [10]. The shaping time of the pre—amplifier is 20 ns and the readout can run
with 40MHz. The 3D-stc sensor collects electrons and therefore gives negative signals. The ABCD3T
is not fully bipolar and was designed for positive signals as the discriminator only works for positive
signals, while the rest of the amplifier front-end is bipolar. Adjusting the ASIC for negative signals is
possible by employing the trimming circuit to shift the discriminator offset to its maximal value of
around 4fC. The laser was scanned across the device in a direction perpendicular to the strip length.
The charge collected on each strip was obtained from threshold scans of the ABCD’s discriminator.
The signal was negative, as expected, for illumination close to the collecting strip. As the laser
illumination point moved to beyond half way between the strips the signal on the collecting strip
swapped sign. The signal should be bipolar with an integral equally to zero, but as reported below, the
negative component is very slow and therefore not measured by the ABCD electronics. The sum of
the charge on the two neighbouring strips should be constant as the laser was scanned from one to the
other. However, as can be seen in figure 3-5, the position—resolved IR—Laser measurements indicated
low—field regions of approximately 15pum between strips. Significant charge—loss in the vicinity of the
p—stop surface isolation scheme was also observed. This could be attributed to the low—field regions
and a different surface reflectivity under the p-stops around the holes. Further measurements with
different p—stops have to be done and absolute charge collection efficiency measurements with a beta
source set—up are planned.

The Santa Cruz group also measured AC-coupled strip sensors with binary readout electronics
[11]. The strip devices that they used were the longer 250 column, 2cm long detectors, fabricated on
float zone material. The readout electronics had a longer shaping time that the ABCD, equal to 100ns
compared to 25ns. The strip detectors response to beta particles was measured, rather than a laser
illumination, and a trigger was obtained from a scintillator mounted behind the detector. Both the
detection efficiency and the pulse height were measured. The median pulse height corresponds to the
50% efficiency point, and the most probable pulse height is the maximum in the pulse height
spectrum constructed by differentiating the efficiency spectrum as a function of discriminator
threshold voltage. The detection efficiency is defined as the ratio of the number of in-time
coincidences of triggers and strip hits and the number of triggers and is shown in figure 3-6 as a
function of bias voltage. As expected, the detection efficiency varies only below approximately 7V
where the area between columns is only partially depleted. Note at even at zero bias, the efficiency is
not zero, indicating that the region between the columns is partially depleted, as shown in the
simulations reported above. For a bias voltage greater than 7 V, the efficiency approaches a value
close to 100 %, that is the area between columns is full depleted and the small inefficiency is due to
the finite width of the columns.

The collected charge is shown in figure 3-7, which again shows an increase with the bias. Good
agreement is found between the median and most probable pulse height of the binary strip
measurement. The agreement between the bias dependence of the charge collected on the strips with
~100ns and on the pad with 2.4us shaping time is good which shows that the change in collected
charge above 7V is due to the depletion in the volume under the columns in a planar-diode fashion.
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7.3.4 Position sensitive TCT measurements

The single column type 3D detectors have area of low electric field as shown above. To
understand the effect of the electric field on the charge collection efficiency and collection time a
position sensitive TCT experiment was performed on a 3D-stc strip detector. The device is a DC
coupled small strip detector fabricated from holes of 10um in diameter at an 80pm pitch. Each strip
consists of 10 columns, and therefore has a length of 800pum. There are 64 strips in the detector. Each
hole is phosphorus doped to form an n+ junction in a near intrinsic p-type substrate. To isolate each
strip from surface charges, each hole is surrounded on the top surface by a p-type ring. The entire strip
detector is surrounded by a guard ring formed from holes connected together. The charge collection in
the device is therefore electrons towards the p+ columns on the front side of the device and holes to
the uniform back side of the device.

Three adjacent strips were connected to independent fast current amplifiers with a bandwidth of
2GHz. The detector was illuminated by an IR laser with a focused diameter of FWHM of 7mm. The
device was mounted in the focal plane of the laser on a xyz stage for focusing and scanning of the
detector. The laser was pulsed with duration of 1ns with repetition rate of 100Hz. The detector was
biased to beyond the full lateral depletion voltage to 16V. The laser was scanned across the three strip
detectors and the signal shape and total charge collected was measured.

Many plots were obtained of the current signals for different illumination positions. The most
interesting result is shown in figure 3-8, The induced current has a very fast signal due to the rapid
collection of the electron signal on the readout columns. The very much slower component of the
signal is due to the slow collection of holes on the back contact of the device. When the beam position
is close to the neighbouring strip the signal on the collecting (central) electrode is bipolar as expected
from Ramo’s theorem. However, due to the very slow hole charge collection, as a result of the shape
of the electric field inside the device, the signal has a very large positive fast component and a slow
negative component. If LHC speed electronics are used, with shaping time of 25ns, a net positive
signal will be observed when a particle deposits charge close to a neighbouring strip.
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7.3.5 Future Work

The measurement of charge collection efficiency and speed of 3D-stc devices after irradiation will
be performed. This year the IRST group will fabricate further 3D devices. These 3D detectors will
have column types of both n- and p-type to over come the problems on the low field regions. The
design will be similar to that under production at CNM which is described below.

