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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*cm™s™ ,corresponding to expected
total fluences of fast hadrons above 10'°cm™ and a reduced bunch-crossing interval of ~10 ns [1].

The CERN RD50 collaboration has been recommended for approval in May 2002 by the LHCC
and approved in June by the CERN Research Board. This document reports status of research and
main results obtained after the first year of activity of the collaboration.

Presently, RD50 counts a total of 280 members with 55 participating institutes, from 47 different
countries in West and East Europe, 7 from North America (USA, Canada) and one from middle
east (Israel). During the first year of activity three workshops and collaboration board meetings
have been held at CERN to discuss the recent results and co-ordinate the research activities of
RD50: Oct. 2-4, 2002, May 18-20 and Nov. 3-5, 2003 . Each workshop has registered a quite high
rate of participation, counting an average of 80 participants with about 34 talks. More details can be
found at the collaboration web-site: http://www.cern.ch/rd50/.

During the first year, the research activity of RD50 has been presented in form of invited oral
contributions at several international conferences [2]:

- The PIXEL2002 International Workshop, Carmel, CA, USA, Sept. 9-12, 2002 [3].

- 11" International Workshop on Vertex Detectors, VERTEX 2002, Hawaii, November 3-8,
2002. Invited Talk, paper published in Nucl.Instr.and Meth.A [4].

- Frontier Detectors for Frontier Physics, Elba, May 2003, in press on Nucl. Instr. and Meth. A
[5].
- 6™ International Conference on Large Scale Applications and Radiation Hardness of

Semiconductor Detectors, September 29-October 1, 2003, Firenze, Italy. Invited Talk, Paper
submitted on Nucl. Instrum. Meth. A.[6].

- Innovative Detectors for Supercolliders, Erice, Italy, September 2003 [7].

- IEEE NSS-MIC, October 2003, Portland, Oregon, USA: Overview Talk, paper under
submission to IEEE Trans. Nucl. Sci. [8]

The research activity of RD50 has been organised in two major lines, Material Engineering and
Device Engineering, each of the two lines has been subdivided into three projects as shown in Table
1. The management of the projects has been assigned to members of RD50 of proven relevant
experience (conveners). In the framework of the research activity of each project, working groups
have been created with specific tasks. Each working group is composed by few institutes, which are
directly involved in the research program and co-ordinated by an RD50 member. Besides working
groups, common activities have been started on subjects of common interest. Some of these
activities are partially supported with the RD50 common fund. Table 1 lists working groups and
common activities within each project, with the corresponding co-ordinator.

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 2004 is given.
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Table 1.: Organisation structure of the research activity in RD50
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2 Executive Summary

Defect and Material Characterization (DMC)

During 2002/2003 the activities in the DMC-line have been focused on the following tasks/research
areas;

L.

Cross calibration of Deep Level Transient Spectroscopy (DLTS) equipments (involving 10
partners)

Characterization of processed and irradiated detector structures fabricated using high
resistivity silicon wafers of different types, e.g., Standard Float Zone (STFZ), Diffusion
oxygenated Float Zone (DOFZ) and Czochralski-grown (CZ). For the first time it is shown
that both the change of the effective doping concentration (depletion voltage) and the free
charge carrier generation (reverse current) can be completely understood by the formation of
defects detected by spectroscopic techniques. This is regarded to be a major breakthrough for
the understanding of radiation damage and will hopefully also pave the road for an
optimization of radiation tolerant detectors including hadron induced damage.

Characterization of irradiation-induced defect clusters in silicon. Using photoluminescence
two frequent defects are observed; the so-called W and the X optical centers. Recent results
discussed in this report suggest that the W-center is more likely interstitial-related than
vacancy-related.

Characterization of processed and irradiated detector structures fabricated using high purity
and lightly doped epitaxial layers of n-type Silicon Carbide (SiC). At least 6 different
electrically active defects have been revealed after irradiation by MeV protons and electrons
but the introduction rate of these defects is relatively modest. A most pronounced effect is a
high carrier removal rate but until now no evidence has been found for type inversion.

Main results and achievements in these four areas are summarized in Section 3.

Defect Engineering (DE)

In the frame of the Defect Engineering (DE) research line the activities during 2002/2003 were
focused on the following projects:

1.

Oxygen enriched FZ silicon (DOFZ): A break through in the understanding of gamma induced
changes of the macroscopic detector properties on the basis of microscopic defects was
achieved by recent studies on standard and differently oxygen enriched high resistivity float
zone silicon. Numerous studies on charged hadron damage (protons of different energy, pions,
neutrons, Lithium-ions) as well as electron damage (15 MeV, 900 MeV) had been performed
on standard and oxygen enriched FZ silicon processed by different institutions on different FZ
material from different manufacturer. The improved radiation tolerance of devices processed
on oxygen enriched FZ-silicon was substantiated.

High resistivity Cz silicon: The radiation hardness of MCz silicon grown by Okmetic and Cz
silicon produced by Sumitomo-Sitix has been investigated by several irradiation campaigns.
Due to the high oxygen concentration of this material the radiation induced change of the
effective space charge concentration or the depletion voltage is considerably smaller compared
to DOFZ material. Microscopic studies have proven that in this material the formation of
shallow oxygen related donors (early thermal donors) by irradiation play a major role in the
macroscopic behavior of the Cz-devices.
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Epitaxial silicon: A different approach for increasing the radiation tolerance of silicon
detectors is the use of thin epitaxial silicon layers. A first production of detectors was
performed by CiS on 50 pm thick low resistivity (50 Qcm) epitaxial silicon layers grown on
Cz substrates by ITME. The superior radiation tolerance of these devices with respect to the
radiation induced change of the depletion voltage has been demonstrated for irradiation with
20 GeV protons, 58 MeV Li ions and reactor neutrons up to fluences of ®¢q = 10'° cm™. For
charged hadron damage no type inversion is observed which can be explained by a generation
of shallow donors which overcompensates the creation of deep acceptor like defects at high
fluences. The creation of shallow donors by proton irradiation was proven by TSC
measurements.

Oxygen dimers in silicon: In a first experiment a dimerization process of silicon had been
performed by irradiation of 3 mm thick Cz samples of different oxygen and carbon
concentration, a 3mm thick FZ sample and different 300 um thick diodes (FZ, DOFZ and Cz)
with 6 MeV electrons at 350°C up to a fluence of about 10" cm™ IR absorption
measurements on the 3mm thick samples were done at Lund. The final analysis is in progress.
First electrical characterizations and TSC measurements on the different diodes have shown,
that the devices are heavily damaged and cannot be operated at fully depletion. Further studies
are in progress.

Defect engineering by pre-irradiation treatments: Various pre-radiation processes with fast
reactor neutrons followed by subsequent annealing of float zone (FZ) silicon were tested by IR
optical transmission and Hall-effect measurements. It has been demonstrated that e.g. the
carrier removal rates of pre-irradiated samples after gamma as well as neutron irradiation are
considerably smaller compared to not pre-irradiated ones. Processing of detectors on pre-
irradiated FZ- and Cz- material is planed for the beginning of 2004.

A detailed report on these activities is given in Section 4.

Pad Detector Characterisation (PDC)

In the frame of the Pad Detector Characterisation (PDC) research project a wide campaign of
irradiations has been performed on single pad detector structures made with standard FZ, DOFZ
and CZ Si with different particles, energies and fluences of up to @eqlem cm™. Measurements of
macroscopic parameters (leakage current, full depletion voltage, charge collection efficiency and
annealing parameters) have been carried out. The study has been carried out in collaboration with
the DE project, as it has been performed mostly with defect engineered Si. Main results achieved
during 2002-2003 are:

1.

2.

Establishment of the radiation tolerance of epitaxial Si detectors having a 50um thick
epitaxially grown active layer.

High resistivity Czochralski grown Si detectors (crystal growth by standard and magnetic field
assisted Czochralski methods) have been found to be less prone to radiation induced changes
of the full depletion voltage than standard Fz-Si or diffusion oxygenated Fz-Si (DOFZ).
Leakage current in gamma and low energy proton irradiated oxygenated Si: The leakage
current increase in oxygen rich (Cz-Si and DOFZ) detectors seems to be smaller than in
standard devices if the bulk is damaged by low energy protons or gammas. This is believed to
be due to the non-clustered point defects induced by this kind of radiation.

Design and processing of common RDS50 test structures. A common test structure for
irradiation tests has been designed. The production of common devices is in progress.

A detailed report on these activities is given in Section 5.
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New Materials (NM)

1.

Epitaxial SiC Growth and detector processing. Six high quality (by means of minority carrier
lifetime and thickness mapping) 2” n-type 4H-SiC epilayers (maximum thickness 50um and
different doping) were grown by IKZ-Berlin. A mask for processing Schottky contacts was
designed and fabricated, the first batch of common test structures has been produced.
Characterization of epitaxial SiC detector. Different detector structures with epitaxial SiC
were fabricated and tested. The detectors were characterized, before and after irradiation, by I-
V, C-V and charge collection efficiency (CCE). A 100% CCE, has been observed with o and
B-particles (*°Sr) in unirradiated detectors with a thickness of 40um. The signal is stable and
reproducible: no priming or polarization effects are observed. No increase in the leakage
current was observed after irradiation up to the highest fluence/dose in epitaxial 4H-SiC
detectors irradiated with electrons (8.2 MeV) and y-rays (*’Co source) at fluences and doses
ranging from 0 to 9.48x10' e/cm” and 40 Mrad, respectively. In 6H-SiC triode structures a
gain effect of about 20 was achieved. The processed diode detector structures based on 4H-
SiC p-type epitaxial layers can be operated. No significant degradation of detector
characteristics was revealed. After irradiation with 8MeV protons up to a fluence of 10'* cm™
the CCE ( measured with a-particles) after irradiation was about 80%.

Semi-Insulating SiC detectors. The charge collection efficiency of semi-insulating bulk 4H-
SiC (CREE, USA) detectors (550um thick thinned to 100um) has been studied. A vanadium
compensation process is used by CREE to give very high material resistivities, p>10"'Qcm.
The CCE of vanadium compensated material is 60% prior irradiation and 50% after 10"
pions/cm’. The study suggests that vanadium compensated materials should be avoided in the
production of SiC detectors. A new supplier of Semi Insulating SiC is now involved (Okmetic,
Finland) providing samples without vanadium compensation.

Semi-Insulating GaN Detectors. The electrical properties of thin SI-GaN structures (grown in
Tokushima University) were investigated before and after irradiation with reactor neutrons
(5x10"cm™) and X-rays (600 Mrad). The CCE investigation was performed by o particles
from **'Am source and from 2 MeV accelerator. The CCE decreased from ~92% to 77%
after neutron irradiation. SI-GaN irradiation up to 10'®cm® with reactor neutrons and
intermediate dose (~10"°cm™) with protons (24 GeV/c in CERN) are in progress. The growth
of high resistivity structure on lattice matched substrate from ITME was not successfully
achieved due to the large content of oxygen, which avoid the production of semi-insulating
GaN. A new supplier of high resistivity GaN is now involved (Lumilog, Ltd) and preliminary
tests on new samples are in progress.

A detailed report on these activities is given in Section 7.

New Structures (NS)

During 2002/2003 the activities in this project have been focused on the following tasks:

L.

3D detectors. One primary thrust of this year has been to design 3D detector structures and
readout electronics suitable for LHCb/Velo trials. The design and masks for Velo have been
completed and the electronic readout of the 3D device to a different chip gave operation.
3D devices were made and irradiated with pions to fluences of 10'*cm™. There was a slight
degradation in the charge collection efficiency from 60% down to 45%, but the results show
promise.
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Semi 3D detectors. Semi-3D structures have been intensively simulated, the design has been
implemented and the processing of the first batch of test structures is nearly complete.

Thin Detectors. Thin single pad detectors have been designed and manufactured with thickness
down to 57um. Electrical characterisation of non-irradiated devices has been performed,
showing good performances.

A detailed report on these activities is given in Section 6.

Full Detector Systems (FDS)

During 2002/2003 the activities in this project have been focused on the following tasks:

1.

Design and process of common test structures. Design of an RD50-FDS mask set for microstrip
detectors using input from experiments and simulations. Manufacturing is under process.

Characterisation of segmented detectors with defect engineered Si. First miniature microstrip
detectors have been manufactured with oxygen enriched FZ, CZ, epitaxial and p-type substrate
silicon. Some of these detectors have been irradiated up to 10'° 24GeV/c p/cm’, tests are in
progress.

Quantification of the characteristic trapping times for electrons and holes. The existing pixel
and microstrip miniature and full size detectors produced with standard and oxygen enriched
substrates were used for systematic studies of the charge trapping parameters.

Simulation of detector performances at very high fluences. Simulations have been carried out
to determine the survival scenario of pixel devices with different thickness and geometries in
the fluence range up to 10'® cm™. Performed a first simulation of the electric field profile in
microstrip detectors at fluences up 510" cm™

Links with other experiments A number of research activities have started in collaboration with
experiments at LHC, as listed here: a test beam with 120GeV muons and pions on Cz Si
microstrip detector has been carried out in collaboration with LHCb VeLo; it has been decided
the manufacturing of pixels with Cz Si in collaboration with the CMS pixel group; the
simulation of the efficiency of pixels with ATLAS geometry has been carried out up to 10'°cm™
% devices with different distances of the active volume from the cut edge for possible
applications in TOTEM have been designed and will be processed soon.

A detailed report on these activities is given in Section 8.
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3 Defect and Material Characterization
3.1 Ciross calibration study of DLTS systems

In order to compare and cross calibrate the various Deep Level Transient Spectroscopy (DLTS)
apparatuses available to RD50 the following study was performed:
A set of silicon p'n-diodes (detectors) originating from the same wafer was used. The samples of
type “W3117[9] were processed by ST Microelectronics (Catania, Italy) from silicon of ~1 kQcm
resistivity and <100> orientation. The diodes have an active area of 5x5 mm® and underwent an
oxygenation process (1200 °C, 30 h) prior to device processing. The average effective doping
concentration of the processed diodes was Ny=(4.5+0.5)x10"> cm™. A part of the samples was
irradiated at room temperature with 15 MeV ¢ at the KTH Stockholm to a fluence of 3x10'* cm™.
Each of the 10 participating institutes received 1 unirradiated and 1 irradiated diode. The
measurement conditions were specified as follows: Reverse bias: 10 V, Pulse voltage: 10 V, Pulse
width: 10 ms, Guard ring: Floating. The measurement results should be obtained for the DLTS
signals of the three major peaks in the spectrum: “VO(-/0)”, “V,(=/-)” and “V,(-/0)” and the two
questions posed to all participating institutes were:

a) Determine the peak positions of the peaks!

b) Determine 2(AC/C)N, (=N7), without \h-correction, for the three peaks!
The result of the study are given in Table 2 . The determined peak positions agree very
well while the determined concentrations show a rather big variation for the VO center. Therefore,
further tests and calibrations are under way to understand the deviations found by some of the
participating institutes.

Defect level Averaged level position Averaged concentration
VO(-/0) 0.17+0.01 eV (4.5£1) 10"'cm”
Va(=/-) 0.235+0.015 eV (1.3+0.25) 10" 'cm™
V,(-/0) 0.415+0.015 eV (1.45+0.2) 10"'cm™

Table 2.: Averaged values of determined defect levels and defect concentrations.

3.2 Characterization of point defects in high resistivity Si
detectors

3.2.1 Characterization prior to irradiation

A search for process-induced defects has been performed before irradiation [10]. The p+nn+ diodes
investigated in this work are manufactured from high resistivity (3-4 kQcm) n-type FZ silicon
grown in the <111> and <100> direction from Wacker. The processing and oxygen enrichment has
been performed by the company CiS. The oxygen doping was achieved by diffusion for 24h, 48h
and 72h at 1150°C in nitrogen and the oxygen and carbon concentration depth profiles have been
measured by IR absorption and SIMS. Besides the FZ material, also CZ from Sumitomo with a
resistivity of 1.2 kQcm and epitaxial material from ITME-Warsaw was included in the
investigation. The epi layers with a thickness of 50 um were grown on a 300 pum (0.05 Qcm) Cz-
substrate. The phosphorus doping of the epitaxial layer was 7x10"cm™.
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Five different defect levels have been discovered in the float zone material. As an example Figure 1
shows DLTS spectra for electron and hole injection. The electrical properties of these defects are
listed in Table 3.: and their concentrations are given in Table 4.
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Figure 1.: DLTS-measurement of electron and Table 3.: Electrical properties of the
hole traps in a 24h oxygenated <100> sample. material defects
Name CA CB CC CD CE CF CG CH CcZ EPI
Orient. | <I11> | <I11> | <I11> | <Il1> | <100> <100> <100> <100> <100> | <100>
Oiﬁiff 0 24 48 72 0 24 48 72 0 0
9 16 16 17 17 16 17 17 17 | g10"” | 610'°
fem?] | <510 | 6210 1.0-10" | 12:10" | <510 2-10 3.2:10 3.1-10
C PN PN
(o] <510 | 2810 | 5810 | 3.910"° | <5:10'% | 3310 | 3910 | 39101 | <5107 | <510
TD 11
[om”] <10° | 6010° | 16100 | 24100 | <10° | 6910° | 7210 | 1510 | 310 X
E(120) 10 9 9 X X
fom”] X X X X X 1.7-10 5.0-10 2.0-10
E (240
[C(m-z]) 0.8-10° X X X X 1210 | 7910 | 3.710° X X
I-Ec(llg(])) X X X X X 9.7:10° X X x X
H (220
[C(m-s]) 2410° | 4010° | 5210° | 2710° | <10° | 6310° | 5710 | 1.010" X X

Table 4: Concentration of material defects

One of these defects is the so-called thermal double donor TDD. As can be seen in Table 4 the
amount of TDD's 1is correlated with the oxygen content of the differently oxygenated devices, but
the concentrations in the material with <100> orientation (CF-CH) are smaller compared to the
material with <111> orientation.