7.3.6 Detector design and fabrication at CNM

The first batches of devices fabricated at IRST used holes etched at CNM Barcelona. However, the
CNM group also has all the fabrication technologies to make full 3D devices; except wafer bonding
which is required for the Stanford technique[12]. The group has proposed a fabrication technique that
has columns of both n- and p-type, as expected in a full 3D detector [13]. However, the holes of a
given type are etched from one side of the wafer, and those for the other type from the other side of
the wafer. Neither set of columns pass through the full thickness of the silicon substrate, as shown in
figure 3-9. This structure has a simpler fabrication process, than the Stanford process, because the
difficulty of doping the two different kinds of holes on the same side is avoided. In standard 3D
detectors very thick layers of polysilicon must be deposited and doped on the same side of the
substrate in order to create the p-n junction. By etching the holes on the two sides the
photolithographic steps needed to define the readout electrode contacts is only necessary on the top
surface. This simplifies the process and avoids thick layers of poly on the surface which can make it
difficult to use bump bonding to connect the electrodes to the pixel readout chips. Furthermore, the
dead area due to the holes is reduced because, as simulation has shown, there is still a high electric
field in the volume on the top or the bottom of the holes. Another advantage of this configuration is
that it is not necessary to bond the wafer to a “carrier” to avoid wafer breaking.

The electrical performance of the proposed devices has been simulated with ISE-TCAD at
Glasgow University to aid in the design of the device before fabrication started.

A mask set has been designed in collaboration with Glasgow University, for the fabrication of 3D
detectors with different geometries which includes: test structures; pad diodes; pixel detectors to be
coupled to different readout electronics (Medipix2, Atlas and Pilatus chips); and short and long strip
detectors. The strip detectors will be wire-bonded to LHC readout electronics and tested with
radioactive sources to demonstrate the functionality of the 3D strip detector at LHC speeds. All the
devices will be tested by measuring their electrical characteristics and charge collection efficiency
before and after irradiation with protons and neutrons up to fluences of 10'® cm™ 1 MeV neutron
equivalent.
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7.3.7 Fabrication

n" type substrate

n+ doped

55um pitch

Fig. 3-9 Design of the 3D detectors being fabricated
at CNM

Fig. 3-10 High aspect holes etched in a
silicon substrate, the diameter is 10um and the
depth is 250pum.

The processing stages to fabricate the 3D detectors have been investigated and mastered. The
etching of cylindrical holes with small diameter, (order 10um), and large depth (250pum) has been
achieved, results from test structures are given below. The holes are partially filled with polysilicon,
which is then highly doped to realize the p- or n-type junctions with the near intrinsic substrate
material, described below. Finally the surface is passivated with oxide and processed to enable
electrical contact to readout electronics.

The holes were etched with an Inductively Coupled Plasma (ICP) in an Alcatel 601-E machine at
CNM-IMB. Figure 3-10 shows an example of the high aspect ratio holes fabricated in the silicon
substrate. Various hole diameters and thickness have been investigated.
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Fig. 3-11 Aspect ratio for different holes Fig. 3-12 Depth obtained for different hole
diameters as a function of the etching time diameters at different etching times

Figures 3-11 and 3-12 show the different hole aspect ratio and hole depth obtainable for a given
hole diameter as a function of etching time. The final diameter chosen for the detectors fabricated is
10pm since a depth of 250um was achieved after 100 minutes etching. The smallest diameter with the
highest depth should be used in order to insure the smallest dead area (or low detection efficiency area
as it has been recently demonstrated [14]) and the highest signal-to-noise ratio. The Spym diameter
hole would be a good choice but the hole depth saturates after 80 minutes at 150um, which is
insufficient. The deeper the hole is etched the more difficult it is for the etchant to etch the bottom of
the hole. This effect becomes stronger and stronger until the etching of the bottom of holes stops and
sidewalls are etched enlarging the diameter.

The electrodes within the dry etched holes were formed by partially filling the hole with a thick
polysilicon layer and doping it with boron and phosphorus to create p-i-n diodes. The final doping
profiles of boron and phosphorus were simulated using ISE-TCAD software package. Figure 3-13
shows a comparison of the simulated and measured boron profile at the end of the fabrication process.
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The profile was measured on the top surface of a test wafer with a doping concentration of 10" cm™
while the simulation was performed using an high resistivity wafer which will be used for the real
devices. The graph shows that the concentration of boron in the polysilicon layer is almost saturated
insuring a low resistivity contact and that the junction is formed at a distance of about 2pum into the
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Fig. 3-13 Simulated and measured boron
profile of the p+ electrodes. The substrate used
for the measurement of the doping profile was

Fig. 3-14 SEM image of the doped polysilicon
deposited in a bottom of a 10um diameter,
250um deep hole. The white material deposited

low resistivity. on the surface of the polysilicon layer is a

200 nm layer of TEOS.

The concentration of the boron dopant was indirectly measured inside the holes by Scanning
Electron Microscope (SEM) imaging. Figure 3-14 shows the bottom part of a 10um diameter hole
250pum deep doped with boron through a 3um thick layer of polysilicon and passivated with TEOS.
The image shows the fine grain of the polysilicon layer and the halo of the boron diffusion into a high
resistivity n-type silicon substrate. The junction is formed at about 2.9um from the polysilicon/silicon
interface in good agreement with the simulated result. Therefore it can be assumed that the doping
profile is uniform along the hole depth. Another important aspect of the doping profile is that
diffusion smoothes the corner of the column at the bottom part of the hole, which reduces the risk of
early breakdown in real devices.

The polysilicon layer deposited on the surface of the detector was removed by patterning the
substrate surface with a thick photo-resist layer and then was etched by using the same dry etching
process used for the formation of the holes into the silicon substrate. The surface of the wafer was
passivated with a thin layer of SiO, for protection from diffusion.

The contacts are formed by depositing an Al layer on the doped polysilicon layer and different
bump bonding techniques will be used to connect the various detector configurations to the
corresponding read out chips.

7.3.8 Simulation

The proposed devices have been fabricated using the simulation package ISE-TCAD to simulate
the electrical characteristics and the technological properties of the 3D detectors in order to find the
optimum parameters for the definition of the detector geometry and the fabrication parameters [15]. In
order to keep the size of the simulated mesh as small as possible the device’s symmetry was
exploited, as discussed above, as shown in figure 3-15. The p+ column has a pitch of 55um on a
square pitch with the n+ hole at the centre; the substrate used was p-type since this is of more interest
for radiation hard devices.

The simulated capacitance of the column falls rapidly with increasing voltage as the device
depletes. The capacitance saturates at about 8 V to a value of 55 fC per column. The coaxial cable
approximation, which regards the column as being a coaxial cable with radius equal to the distance
between n+ and p+ electrodes, predicts a value of between 65 fC and 81 fC (as the “cable length” can
either be considered as the 250pum column length or the 200um overlap region).
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In order to understand the electric field distribution in the detectors three simulations were made
using 300um, 280um and 260um thick substrates. The column length in each of these simulations
was 250um. Figure 3-16 shows the electric field at a bias of 100 V. In the 300pum device, a region that
has a field strength about 5 times smaller than the minimum value in the region between the columns,
(5 kV/cm compared to 20 kV/cm), extends about 20um from the surface at the top and bottom of the
device. When the substrate thickness is reduced to 260pm, the low-field region disappears and the
detector behaves as a standard 3D detector.

50
D {um)

7.3.9 Future Work

Future work will concentrate on the finishing of the fabrication of these devices. The wafers will
be diced, bump-bonded as required, and distributed to RD50 collaborator for electrical and charge
collection characterization with discrete amplifiers and ASICs, including LHC speed devices.

7.3.10Work done at New Mexico University on devices from Stanford

New Mexico joined RD50 recently. They are an active part of the new structures group presenting
their work on 3D detectors fabricated at Stanford University by S. Parker et al.[12]. The devices tested
to date are early full 3D detectors with electrodes of diameter of 17um, and length of 121pum. The
array consists of n-type columns arranged rectangularly; with a pitch of 200pum in one direction and
100um in the other. A p-type column is situated at the centre of the n-type columns. This basic
structure is repeated to form an array. Most of the same type columns are connected together in
columns to facilitate biasing. Some electrodes are left isolated to allow individual connection, via a
probe station, for testing. The devices have been tested electrically with the use of a pico-probe.
Devices have been tested before irradiation and after 1x10', 2x10'* and 1x10" 55-MeV protons/cm®.

The device full depletion voltage has been determined from CV measurements and charge
collection measurements from IR laser illumination, shown in figure 3-17. The full depletion voltage
increased from 15V before irradiation to 130V after full irradiation. The electrode capacitance, as a
function of irradiation, has been measured to be approximately 90fF for the p-type electrode, figure 3-
18 illustrates the capacitance as a function of bias voltage for a p-type electrode. This has been shown
to be a function of temperature, and measurement frequency after irradiation, as expected. The rise
time of the signal measured as a response to illumination from an IR laser, with duration of 0.3ns, was
only 2ns before irradiation, which reduced to 1.5ns after 1x10' 55-MeV protons/cm?.
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Fig. 3-17 The array depletion measured from Fig. 3-18 The capacitance of a p-type electrode after
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maximum for the non-irradiated device), for
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electrode, as a function of bias voltage, for three

55-MeV proton fluences.

TCAD simulations of the devices are being developed by the New Mexico group to explain the
measurements. Future work will concentrate on further charge collection measurements to map the
charge collection efficiency and speed as a function of charge generation for non- and irradiated
devices as well as the development of their TCAD simulations.