There is no measurable amount of TDD’s observed in STFZ-material (Wafers CA and CE). The
other four defects are so far unknown. The electron trap E(120) appears only in oxygenated
<100> material. The E(120) has an activation energy and capture cross section which are close to
those of the doubly negative charge state of the divacancy V,(=/-) but no indication of the singly
negative charge state of V,(-/0) is revealed. The defect E(240) is a very deep level and from its
properties this level is mainly responsible for the measured generation current. H(160) is a hole trap
and it was just visible in the <100> wafer with 24h oxygenation by optical carrier injection. H(220)
is also a hole trap. The concentration of this defect is independent of the oxygenation concentration
and orientation of the wafer, but depends on the position of the diode on the wafer, i.e. the
concentration increases with the distance from the center of the wafer to the edge. According to the
material investigation the <111> material contains less defects than the <100> material. The only
defect detected in CZ material is the TDD.
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No defect could be detected in the epitaxial material, but the effective doping concentration of this
material was about 50 times higher than the one of the float zone material, so defects in the
concentration below 10"’ cm™ are below the limit of detection of the DLTS method.

3.2.2 Radiation-induced point defects of crucial importance for the
radiation hardness of silicon detectors

Radiation induced point defects in silicon diodes were investigated after exposure to high doses of
%Co gamma irradiation, using Deep Level Transient Fourier Spectroscopy (DLTFS) and Thermally
Stimulated Current (TSC) methods. The main focus was on differences between standard and
oxygen enriched material and the impact of the observed defect generation on the diode properties.
It was shown that the beneficial oxygen effect consists not only in suppressing of deep acceptors
(responsible for the type inversion effect in oxygen lean material) but in shallow donors creation as
well. For the very first time it is shown that both the change of the effective doping concentration
(depletion voltage) and the free charge carrier generation (reverse current) can be completely
understood by the formation of defects detected by DLTFS and TSC methods. This is regarded to
be a major breakthrough for the understanding of radiation damage and will hopefully also pave the
road for an optimization of radiation tolerant detectors including hadron induced damage.

From the multitude of electrically active defects formed during irradiation three new ones have
been found to be responsible for the macroscopic changes in float zone silicon diodes. Two of them
(I and I') have close to midgap acceptor like levels and are generated in higher concentrations in
STFZ silicon than in DOFZ (see Figure 2). The third one is a bi-stable donor (BD) generated in
oxygen enriched silicon-DOFZ and epitaxial silicon (see Figure 2)[11-18].
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Figure 2.: a) TSC spectra for STFZ and DOFZ; b) dose dependence of [ and I" defects.

The formation of BD centers is largely enhanced in EPI/CZ diodes (epitaxial silicon grown on CZ
substrate). The donor activity of the BD(98K) was proven via the Poole Frenkel effect when
different reverse biases (RB) were applied during the TSC measurements (seeFigure 3).

The change in the activation enthalpy was evaluated from Arrhenius plots of the increasing part of
the peak resulting in a zero field activation enthalpy of 0.225 eV. These properties of the BD center
(donor activity, bi-stability, the zero field activation energy) together with the strong generation in
oxygen enriched material suggest an identification with an oxygen-related donor center (cf TDD’s
which occur in CZ-Si).

The “T" “ defect has an acceptor level at E, + 0.68 eV, linear dose dependence and can explain about
10% of the damage.
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Figure 3.: The bistability (a) and the donor activity (b) of BD defects

The “I”” defect is of amphoteric nature having both an acceptor state at E. - 0.54 ¢V and
a donor state at E, + 0.23 eV, has a quadratic dose dependence, Fig.2b, and proved to be
the main cause for the observed inversion of the space charge sign in the depletion region
of STFZ diodes (alone it can account for more than 85% of the damage caused by gammas
— shown in Figure 4).
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Figure 4.: The contribution of “I”, “I"” and “BD” centers to the change of the diodes properties

with increasing dose.

The I-level is a good candidate to be associated with the divacancy-oxygen center (V,0)
based on various experimental data and kinetic modelling results [11-16]. According to these
results the observed 2" order generation of V,0 would suggest a formation via the reaction:
VO+V= V,0. This identification is, however, controversial since recent results for low-dose
proton- and electron-irradiated DOFZ-samples and CZ-samples, with low carbon and hydrogen
content, show the formation of a new defect, labelled the X-center, when the divacancy (V,)
anneals out [19-22].

Similar to V,, the X-center is a double acceptor with level positions at E.-0.46 eV (0/-
transition) and E.-0.20 eV (-/=), i.e., very close to those of V,. As illustrated in Figure 5 by data
obtained from high-resolution Laplace-DLTS, a close one-to-one correlation holds between the loss
of V, and the growth of X. Further, the transformation process from V, to X exhibits first-order
kinetics with a transformation rate that is proportional to the oxygen content, within the
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experimental accuracy, in the Si-samples, Figure 6. Hence, there is strong evidence for assignment
of the X-levels to the V,0 center. In addition, theory suggests that V,0 should be a double negative
acceptor center with two levels in the upper part of the bandgap [23, 24]. On the other hand, theory
also predicts a donor level in the lower part of the bandgap, as reported for the I-center but not for
X-center. Further collaborative work is being pursued intensively by the different partners in order
to resolve this issue and reach consensus about the identification of V,0O.

Figure 5: The amplitudes of the V,(0/-),
X(0/-), Vi(-/=) and X(-/=) peaks as a
function of time during isothermal annealing
obtained from high-energy
resolution Laplace-DLTS measurements.
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levels as function of annealing time at 250°C for
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From the above mentioned point defects which can influence the device properties only the
I center and the BD defects could be detected after proton irradiation [16].

Figure 7.
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CERN-scenario experiment

Experiments have shown that the EPI/CZ devices are highly superior with respect to
radiation tolerance to any standard or oxygenated float zone silicon devices and that contrary to
those they do not exhibit any type inversion (see Figure 7) [17, 18]. The effect is attributed to
damage induced generation of the bistable donor BD, tentatively associated as TDD. A distinct
difference between TSC spectra, displayed in Fig.2.8a, for STFZ and EPI/CZ diodes is observed.
The EPI/CZ sample shows in contrast to the FZ one a complete absence of the I-level and in the 80-
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100K range the already mentioned BD (identification as shallow donor via the Poole-Frenkel effect
— Fig.2.8b), whereas in L(90) seen for the STFZ sample much of the intensity for the donor state
of the I center is contained.

A tentative explanation for the donor generation in EPI/CZ diodes is based on the fact that
oxygen dimers present in the CZ-substrate will predominantly migrate into the EPI-bulk during the
growth process, such that the ratio of dimers to interstitial Oxygen is much higher in epi than in
standard or even oxygenated FZ silicon. Dimers are known to be precursors for irradiation induced
thermal donor generation thus leading to an increase of the net positive space charge, more than
balancing the negative space charge generation seen in FZ devices due to generation of deep
acceptors.
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Figure 8.: a) TSC spectra measured after proton irradiation; b) Poole-Frenkel effect of the BD
after proton irradiation

3.2.3 Shallow levels in gamma-irradiated STFZ and DOFZ Silicon

A detailed study of the role of shallow levels in determining the macroscopic properties of
the detector is now in progress: this will be necessary for getting a complete overview of the
phenomena of SCSI in FZ, DOFZ and CZ Si. To study shallow levels we used an experimental
system which consists of a He liquid dewar where the sample holder is inserted: the temperature is
determined by the height of the sample over the liquid He surface. The system provides an
exceptionally good thermal exchange, allowing to probe with high sensitivity a very low
temperature range, down to 4.2K. This temperature range was never studied before in TSC. Figure
9 shows preliminary results of TSC in the range (4.2 to 80K) with two samples, standard FZ Si and
DOFZ Si y-irradiated up to 300Mrad from “’Co. Several peaks are observed: the identification of
the related energy levels is still in progress.
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A peak at 6K that was never detected before in any Si material was found after irradiation
of the DOFZ sample. Also peak E, at 50K, appears to be characteristic of the DOFZ Si. The TSC
measurements performed in this range will allow us to detect the shallow levels related to
traditional dopants as Phosphorus and Boron, as well as Thermal Donors (TDs), defects related to
Oxygen aggregates often present in oxygen enriched Si. The measurements will be carried out also
on CZ and epitaxial Si before and after irradiation to put into evidence the role of TDs in these
materials.

3.3 Modeling of defect reaction kinetics in irradiated silicon

Applying the theory for diffusion-limited reactions, originally developed by Waite[26], a
systematic simulation study of the roles of initial impurities and irradiation flux on the defect
evolution during HEP-experiments has been initiated [27].

The starting material assumed is silicon with 10'* P/cm’ (lower resistivity than detector
grade silicon), with different concentrations of oxygen and carbon: (2x10" O/cm® and 3x10"
C/em’); (2x10"™ O/cm’® and 3x10" C/em’); (2x10" O/cm’ and 3x10'™ C/ecm’); and (2x10™ O/cm’
and 3x10" C/em®), respectively. In the model calculations, one could observe a strong correlation
between the effective concentration of donors and acceptors, the inversion phenomenon, the rates of
generation of defects and the concentrations of impurities [28].

These results are now compared with experimental data in order to improve the modeling
and to make the model reliable enough for predictive use.

3.4 Characterization of irradiation-induced defect clusters in
silicon

One of the key problems identified in RD50 is understanding the reaction sequence that
starts with “violent’ reactions in silicon. We are investigating this problem by subjecting silicon to
bombardment by Si ions with MeV energies. Photoluminescence studies are being made of this
material — we have shown that luminescence continues to be a useful monitor of the atomic-sized
defects in the crystals at very large doses (after some annealing if necessary).

Two very frequently observed defects following ‘violent’ damage are the W and the X optical
centers. The W centre has been variously identified with a penta-vacancy or a tri-interstitial
complex. The stability ranges of these and other common defects are given below.

The W centre is believed to be an intrinsic centre, with no strong dependence on impurities,
it has trigonal symmetry, it is ‘hard’ under compressive stress suggesting possibly an interstitial
centre. There is said to be a quadratic increase in strength with the dose of electron irradiation.

Samples have been irradiated/implanted with 4-MeV Si ions to doses of 1x10°® to 1x10"
cm™ using both p-type materials (samples ‘A’) and n-type materials (samples ‘B’) of similar boron
and phosphorus concentrations, and similar carbon concentrations.

The radiation doses are sufficiently small that there is little quenching of the luminescence
by heavy radiation damage. The p-type samples are shown in Figure 10. Following irradiation, the
luminescence intensity of the W line is only slightly super-linear in the implant dose. With
increasing annealing temperature, the strengths of the W Iuminescence in all the samples increases,
as expected, and reaches a maximum that is again essentially linear in the dose; the temperature at
which the maximum is reached moves to higher temperature with increasing dose, as is common
with defects in irradiated silicon.

One key indicator of local environment is the width of a zero-phonon line, which measures the
local strain near the optical centre. For example, the line width decreases with annealing, as the
defects are annealed out. However, the extraordinary result is that for the relatively low doses used
here, the width of the W line decreases with increasing dose, Figure 10. This result suggests that
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the W centers have migrated from the heavily damaged regions formed by the ‘violent’ damage
incident — suggesting the origin of the W centre is more likely to be interstitial-related than

vacancy-related [29].
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between 1x10° and 1x10" cm™

3.5 High purity and lightly doped epitaxial layers of n-type Silicon
Carbide (SiC).

Schottky barrier diodes have been fabricated onto epitaxial 4H-SiC with thickness in the
range 7-40pm. Results on the performance of these detectors are discussed in section 7.2. Here we
report on the main defects observed after irradiation up to ~3x10"* cm™ of 6.5 MeV protons [30] in
7um-thick 4H-SiC n-type epilayers initially doped up to 4.43x10"°cm™. DLTS measurements reveal
at least 6 different irradiation-induced energy levels in the upper part of the bandgap ranging from
~0.2eV to ~1.6 eV below the conduction band edge (E.)[30-32]. The most dominant level is
associated with the so-called Z-center and located ~0.7 eV below E.. The identity of the Z-center is
not well established and different suggestions exist in the literature, e.g., a nitrogen-carbon related
center or a carbon antisite-carbon vacancy (Cg-V¢) complex [33-35]. The introduction rate of Z-
centers is typically a few per cent per induced vacancy (or interstitial) for electrons and ions with
energies in the MeV range.

A most prominent feature of irradiated n-type SiC-diodes is the high removal rate of charge
carriers (electrons)[36]. This is exemplified in
Table 11 by results for diodes of the type discussed in 7.2.4. Removal rates as high as 400 cm™ are
observed for irradiation with 6.5 MeV protons. However, until now no indications of type inversion
have been found for heavily irradiated SiC-diodes, which is a very promising result.
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4 Defect Engineering

4.1 DOFZ silicon

It was demonstrated by the CERN RD48 (ROSE) collaboration that a considerable improvement in
the change of the effective space charge concentration can be achieved in oxygen enriched silicon
for charged hadron damage and gamma irradiation while after exposure to neutrons no or only little
suppression was found [37,38]. The beneficial effect of oxygen had been discussed and modeled
under the assumption that most probably the V,O defect is responsible for a main part of the
radiation induced negative space charge and that the formation of V,0 is suppressed in oxygen rich
material [39, 40]. The model predictions support also the experimental observation that the oxygen
effect is correlated with the radiation induced formation of point defects. This means that in neutron
damage the oxygen effect is suppressed since the damage is dominated by the creation of defect
clusters. On the other hand a maximal oxygen effect is expected when only point defects are created
which is the case in “°Co-gamma irradiation [38,41,42].

Numerous studies on hadron damage (protons of different energy, pions, neutrons, Lithium-
ions) as well as electron damage (15 MeV, 900 MeV) had been performed on standard and oxygen
enriched FZ silicon processed by different institutions on different FZ material from different
manufacturer. The results of microscopic defect studies are presented in chapter “Defect and
Material Characterization (DMC)” and those of macroscopic damage effects in chapter “Pad
Detector Characterization (PDC)” of the status report.

Among these results a recent study of the Ioffe group had shown that by a special gettering
treatment of n-type silicon a further reduction of B, i.e. the radiation induced increase of negative
space charge per unit fluence, can be achieved in comparison to DOFZ material while for p-type
material the effect is opposite [43] (see chapter PDC).

A break through in the understanding of gamma induced changes of the macroscopic detector
properties on the basis of microscopic defects was achieved by recent studies on standard and
differently oxygen enriched high resistivity float zone silicon irradiated up to a dose of 900 Mrad
[11-14].
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Figure 12: Dose dependence of the full depletion voltage (a) and the reverse current at full depletion (b)
for standard (STFZ: <111>:full circle, <100> full triangle) and oxygenated (DOFZ: <111>:0open symbols,
<100>: crosses) devices.

Figure 12 demonstrates the development of the depletion voltage Vy, or effective space charge
concentration Nz and the reverse current at total depletion /., with the accumulated dose, for
standard float-zone (STFZ) and three differently oxygenated float-zone (DOFZ) devices processed
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by CiS (Germany) on <111> and <100> material. The main differences in the behavior of standard

and oxygen enriched devices are:

e The detectors manufactured from standard material show the well known effect of space charge
sign inversion (SCSI) at a specific dose of about 200 Mrad.

e For all oxygenated devices a small, monotonically and non-linear increase in the effective space
charge density is observed. This implies that the effective space charge density becomes more
positive caused by an introduction of donor like defects.

o The leakage current increase for standard material is found to be stronger than linear

e For all oxygenated detectors a linear dose dependence of the reverse current is observed.

In contrast to hadron damage the current increase of oxygen rich material is much smaller
compared to that of the standard devices. But no differences in the reverse current increase could be
observed between the differently oxygenated sensors themselves.

For the first time these observed changes of the macroscopic detector properties can be fully
explained by radiation induced two deep acceptors and the creation of shallow donors being most
probably early thermal double donors. These defects had been discovered and analyzed by detailed
DLTS- and TSC-studies [11-13]. One of the deep acceptors can possibly be attributed to the V,0O
complex, while the other one is so far an unknown defect (see chapter DMC). Further studies of
these and other differently processed detectors were performed for irradiations up to ultra-high dose
values between 0.9 and 1.76 Grad [44].

4.2 High resistivity Czochralski silicon

Silicon crystals grown by the Czochralski (Cz) method have a much higher oxygen concentration
([0] = 4-20x10"" cm™) compared to any oxygen enriched DOFZ material ([O] = 1-3x10"" cm™) due
to the growth technology itself. But high resistivity Cz-silicon suited for detector application
became available only in the last years after recent developments in the crystal growth technique
(see e.g. [45]).

It is expected that such high concentration of oxygen will strongly influence the radiation induced
creation of oxygen related defects and the defect kinetics resulting possibly in an improved
radiation hardness beyond the level observed so far in DOFZ silicon. As shown by “Co gamma
radiation damage studies of FZ silicon the formation of a deep acceptor (possibly V,0) is strongly
suppressed in oxygen enriched material and a creation of shallow donors (early TDD’s) is observed
(see chapter DMC). Both effects might be more pronounced in Cz material not only in case of
radiation damage by gamma radiation but also by exposure to charged hadrons. In addition, it is
known that in as grown Cz silicon oxygen is not only present as interstitial oxygen O; but also in
small concentration as oxygen dimers O; (see e.g. [46,47]) which also might have a strong impact
on the defect formation (see section 4.4). Furthermore, it is well known that in Cz material different
thermal donors can be formed or annihilated by specific heat treatments. This also may lead to a
further possibility to influence the radiation tolerance of this material.

In the frame of this RD50 research project two different Cz materials have been investigated.
Detectors were processed by two different groups. The group of the Helsinki Institute of Physics
(HIP) initiated the manufacturing of detectors on high resistivity MCz (Magnetic Czochralski)
silicon substrates at the Microelectronics Center of Helsinki University of Technology [48]. The
MCz wafers were manufactured by Okmetic Ltd Finland. On the other hand devices were processed
by the Hamburg-CiS collaboration (Germany) [49] on Cz-material grown by Sumitomo-Sitix
(Japan). The material parameters are:
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— MCz material: n-type, P doped, orientation <100>, resistivity p = 900 Qcm, thickness 380 um,
oxygen concentration [0] = 3.5x10"” ¢cm™

— Cz material: n-type, P doped, orientation <100>, resistivity p = 600 Qcm, thickness 300 pm,
oxygen concentration [O] = 8x10'7 ¢cm™ , carbon concentration [C] = 5x10'® cm™.

The oxygen concentration of the MCz material had been measured by FTIR. For the Sumitomo-
Sitix material the O- and C-concentration were measured by SIMS and IR by ITME [50]. In order
to control the possible creation of thermal donors in this material radial resistivity profiles had been
measured before processing, after standard oxidation and after a thermal treatment for annihilation
of thermal donors (see Figure 13).
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Figure 13.: Radial resistivity profile of Sumitomo-Sitix Cz silicon before and after thermal oxidation (left)
and after annealing of thermal donors and final processing of test diodes (right).

Both materials had been characterized by DLTS after processing. For the MCz material two deep
electron trap levels were detected and associated with thermally induced defects (see [S1]). For the
Cz- CiS devices no deep levels could be detected but a shallow level at Ec-0.12 eV, and a defect
concentration of 3x10"" cm™ was measured. This defect is associated with thermal double donors
(TDD) which survived the so called thermal donor kill process or might be reactivated by the final
process step. For a limited set of devices thermal donors were intentionally activated by thermal
treatment at 400°C for 40 min. Due to this treatment the effective doping concentration changed
from 3.3x10"* cm™ to 7.1x10"* cm™.

The radiation hardness of both materials had been investigated by several irradiation campaigns at
different facilities (see chapter PDC). The main results are:

MC7 devices:

— For low energy protons (10 MeV, 20 MeV) space charge sign inversion (SCSI) is observed
between 1x10'* cm™ and 2x10'* cm™ 1 MeV neutron equivalent fluence.

— The reverse current increase seems to be smaller compared to standard FZ- and DOFZ-devices.

— After neutron exposure the SCSI takes place between 3x10" n/cm” and 8x10" n/cm’.

— After®Co gamma irradiation up to 1.2 Grad no SCSI can be detected and V., increases with
dose due to a build-up of positive space charge.
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Cz-devices:

— Irradiation experiments with 190 MeV pions at PSI and 20 GeV/c protons at CERN have shown
that both the Thermal Donor (TD) killed as well as the TD generated material do not undergo
SCSI in the full fluence range up to 1x10"° particles/cm” as measured by TCT (Transient Charge
Technique). The overall change of the depletion voltage as function of fluence is considerably
smaller compared to that of standard FZ- or DOFZ-silicon. The missing SCSI and the small
change of V4, can be explained by an introduction of shallow donors which at high fluences
overcompensate the creation of deep acceptors. TSC measurements substantiated the
introduction of shallow donors which are most probably early thermal double donors exhibiting
a bistable behavior [16].

— No difference in the leakage current increase could be observed compared to standard FZ and
DOFZ material.

— From TCT measurements trapping time constants were evaluated and the resulting damage
parameter [3; is about the same as observed for STFZ and DOFZ detectors.

— Charge collection efficiency (CCE) measurements had been performed using a ***Cm a-source.
Up to fluences of about 6 x10'* pions/cm” the degradation of CCE is about 15%.

— Beside the higher effective doping concentration of the TD generated material no substantial
difference is observed in the fluence dependence of the effective doping concentration, the
leakage current and the charge collection efficiency compared to the TD killed Cz material.

4.3 Thin epitaxial silicon layers

A different approach for increasing the radiation tolerance of silicon detectors is the use of thin
epitaxial silicon layers. By the epitaxial growth technique a wide spread of silicon layers with
different thicknesses and doping concentrations can be produced and also different types of
substrate materials (Cz, FZ) with different doping can be used. This makes epitaxial silicon very
attractive for the development of radiation hard thin pixel detectors. As a first step the growth of
highly phosphorus doped epitaxial layers of 50 pm thickness was foreseen. The basic idea behind
this approach is that a high doping concentration should lead to a considerable shift of the
appearance of space charge sign inversion to much higher fluence values as observed for detectors
processed on standard high resistivity FZ material. This assumption relies on experimental results
on the so called donor removal presented in [52, 53]. It was shown that the donor removal constant
decreases with increasing doping concentration. Due to the small thickness of the epi-layer also an
out-diffusion of primary defects into the substrate and capture at gettering sites might play a role for
the effective defect formation. A further benefit of using thin silicon layers is related to the
requirement of low material budget in silicon vertex detectors for future hadron as well as lepton
collider experiments. But this needs an efficient low cost thinning procedure of the substrate (see
also section 6.2).

These considerations have led to the development and first production of detectors by CiS on
thin low resistivity epitaxial silicon layers grown on Cz substrates by ITME. The material
parameters are:

— EPI-layer: n-type P doped, orientation <111>, resistivity p = 50 Qcm, thickness 50 pm
— Cz substrate: n-type, Sb doped, orientation <111>, resistivity p = 0.015 Qcm, thickness 320 pm
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The oxygen and carbon depth profiles as measured by SIMS are shown in Figure 14, and the
resistivity profile is presented in Figure 15. Both the SIMS and resistivity measurements have been
performed by ITME [54].
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Figure 14: Depth profile of oxygen and carbon Figure 15: Resistivity depth profile of a 50 pm
concentration measured by SIMS. thick EPI-layer.

Due to the high oxygen content in the Cz-Si substrate and the high temperature during the epitaxial
growth process an out-diffusion of oxygen into the epi-layer is present. A minimal concentration of
about 3x10'® cm™ is measured in the range between 15 pm and 20 pm, while the average
concentration across the total layer thickness is 9x10'® cm® On the other hand the carbon
concentration is in average below 10'® cm™ (detection limit). From the measurements of the
resistivity profile (Figure 15) an average value of 54.8 Qcm is deduced for the range between 0 and
40 pm. After device processing the resistivity was evaluated from C-V measurements resulting in
slightly higher values of about 63 Qcm corresponding to an effective doping concentration of
6.6x10" cm™.

DLTS measurements on as processed devices had proven that the epitaxial process as well as the
device process do not introduce electrically active defects with concentrations larger than approx.
10" cm™ , i.e. the detection limit, which is about 10* of the shallow doping concentration.

Several irradiation experiments with protons of different energy, reactor neutrons, Li-ions, high
energy electrons and “Co gamma rays had been performed. The results derived from these
experiments are partly published [16, 18, 55, 56] and presented in chapter PDC and DMC. Only the
most significant results will be summarized here:

— For high energy protons up to about 10'® p/cm” the EPI-devices show no type inversion. The
depletion voltage V., as function of fluence decreases slightly by about 25 % in the range 0-
1x10"° p/cm? , traversing a shallow minimum and followed by an increase in the range up to 10'°
p/cm’. This is the most important feature of EPI silicon, even exceeding the expectation
resulting from the higher initial doping concentration and the smaller amount of donor removal
mentioned above. Therefore, the evolution of Vg, or Neg with fluence can only be explained by
an introduction of shallow donors overcompensating the generation of deep acceptors at high
fluences. This hypothesis had been confirmed by TSC (Thermally Stimulated Current) studies
concerning the detection of a “bistable” donor in proton irradiated EPI-diodes [16] (see also
chapter DMC).

— In contrast to proton damage the neutron irradiated diodes undergo type inversion at about
2x10" n/em® This difference might be explained by the different defect generation mechanisms
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involved in high energy proton and reactor neutron damage, where neutron damage leads
predominantly to an introduction of clusters while proton damage results in a larger introduction
rate for the formation of point defects compared to clusters.

— Studies on the charge collection efficiency after neutron damage show that at 8x10"° n/cm? the
efficiency decreases to about 60 % for an average electric field strength of 26 kV/cm across the
50 um thick epitaxial layer. Such loss in efficiency should be tolerable for the detection of
minimum ionizing particles (mip) in thin pixel detectors by using state of the art readout
electronics

Further steps of the R&D program will be the production and investigation of epitaxial layers with

different thicknesses (25 pm, 75 um), doping concentrations, oxygen enrichment of the epi-layer by

oxygen diffusion from the SiO, surface layer and growth of epi-layers on highly doped FZ

substrates.

4.4 Oxygen dimers in silicon

4.4.1 Introduction

One of the defect engineering approaches described in the RD50 proposal is the use of oxygen
dimer enriched silicon. The main idea is to produce a silicon material that contains oxygen dimers
(O3) instead of mono atomic oxygen (O;). Such a defect engineered material has completely
different defect kinetics during irradiation. For example, in standard silicon material subject to
irradiation there is a production of VO (A center) defects and V,0 defects from the capture of
moving vacancies in the silicon lattice by mono atomic oxygen. While the VO center will only be
charged at cryogenic temperatures (<80 K) the V,O defect is known to be charged up to 90%
already at room temperature and therefore has detrimental effects on the macroscopic detector
parameters. On the other hand, the capture of vacancies by oxygen dimers O, leads to the
production of the VO, defect, known to be neutral and possibly less damageable to detectors.
Furthermore, O,; can act as a sink for migrating interstials I by forming the /0,; defect [13, 57], and
finally it is already accepted that O,; are precursors for the formation of earlier stage thermal donors
[58].

The goal of the dimer experiment is to produce dimers in different kind of silicon material and
then test for the radiation hardness using 24GeV/c protons at the CERN PS. We have designed the
experiment so that we could get confirmation that the material contained oxygen dimer after the
dimerization process (Fourier Transform Infra Red characterization on bulk material) and also to
allow both macroscopic and microscopic characterization of the silicon diodes after proton
irradiation.

4.4.2 Samples description

To have the best resolution for the FTIR measurements we need bulk silicon a few mm thick. We
got samples from ITME that included 3 wafers of Cz material with different oxygen and carbon
concentration, resistivity and thickness, and one wafer of float zone material with a thickness of
3mm.

In order to study the performance of the silicon diodes we also have 0.25 cm” p'nn” 300um thick
diodes from the Hamburg group. We had three types of diodes: standard float zone (initial depletion
voltage around 60V), oxygenated float zone (initial depletion voltage around 50V) and Cz material
(initial depletion voltage around 200V). We dimerized three diodes of each type.

4.4.3 Dimerization process

The way to produce the appearance of oxygen dimers in the silicon material is by carefully playing
with the existing oxygen impurities and other defects present in the original material. This can be
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performed by irradiating the samples with a point defect inducing radiation, like low energy
electrons for example, and is a temperature dependent process. The reactions that are thought to
lead to the formation of oxygen dimers are the capture of the mobile (hence the high temperature)
VO defect by mono atomic oxygen (VO;+ O; —> VO,;) and then the capture of interstitials / in the
silicon lattice by the formed VO, defect (I + VO,; — O5;). J.L. Lindstroem demonstrated in 1997
[59] that it is possible to convert O; into Oy; in silicon by irradiating the material with electrons of
2.5MeV at 350 °C up to a fluence of 1x10'® e/cm?, using the Lund electron beam. This source not
being available anymore, we used a source of 6 MeV electrons at the KTH (Stockholm) facility.
The dimerization process happened in June 2003, the samples irradiated were 11 pieces total of the
bulk material of different types and 9 diodes as described in the previous section.

4.4.4 CERN-scenario proton irradiation: preliminary results and
interpretation

Once we received the dimerized diodes, we characterized them using the new probe station of B28
at CERN. We observed that the dimerized diodes could not be fully depleted. We then conducted a
proton irradiation following a so-called CERN-scenario of one dimerized diode of each type and of
2 control diodes of each type for a total of 9 diodes. We reached a total fluence of 1.05x10" p/cm’ .
As a function of fluence the control samples show the expected curves of depletion voltage and
leakage current. As for the dimerized samples, since the depletion voltage couldn’t be reached, we
inferred it using the following relations:

ggoqueﬁ. _ 26‘6‘0Vfd
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That is, we took the slope of 1/C? vs V to get Negr and then computed V. Those relations are valid
for unirradiated material and at low voltages. To assess the reliability of this method we compared
the inferred Vg with the measured value for the control samples. Looking at the curve of the
inferred Vg as a function of fluence we see a very different behavior depending on the oxygen
content of the material: for the standard float zone diode the inferred Vi is of the order of 550V
(corresponding to an effective concentration of defects of the order of a few 10" /ecm®) and
significantly decreases with fluence while for the oxygenated float zone and the Cz diodes, the
inferred Vg is of the order of 100,000V (and a corresponding N around 1015/cm3) and is constant
as a function of fluence. We show the curve of the standard float zone dimerized diode on the left
(Figure 16), while on the right (Figure 17) we show the curve for the various non-dimerized diodes.
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So far these results are very different from the results that the Brunel group published [60, 61],
although they had used an unknown dose from a “’Co gamma source for the dimerization process.
Preliminary interpretation of the results suggest that the dimerization process used in this
experiment does not lead to a usable particle detector material. In fact the material is radically
changed by the dimerization process and constitute a novel ground on which to perform
macroscopic as well as microscopic characterization. It could be that the thermal donors (possibly
chains of mono atomic oxygen atoms) that are created alongside the oxygen dimer, overwhelm the
beneficial effects provided by the oxygen dimers.

4.4.5 IR and TSC measurements

We also report on very preliminary results from microscopic characterization. A Fast Fourier
Infrared measurement of a Cz piece of silicon has been performed [62](see Figure 18). The
spectrum shows clearly the presence of the oxygen dimer (concentration of 4x10'® cm™ and the
VO, defect (concentration of 2x10' cm™). We also see the VO defect, indicating that the
temperature during the dimerization was slightly less than 350°C. Studies by the Lund group [62]
tend to indicate that the fraction of dimer produced is 4% of the initial oxygen concentration,
independent of the oxygen concentration. Figure 19 shows a Thermally Stimulated Current
measurement [63]. DLTS measurements were not possible since the diodes are too full of defects.
The TSC spectrum shows that, similarly to the macroscopic measurements, the standard float zone
diode gives the strongest TSC signal since it is less full of defects than the oxygenated float zone
and the Cz diodes. These results are preliminary and we are currently analyzing them.
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Figure 18.: FTIR spectrum at 20K of a Cz piece of Figure 19.: TSC spectrum after forward

bulk silicon showing the as grown signal and the injection at 20K (reverse bias of 100V) of

dimerized signal [62]. three dimerized diodes: CA03-11 is a float
zone, CD22-07 is an oxygenated float zone
and 5337-04-48 is a Cz diode [63].

4.5 Defect engineering by pre-irradiation treatments

Pre-irradiation of silicon by fast neutrons followed by thermal annealing leads 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 that are always present in silicon crystals. Such a method of
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preliminary irradiation is expected to increase the radiation hardness of silicon. The best effect is
achieved in each concrete case by optimizing the concentration of sinks [64, 65, 66].

The influence of various pre-radiation processes with subsequent annealing on the radiation
hardness of float zone (FZ) silicon was tested by optical transmission measurements [67]. The
preliminary irradiation was performed by reactor neutrons (®=10' n cm?). After pre-radiation
processing all samples, including the reference samples, were annealed for two hours at 800°C.
Then all samples were re-irradiated with neutrons of the same fluence (10'® n cm™).

The optical analysis, based on infrared transmission spectra, is the most sensitive method to
study defects produced by fast neutrons in FZ silicon. The so-called near-edge absorption
monotonically decreases with wavelength. The selective absorption band with a maximum at 1.8
um is related to the presence of divacancies. The additional near-edge absorption in Si which
appears after irradiation with a fluence ~ 10'® n/cm’ is caused by disordered regions that have a
vacancy type nature. The investigation of absorption spectra in the spectral range 1.1+2 microns on
a large set of samples were carried out to study various combinations of pre-irradiation procedures.
Typical transmission spectra in the spectral range 1.1+2 microns are shown in Figure 20 for non-
irradiated samples annealed at 800°C for 2 hours (curve c), for samples annealed at 800°C for 2
hours and then irradiated by fast neutrons ®=10"® n/cm”® (curve a) and for samples pre-irradiated by
fast neutrons (®=10"° n/cm?), then annealed and once more irradiated by the same fluence of fast
neutrons (curve b). By comparing curve b (sample pre-irradiated) with curve a one can see a
decrease in the additional absorption. The apparent distinction in intensity of the transmission
spectra should be only due to the pre-irradiation treatment by fast neutrons. As follows from Figure
20, the intensity of the absorption of the reference samples is greater than in pre-irradiated samples.
Thus, the given results evidently show that pre-irradiation treatment yields in a less intensive
formation of radiation induced defects [68].
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Figure 20.: Optical transmission
‘ spectra measured after different
1.5 20 2 mkm irradiation treatments (see text).

Neutron transmutation doping (NTD) of silicon is a particular process of pre-irradiation and is
expected to improve the radiation tolerance of silicon [65]. The neutron transmutation doping was
carried out in a thermal column of a Kiev reactor WWR-M type. Reference p-type Si samples had a
specific resistivity of (2-10) kQcm. After irradiation with thermal neutrons and annealing at 850°C
for 2 hours we obtained p- type Si samples with a resistivity of (12-40) kQcm and n- type Si
samples with a resistivity of 3.07 kQcm corresponding to a carrier concentration of n=1.4x10"%cm”.
Carrier removal studies on n- and p-type NTD silicon were performed by irradiation with “Co
gamma rays and fast reactor neutrons with an effective energy of E,~1 MeV. The resulting carrier

removal rates of the n-type NTD sample are about a factor 10 smaller for gamma irradiation and a
factor 2 for neutron irradiation compared to the reference samples [69,70]. This reduction could be
due to sinks for defects introduced in the silicon bulk by neutron transmutation doping and the
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particular annealing procedure. However, further investigations especially on diodes produced from
NTD material have to be performed.

The next step will be the processing of test detectors on pre-irradiated and untreated high
resistivity FZ and Cz silicon by ICT-IRST in Trento, and investigations of the radiation tolerance of
these devices will be performed.

5 Pad Detector Characterization (PDC)

5.1 Introduction
The macroscopic effects of radiation-induced defects can be classified into three categories [37].

First, the defects introduce generation-recombination centers that in turn result to increased
detector leakage current. However, operating the detectors at a moderately reduced temperature of
about -10°C, the reverse current is largely reduced.