7.3.11Commercial development of 3D devices at IceMOS technology

A commercial development has begun with the semiconductor fabrication company IceMOS
Technology, based in Northern Ireland. The company has a demonstrated expertise in all the
necessary steps to fabricate 3D silicon detectors. The University of Glasgow group and Diamond have
entered into a commercial development programme with IceMos Technology to make full 3D
detectors. The masks have been designed and written at Glasgow University in close collaboration
with the company. The company has produced the first set of test structures of 3D holes ready for
doping and filling with polysilicon. The first full test structures are expected by the end of Q1 07.
These will be tested electrically and as a detector at Glasgow University. The wafer design for the
second phase with pixel and strip detectors is near completion and will be ready for fabrication to start
as soon as the tests on the first trails are complete.
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8 Full detector systems

8.1 Non inverting silicon materials

It is now well accepted [1-5] that reading-out finely segmented silicon detectors from the side were
the high electric field is located after irradiation gives the major contribution to radiation hardness.
This is due to the fact that charge trapping is the main cause of charge collection deficit, because it
reduces the lifetime of charge carriers and therefore their collection distance. The typical trapping
time (ty) is inversely proportional to the irradiation fluence [6]. The signal is reduced, in a first
approximation, by a factor exp(t,/t.), where t. is the collection time. Short collection times are
required to maximize the charge collection. Traditional p-in-n detectors suffer from the migration of
the junction to the backplane after irradiation (the space charge type inversion), with the high electric
field being located on the non-segmented side of the device. The development and test of non-
inverting silicon materials, where the high electric field is always located on the segmented side of the
detector, has been the main subject of the FDS project during the last year. The candidates as non-
inverting silicon materials are p-type substrates (both FZ and MCZ) and n-type MCZ, although this
latter has been shown to invert after high dose of neutron irradiation [7].

8.1.1 Charge collection efficiency measurements with p-type microstrip
detectors in diode configuration

In order to evaluate the radiation damage four microstrip detectors have been irradiated with
neutrons at the TRIGA Mark II reactor in Ljubljana to different fluences: 10, 10", 2x10" and 10
n/cm’. The connections to the strips for the signal acquisition and the ground are made by wire
bonding. The bias voltage is supplied through the back-plane while the strips are grounded. In our
setup, all strips are shorted together.

Figure 8-1 [8] shows the charge collection versus voltage plots for 4 irradiated detectors. The
sensor signal is averaged over a large number of triggers and the charge is computed as the integral of
the average waveform of the signal. For the detector irradiated to 10'* neutrons/cm” the plot exhibits a
plateau, with a kink in the curve at ~400V. On the contrary after greater fluences the curves do not
show any plateau and the signal keeps growing with the bias voltage. The absolute values of the
signal depend on environmental factors, laser focusing, incidence angle and reflections in the
aluminium of the strips.

Figure 8-2 [9] shows a compilation of various measurements made with a similar set of irradiated
detectors and characterised using a B~ source (*°Sr source) and an infrared laser. The laser has been
used to extend the measurements at various bias voltages, and the absolute scaling of the collected
charge was performed by interpolation with the measurements with mip particles.

It can be noticed that even after the highest dose, corresponding to the anticipated dose for the
innermost pixel layer at SLHC, the collected charge exceeds 4000e” at 1000V bias voltage.

8.2 Electrical characterization of test structures and miniature
microstrip detectors before and after gamma irradiation

When n-side read-out is used on segmented detectors, as for example in n-in-p or n-in-n
geometries, a method for interstrip isolation has to be used. Possible interstrip isolation methods are p-
spray , p-stops or a combination of the two (moderated p-spray). It is important to study the effects of
these techniques on electrical properties of the silicon detectors, like the interstrip capacitance (ISC),
the interstrip isolation, measured as inter-strip resistance (ISR), the break-down voltage (Vgp) and the
leakage current.
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Fig. 4-1 Collected Charge-Voltage plots of n-in-p microstrip detectors irradiated with neutrons for different
fluences [8]. The read-out strips were all bonded to a common metal line (diode configuration) and read out
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Fig.8-2. Collected Charge-Voltage plots of n-in-p microstrip detectors irradiated with neutrons for
different fluences [9]. Signal induced by fast electrons (*Sr) and laser [6]. Measurements performed in diode

configuration.

A set of test structures for this type of characterization before and after irradiation has been
implemented in the SMART [10] mask. These structures include short strip detectors of varying strip
width and pitch, circular MOS capacitors with aluminum top electrode, and capacitance test
structures.

The test structures for ISC (Inter Strip Capacitance) measurements are comprised of 9 AC coupled
strips, of which the inner-most three allow the measurement of the interstrip capacitance from the
central strip to its pair of next neighbors, and the outer three strips on each side are connected together
to allow bonded connections to a shield (the bias ring can be used to this purpose).

Similar measurements (ISC, ISR, Vgp) have also been performed on miniature (4.45 cm long)
microstrip detectors processed on the same mask set.

This study [11] was target to the changes of the electrical properties due to oxide damage after
irradiation. The irradiations were performed in the UC Santa Cruz “°Co source in steps of
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approximately 70 krad, corresponding to one day irradiation at a dose rate of 3.15 kRad/hr. The parts
were irradiated with their electrical terminals floating. After irradiation the devices were stored at
room temperature and the time between irradiations and measurement could vary by a few days. The
annealing is shown in the graphs as double-valued parameters for the same dose. A more thorough
annealing was performed at the end of the irradiation, lasting for one week at room temperature and
two weeks at 60°C.

8.2.1 Capacitance vs voltage (C-V) and ISC measurements

Frequency dependent C-V characterizations using an HP 8241 LCR meter were performed before
the irradiation, and within a few days after each step. At the end, the capacitance-voltage (C-V) data
at 10kHz were analyzed for the MOS capacitors, while the interstrip capacitances (Cint-V) were
analyzed at the highest frequency, e.g. 800 kHz or 1 MHz.

The bias dependence of currents and ISC could be determined before irradiation only in a
restricted interval of applied bias voltage because of breakdown which occurred in some cases before
depletion. In fact, before irradiation, detectors with high-dose p-spray isolation had a breakdown
voltage in the 50-150V range, depending on the width/pitch value. A considerable increase in
breakdown voltage after irradiation can be observed (see below).

The ISR was determined with a 2 probe measurement using an HP 4145 Semiconductor Analyzer.
One SMU biased the detector to 50V, the bias ring was set to ground, the current I; on one strip was
determined by measuring the potential across the biasing resistor of 600kQ and the voltage on its two
next neighbors V, was swept with a second SMU from -5 to +5V. The interstrip resistance is then Ry
= 2*AV2/ AI] .

The results from capacitance measurements on test structures show a saturation trend similar to the
MOS capacitors (Figs. 8-3 and 8-4). The irradiation drastically reduces the ISC for p-type detectors,
and the interstrip capaciatance geometrical value is approached as the voltage is increased. This result
is in good agreement with simulation predictions, and is due to the depletion region widening inside
the p-spray at the surface [12]. Saturation is reached at a dose between 70 and 150 kRad. The wafer
with low-dose p-spray isolation reaches the saturation already with 70 kRad, with very little residual
voltage dependence of the interstrip capacitance. The n-type test structures (processed on Si with
<111> orientation) show increased interstrip capacitance with increased dose, while the p-type test
structures (processed on <100> wafers) exhibit reduced interstrip capacitance. There is no dependence
of wafer type, i.e. MCz and FZ behave exactly the same, separately for high and low p-spray dose,
respectively. The amount of annealing is very limited.
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Fig. 8-3 Interstrip capacitance of the 50 um pitch test structures as a function of the total dose for p-type
MCz high-dose wafers. The remaining p-type test structures behave the same way, including the absence of
strong annealing effects [11].
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Fig. 8-4 Interstrip capacitance of the 100 um pitch test structures as a function of the total dose for the n-
type FZ wafer. Saturation is seen at about 100 kRad, and annealing is limited [11].

The same trends are seen with the mini silicon detectors (with 4.45 cm strip length). Figure 8-5
compares the interstrip capacitance vs. bias voltage for two p-type wafer types (MCz and FZ) and two
p-spray doses. There is no difference between MCz and FZ, but large differences due to the surface
treatment, i.e. between low- and high-dose p-spray.

The interstrip resistance was measured before irradiation (pre-rad) and after radiation and

annealing. A value in excess of 10'°Q was measured pre-rad and post-rad for the 1.15 cm long test
structures, for all wafers and surface treatments.
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Fig. 8-5 Comparison of the interstrip capacitance of the 100 um pitch mini-SSDs, pre-rad and after
saturation a) FZ (wafers 14 and 37), b) MCz (wafers 66 and 182) [11]. There is a small difference between

different wafers, but a large dependence on the p-spray dose. Saturation below 150 kRad and only limited
annealing are observed.

8.2.2 Oxide charge build-up

The effect of irradiation to the oxide charge, namely the build-up of a radiation induced fixed
positive charge, was evaluated from flat-band voltage measurements on the MOS capacitors.

The results are shown in Figure 8-6. Saturation is observed after about 150 kRad for all measured
devices regardless of the bulk material. The charged trapped in the oxide reaches similar value for all
p-type devices ( ~1.5 10" cm™ ) while an higher value has been observed for Fz n-type
(~2 10" cm™). This difference is expected since the Fz n-type wafers were oriented <111> while the
p-type wafers were <100>. Annealing reduces the effect during the irradiation process and after the
elevated temperature annealing. Saturation is visible after the third annealing step. Such a strong

annealing effect has been observed before on MOS structures processed at ITC-irst and irradiated
with X-rays [13].
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Fig. 8-6 Effect of the total dose on the oxide charge for four different wafers: a) n-type FZ b) p-type FZ
high-dose, c) p-type MCz high-dose, d) p-type MCz low-dose [11]. Data at the same dose indicate annealing.
For the largest dose point, the highest value is right after irradiation, the second highest right after one week
of room temperature annealing and the third and fourth highest each after an additional one week annealing

at 60 °C, respectively.

8.2.3 Reverse current vs voltage (I-V) measurements

The current — voltage (I-V) curves at different doses shown in Fig. 8-7 reveal an improved
performance in breakdown voltage after irradiation. In fact, before irradiation, detectors with high-
dose p-spray isolation had a breakdown voltage in the 50-150V range, depending on the width/pitch
value. After a dose of 210 kRad a much larger reverse bias, up to 500 V, can be applied without the
risk of breakdown for all the devices regardless of the strip geometry. Large annealing effects lower
the breakdown voltage again at intermediate irradiation steps and at the post-radiation elevated
annealing step. Table 8.1 shows the breakdown voltage at several steps in the irradiation campaign.
Wafers were implant isolation has been done with high p-spray implantation dose seem to exhibit
worse annealing of the breakdown performance.
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Fig.8-7. Leakage current — voltage (I-V) curves for several irradiation steps. The breakdown voltage is
increased considerably with increased dose.