Second, the radiation-induced acceptor type defects compensate the initial positive space charge
of n-type silicon created by the donor doping. Silicon particle detectors are pin-structures designed
to operate in full depletion mode at a moderate reverse bias voltage. Therefore, radiation induced
defects increase the voltage required for full depletion. In the worst case, the breakdown voltage of
the pin-structure may be reached before the end of the experiment.

The third macroscopic effect is the deterioration of charge collection efficiency due to the
trapping of charge carriers which eventually leads to the reduction in the signal height.

24 out of the 55 RD50 institutes are participating the Pad Detector Characterization (PDC)
research line. Defect engineering has turned to be a successful approach to improve the radiation
tolerance of silicon detectors. Therefore, the PDC and Defect Engineering (DE) research lines
cannot be treated completely separately. On the practical working level, most of the PDC institutes
are also participating DE research line.

5.2 PAD Detector Mask

The research activity of RD50 Pad Detector Characterization research line includes processing of
pad detectors (test diodes), irradiation of test structures and characterization of irradiated devices
with different measurement methods. In order to efficiently distribute test devices to the
collaborators, RD50 has designed a common photolithography mask set. The common test structure
design excludes the possible contribution of different device geometries to the macroscopic effects.
A microscopic view of a RD50 pad detector is shown in Figure 21 .

The increase of the detectors leakage current and evolution of the full depletion voltage are
measured usually with conventional probe stations equipped with proper SMU’s (Source Meter
Unit) and LCR’s (capacitance measurement unit). Special requirement in radiation hardness studies
is the need for often very high measurement voltages. As part of the CERN Silicon Facility a
detector laboratory war recently constructed in Building 28. This laboratory is, as the bond lab,
under the control of the EP-TA1-SD section, which is providing also service for the RD50 project.
As a first installation a CV/IV bench test with a manual probe for measuring test structures was
built and can now be partly used by RD50.
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Figure 21.: Corner of RD50 pad detector. From left
to right: multi-guardring structure (16um), wide
guard ring (100um) and detector’s active area. The
distance between the active area implant and the
first guard ring is 10pm.

In the middle of the pad detector (not seen in Figure 21), there is an opening in the metallization for
the optical excitation. This is needed for the TCT (Transient Current Technique) measurements (see
e.g.[71]). From the current transients, information of the detector’s internal electric field can be
obtained, thus the TCT is a suitable tool for characterization of type inversion (SCSI) and also for
measurement of full depletion voltage. In the TCT measurement, the pin-diode is illuminated with a
red laser that has an absorption depth of only a few micrometers in silicon. Thus, just one type of
charge carriers will drift across the detector: electrons when the laser illuminates the p* side or
holes when the laser illuminates the n” side. Before the SCSI, the silicon bulk is n-type and thus the
junction is on the p" side, and electrons drift from the high field to the low field with a decreasing
induced current with time. On the other hand, holes drift from the low field to the high field with an
increasing induced current with time. After the SCSI, the bulk is n-type and the junction is near the
n" side, and the shapes of the electron and hole currents are reversed compared to those before the
SCSI. Thus, the type of the bulk can be deduced from the shape of the drift current, or the shape of
the electric field, in the detector.

During the first year of RD50, the collaborating institutes have performed several irradiation
campaigns. The motivation to irradiate devices with various sources arises from the fact that, the
introduction of defects into the silicon crystal depends on the type of the incident radiation. The pad
detectors, often defect engineered, have been irradiated in proton beams with various energies, with
neutrons, electrons, gammas and Li ion beams. Electrical (macroscopic) properties of silicon
detectors depend crucially on the (microscopic) defect formation processes in silicon material. The
defects can be divided roughly into two categories: point defects (mainly vacancies and their
complexes) and defect clusters. In a defect cluster the concentration of point defects exceeds 10'®
cm”, i.e. the solid solubility of oxygen into the silicon. Generally, low energy (e.g. 10 MeV)
protons cause points defects and high energy (e.g. >50 MeV) induces in addition to point defects,
also clustered defect complexes into the silicon lattice. Additionally, the interaction of oxygen
atoms with defects, or the beneficial effect of oxygenation, is affected by the complexion of defects,
i.e. it is dependent on the energy of the incident proton irradiation.

According to the Non Ionizing Energy Loss (NIEL) hypothesis, the effects of radiation damage
caused by any type of radiation and energy can be scaled. The scaling is typically expressed in 1
MeV neutron equivalent fluencies. However, the NIEL hypothesis does not hold in the case of
silicon material with high oxygen concentration. According to one proposed explanation, the
oxygen atoms do not effectively interact with the clustered defect complexes. One subject of the
RD50 Pad Detector Characterization research line is to verify experimentally these models based on
numerical calculations. To that end we need to irradiate silicon with high oxygen concentration
(Cz-Si, DOFZ) and silicon with low oxygen concentration (Fz-Si) using different beams and beam
energies.
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5.3 STFZ, DOFZ and CZ diodes irradiated with 24 GeV/c protons

5.3.1 STFZ and DOFZ - CERN scenario and annealing studies after
hadron damage
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Figure 22a: CERN scenario experiment with Figure 22b: CERN scenario experiments for
24GeV/c protons. Comparison of STFZ (top, DOFZ diodes. Practically no difference between
B=2.2-10"/cm for (Deq<2e14cm'2) and DOFZ oxygen enrichment with 24, 48 and 72h/1150C
(bottom curve, f =9.5-107 cm™). observed (B =9.5-10° cm™).

Results shown already on the 1% RD50 workshop at CERN, October 2002 (see [49]), have
meanwhile been complemented by additional measurements resp. confirmed [72]. Although in
CERN scenario measurements (with 24 GeV/c proton irradiation) a large improvement in the beta-
value was observed for DOFZ (diffusion oxygenated float zone) samples as compared to STFZ
(standard float zone), see Figure 22a, there is practically no difference between a 24h/1150C and a
72h/1150C Oxygen diffusion, see Figure 22 b.
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Figure 23.a: Annealing curves for STFZ Figure 23b.: Annealing curves for DOFZ
samples after PS-proton irradiation samples after PS-proton irradiation

Also the results of the long term annealing studies at 80°C after 24 GeV/c proton irradiation have
been confirmed with a new batch of diodes, using 72h/1150C O-diffusion [72]. Figure 23 gives an
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overview of all measured annealing curves after 24GeV/c proton irradiation. Especially for the
STFZ material it proved essential to store the diodes after each annealing step for 24 h at RT.

While in this case immediately after each annealing step the curves could be best fitted with a 2™
order approach fits performed after each 24h RT storage revealed a 1* order exponential behavior.
In the case of DOFZ an overall 2™ order seems to work as well. The Hamburg-model analysis of
these curves [72] confirmed the earlier evaluation [49]. The stable damage N and reverse
annealing amplitude Ny are plotted in Figure 24. An updated set of parameters is available on
request. As already commented in [49] it is now confirmed that while the reverse annealing time
constant as measured for STFZ does not depend on the fluence (ty = 200min £ 10%), in the case of
DOFZ one gets a linear increase with fluence (rising to 1250 min at @, = 6*10'/cm?, see Figure
25). This delay in reverse annealing is certainly a large beneficial effect, since it reduces the effect
of reverse anneal at RT maintenance periods after higher irradiation fluences. It should be
emphasized however that for a real 2" order reverse annealing the time constant should instead be
proportional to the inverse of the fluence! This discrepancy would need further investigation.
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Figure 24.: Hamburg model analysis parameters extracted from annealing after 24 GeV/c proton
irradiation. a): stable damage parameter N¢, b): reverse annealing amplitude Ny ¢

Annealing studies for N after neutron irradiation as well as the development of the reverse current
(both after proton and neutron irradiation) have also been performed again. The earlier results have
widely been confirmed and will not be discussed here (see overview in [73]and literature cited
there).

A general note of caution should be added. The Hamburg model parameters can only be regarded to
give a parameterization, useful for projections to LHC or SLHC operational scenarios but do not
claim that we have reached a complete understanding of the physics background. Also it should be
emphasized that the parameters may vary according to the different used silicon material and
manufacturing process. Such the results shown here are valid for diodes as processed by CiS on
Wacker <111> n-type silicon, within narrow limits they are independent of the individual
manufacturing batch!
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5.3.2 Cz-diodes, CERN scenario and annealing studies after hadron
irradiation.

In contrast to FZ results, test diodes manufactured on Czochralski material (1300 Qcm after TD kill
process) do not show any type inversion during a CERN scenario experiment (result proven with
TCT measurements [72, 74]), see Figure 42. The annealing curves (after proton irradiation) look
rather strange, see Figure 26. It is interesting to note, that at the maximum of these curves at around
5 min at 80C the V., has always a larger value than that before irradiation! Hence in the Hamburg-
model analysis of AN, the stable damage parameter N¢ is negative! During prolonged annealing
the material will then eventually also undergo type inversion, especially proven by additional TCT
measurements. Disregarding the plateau of the annealing curves it is however possible to
parameterize the fits in such a way that both the stable damage N¢ and the reverse annealing
amplitude value Ny,r (from ANy reached at very large annealing times) can be displayed as
function of the 1IMeV neutron equivalent fluence ®,, see Figure 27.
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Measurements of the reverse current as well as its annealing give practically identical results as
those obtained from STFZ and DOFZ diodes. Also the effective trapping probabilities for electrons
resp. holes are the same as obtained for STFZ and DOFZ diodes (see [72]).
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Figure 27.a: stable damage N¢ for p-irradiated Figure 27b: reverse annealing amplitude Ny,
Cz for p-irradiated Cz diodes

5.3.3 STFZ, DOFZ and Cz-diodes, trapping and charge collection after
24 GeV/c proton irradiation

Systematic TCT measurements have been performed by several groups within RD50 using 670nm
red laser injection. Trapping of both electrons and holes have been measured in STFZ, DOFZ and
CZ diodes. No material difference was found. However, comparing the results of different RD50
groups some discrepancies arise: While one RD50 group was observing almost the same inverse
trapping times for holes and electrons [75, 78] other RD50 groups report on a stronger hole trapping
than electron trapping [76, 77]. For completeness both results are shown in this section. One of the
tasks of RD50 for 2004 will therefore be to clarify why these differences are observed although the
same measurement technique is used.

Trapping probabilities (1/1.;) as reported by the Hamburg group are shown in Figure 28 [76]. As
can be seen the electron and hole trapping is not much different. The inverse trapping time can be
paramelterized as: 1/1en = Pen*Peq with Be = (4.68+0.15)10"%cm?ns™ and B, = (5.72+0.50)10"°
cm’ns’ .
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Figure 28.: Trapping probability 1/t for a): electrons and b): holes in STFZ, DOFZ and Cz-
diodes as function of @, after 24 GeV/c proton irradiation
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For STFZ and DOFZ diodes also the temperature dependence of the effective trapping probabilities
had been measured between 210 and 292K. With respect to the LHC or likely also the SuperLHC
operational temperature of —10C the increase in 1/t.; is rather marginal (less than 20%).
Measurements on absolute values for charge collection were carried out with alpha particles.
Results will be shown together with the discussion on epi-diodes (Section 5.10).

The results of the Dortmund group obtained on 5x5mm” DOFZ pad detectors with the TCT method
are presented in Figure 29 and Figure 30. The inverse trapping times for holes and electrons after
irradiation with 24 GeV/c protons are shown in Figure 29. As for the data presented above, a clear
linear dependence of the inverse trapping times on the fluence is observed (1/teh = Ben*®eq). The
resultslof the according straight line fit are: . = (5.13£0.16)10"°cm?ns™ and B, = (5.04+0.18)107'°
cm’ns’ .
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Figure 29.: Inverse trapping times for holes Figure 30.: Annealing of the inverse trapping
and electrons in proton irradiated samples. time at 60°C.

The annealing of inverse trapping time has been studied with a sample irradiated to 4.5%10"* n.y/cm?
[75]. The annealing was accelerated by heating the sample to 60°C (Figure 30). In order to describe
the data the function

Loy =L oxpl=t/7, )+ (1-expl-1/7,))
T 7, T,

was fitted to them. The resulting parameters are t,, =(1.70£0.74)h and t,; =(4.35£3.5)h. The

trapping probability for electrons decreased by ca. 20% while the trapping probability for holes

increased by about the same amount. A result which is in agreement with the data presented in [76].

The time constant of the annealing are in the order of some hours, but they have a large error.

The results from the TCT measurements will be used in simulations of the charge collection
efficiency for the ATLAS pixel detector. First preliminary results from a simple simulation of a pad
detector of 250pm thick detector irradiated to 10" ne/cm* show that the charge collection
efficiency drops to 50% with a moderate overdepletion of S0V [78].

5.4 CZ, STFZ and DOFZ diodes, results from Co%°-Gamma
irradiation

Very reliable results of damage induced effects both on Ny and the leakage current have been
obtained up to dose values of about 1 Grad. While for STFZ diodes a type inversion was seen at
about 200 Mrad, the DOFZ diodes stayed n-type throughout the dose range with a small increase in
the donor doping concentration. The results have been discussed in the Florence conference 2002
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and will be shortly published in NIM A (see also [73]). Some comments are to be found in the DE
(Defect Engineering) section of this report. A broader discussion is to be found in the DMC (Defect
and Material Characterization) section. It should be emphasized here that the microscopic
measurements on defect generation have led for the first time to a full understanding of the
macroscopic diode properties. This is regarded as a major break through in the understanding of the
damage mechanism and will hopefully pave the way for further design developments of radiation
tolerant detectors.

5.5 STFZ and DOFZ diodes irradiated with 27 MeV p and 58 MeV
Liions.

The objective of our research is to develop feasible sensor solutions that would stand fluences of
hadrons up to 10'°cm™, as planned for the LHC upgrade [79].The irradiation times needed to reach
these high hadron fluences at nowadays proton irradiation facilities are typically very long, thus
often preventing the systematic experimental studies. A possible way to decrease the irradiation
times to more practical values could be to irradiate devices with energetic heavy ions, taking
advantage of the large non-ionizing energy-loss (NIEL), which significantly increases with the
atomic number of the impinging ions. The ion energies need to be sufficiently high to ensure that
the particle range is larger than the detector thickness (usually 300 um) to ensure a uniform energy
loss within the detector.

Diodes manufactured on float zone silicon substrates standard (STFZ, [0]=10'® cm™) or oxygenated
by diffusion at high temperature (DOFZ, [0]>10"" cm™) have been irradiated with 58 MeV Lithium
(Li) ions at the SIRAD irradiation facility [80]of the Tandem-XTU Van de Graaff accelerator at the
INFN National Laboratory of Legnaro (Padova, Italy). SRIM simulations [81] have been performed
in order to investigate the energy loss of such ions in silicon showing that the range of 58 MeV Li
ions is 400 pum, i.e. substantially larger than the standard 280-300 pum thick diodes used in this
study. This ensures that Li ions, which are n-type doping impurities, are not implanted in the silicon
substrate. In addition the highly damaged region generated at depths close to the ion range, where
the non-ionizing and ionizing energy loss are maximum, is outside the silicon substrate. The non-
ionizing energy loss of 58 MeV Li ions is 2.003x10™* MeVxcm®/mg, i.e. 27.3 times higher that the
corresponding value for 27 MeV protons (7.34x10° MeVxcm?/mg); the NIEL scaling hypothesis
suggests that a scale factor of 27 may be used to relate a fluence value obtained with 27 MeV
protons to a fluence value obtained with 58 MeV lithium ions.
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The evolution of the effective substrate doping concentration as a function of the Li irradiation
fluence is shown in Figure 31. The behavior of diodes during the isothermal annealing at 80°C up to
2000 minutes is shown in Figure 32.

It can be concluded from the presented results that the ion irradiation generates deep acceptor
defects in the silicon substrate causing the space charge sign inversion (SCSI) effect, similarly to
what is observed after hadron irradiation. Moreover the acceptor introduction rate () and the
amplitude of the reverse annealing for the effective substrate doping concentration are lower for
DOFZ devices, highlighting the positive effects of the substrate oxygenation also after Li ion
irradiation and suggesting that from a microscopic point of view the bulk damage induced by Li
ions is similar to protons (not to neutrons)

The reference data after 4 minutes of annealing at 80°C for the leakage current density increase rate
(o) and for the acceptor introduction rate () of the STFZ and DOFZ diodes from the two
manufactures after irradiation by Li ions and 27 MeV protons are compared in Table 5 [56]. It is
worth to note that both the o and P ratios present a low data dispersion, confirming the strong
correlation between the damage induced by 58 MeV Li ions and 27 MeV protons and suggesting
that the damage induced by Li ions and protons can be rescaled to a first approximation for
radiation hardness tests in High Energy Physics applications by the following values: oisg mev Li/027
MeV protons¥25 (in agreement with the NIEL scaling hypothesis within 8.2%) and Bss mev 1i/P 27 Mev

protons™ 15.

Diode label 027 pev protons (A/CM) O 58 Mev Liions(A/CM) 0 58 Mev Li /027 MeV protons

CNMstp  (8.48+0.06)x10™7  (204.943.9)x10™"” 24.240.6
CNMoxy  (8.35£0.04)x10™"7  (205.3+4.5)x10™"7 24.6+0.7
STsmp (8.26+0.06)x107"7  (204.0+3.9)x10™" 24.740.6
SToxy (8.1240.14)x10™"7  (208.0%5.0)x10™"” 25.6%1.1
Alldata  (8.2140.05)x10"7  (205.6+2.0)x10™"7 25.040.4
DiOde label B27 MeV protons (cm-l) BSS MeV Li ions (Cm-l) BSS MeV Li/B27 MeV protons
CNMsmp 0.0243+0.0019 0.3735+0.0306 15.442.5
CNMoxy 0.0208+0.0024 0.3366+0.0359 16.243.6
STstp 0.028620.0030 0.3197+0.0126 11.2+1.6
SToxy 0.0170+0.0019 0.2599+0.0188 15.342.8

Table 5.: The a (up) and B (down) parameters for devices irradiated by 27 MeV protons and 58
MeV Liions .

5.6 Gettered n-type detectors irradiated with 24 GeV/c protons

At the loffe PTI, St.Petersburg, Russia pad detectors were produced from standard Wacker
n- and p-type silicon. The detectors were subjected to an unconventional gettering step during the
processing in order to investigate the influence of gettering steps on the radiation hardness. The
samples were irradiated with 24 GeV/c protons at CERN facilities in the fluence range 1.1-10''-
3.6-10" cm™. C-V measurements revealed that the introduction rate of negative space charge p for
the n-type detectors is 0.0035 cm™. That is significantly smaller than the values referred in literature
for standard and oxygenated Si, namely 0.01 cm™” and 0.0047 cm” for STFZ and DOFZ,
respectively [43]. Therefore, the use of the applied gettering method might be a promising
technology to reduce the introduction rate of the radiation induced negative space charge.
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5.7 Cz-Si, STFZ and DOFZ irradiated with low energy protons.

Pad detectors made of Cz-Si, standard Fz-Si and and diffusion oxygenated Float Zone silicon were
irradiated with 10 MeV and 20 MeV protons. The detectors were processed at the Microelectronics

Center of Helsinki University of Technology [48

] and were irradiated with 10 MeV and 20 MeV

protons at Jyviskyld University Accelerator Laboratory, Finland [82]. The Cz-Si wafers were
manufactured by Okmetic Ltd. The resistivity of the wafers was about 1100 Qcm. The wafers have
a homogenous oxygen concentration of about 4-10'” cm™. This concentration is above the value that
can be achieved by the diffusion oxygenation process, but less than the solid solubility of oxygen
into the silicon. Thus, the bulk is essentially free of oxygen precipitations that in turn simplifies the
detector fabrication process. The results of irradiations are shown in Figure 33 and Figure 34.
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As seen in Figure 33 and Figure 34 , the depletion voltage of Cz-Si is less sensitive to the increased
radiation dose than the depletion voltage of standard Fz-Si or DOF Fz-Si. Even after the maximum
dose of 5%10' protons cm™, the depletion voltage of the Cz-Si diodes is smaller than the initial
depletion voltage before the irradiation 260V normalized to 300 um thickness [83].
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Figure 35. Oscilloscope pictures of the current transients of two Cz-Si diodes measured by TCT
method. The samples are irradiated with a) 10 MeV protons, dose 1.3*10'* ¢cm™ and b) 20 MeV

protons, dose 3.2%10" cm™.
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As seen in Figure 33 and Figure 34, in Fz-Si and DOF materials the SCSI takes place around the
dose of 0.5%10' cm™. On the other hand, in the Cz-Si samples the full depletion voltage seems to
reach its minimum at the dose of approximately 1.5%10'* cm™. In order to study the SCSI in the Cz-
Si samples, electric field profiles before and after the minimum of the full depletion voltage were
measured using Transient Current Technique (TCT). Figure 35, shows the current transients of two
differently irradiated Cz-Si diodes. The set of curves correspond to TCT measurements with
different bias voltages, ranging from some volts to several hundreds of volts. The laser was
illuminating the front p'-side of the diodes.

In Figure 35 a) and b), the uppermost five curves are current transients in the case when the diodes
are biased clearly over full depletion. In Figure 35 a), after irradiation with the dose of 1.3*10"* cm’
? the current first raises fast and then decreases with respect of time, thus indicating electrons
drifting from the front p" junction towards the back plane of the diode. Thus, the bulk is still n-type.
In Figure 35 b), the shape of the transient is different: The fast rise in the current is absent and the
current increases with respect of time. This indicates that the electric field increases towards the
back plane of the diode where the inverted bulk forms a pn' junction. Furthermore, there is a clear
double peak in the current transients of Figure 35 b), especially around the depletion voltage. The
double peaks are clear signs of the SCSI. A comprehensive analysis of the origin of the double
peak/double junction effect is presented in Ref. [84]. The results of TCT measurements performed
on six different diodes are summarized in Table 6.

Table 6. TCT analysis of six irradiated Cz-Si samples. Samples were annealed at 80°C for 20
minutes before the measurements.

Proton energy 1 MeV/n eq. Dose Full depletion SCSI SC  Double peak

(MeV) (cm?) voltage (V) sign in the TCT
signal

10 1,3*¥10" 215 No |+ Weak

10 2,6%10" 134 Yes | - Clear

10 5,2%10" 260 Yes |- Clear

20 0.8%10" 225 No |+ [No

20 1,6¥10" 213 No + Weak

20 3,2%10" 188 Yes | - Clear

As seen in Table 6, the SCSI takes place in the Cz-Si material between the doses of 1.3*¥10'* cm™
and 2.6 *10'* cm™ in the case of the lower proton energy (10 MeV) and between the doses of
1.6%10" cm™ and 3.2*10" cm™ in the case of the higher proton energy (20 MeV). For example, in
the inner part of CMS Tracker this corresponds about 10 years of LHC operation [85].

5.8 Proton irradiation results of Fz-Si with different resistivities

Eight STFZ diodes were used in this study. The devices were manufactured by CSEM. The diodes
were made of two different STFZ substrates: four of them with the <100> crystal orientation and
with low resistivity (=2.5 kQcm), and another four with the <111> orientation and with high
resistivity (=6 KQ cm). All diodes have the same geometry: they are 300 um thick and their active
area is a square of 0.24*0.24 cm?, surrounded by a single guard ring.

One low and one high resistivity silicon diode was irradiated simultaneously. Diodes were
subjected to four different fluences at the Research Centre in Karlsruhe (Germany). The Karslruhe
facility provides a 34 MeV proton beam, produced by an isochronous cyclotron with a beam spot
of 8-10 mm of radius. During the irradiation, the structures were placed in a cooling box with dry
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air ventilation and were kept unbiased. The temperature was kept at -10 °C. The highest fluence
used in this study was about 1*10'* p/cm’. In this content, the fluences are expressed as 1 MeV
neutron equivalent, evaluated by means of the leakage current.

For comparison, we have also irradiated diodes from the same processing batches with 24 GeV/c
protons at CERN-PS in the same range of fluences [86].

All the CV measurements were performed on diodes with guard ring set to 0V, at a frequency of
10kHz. The full-depletion voltage Ve, was determined from the kink in the 1/C-v plot.
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Figure 36.: Measurement after beneficial Figure 37.: Measurement after complete
annealing (see text). reverse annealing (see text).

The measured values of [Negfoc Ve, as a function of fluence for the two different kind of detectors
are compared in Figure 36 and Figure 37. The values were measured after the beneficial annealing (
t, ~ 7 days @ room temperature) and after the complete reverse annealing (t, ~ 10° min @ room
temperature), respectively. In order to determine the inversion fluences and the slope of the curves
after the inversion, we have fitted the experimental points with the expected behavior of [Neg
evaluated according to the parameterization commonly used within the Rose collaboration* [87]:

NeffCD =Ne__ff0_Nco(1_e_C®)_ﬂ(D-

The values of B extracted by fitting the experimental points measured after exposure to 24 GeV/c
and 34 MeV protons give almost the same values for the low and the high resistivity material and
can thus be represented by one value:

e 24 GeV/c protons (tl ~7 days @ RT) : 0.014 cm™

e 34MeV protons (tl ~7 days @ RT):0.016 cm™

e 24 GeV/c protons ( t2 ~ 10°min @ RT) : 0.088 cm™

e 34MeV protons (2 ~10*min @ RT) : 0.095 cm
For the measurements performed at the minimum of the annealing curve (t;) the experimental
values of Beta parameter (B(t;) ~ gc ) for 34 MeV protons are a little bit higher than the ones for 24

* Note that within the Rose community and the Hamburg model N is extracted from a plot of N¢ (extracted
from individual annealing curves) vs. fluence, while here the parameter N, is extracted from a plot of Neg vs.
fluence for a certain annealing stage. In this sense the equation is identical, but the parameters have to be
interpreted differently.
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GeV/c protons; this shows that the individual damage parameters related to the stable acceptors
introduction rate gc scale differently with the particle energy.

For all diodes the B values measured after the reverse annealing (t;) are higher than the ones
observed at t;, since in this case the observed slope depends also on the reverse annealing
introduction rate gy (B(t2) ~ gc + gy). For both low and high energy irradiation, and independently
on annealing time, the big initial difference in N« and, hence, V., typical of LR and HR structures
decreases with the radiation fluence, and above type inversion the relative curves tend to merge.
This result can be explained by the hypothesis of complete donor removal for both low and high-
energy proton irradiation [87]. A completely different behaviour was observed after neutron
irradiation [88,89]: at any fluence the measured depletion voltage depends substantially on the
initial resistivity.

5.9 High-Energy Electron Irradiation of Different Silicon Materials

Irradiations up to a fluence of 1.4%¥10"° e/cm® have been performed with the 900 MeV electron
beam of the LINAC injector at the synchrotron light facility Elettra in Trieste (Italy). Tested
devices are p’/n’/n" diodes fabricated on different silicon substrates, namely standard and diffusion-
oxygenated float-zone (which in the following we will address as FZ and DOFZ respectively),
Czochralski (CZ) and epitaxial (EPI) silicon. A more detailed report can be found in [55].

A set of standard and oxygenated float-zone devices has been manufactured by CiS (Erfurt,
Germany) on Wacker (111) substrates of typical resistivity of 3-4 kQ*cm. Oxygen diffusion for
DOFZ devices has been performed in an N, environment for 72 hours at 1150° C. A second set of
FZ diodes has been fabricated by ITC-IRST (Trento, Italy) on wafers from Topsil, with a resistivity
of 10-20 kQ*cm. Some of the substrates had been previously converted to DOFZ by a 12 hour
oxidation at 1150° C followed by a 36 hour diffusion in N, at the same temperature, resulting in an
oxygen concentration of 1-3*10"” cm ~ across the substrate. Czochralski and epitaxial devices have
also been processed by CiS. CZ diodes are manufactured on (100) wafers of resistivity 1.2 kQ*cm
from Sumitomo; EPI diodes are processed on a 50 um thick epitaxial layer (of resistivity 50 Q*cm)
grown by ITME (Warszawa, Poland) on a 300 um thick low-resistivity (0.01 Q*cm) Czochralski
(111) substrate. The active area of all CiS diodes is of 0.5*%0.5 cm?, while devices fabricated by
ITC-IRST have an area of 0.35*0.35 cm’. All diodes are provided with a 100 um wide guard-ring
(which is connected to ground during the measurements), surrounded by several additional floating
guard-rings. The substrate thickness for all devices is of about 300 um.

Devices have been kept unbiased during irradiation, at a temperature of 25°C. Between irradiation
and the first measurements the samples have been kept at room temperature. After the first series of
measurements devices have been stored at about -7°C. The C-V measurements have been
performed at 10 kHz frequency, and the depletion voltage Vgphas been estimated from the
saturation of the C*-V or of the logC-logV curves. The temperature in the laboratory during the
measurements varied between 22 and 24° C. All measured currents have been normalized to 20°C.

Figure 38 and Figure 39 show the values of N as a function of the electron fluence for the FZ and
DOFZ devices manufactured respectively by IRST and CiS. A negative sign has been assigned to
those values of N that we consider likely to correspond to an inverted (p-type) substrate, based on
the criterion of obtaining a smooth curve.

Type inversion appears around 1.5%10'* e/cm” for the IRST devices (fabricated on higher resistivity
material), and at about 3*10' e/cm” for the CiS devices. After type inversion, the slope of Neg
versus fluence is about -1.5%107 c¢m™ for IRST FZ devices, -1.9%¥107 cm™ for CiS FZ diodes, -
0.9%107 cm™ for IRST DOFZ structures and -0.7*¥107 ¢cm™ for CiS DOFZ devices. A lower slope
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appears to be associated with DOFZ substrates. Differences between diodes fabricated by IRST and
by CiS could be due to different starting materials and oxygen diffusion treatments.
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Figure 38. Effective dopant concentration Figure 39. Effective dopant concentration for
for FZ and DOFZ devices from IRST FZ and DOFZ devices from CiS measured soon
measured soon after irradiation (closed after irradiation (closed symbols) and after 8
symbols) and after 8§ minutes of thermal minutes of thermal annealing at 80C (open
annealing at 80° C (open symbols). symbols).

The electron irradiation results of CZ diodes are presented in Figure 40. Due to the fact that the
samples used for the various irradiations had non negligibly differing values of initial resistivity, the
following “equalization" procedure has been applied, in order to obtain a meaningful dependence
on fluence: for each device, the variation in Ny due to irradiation Negr. afier-Netr, vefore has been added
to the average value of the initial effective dopant concentration, taking all devices into account.
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Figure 40.: Effective dopant concentration for Figure 41.: Effective dopant concentration for
CZ devices measured soon after irradiation two different sets of EPI devices measured
(closed symbols) and after 8 minutes of soon after irradiation (closed symbols) and
annealing at 80° C (open symbols). The values after 8 minutes of annealing at 80° C (open
reported have been equalized according to the symbols). The values reported have been
procedure described in the text equalized according to the procedure
described in the text.

After the first steps of irradiation, the curve in Figure 40 appears to be approximately linear, with a
slope of about -1.5%107 cm™. Nevertheless, it does not appear to be possible, within this limited
range of fluences, to separate the relative contributions to the observed rate of change of N
coming from (a) the initial part of an exponential decay of the donor concentration or (b) a linear
introduction of acceptors. Previous irradiations of the same type of devices with charged hadrons
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(24 GeV/c protons and 190 MeV/c pions) have shown no type inversion even at fluences up to
1#10" cm™ [49]. In our case, a simple linear extrapolation of the observed fluence dependence
would suggest that type inversion will occur at a fluence of about 3*10" e/cm’. Such values of
fluence are feasible with our experimental setup and we plan to reach them in future irradiations, in
order to distinguish between the previously mentioned contributions to the slope of N and to find
out whether the observed linear trend continues up to type inversion or rather a different behavior
appears.

Figure 41 shows the corresponding plot for the EPI devices. Again, the above-described
““equalization" procedure has been applied in order to account for differing initial dopant
concentrations. For these devices, the relative changes in N are quite small and comparable with
the uncertainty in the evaluation of the depletion voltage. Although a decrease of the effective
dopant concentration with increasing fluence is apparent from the plot, substrate type inversion is
not even approached at the fluences considered, in agreement with what already observed after
irradiation with 24 GeV/c protons [90, 91].

The observed fluence dependence of the volume density of the reverse leakage current does not
depend on the substrate material, as already observed after hadron irradiation [92]. The damage
constant a, referred to the actual electron fluence and coming from the leakage current measured
after 8 minutes at 80° C, is equal to 1.35%10"® A/cm. The hardness factor k of 900 MeV electrons
with respect to 1 MeV neutrons can be estimated from the ratio of the damage constant o thus
measured to that reported in the literature for 1 MeV neutrons (after the same annealing cycle),
namely 4.0¥10"7 A/cm [92]. This yields a value k=3.4*107. It is interesting to note that the ratio of
the NIEL (Non-Ionizing Energy Loss) values for high energy electrons and for 1 MeV neutrons is
about 8.1*107 (we have used the results of NIEL calculation relative to 200 MeV electrons [93],
the highest available energy in the literature). This indicates that, at equal NIEL values, high-energy
electrons are about 2.4 times less effective than 1 MeV neutrons in degrading the carrier generation
lifetime of the material, providing further evidence that the NIEL scaling hypothesis is not adequate
when comparing electrons with hadrons, even in the GeV electron energy range.

Thermal annealing effects have also been studied: several cumulative annealing steps at 80° C have
been performed for FZ/DOFZ and epitaxial diodes irradiated at two highest fluences, up to a total
time of about 100 hours. For the first ones (inverted) an initial beneficial annealing can be
observed, leading to a minimum of N after about 8 minutes, followed by an increase (reverse
annealing). Epitaxial devices (non-inverted) show an increase in the N that amounts to
approximately 2-3% after about 100 hours at 80° C. Meaningful differences in the annealing
behavior between the various devices and the two irradiation fluences are not apparent.

Finally, the charge-collection efficiency (CCE) has been measured with the Transient Current
Technique on all samples made by CiS, annealed for 8 minutes at 80° C. The decrease of CCE at the
two highest fluences is of 1-3%, more pronounced for FZ and DOFZ devices.

5.10 Thin EPI Diodes

CERN scenario and annealing studies after hadron irradiation

A first comparison between the epi-diodes and those fabricated from STFZ, DOFZ and Cz-material
was obtained via CERN scenario measurements, revealing the superiority of their radiation
tolerance, see Figure 42 ([18]). In the full range of measured fluences (meanwhile extended up to
D, = 5.5e15/cm?) there is no type inversion! Starting from an initial depletion voltage of 120 Volts,
even after 2.5e15/cm? V4, changed only to 160 Volt, whereas for all other diodes values well above
1000 V would have been needed.
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Figure 42.: CERN-scenario results at 24 Figure 43.: N after 8 min@80C annealing as
GeV/c p-irrad iation for epi-diodes in function of fluence measured in epi-diodes with
comparison with STFZ, DOFZ, and Cz- different particle irradiation.

diodes.

Figure 43 shows the development of N resp. Ve, after 8min@80C annealing of the epi-diodes
after irradiation with neutrons, low and high energy protons as well as Li-ions covering a range of
®eq up to 1:10'%/cm? [72]. There is a distinct difference between neutron irradiation and that with
charged particles. While in the case of neutrons type inversion occurs at about 2-10'*/cm?, no type
inversion is seen for all charged particle irradiations. The strong increase of N for fluences higher
than 2e15/cm? is believed to be due to increasing point defect generation (bistable donors, see DMC
report, also discussed in [18]). Annealing experiments have therefore been performed in order to

see, in how much this initial donor generation would either anneal out or get compensated by
acceptor like defect generation.
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irradiation. component.