8-5



RD350 Status Report 2006 CERN-LHCC-2007-005 and LHCC-RD-013

Table 8.1: Breakdown voltage

Device Breakdown Voltage [V]
~650 kRad
pre-rad 75 kRad 300 kRad ~650 kRad | +7d @60 °C
66-8 p MCz low 250 550 900
182-8 p MCz hig 70 >200 350 >1000 500
14-8p FZ low 240 600 600 700 600
37-8 p FZ high 70 200 300

8.2.4 Conclusions

The investigation of surface effects showed no dependence on the p-type wafer type (FZ vs. MCz),
but large dependence on the surface treatment (high vs, low p-spray dose).

Saturation was observed for the interstrip capacitance at about 100 kRad, with very little
annealing.

The flatband voltage and the oxide charge showed also saturation at about 150 kRad, but in
addition a very large annealing by a factor 3.

The breakdown voltage was increased by the gamma irradiation, but also showed very strong
annealing. The strips showed good isolation before and after irradiation and annealing.

8.3 P-spray isolation studies in CNM-Barcelona

8.3.1 Blanket p-spray

The blanket p-spray consists of a uniform p-type implant performed on the silicon surface as
shown in Figure 8-8. The p-pray dose needs to be optimised for best performances in term of strip
insulation, low reverse currents and high breakdown voltages. The optimal technological options for
the p-spray implant were found for the fabrication of n-in-p detectors by using a simulation software
package and dedicated calibration runs [14,15]. Test structures were also processed together with the
detectors in order to measure the inter-strip resistance and capacitance. MOS capacitors were used to
estimate the surface oxide charge density introduced during the fabrication process and after
irradiation. The detectors were irradiated with gamma particles to a dose of 50 Mrad which is the total
dose expected in the middle region of the future upgrade of the Atlas CERN experiment.

P-spray (p+)
Oxide Polysilicon
Metal charge Oxide
\

electron inversion layer

h

Fig.8-8. Cross section of a microstrip AC biased n-on-p detector with p-spray insulation.

The optimum p-spray dose is the minimum dose that ensures a good insulation among the strips
before and after irradiation. Lower p-spray doses allow in fact achieving higher breakdown voltages.
Figure 8-9 shows the simulated breakdown voltage of a p-type strip detector versus the total charge
implanted with the p-spray into the silicon bulk. The simulation covers the range of implantation
energy from 25 to 150 keV and the total doses from 10" to 8x10'> cm 2. The breakdown voltage is a
function of the total implanted charge, which depends on both the energy and dose, but not from the
depth of the profile, at least in the range of energy and doses simulated. It is possible to observe the
drastic reduction in the Vpp as the density of the p-spray implanted total charge increases. At a fixed
polarisation bias the electric filed is higher when the gradient of the doping concentration at the
interface between the strip and the p-spray increases, leading to an early breakdown of the devices.

The parameters of the p-spray implantations were: ion energy 45 keV with doses of 10" and
5x10'* cm™, and ion energy 150 keV with a dose of 10'> cm™. The minimum doses available at the ion
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implanter at the CNM facilities which insure a uniform implantation on the wafer surface is
1x10" cm™. According to simulation, all three implant profiles are able to compensate the electron
inversion layer induced at the silicon surface. Figure 8-10 shows the p-spray profiles obtained with
the fabrication and measured by the spreading resistance method. The results are compared to the
expected profiles simulated with the ISE-TCAD software package. In all cases the total implanted

dose is lower than the predicted by the simulations.
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Fig.8-9. Variation of the breakdown voltage as a function of the total implanted charge for the definition
of the p-spray insulation in no-irradiated detectors.

The fabricated detectors were characterized by reverse current and capacitance measurements. The
average full depletion voltage was Vgp = 41£3 V, while the leakage current density for the microstrip
devices at Vp+20V was 50 nA/cm?.

The current-voltage characteristics of the p-type pad detectors fabricated with the three different p-
spray implants before irradiation show that the breakdown voltage (Vgp) decreases with the increasing
of the total implanted dose as predicted by simulation, as can be seen in Table 8.2, which shows the
average Vpp for simple diodes fabricated with the three technologies. It must be noticed that in some
case the experimental value of Vpp is higher because the total dose implanted is lower than the dose
expected by simulation.

The average leakage current of the strips and the guard rings measured at Vyp+20 V are reported in
Table 8.3. The leakage current of the guard ring of the detectors with the p-spray doses of 10"°cm™ are
few order of magnitude higher that the central active area, which means that the insulation between
the surface and the backplane is not adequate, there is a conductor electron channel between the guard
ring and the back contact trough the detector rim. The characteristic of the detector with the highest p-
spray implanted dose (ion energy 10'>keV and dose 5x10'> cm™) show a guard ring leakage current
lower than the central active area. This indicates that the strips are properly insulated and the
corresponding Vpp is lower enough to full deplete the detectors before irradiation.

Table 8.2: Breakdown Voltages

Technology Vep(V)  Std. error (V)
p-stop 400 +15
p-spray 460 +30
Moderate (228 nm) 370 +40
Moderate (260 nm) 530 +10
Moderate (290 nm) 310 +10
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Table 8.3: Reverse current at full depletion voltage +20 V of the strip detectors fabricated with the different p-
spray insulations. The currents are measured at 20°C.

p-spray Current at Vgp+20 V
Energy Dose . .
(keV) (cm?) Strips Ring
45 10" 50 =30 nA 2+1mA
150 10" 90 + 40 nA 150 + 40 pA
45 510" 14+ 1.1 pA 300 30 nA
Wi E L B 3
F ]
[ ]
++
@moe{_ +++++++++++++++ eI -
0 Bt E
®
3 1x107 -
= Strip detector, fresh 3
e Strip detector, 50Mrad = ]
3 ——+—— Guard ring, fresh .
- +  Guard ring, 50Mrad 1
1!10‘! L | 1 | 1 | 1 | 1
0 50 100 150 200 250
Reverse bias (V)

Fig.8-10. Comparison of the current-voltage characteristics of irradiated and not-irradiated n-in-p strip
detectors fabricated with the p-spray implant energy of 45 keV and dose of 5x10'2 cm™.

In order to prove the effectiveness of the p-spray insulation between the strips, some detectors
were irradiated with gamma ray from a “°Co source to a dose of 50 Mrad (50kGy). Figure 8-10 shows
the current-voltage characteristic of the detector fabricated with the highest dose (5x10'%cm™) and
irradiated with gamma particles. As expected the effect of the radiation is to increase the leakage
current that flues through the guard ring due to the increasing of the electron layer at the silicon/oxide
interface. However, it must be noticed that the current of the strips does not change significantly
which indicates that the p-spray is still adequate to guarantee a proper insulation even at the saturation
of the oxide charge density. Furthermore, the reverse current measurement shows that the breakdown
voltage of the p-spray implant with the highest dose improves after the irradiation. This can be
explained because the maximum electric field decreases with the increasing of oxide charge density
due to compensation of the acceptor dopants by the oxide charge. The characteristics of the detectors
with the lower implants are not reported because they have very high levels of leakage currents.

8.3.2 Moderated p-spray: simulation and results at CNM

The moderated p-spray technique is potentially the best option among the other possible interstrip
isolation methods, namely p-stop and blanket p-spray techniques. The challenge is the optimization of

8-8



RD350 Status Report 2006 CERN-LHCC-2007-005 and LHCC-RD-013

the isolation method keeping high breakdown voltages, high microdischarge voltage threshold and
maintaining good strip isolation. The moderated p-spray combines the p-stop and p-spray together in
one single implantation through an oxide layer with different thicknesses. The region implanted
trough the thinner oxide is referred as the p-stop which insures a good isolation between the active
area and the guard ring (and/or between neighboring strips) while the rest of the wafer is implanted at
the same time trough a thicker oxide layer (referred as p-spray region). The p-spray is necessary to
reduce the electric field at the edge of the p-stop, thus decreasing the probability of microdischarges.
The moderated p-spray as originally proposed ([16]) uses a silicon nitride layer deposited on the top
of an oxide layer. The method proposed in this study simplifies the original idea by using only one
oxide layer but with different thicknesses (Fig. 8-11). The initial technological simulation was done to
optimize the process and to find the optimum profile to fabricate a working n-on-p radiation detector.
Both the technological and electrical simulation was performed using the ISE-TCAD v9 software
package. Detectors were fabricated and characterized before and after a gamma irradiation of
50 Mrad.

TR

p-spray p-stop

Fig.8-11. Schematic of the moderate p-spray implant trough the two different oxide thicknesses.

Various silicon wafers were processed in order to confirm the results obtained by simulation.
Three moderate p-spray profiles (228, 260 and 290 nm) were selected for fabrication, corresponding
to the three simulated oxide thickness. It must be noticed that the detector with the lowest thickness of
oxide have the higher concentration of boron in the p-spray area. All the three configurations have the
same p-stop profile. For comparison a wafer with only p-stop and another with only p-spray isolation
were processed at the same time.

The mask set used for the fabrication was designed by CNM and contains pads detector and test
structure to measure the interstrip resistance, MOS capacitor to measure the oxide charge densities
and test structures for spreading resistance measurements. The pad detectors are 0.5x0.5 cm2 with a
biased guard ring 100 pm wide surrounded by a multi-guard rings structure with field plates. The
wafers were <100> FZ p-type from Siltronic, with a thickness of 300 £ 15 pm and nominal resistivity
of 20-30 kQxcm. The full depletion voltage over a whole wafer is 34 = 8 V, in agreement with the
declared resistivity. The Current-Voltage characteristics for the pads detectors isolated with the five
different technologies are shown in Figure 8-12 and compared with simulation. The surface damage
due to the p-spray blanket usually leads to higher leakage currents before irradiation for the samples
with only p-spray or moderate p-spray as the simulation shown in the same figure.
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Fig.8-12. Current voltage characteristics for the different technologies: simulation (left) and measurement
(right).
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The average measured breakdown voltages, reported in Table 8.2, are lower than the predicted by
the simulation, but all the devices can be fully depleted and thus their operation as radiation detectors
is possible.