Remember that in FZ diodes the reverse annealing effect is believed to be caused by acceptor
generation, leading to type inversion already at an early stage. An example of annealing curves as
measured for epi-diodes is given in Figure 44. There is no doubt that the shorter time component in
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the reverse annealing (Figure 44 b) is of 1* order while the long annealing times are governed by a
real 2" order process (ty cl/®y,, see Figure 45_b [72]; in contrast to DOFZ, see Figure 25. The
total reverse annealing amplitude (sum of short and long term component) shows a linear
dependence on the fluence with a generation rate g, ~ 8* 107 cm™ (see Figure 45 a).
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Figure 45 a): Reverse annealing Figure 45Db): Reverse annealing time constant for
amplitudes for epi diodes after 24 GeV/c the long component as function of fluence. 1/ ty
proton irradiation with short (Ny,nr1) and is shown to be proportional to /@, as expected
long (Ny nr2 ) components as well as total for real 2" order annealing

sum. A change in Nt of 5*¥10" /ecm? is

equivalent to a change of the depl. Voltage

of 95 Volt only!

Preliminary results (including annealing at 60°C) suggest that the reverse annealing is governed by
the same activation energy as found for FZ material. Hence by using this we can project the 80°C
time scale to that expected for RT annealing. This is done in the top scale in Figure 44b. This would
mean that for LHC operation up to 10 years one may not at all need cooling of such detectors at all,
since the combined damage generation and annealing will never exceed even type inversion! If this
would be confirmed by annealing measurements now undertaken also at 40°C, this would be of
tremendous advantage. Instead of cooling as necessary also during the beam off periods for DOFZ
devices, for epi detectors the RT storage during beam off every year would be highly beneficial!
Comparing the results of Figure 43 with those of Figure 45 we see that for very large fluences the
initial dominance of the donor generation (roughly 10'*/cm?) could be compensated by the acceptor
generation during reverse annealing. Choosing a proper maintenance scenario close to room
temperature, only moderate changes of N during the entire SLHC operation can be maintained.
This is the most important feature of epi-Si diodes, even exceeding the expectation from the much
larger initial dopant concentration.

As to comparison of the donor generation in epi-diodes as seen here in macroscopic measurements
with defect characterization studies see the DMC section of this report.

Charge carrier trapping and charge collection efficiency

For epi-diodes no TCT measurements are possible since the charge collection times are much
below 1 nsec and therefore time resolved studies of the current pulse fail. However absolute charge
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collection efficiencies have been measured using alpha-particle charge injection. The results are
shown in Figure 46 and Figure 47 [72].
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Figure 46.: Charge collection efficiency measured in epi diodes in comparison with results STFZ,
DOFZ and Cz-diodes. Left: 24GeV/c-proton irradiation, right: 10 MeV proton irradiation.

Regardless of the proton energy the studies show that for the epi-diodes the charge collection
efficiency drops only to about 90% at 8*10'*/cm? while the cce-drops for all other diodes to 70% at
the same fluence. The cce studies for epi-diodes are extended to ®¢q = 10'"/cm? (Figure 47). Also at
this almost SuperLHC fluence the epi diodes still show a charge collecetion efficiency of 75% after
proton irradiation and a slightly worse value after neutron damage.

In Figure 47 b) experimental results are shown in comparison with a simulation for which the
electron and hole trapping probabilities as displayed in Figure 28 have been used (see also [18]).
These values had however to be extrapolated over more than one order of magnitude for ®.,. The
good agreement between experimental values and simulations lead to the conclusion that the
effective trapping times in epi-diodes are indeed comparable with the ones in FZ-Si material.
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Figure 47.: Absolute charge collection efficiencies, measured in epi diodes up to Oeq = 10"/cm>.

a): damage by 56 MeV-Li-ions and reactor neutrons. b): Comparison between measured values

for neutron irradiation and simulations (see text).



CERN-LHCC-2003-058 and LHCC-RD-002 48/83

Summary for epi-diodes

In summary epi-Si detectors exhibit properties similar to the normal FZ-detectors (especially as the
bulk generated current and the effective trapping times are concerned). The use of a much smaller
diode thickness leads to an appreciably higher charge collection efficiency at moderate voltages
even after very large hadron fluences. Estimates based on our experimental findings show that for
D = 10'%/cm? and an average electric field of 25 kV/cm (Vgep = 125V) the charge collection
efficiency for mip's in a segmented (pixel) detector would still be 40%, roughly corresponding to a
most probable signal of 1400 e. Such signals should allow efficient operation by using state of the
art electronics. The small thickness allows also the use of a high doping concentration (about 100
times the value used for FZ detectors). This is of course extremely advantageous, since the damage
induced change in the doping concentration does not play such a big role as in FZ-detectors.
However in addition to these geometry related positive effects (to be expected also in equivalently
thin FZ devices) it had been shown that the stable damage is (in contrast to FZ diodes) dominated
by shallow donor generation. A possible explanation, still to be checked, is proposed in [18].
During annealing this damage induced donor concentration is successively compensated by
acceptor creation (component similar as in FZ). This rather unexpected effect of the interplay
between a strong donor generation and the annealing related acceptor creation leads to the
possibility of designing a maintenance scenario with storage close to RT (FZ have to be cooled all
the time!) by which the depletion voltage could be hold at a very moderate level for the whole
SuperLHC operational period. Once the annealing measurements at all temperatures under
investigation (80, 60 and 40°C) will have been finished a reliable projection for SLHC application
will be possible.

6 New Structures

6.1 3D detectors

6.1.1 Conventional and ‘3D’ detectors

In a standard detector geometry, electrodes are placed on opposite sides of the semiconductor, in
a parallel plate capacitor geometry. Charge generated as a result of incident radiation drifts normal
to the plane of the semiconductor wafer to the oppositely biased electrodes. To maximize the
amount of charge generated by the incoming radiation requires large electrode separation. To
lessen sensitivity to radiation damage requires minimum electrode separation, so charge can be
swept out of the detector before radiation induced traps can have any effect.

In the parallel plate geometry, both requirements cannot be met simultaneously. However, in the
‘3D’ configuration, the generated charge drifts in the plane of the wafer. This time the electrode
separation is independent of the material thickness, so charge generation is decoupled from
sensitivity to radiation damage. Thus, the 3D geometry may be designed to both maximize signal
response to incident radiation and minimize sensitivity to defects arising from radiation damage.

6.1.2 Fabricating 3D detectors

Three different routes to fabricating the 3D geometries have been developed. Depending on
particular material system and requirements, one or other of these methods is to be preferred. The
electrodes may be made by a plasma etching technique (micro-machining), a femtosecond laser
drilling technique, or a photo-electrochemical (PEC) etching technique (Figure 48).
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Figure 48.: Cross-section SEMs of 3D pores made by the three methods: (a) plasma etching, (b)
laser ablation, (c) PEC etching.

The plasma etching technique is the most compatible with micro-fabrication processes. However,
for 3D detector manufacture it works only for silicon and is limited to an aspect (depth-to-width)
ratio for the holes currently of about 20:1. PEC will in principle produce holes of arbitrary aspect
ratio, but the geometries usable are more limited due to the nature of the process. The laser drilling
technique is the most cumbersome, as each electrode is made in sequence. However, it will work
for any material system. For silicon, plasma etching and PEC produce electrodes in parallel, so
both those methods are best suited for volume production of 3D detectors. Plasma etching and
laser machining are independent of crystal orientation. PEC only works for specific crystal
orientations; the standard commercially available silicon wafers has the preferred orientation. Once
these vias have been made, the electrodes may be formed and deposition of metal tracks on the top
surface completes the device.

6.1.3 3D detector characterization

3D detectors have been produced at Glasgow by plasma etching with 200pm thick silicon and
85um pore spacing. Both I-V and C-V measurements were made on fabricated silicon 3D detectors
[94]. Several silicon 3D detectors were irradiated at the 300 MeV/c pion beam at the Paul Scherrer
Institute (PSI), Villigen. The pion beam had a flux corresponding to 10" 7/cm? /day. The devices

were irradiated to fluences of 10'2, 10", and 5x10"m/cm?. The measurements show an

improvement in both the leakage current and biasing requirements with increased fluence, although

the exact reason for this is not understood. The I-V curves at pion fluences of 10> /cm? or less

have (not quite ideal) diode characteristics (see Figure 49). At higher fluences the I-V curves are
much more symmetric, indicative of the formation of back-to-back diodes or the breakdown of
Schottky barrier diode behavior into ohmic behavior.

The C-V measurements whilst indicating the presence of defects in the low frequency response,
show that full depletion is reached at progressively smaller voltages with higher fluence. The full
depletion for these structures goes from above 30 V for the unirradiated samples down to about 20

Vat 10" /cm? (see Figure 50).
Pulse height spectra of these devices were measured before and after irradiation. The charge
collection efficiencies were measured for 5.48 MeV « particles from a 2*' Am source. The device

was enclosed in a vacuum chamber with a background pressure of ~23 mBar and the **' Am source
placed about 1 cm from the detector; the energy scale on the multi-channel analyser was calibrated
using a spectroscopic source and a reference silicon detector.

The measured charge collection efficiency drops from ~60% to ~45%, presumably due to the
presence of defects causing charge loss. This is a slightly bigger drop than has been measured for
optimized silicon diodes (in such devices the charge collection efficiency drops by a factor 0.80-
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0.85 after equivalent radiation fluences). The difference is ascribed to non-optimized fabrication

procedures. Charge collection efficiency measurements with B-particle *Sr source will be
performed next year on non-irradiated and irradiated devices.
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Figure 49.:1-V characteristics of 3D detectors before and Figure 50.:C-V characteristics of 3D
after irradiation with 10" m/cm?. detectors before and after pion irradiation
up to 10"m/cm?.

6.1.4 3D detector designs for LHC experiments

‘/

A —.

il
=

Figure 51: 3D detector design for (left) LHCb Velo and (right) Atlas.

A 3D detector in the LHCb Velo format has been designed. Use of 3D technology offers a
number of technical advantages over more conventional approaches. The first is the improved
radiation tolerance. Coupled with improved (oxygen incorporating) silicon substrates which are
known to offer better radiation resistance, one can hope to achieve a design that offers excellent
radiation tolerance. Additionally, a 3D design may be used to make the silicon sensitive right to the
edge of the material, replacing the current Imm of guard ring. From Gaudi/Brunel simulations
made of current Velo guard ring designs, the reduction in dead space would offer ~10 %

improvement in impact parameter resolution. A proposed 3D electrode design for Velo is shown in
Figure 51.
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Two Atlas designs have also been made with the 3D electrode configuration. One uses a
hexagonal layout for the electrodes, but has a relatively complex biasing arrangement. The second
uses a rectangular layout for the electrodes. Completed structures remain to be tested due to
production difficulties. However, good signals have been obtained with 3D cells bonded to deep
submicron readout electronics.

6.2 Thin detectors

The active thickness of the device after heavy fluence irradiation is limited by the carrier effective
drift lengths, estimated for electrons and holes respectively ~150um and ~50um after 1MeV
neutron irradiation at 10"°cm™ [95]. The RD50 collaboration has proposed to investigate the use of
thin Si detectors to get constant and low V., limited leakage currents and high inversion fluences.
The latter effect is achieved by means of low resistivity bulk material (typically 50-100Qcm), as the
high initial shallow doping will shift type inversion to the very high fluence range. Two technical
approaches have been investigated: thinning of Si and use of epitaxial Si wafers ( for this latter see
section 5.10).

Processing of thin detectors

Processing and electrical characterization of Si thinned detectors have been performed by the group
of IRST Trento [95]. The fabrication process of devices on thin silicon membranes has been based
on a preexistent process developed for PIN diodes. In particular, in order to produce the membrane,
a wet etching of silicon using a TMAH solution has been included in the standard process sequence.
Devices have been fabricated starting from 100-mm-diameter, floating zone (FZ), 300-pum-thick,
<100>-oriented, phosphorus-doped silicon wafers. This procedure has never been used before for
the production of Si particle detectors, thus a comparison with thick conventional Si particle
detectors was mandatory. For this reason, the process was first undergone with high resistivity
material (6 kQcm).

With reference to the schematic flowchart of Figure 52, the fabrication process can be outlined
as follows: A) Isolation oxide (wet oxidation, 800 nm); p+-region: definition, boron implant and
diffusion. n+ region (cut lines): definition, phosphorus implant and diffusion. B) TEOS and silicon
nitride deposition; Back side definition: oxide and nitride etching. C) Membranes definition:
TMAH etching, back side doping: P-deposition and annealing. D) Contact opening; Metal
deposition (1.6 um), and definition. Sintering.

The fabrication process requires 5 mask steps: 4 on the front and one to define the membranes. In
summary, the key features of the described technological approach are as follows.
A thick oxide (isolation oxide) is grown at the beginning of the process;
The etching of silicon is performed in a TMAH solution, (the etch rate is ~40um/h);
The n+ region on the back side of the wafer is obtained with a deposition from solid source;
The boron implant is performed through a screen oxide.

We have etched two set of wafers for different times in order to obtain two different silicon
membrane thickness respectively of about 50pum and 100um (see Table 7).
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Figure 52 Schematic cross section of a diode in different phases of the fabrication process.
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Figure 53 SEM micrograph showing a cross
section of a silicon membrane obtained on the
back-side of a TMAH etched silicon wafer.

Figure 53 shows a SEM micrograph of a locally thinned region. Furthermore, we processed in the
same batch two wafers as reference samples (using the same process but without the TMAH
etching) in order to study the influence of the thinning process step on the electrical characteristics

of the devices.

Table 7 Final thickness of silicon membranes obtained after TMAH etching

Wafer #

3

4

5

6

Membrane thickness [um]

105+3

9942

99+7

57+£8

57+4
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Devices description

We adopted a wafer layout already available, defined by a mask set designed for the production of
PIN diodes with different active areas (see Figure 54). We only added a new mask dedicated to the
definition of the back-side areas to be thinned. Furthermore, the layout includes standard test
structures (diodes, MOS capacitors, gated diodes) for monitoring the main parameters
characterizing the fabrication technology.

a) : b)

Figure 54: Layout of thinned diodes available on the processed wafers. a) Circular diode
having an area of 2.27 mm?2 and double guard ring; b) Square diodes of various area: 0.75,
1.9,3.5, 11.35 mm2.

Electrical characterisation

6.2.1 Test Structures

On all the processed wafers (TMAH etched and reference) test structures on 300um thick
substrate have been measured and the main parameters characterizing the fabrication technology
have been determined. The results, grouped by reference and TMAH etched wafers, are
summarized in Table 8. The Full Depletion voltage (Vq¢p), the doping concentration level (Ng) , the
leakage current density (J) and the carrier generation lifetime (t,) are extracted from test diodes; the
oxide thickness (T,x), the fixed oxide charge density (Q.x) and the flat band voltage (Vy,) are
obtained from MOS capacitors with the isolation oxide as dielectric, and the surface generation
velocity (so) is evaluated on gate controlled diodes. The values evidence that the etching step in
TMAH solution does not induce any detrimental effect on the electrical behavior of the devices.

Viep Ny J Tg Tox Vi, Qox So
[V] |[10"em™] | [nA/em?®] | [ms] | [nm] | [V] | [10"°cm™] | [cm/s]
No TMAH | 17.6 2.6 2.7 18 | 438 | 0.77 1.4 25
With TMAH | 13.5 2.0 22 22 | 437 | 0.77 1.37 3.0

Table 8. Parameters extracted from the electrical characterization of the test structures.
Thinned diodes

TMAH etched wafers have been electrically characterized by C-V and I-V measurements on
devices realized both on the thinned membranes and on the full thickness bulk. The C-V
measurements have been performed on the circular diodes shown in Figure 54a. The 1/C*-versus-V
graphs, calculated from the experimental C-V curves, are reported in the Figure 55 and Figure 56
for wafers having membranes of 99um and 57um respectively. The full depletion voltages
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determined from these plots are reported in Table 9. Values of about 1V have been obtained for the
thickness of 99pum, while the 57um thick membranes are fully depleted below 1 V. For the devices
with a 300 um thick substrate the depletion voltage is about 12 V.
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Figure 55: 1/C* measurements: FP20 diodes (thickness:99pm)
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Figure 56 1/C* measurements: FP20 diodes (thickness:57pum)

[-V characteristics measured on square diodes having an area of 3.25mm? are reported in Figure 57
and Figure 58 for two wafers with different membrane thickness. The thinned diodes show very
low leakage current densities with respect to the values obtained for the devices on the full bulk
thickness. The result cannot be explained only by the difference in the generation volume
underneath the junctions.
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Figure 57.: IV characteristics: square PIN Figure 58.: IV characteristics: square PIN
diodes (thickness:99 pm) diodes (thickness:57 um)
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In fact, Table 9 shows that also the leakage current density per unit volume is lower for the
thinned samples. A possible explanation can be an improved gettering action when the thickness of
the substrate is reduced.

Table 9 Volume leakage current density and full depletion voltage

Membrane Leakage current Full depletion
thickness [um] [nA/cm3] voltage [V]
300 80 12
99 30 ~1
57 55 <1

This study proved that TMAH-etching is a suitable technique for producing PIN diodes on thinned
substrates. Irradiation with protons and radiation damage measurements of the existing structures
has been planned. In near future, the same procedure will be applied to low resistivity (50Q2cm) Cz
and FZ Si to perform a quantitative comparison with epitaxial Si detectors (see section 5.10).

6.3 3 Semi-3D detectors

This research activity is carried out by the US-RDS50 groups [96]. In semi-3D detectors both p+ and
n+ strips are implanted on an n-type substrate while the backside has a uniform n+ implant. In this
novel structure, all n+ strips are connected to a positive bias while each p+ strip is connected to an
electronics channel for signal readout. Before space charge sign inversion (SCSI), the depletion
develops both vertically from p+ strips to the back n+ plane and laterally from p+ strips to the
neighboring n+ strips. Therefore, the full depletion voltage will be about 20% higher than a
conventional single-sided p+/n/nt strip detector. After the sensors are inverted the depletion
develops both from the n+ strips in the front side, and the n+ plane towards the p+ readout
electrodes and we expect a reduction in full depletion voltage of about a factor of 3 to 4. The
advantages of these novel p+-n+/n/n+ Semi-3D detectors are:

1) Planar technology which is easier to process than 3D sensors

2) Single-sided processing

3) Large reduction in detector full depletion voltage after SCSI. The mask set design and
production have been completed, with the ordering of the whole set of masks for the processing of
p'-n/n/ n" Semi-3D Si detector prototype. The processing of the first prototype p'-n"/n/ n" Semi-
3D Si detector batch has been started at BNL and the fabrication has been 60% completed. We
expect in another month the fabrication of the first prototype batch will be finished, and the
electrical tests can immediately start following the completion of the processing. We also plan the
laser and beam tests of the Semi-3D Si detectors before and after neutron and or proton radiation.