Dedicated test structures were designed to measure the interstrip resistance before and after
gamma irradiation in order to prove the reliability of the isolation techniques of the n-on-p detectors.
The average interstrip resistances are reported in figure 8-13. These values were measured at room
temperature and at zero bias, so they are a conservative estimation of the value that would have a
depleted detector, and ensures an adequate insulation of the microstrips at least for non irradiated
devices.
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Fig.8-13. Interstrip resistance of test structures: non-irradiated (left) and irradiated (right).

In order to prove the effectiveness of the three isolation technologies, the test structures were
irradiated with gamma rays from a **Co source to a total silicon absorbed dose of 50 Mrad (500 kGy),
which is an estimation of the total dose expected in the middle region of the future upgrade of the
Atlas detector at Super-LHC [17]. The fast build-up of damage in the oxide layer reaches a saturation
value of about 2-3x10'* cm-2 at about 100-200 krad (few LHC weeks). Therefore, the oxide charge
will be saturated well before the bulk damage will start to affect the operation of the detectors. This
oxide charge increases the inversion layer, canceling the effect of insulation and thus shorting the
strips. The interstrip resistance for the different technologies is on the order of Mohm also after
irradiation. This value is enough to insure a good isolation between the strips since the polisilicon bias
resistor has a resistance on the order of Mohm in standard strip detectors. This resistance is in parallel
with the resistance between the strips and therefore the read out electronic will see the smaller of the
two. Figure 8-13 also shows that the moderate p-spray with the smaller oxide thickness (and therefore
with the highest profile in the p-spray are) has the highest resistance while the one with the thicker
oxide has the smallest, comparable with the structure isolated only by the p-stop implant.

8.4 Upgrade of laser test systems (Prague)

Systematic analysis of three basic testing methods: test beam, beta tests and laser test was done
and presented at the RESMDDO06 conference. Applicability limits and systematic errors of the
methods were evaluated [18]

One of the drawbacks of the laser measurement is lack of absolute collected charge determination.
To overcome this problem a dedicated optical head was designed and produced (see schematics and
photo in Fig. 8-14). It enables online monitoring of incoming and reflected laser pulse and further
correction of DUT measurement. From the first tests linearity of response and very good sensitivity
for low signals (~4 fC) was found (see Fig.8-15).
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Fig 8-14: Schematics and photo of the optical head.
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Fig. 8-15: DUT response vs. laser intensity monitor from the optical head for various detectors and
wavelengths

The evaluation of newly developed detectors for LHC upgrade lacks electronics capable of
measuring negative charge pulses from p-type detectors at the LHC timing. The ABC-next planned
for ATLAS upgrade will not be available soon. Therefore existing and widely available SCT readout
electronics based on ABCD3T chips was modified for negative charge and is now available for such
measurements [19].

8.5 Progress in the development of the gaseous pixel detectors

Although the work on gaseous detectors is out of the main focus of the RD50 collaboration, a close
link to these developments is kept to understand the recent developments in non-solid state tracking
detector developments. The RD50 — Nikhef group is deeply involved in the gas detector developments
and has reported on recent developments of the Gossip detectors.

In the gaseous pixel detector Gossip a pixel chip is equipped with the gas amplification grid
Micromegas and a 1 mm thick drift volume. In this way a gas ionization detector is created with a
comparable geometry as planar solid state pixel detectors. Most striking advantages of Gossip are the
expected excellent radiation tolerance exceeding 10'® n./cm’ and a big reduction of the material
budget of the cooling circuit.

After a successful production of the preamp/discriminator chip Gossipol featuring 40 ns shaping
time, 60 electrons noise and 2 pW electrical power in 130 nm technology, the Gossipo2 chip was
submitted in November containing a 16 x 16 cell pixel detector at 55 x 55 pm pitch. In addition each
cell is also equipped with electronics for drift time measurement.

The production of the amplification grid InGrid that is made by wafer postprocessing, has been
evolved to a reliable small scale industrial process. Also prototypes have been made accumulating
double and triple grid layers.
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The charge amplitude spectrum has been measured using 3 rays from a strontium source. From the
spectrum the cluster density of several gases and gas mixtures was calculated. For di-methyl-ether a
much lower value was found than was known from literature.

MIP response of Gossip test chamber

pedestal

300

# of events
N
8
8

egas
: CO,/DME 46/54
xitation by mips from *Sr source
806

100 4

280 um silicon

0 50 100 150 200
charge signal (ke’)

Fig. 8-16: Charge amplitude spectrum of Gossip. As a reference the spectrum from a planar silicon sensor
(ATLAS SCT baby sensor) is plotted as well.
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9 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]).

9.1 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.

9.2 Lab space at CERN

The RD50 collaboration was temporarily using existing infrastructure and equipment at CERN in
2006 and requests to continue to do so in 2007. As a member of the collaboration, the section PH-
DT2/SD 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 keep the RD50 visitor office in barrack 591
and use the CERN infrastructure to organize one workshop at CERN in 2007.

9.3 Technical support at CERN

A low level of support from PH-DT2/SD (wire bonding and sensor mounting) may be profitable.
The expected work volume for 2007 is estimated to be very limited.

[1]1 Anextensive 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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