In the meantime, Syracuse and Purdue groups have been doing detailed simulations of Semi-3D Si
detector processing, electric properties and CCE properties before and after irradiation. Preliminary
results are shown below. Figure 59 shows the 2D profile of the electric potential for a p'-n'/n/ n"
Semi-3D Si detector before irradiation (no SCSI). The electric field lines, which point out the
directions of hole movement (electrons move in the opposite directions), are marked by black
arrows.
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Figure 59 Simulation of a p*-n"/n/ n" Semi-3D Si detector before radiation (no SCSI). The colored
profile is electric potential, and the black lines with arrows are electric field lines.

It is clear that the filed lines convert into the p* electrode (strip) that is the collection strip for holes.
Electrons will go to the back n" plane and the front n" strips. The depletion extends vertically from
the p~ electrode (strip) to the back n” plane and laterally to the neighboring n" strips.
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Figure 60.: Simulation of a p"-n"/n/ n” Semi-3D Si detector after radiation (SCSI). The colored
profile is electric potential, and the black lines with arrows are electric field lines.

After irradiation to about 5x10'* n/cm?, the detector is SCSI, and the space charge is negative and in
high concentration (1x10" c¢m™). Since now the n" plane and the front n" strips are the electrodes
with junctions (high E-field), the depletion extends vertically from the n” plane and the front n"
strips toward the center of the detector and to the p” electrode (strip), and laterally from the front
neighboring n" strips to the p~ electrode (strip). Since the depletion now starts from both sides of
the detector, the full depletion voltage is greatly reduced, by a factor of about 3, as compared to the
standard structure. The electric field lines all first convert to the center of the detector, before
finally converging to the collecting p” electrode (strip). Further simulations of CCE of the Semi-3D
Si detector are under way.
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7 New Materials

7.1 Introduction

The Collaboration proposes to investigate new, potentially radiation hard semiconductor materials,
as possible candidates for the production of tracking detectors at very high luminosity colliders. A
working group focussed on the development of SiC detectors has been set-up. A study of other new
semiconductor materials has also started, in particular focussed on III-V compounds, which are
characterised by large bandgap, and as SiC, have physical properties between Si and diamond (see
Table 10). During this first year of RD50 Collaboration, the research activity has been focussed on
SiC and GaN.

Property Diamond Si 4H- SiC GaN
E, [eV] 55 1.12 3.3 3.39
1 [em*/Vs] 1800 1450 800 1000
wy [em*/Vs] 1200 450 115 30
e-h pair creation [eV] 13 3.6 8.4 8.9
Displacement [eV] 43 13-20 25 >15
Density [g/cm’] 3.515 2.329 3.22 6.15
E Breakdown [V/cm] 10’ 3x10° 2.2x10° 4x10°
saturation velocity [cm/s] 2.2x10’ 10’ 2x10’ 2.5x10’
Dielectric constant 5.7 11.9 9.7 9.6

Table 10.: Properties of SiC and GaN as compared to diamond and Si.

7.2 Silicon Carbide

The activity on SiC is subdivided in the study of detectors based on: semi-insulating bulk SiC
(thickness ~100um) and epitaxial SiC layers ( thickness 7-50um)

7.2.1 Bulk Semi-Insulating SiC radiation detectors

7.2.1.1 - Detectors characteristics before irradiation

SiC detectors have been produced from bulk semi-insulating single crystal 4H-SiC, 550um thick,
obtained from Cree Research (USA). A vanadium compensation process is used by CREE to give
very high material resistivities, p >10"' Q cm. The material is then thinned by lapping and polishing
to ~100um. The SiC detectors were made in a standard parallel plate configuration by depositing a
nickel ohmic contact on the back surface and a titanium Schottky contact 0.5 mm in diameter on the
front surface. To minimise surface leakage effects, a titanium guard ring was used to surround the
top contact, coupled with silicon nitride passivation of remaining free SiC surfaces. The pulse
height spectrum of SiC detectors have been measured with 5.48 MeV a—particles with reverse bias
voltages in the range 50-600 V. At the maximum reverse voltage the charge collection efficiency
was found to be only about 60%. This suggests the presence of defect levels that trap and
recombine the charge before it can be collected. A study of the defects in native samples has been
therefore carried out.
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The effect of defects was probed initially by biasing the detector, then removing the bias voltage
and recording the resulting current decay. The measured curves are well described by a model
considering three defect levels involved, with time constants respectively 4.2s, 15.3s, and 125.3s.
The energy levels of the involved defects were inferred using thermally stimulated current
measurements. Four energy levels were found in the sample corresponding to activation energies of
0.32eV, 0.39¢V, 0.63eV and 0.92eV below the conduction band edge [97]. The 0.92 eV center is
related to the vanadium compensation and the 0.63 eV level is related to the Z-center. Two of the
measured levels are quite close in energy (0.32eV and 0.39 eV) and may result in similar emission
times. This may therefore explain the three characteristic time constants observed in the current
decay measurements.

7.2.1.2 - Detectors characteristics after irradiation and simulation of results

Several SiC detectors were irradiated at the 300 MeV/c © beam at the Paul Scherrer Institute (PSI),
Villigen with fluences of 10", 10", and 5x10" n/cm®.

The I-V curves from detectors irradiated to different fluences are essentially unchanged for reverse
bias voltages up to about 300 V. Beyond this voltage the characteristics initially deteriorate at low
fluence, but then recover at high fluence. At 5x10" 1 /cm? the reverse leakage current was back at
the levels found for the unirradiated detectors right up to reverse bias voltages of 600 V.

Pulse height spectra were measured for SiC detectors irradiated to 10'* 7 /cm” and 10" 7 /cm”. The
measurements were taken to the largest reverse bias voltage possible before breakdown at a given
fluence. There is a slight deterioration of the charge collection efficiency due to irradiation, down
from 60% to ~50% compared to the unirradiated detectors.

Detailed simulations of the SiC detectors have been carried out using the simulation package
Medici, which solves the drift-diffusion equations for both charge types, coupled with the Poisson
equation in the presence of trapping effects.

Three trap levels were incorporated into the SiC simulations: the Z-centre at energy E; = E. — 0.66
eV (cross-section 10"*cm?), the vanadium center at energy E, = E, — 0.98 eV (cross-section 10°
“cm?), and a mid-gap level found to be important in irradiated samples at energy E; = E—~1.6eV
(cross-section 10" cm?).

Preliminary studies using a level at E; — 0.4 eV showed that this had little impact on the charge
transport, so it was omitted in the final simulations. The vanadium center was assumed not to
change as a function of the fluence. The Z-center and mid-gap levels were assumed to be
introduced at rates of 35 cm™ and 5 cm™' per unit fluence, respectively, consistent with current data
for fast hadrons.

Simulations show that, if the vanadium concentration is of the order of 5x10'7cm™, as in the
investigated samples, the charge collection efficiency is about 60% in agreement with the
experimental results [98].

The analysis suggests that vanadium compensated materials should be avoided in the production of
SiC detectors. Recently non-vanadium containing semi-insulating SiC has become available from
some manufacturers. In near future bulk detectors made from the improved substrates will be
studied by the collaboration.

7.2.2 Epitaxial SiC detectors

High crystalline quality with corresponding low defect densities can be obtained by growing
epitaxial layers on SiC bulk substrates. The main achievements regarding the epitaxial SiC
detectors during the first year of RD50 collaboration are given below.
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7.2.2.1 Growth of epitaxial 4H-SiC

Six 2” n-type 4H-SiC epilayers (different thickness and doping) were grown by IKZ-Berlin to be
investigated within the RDS50 collaboration. These epilayers were characterized first with
contactless methods by means of minority carrier lifetime and thickness mapping: measurements
show the high quality of the epitaxial layers. On two of the epilayers simple Ni Schottky contacts
were deposited for checking the homogeneity of the doping (by C-V measurements) and of defects

existing in as-grown material (by DLTS measurements — mapping). The results on one epilayer are
shown in Figure 61 and Figure 62.
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Figure 61.:Epilayer N31_08 - Measurements of the thickness and minority carrier lifetime
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Figure 62.:. Epilayer N31 08: a) doping mapping b) defects in as-grown material.

7.2.3 Masks Design and fabrication

It was designed and fabricated one mask for processing Schottky contacts on the epilayers grown
by IKZ (see Figure 63).
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Figure 63.: Mask for RD50 SiC test
structures

7.2.4 Fabrication of single pad detectors
A number of different test structures have been already fabricated/studied this year:

A: Detectors based on Au, Ni,Si, Ti or Ni Schottky contacts (see Figure 64) with a thickness up to
40pum and doping down to 5-10" cm™.

Schottky contact Au or
Ni,Si with guard ring

R [ I o —
n, 4H-SiC, 7 - 40um, epitaxial

n" 4H-SiC, 360um, substrate

Ohmic contact Ti/Pt/Au Figure 64.: Detector structure based on

Schottky contacts

B: Transistor detector structures based on low doped epitaxial films of p-type 4H- and 6H-SiC,
with Negr of ~0.7-5-10" cm™ and thickness up to ~30 um. The contact to the base region of the
triode structure was performed as Schottky barrier.

C: Detector structures with semitransparent windows on the Schottky contact and with guard
rings, made using the mask shown in Figure 63, on one of the IKZ epilayers.
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Detectors characterization before and after irradiation

A. Schottky diodes

Detector characteristics before irradiation

Leakage current of the order of 1-10pA/cm” have been measured with applied electric fields of the
order of 1-10V/um [99]. C-V characteristics measured at room temperature are shown in Figure 65
for two Schottky diodes with Au contact of different active area evaporated on a 20um-thick
epilayer. The effective doping concentration N.g and epitaxial layer thickness, evaluated by C-V
analysis, resulted: Nega~5.7x10"cm™, d4=20.3um, Negp~6.1x10"cm™, dg=20.8um. No change has
been observed in the C-V characteristics in the frequency range 1KHz-1MHz [100].

100+ .
— Figure 65 C-V characteristics two
R, 493 3 Au  Schottky barrier 4H-SiC
U ] i A detectors measured at room

+ B temperature with a 100KHz test
signal frequency.
1 10 100 1000

Reverse Voltage [V]

Charge collection properties have been tested by 5.5 MeV a-particles from **' Am source and with

B particles from a 0.1 mCi 90Sr source. The measurements with the B-source have been performed
with an Amptek A255 charge integrating preamplifier (noise ENC~280e+10e/pF, shaping time
2ps). The trigger signal is given by a miniature scintillator connected with a photomultiplier.
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Figure 66.: Unirradiated detector with 38.2um epilayer: a) Charge collection for B-particles from
%Sr at full depletion voltage b) Charge collection of the Schottky 4H-SiC diode as a function of
reverse voltage under P particles from *’Sr source at room temperature.

A 100% charge collection efficiency (CCE) has been observed with a— and B-particles
using 4H-SiC epilayers with different thickness and doping concentrations [99-101]. The signal is
stable and reproducible: no priming or polarization effects are observed. The charge collection
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spectrum for B-particles from *°Sr at full depletion voltage is shown in Figure 66a for a 40um-thick
detector with Ny down to 5x10"”cm™: the pedestal (noise) is clearly separated by the signal
(Landau distribution) [100,101]. The collected charge is plotted as a function of the reverse bias.
Figure 66b: a full detection efficiency corresponding to ~2100 e-h pairs generated by the 3-particles
is obtained at full depletion voltage of 60V (reverse voltage required to fully deplete the epitaxial
layer).

After irradiation

The devices described in the previous section are now under irradiation with 24 GeV protons up to
10"%cm™ at CERN: CCE, C-V and I-V characteristics will be measured after irradiation. Similar
detectors, but with lower thickness and higher doping densities (Neir = 2.5x10"°cm™, W~20um)
have been irradiated with electrons (8.2 MeV) and y-rays (“°Co source) at fluences and doses
ranging from 0 to 9.48x10' e/cm® and 40 MRad, respectively. The charge collection efficiency
(CCE) has been studied by means of 4.14 MeV a-particles impinging on the Schottky contact. The
results are described in refs. [102, 103]: here we summarise the most meaningful evidences. No
increase in the leakage current was observed after irradiation up to the highest fluence/dose. A
decrease of N to 6.9x10"“cm™ was measured after irradiation with the highest electron fluence. A
100% charge collection efficiency has been measured for reverse voltages higher than the one
needed to have a depletion region equal to the a-particle projected range, even after irradiation with
the highest fluence/dose. By comparing measured CCE values with the outcomes of drift-diffusion
simulations, values are inferred for the hole lifetime, t,, within the neutral region of the charge
carrier generation layer. t, was found to decrease with increasing radiation levels, ranging from 300
ns in non-irradiated detectors to 3ns in the most irradiated ones [102].

A different batch of samples, with Neg = 3-5x10"°cm™ and thickness ~7pum have been irradiated by
6.5MeV protons. Samples characteristics are listed in Table 11: Schottky contact type, proton
fluence, effective doping concentration and its change with respect to the fluence. Donor removal
rates seems to be similar to those of Si starting with the 3™ fluence. The I-V characteristics are
given in Figure 67. It was evidenced that new defect-associated energy levels are produced by
irradiation, some of them in concentration as high as 5x10"* cm™ (see section 3.5)

. Even though this value is of the same order of magnitude as the epilayer doping density, the
Richardson’s plot shows that the charge carrier transport is nearly unaffected by irradiation. This is
likely due the relatively shallow level position in the gap of the irradiation induced defects [104].

Schottky Fluence [cm™?] | Neg[cm™] ANq/Fluence
Contact [cm™]
Ti + 400°C Unirradiated 4.43-10" -
Ti + 400°C 1.0-10" 43910 400
Ti + 400°C 1.0-10" 4.30-10"° 130
Ti + 400°C 3.2-10" 3.33-10° 38
Ni 3.2:10"° 3.40-10" 31
Ni 6.4-10" 2.88-10" 24

Table 11.: Change in the effective doping concentration after irradiation with 6.5MeV protons up to
fluences of 6.4:10"cm™ in 4H-SiC epitaxial Schottky diodes (epilayer thickness: 7um) [104].
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Figure 67.: I-V characteristics for diodes with: a) Ti contacts; b) Ni contacts [6.7].

7.2.4.1 B. Detectors based on triode structures

The main idea for the development of triode structures is to get amplification of the charge
generated in the detector bulk and to obtain a gain of the detector signal. In this preliminary study
two types of epitaxial p-type layers have been grown on n” SiC wafers: 6H-SiC (processed in the
loffe Institute) with Neg ~7.5-10" cm® and W~10 um and 4H-SiC (processed in Linkoping
University, Sweden), with Neg= (3-5) -10” cm™ , W ~30 um. The contact to the base region of the
triode structure was performed as a Schottky barrier. Thus, the triode detector had the following
structure: emitter: n° SiC wafer, base: p~ epi-layer, collector: Schottky barrier. The structures were
investigated before and after irradiation by 8MeV protons up to 10'*cm™ by means of C-V
characteristics and charge collection efficiency using an a-particle source with the energy of 5.48
MeV.

Irradiation of the 6H-SiC triode resulted in a significant change of C-V characteristics: full

depletion voltage V4, = 2.5 V and effective doping concentration of Negr ~ (1.8-2.6)- 10" cm™ were
measured after irradiation. Previous studies on 6H-SiC diodes [105] already shown compensation
after irradiation with fluences beyond 10" cm™, due to the creation of radiation induced deep levels
in the SiC detector bulk. Charge collection efficiency was measured by reducing the energy of the
a-particles to 3.5 MeV such that the range is 10pm (equal to the epi-layer thickness). A 100% CCE
was measured before and after irradiation for V,e,>Vgep; maximum value of gain was 18, obtained
at a reverse voltage V., = 125 V (Figure 68).
In 4H-SiC epi-layers both the effective doping concentration and their thickness were higher than in
6H-SiC. Therefore it could not be achieved the full depletion of the non-irradiated 4H-SiC to obtain
the signal gain specific for triode structures. The charge collection efficiency as a function of the
square root of the reverse bias after irradiation is shown in Figure 69. These measurements were
performed using a-particles with the energy of 5.5 MeV. The gain effect was not obtained in these
structures even with a reverse voltage close to 1 kV. Estimations showed that for these 4H-SiC
structures the depth of the high field region in the epitaxial layer of irradiated samples is close to 15
um that is only a half of the total layer thickness (30 pum). In this region the structures act as
standard diodes. The maximum value of the CCE after irradiation is ~80%, achieved at 700V, the
energy resolution is ~2%.
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7.3 Gallium Nitride
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A preliminary research on GaN has been carried out using epitaxial layers grown by MOCVD
technology with a different trimethylgallium (TMG) flow rate that allowed to grow the semi-
insulating GaN (SI-GaN) layers [106, 107]. These samples were fabricated from semiinsulating
epitaxial GaN, grown at the University of Tokushima in Japan. The epitaxial material was grown on
a sapphire substrate, and consisted of a 2.5 um thick SI-GaN upper layer upper grown on a n-type
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GaN buffer layer. Pad detector test structures were fabricated using 1.5 mm diameter evaporated
gold Schottky contacts. Samples have been irradiated by X-rays (10 keV up to 600 Mrad) and
neutrons (>100 keV up to the fluence of 5-10'*cm™). The charge collection properties have been
studied with o — particles from **'Am by Glasgow and Surrey: the CCE was found to be
approximately 92% before irradiation, 77% and after neutron irradiation. Negligible effects on
charge collection efficiency have been observed after X-ray irradiation. A scanning beam (2 MeV
a—particle accelerator) was used to probe the charge collection uniformity at Surrey: good
uniformity was found with no field enhancement at edges. It was also observed that irradiation
changed the non-equilibrium conductivity decay (Figure 70) evidencing the presence of radiation
induced defect structures.

These preliminary results showed that GaN is a promising radiation hard material. Further
investigations on GaN are now planned with thicker samples. High resistivity GaN with thickness
up to ~500 um manufactured by the Lumilog (Vallauris, France, http:/www.lumilog.com) will
soon be available to the RD50 collaboration.

8 Full Detector Systems (FDS)

The FDS research line of RD50 aims to test the properties of segmented detectors after heavy
irradiation. These tests are particularly important because they allow to choose the optimal
geometry (diode structure, detector thickness, cell size...) for the targeted radiation fluence and to
validate the use of non-standard silicon substrates for the production of large area segmented
devices. During this first year our tests concentrated on the most relevant parameter for detector
applications, namely the charge collection efficiency as a function of the applied voltage after
irradiation (CCE(V)). The knowledge of the CCE(V), combined with the geometrical characteristic
of the detector and the performances of the read-out electronics allow to evaluate the signal over
noise (S/N) performances of the system as a function of the irradiation and therefore to anticipate
the limit of operation of the devices in the experiments. Simulation of electric field profile and
charge collection efficiency up to a fluence of fast hadron of 10'°cm™ have been also carried out.

Main interest of this project is also to perform tests on radiation hard segmented devices in LHC-
like experimental conditions, through the close collaboration between RD50 and the groups
involved in the production of silicon vertex trackers of future LHC experiments: to this purpose a
number of research activities have been activated in this year.

8.1 Oxygenated p-type substrates

The CCE(V) of irradiated silicon detectors depend on the trap density and on the collection time
(to), therefore on the drift velocity of the charge carriers. The amount of the trapped charge is
inversely proportional to t.. The charge carrier velocity v depends on the local electric field, E(x),
like v = pop E(X) until saturation velocity. As a consequence a lower trapping is expected for
carriers moving in high electric field (smaller t.). Silicon detectors are usually manufactured by
implanting high doped p-type strips on high resistivity n-type substrates. An ohmic contact (high
doped n-type) is implanted on the back-plane (p-in-n diode structure). After inversion the junction,
and the high electric field, migrates on the back-plane contact. In this situation, after type
inversion, a better charge collection is obtained by segmenting the n-type implant (n-in-n). Figure
71 shows the advantage in term of CCE(V) obtained by n-in-n detectors compared to p-in-n [108].
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Figure 71.. Comparison between charge Figure 72: Comparison of charge collection vs
collection efficiency of a n-side readout bias voltage between n-in-p and p-in-n proton
detector after 7-10"p/cm”* and a p-side irradiated microstrip detectors after irradiation
detector after 6:10"p/cm’. with 24 GeV/c protons [109].

The n-side read out can be implemented on n-type or p-type substrates. The use of p-type substrates
has the advantages of avoiding type inversion and providing the cheapest processing cost, due to
the possibility of one side processing, compared to the double side processing required by n-type
silicon substrates. In previous works, a substantial improvement of charge collection at low bias
voltages was observed after irradiation when compared to the p-side read-out [109] (Figure 72).
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Figure 73.: Charge collection of oxygenated and standard n-in-p detectors in diode configuration
after 1.1x10"”cm™ (24GeV proton) The collected charge is normalized to the maximum charge
collected at 700 volts.

We investigated the charge collection properties of microstrip n-in-p detectors made with
oxygenated p-type Si substrates, comparing their performances with p-in-n standard and
oxygenated Si detectors [110]. P-type wafers have been oxygen enriched by CNM Barcelona.
Miniature micro-strip detectors have been produced for the first time with these oxygenated p-type
substrates. Two sets of oxygenated and standard detectors have been irradiated to 2.7 and
11.5x1014 p cm2 with 24GeV protons at the CERN-PS, at room temperature and unbiased. After
irradiation they were kept at low temperature. Their charge collection properties have been
measured in diode configuration, with all the strips connected together and read out with a fast
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current amplifier (< Ins rise time). This technique is used to measure the maximum collected
charge and the full depletion voltage, to provide a comparison of different substrates in "diode"
configuration. The signal is though due to both electron and holes charge carriers and the advantage
of n-side read out in segmented devices (mainly electron signal) is not evidenced.
This is shown in Figure 73, where the charge collection efficiency, normalized to the value
collected at 700 V, is plotted for oxygenated and standard detectors after the highest radiation
fluence for p-in-n and n-in-p geometry. The relative charge collection at low biases is improved in
the oxygen enriched detectors whatever geometry was used.

Figure 74 shows the charge collection efficiency, normalized to the wvalue before
irradiation, of the oxygen enriched detectors for two irradiation fluences. Figure 75 shows the
dependence of the full depletion voltage (Vg) on the proton fluence. These detectors show good
charge collection properties also after heavy irradiation (~70% of the charge is collected after

1.1x10" p-cm—2). The oxygenated p-type detectors show a slightly higher charge collection at low
bias voltages, after heavy irradiation, compared to standard p-type substrates, due to a reduced
value of V. They both show a reduced dependence of Vg on the radiation fluence (Figure 75).
This may be due to the low resistivity starting silicon or to a reduced change in the effective space
charge in this type of material. Further studies with initial higher resistivity p-type silicon are
needed to demonstrate this option for lower cost high radiation tolerant detectors.
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Figure 74.: Charge collection efficiency, normalized to the preirradiation value, of
oxygen enriched p-type substrate silicon detectors after 2.7 and 11.0-10"* p cm™.
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Figure 75.: Vg (from fit to the CCE characteristics) as a function of the proton fluence.
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8.2 Electrical characterization of Magnetic Czochralski Si
microstrip detectors

Recent developments in the crystal growth technology of Czochralski silicon have enabled the
production of wafers with sufficiently high resistivity and with well-controlled, high concentration
of oxygen [45]. The Helsinki Institute of Physics has processed large area strip detectors on wafers
grown with the magnetic Czochralski (MCZ) method [48, 51]. This MCZ material offers potential
advantages for high energy physics applications, like the extended controllable range of oxygen
dissolving from the silica crucible during the crystal growth and the ability of produce very large
area wafers (300 mm diameter). It is worth to mention that large area wafers can be cost effective
when large size detector are required in the experiments.

The MCZ detectors have been studied before and after irradiation with 10 MeV protons and
compared with standard FZ devices. Current-voltage (IV) and capacitance-voltage (CV)
measurements were done to the irradiated strip detectors at University of Karlsruhe, Germany,
using a probe station equipped with vacuum cold chuck. The measurement temperature was —10°C
+1°C. Frequency of the capacitance measurements was 10 kHz. During the measurements the
outermost guard ring of the multi-guard ring structure of the strip detectors was grounded.

The results of the CV measurements are shown in Figure 76.
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Figure 76.: Capacitance vs voltage curves of strip detectors after (a) 1.6x10'* 1 MeV neutron
eq. cm™ and (b) 8.5x10" 1 MeV neutron eq. cm™. These curves are used to extract the full
depletion voltage.

The measurement before irradiation gives a Vg of 260V for a 300 um thick substrate,
corresponding to an initial resistivity of about 1200 Qcm. At full depletion the leakage currents of
the MCZ detectors are somewhat higher than in Fz-Si detectors. This is explained by higher
concentrations of crystal defects in MCZ silicon. It has to be stressed that the current before
irradiation is not a critical parameter for detectors to be used in high radiation environments. When
irradiated with 10 MeV protons the leakage current of the MCZ devices does not increase linearly
as a function of irradiation fluence, as is the case with standard Fz-Si devices, showing a
comparatively reduced damage. Further tests are needed to better evaluate the qualities of the MCZ
material when irradiated with high energy charged particles (e.g. 24GeV/c protons), but the results
obtained with large area segmented devices are promising.
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8.3 Electric field profile in segmented detectors as a function of
the fluence

The knowledge of the electric field profile in irradiated devices is important to correctly predict the
current pulse shape and calculate trapping effects, with the main aim to simulate the CCE(V) as a
function of fluence. In past works a double peak in transient current has been observed when
shallow ionisation (alpha particles from **'Am or red light impinging at the electrode) takes place
on the n" in n implant of detectors irradiated above the type inversion fluence, due to the presence
of high electric field regions on both sides of the detector (double junction) [111,112,113].The
group of St.Petersburg studied this effect and the evolution of the electric field profile as a function
of the irradiated fluence.
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Electric field in single pad detectors is calculated as described in [114], for microstrip detectors the
model has been adapted by focusing the field lines to the segmented electrodes. A polynomial
parameterization was used, with parameters defining the strip detector topology (e.g. strip width
18um, pitch 80um, thickness 285um). The effect of trapping was added to the model considering
two deep levels with trap parameters: E4-E, = 0.48¢V, E.-E, = 0.525¢V, ¢ =10" cm’ and
corresponding introduction rates: g4 =6cm™ g, =3.7cm™. Figure 78 and Figure 79 evidence the
change in E(x) introduced by the segmentation of the electrodes. Figure 80 shows the creation of
two high field regions on both sides of the detectors at high irradiation fluences.
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8.4 Pixel Detectors

At high particle fluences (up to 10'° cm™) trapping times is comparable with charge collection times
so losses due to drifting charge trapping become significant. Simulation has been carried out to
quantify the impact of trapping on the sensor charge collection properties and to evaluate if thin
pixel detectors can successfully operate at such fluence levels. The current induced at the
electrodes by a point charge q drifting in the electric field of a reversely biased silicon detector is:

t

1, (1) = gexp(— )E), (re,h (t))/ue,hE(re,h ()

Tejf,e,h

The exponential term is due to trapping, with

= B, 49., and Be = 57-10" em’/ns By =
z-eff",e,h

7.7-10"° cm’/ns and Ey is the weighting field. Uniform charge generation along the track and
uniform effective doping concentration in the bulk have been assumed. Simulated ( W = 50um,
N=0.007lcm™ “¢) induced currents for DOFZ Si pixels operated at full depletion are plotted in
Figure 80: the charge collection time is found about 0.15ns at 10'°cm™. Figure 81 shows the
calculated collected charge as a function of the fluence for n™-n and p™-n 70x70um?” pixels: the
results shows that at the highest fluence of 10'°cm™ at best only 1000-2000 ¢ are collected, with
small differences between different pixel thicknesses [115].
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Figure 80.: Simulated induced current decay in Si DOFZ pixel detectors for different irradiation
fluences (1MeV equivalent) up to 10'°cm™.
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8.5 RD50 Common Mask for segmented Si detectors
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Figure 82.: Proposed geometries to control the edge field.

The design of a set of masks for the production of segmented and single pad Si detectors has been
completed and presently under process. The mask set will be used to process detectors by different
manufacturers with the two-fold intent to provide common tests structures to the RDS50
collaboration and to compare similar devices produced by different manufacturers. In fact, it was
previously observed that processing plays a significant role in the radiation hardness of Si
detectors, especially in the case of standard FZ Si. This comparison will be carried out in the next
year. The mask set has been designed to provide miniature microstrip detectors with about 100
strips suitable for bonding to available 40MHz analogue electronics. A reduced distance between
the edge to the active area, with trench etched outside the guard rings, has been implemented (see
Figure 82). This last feature aims to study the breakdown properties of the detectors when a
minimum distance d of the active volume from the cut edge of the detector is required by the
experiment (e.g. TOTEM, LHCb VELO). The optimization of d and of the maximum applied bias,



CERN-LHCC-2003-058 and LHCC-RD-002 72/83

below breakdown can be studied with the various microstrip detector designs implemented in this
mask.

8.6 Research activities in collaboration with LHC experiments

- ATLAS and CMS pixel groups

A simulation [116] has been performed using parameterizations of N¢g and lifetimes as a function
of the fluence and annealing procedure, taking into account the ATLAS pixel detectors geometry.
Simulation has been carried out for different thickness, operating conditions (bias, temperature) and
electronics parameters (threshold, noise). Figure 83 shows the simulated efficiency vs. fluence with
3000e threshold of Si DOFZ ATLAS pixels for different thickness [117], plot evidences that
present n+/n DOFZ silicon sensors are adequate up to 2x10" neqcm'z. At the highest fluence of
irradiation 10'%cm™, the average collected charge is about 1800 electrons resulting into a detection
efficiency around 10%, independent of the thickness.
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Figure 83 Simulated efficiency vs. fluence with 3000e threshold of Si DOFZ ATLAS pixels for
different thickness.
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A report on the status and recent tests of silicon sensors for the CMS pixel detector has been
presented at the 3™ RD50 Workshop on Nov. 5, 2003 [118]. It has been decided to start the process
of a few RD50 Si high resistivity Magnetic CZ with the CMS pixel technology. The CZ Si pixels
detectors will be processed soon and characterized during the next year.

- Cz-Si microstrip detectors for LHCb VeLo

A collaboration started this year between LHCb VeLo and RD50 with the aim to test with the 120
GeV/c muon and pions beam the first microstrip detector produced with Magnetic Cz Silicon and
equipped with LHC speed electronics. Initial results appear promising, data analysis is in progress

[119].
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9 Workplan and Milestones for 2004

1. Defect / Material Characterisation
Workplan/Milestones

1. Multivacancy-oxygen centers in irradiated silicon. The activities regarding assignment of the
so-called X- and I-centers will be intensified. The outcome is very crucial in to order to
understand and properly model the defect evolution during irradiation (this has strong
implications on both the defect engineering and the device modelling).

2. Characterization of irradiation-induced defect clusters in silicon. Correlation between PL- and
DLTS-results on defect clusters will be made using “identical” samples (that is, the samples are
prepared simultaneously and under exactly identical conditions).

3. Characterization of irradiated silicon carbide samples. Detailed point defect characterization of
n-type 4H-SiC “detector structures” irradiated with 24 GeV protons should be undertaken.

4. Characterization of hydrogenated silicon detectors (see also DE line)

5. Characterization of dimerized silicon and silicon detectors (see also DE line)

2. Defect Engineering

Workplan

1. Processing and systematic studies on specific process steps for controlled introduction or
annealing of thermal donors and introduction of hydrogen will be performed on:

— Oxygen enriched FZ-silicon
— High resistivity n- and p-type MCZ-silicon (Okmetic/Finland)
— Epitaxial silicon layers (material: ITME)
Hydrogenation in hydrogen plasma will be performed by Minsk and Florence. The needed
material and defect characterizations will be performed in close cooperation with the DMC-
project.

2. For an optimization of the epi-layer thickness the processing of 25 pm and 75 pm thick epi-
layers at CiS is foreseen for the beginning of 2004. A production of epi-layers on oxygen lean
low resistivity FZ-substrates is envisaged.

3. Defect engineering by oxygen-dimer enriched silicon: This work will be performed in close
collaboration with the DMC-project line. The workplan for 2004 includes:
a.Characterization of the microscopic defects present in the first batch of dimer-enriched
samples that have been produced in 2003 using TCT, TSC and IR.
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b.IR and CV/IV analysis of the dimer enriched samples irradiated with 24 GeV/c protons in
November 2003

c.Improvement of the simulation program using the results of the microscopic
characterizations mentioned above

d.Based on the above mentioned analyses and simulations: Performance of an experiment to
produce dimers in silicon with improved parameters compared to the first experiment in
2003 (temperature, particle type and fluence of the irradiation).

Defect engineering by pre-irradiation:

The processing of test detectors on pre-irradiated and untreated high resistivity FZ and Cz
silicon by ICT-IRST in Trento is proposed for the beginning of 2004. Material and device
characterization will be performed in close collaboration with the DMC-project. First
irradiation experiments with high energy protons and investigation of the radiation tolerance
of these devices are foreseen for the next PS irradiation run in 2004.

Milestones

L.

Processing and characterization of detectors on defect engineered FZ-, n- and p-type MCz-,
epitaxial silicon with different thicknesses and pre-irradiated FZ- and MCz-silicon.

Study of radiation hardness of all defect engineered FZ-, Cz- and epitaxial silicon and pre-
irradiated silicon up to fluences of 10'® cm™ (1 MeV neutron equivalent) with charged hadrons
and neutrons.

Verification of hydrogenation of different silicon in a hydrogen plasma and investigation of
hydrogen related defects after irradiation with low energy electrons and/or gammas.

Optimization of the oxygen dimerization process and thermal treatments for the development
of detector grade material with a sufficient high dimer concentration.

3. New Materials

Workplan/Milestones

L.

Study before and after irradiation up to fast hadron fluences of 10'°cm™ of detectors made with
epitaxial 4H-SiC of IKZ, Berlin and CREE. Tests will be performed with common RD50
Schottky barriers and p 'n junctions.

Possible acquisition of thicker SiC epilayers and assessment of their charge collection
efficiency.

Study of the charge collection properties and perform preliminary radiation hardness studies on
detectors made with semi-insulating SiC without vanadium as a compensating doping.

Study of the charge collection properties and perform preliminary radiation hardness studies on
thick high resistivity GaN Schottky barrier detectors
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4. Pad Detector Characterization

Workplan/Milestones

1.

Processing and electrical characterization (I-V, C-V, CCE with a- and B-particles) of the test
structures produced with the common RD50 mask, with all defect engineered FZ-, Cz- and
epitaxial silicon. To be carried out in collaboration with Defect Engineering project

Development of a common irradiation program of the new RD50 test structures with different
particles (proton, neutron, high energy electrons, ions) and energies with fluences up to 10'°cm’
2

Electrical characterisation (I-V, C-V, CCE with a- and [-particles) after irradiation and
assessment of radiation hardness of the defect engineered detectors. To be carried out in
collaboration with Defect Engineering project.

5. New Structures

Workplan/Milestones

1.

b2

[»

3D detectors. Aim to improve fabrication method, going to junction doping technique. CNM
Barcelona and IRST Trento will work with Glasgow in this. Last year’s Glasgow production
was hit by machine down-time and lack of finding another suitable machine elsewhere. An aim
for 2004 continues to be the manufacture of suitable 3D detector designs for LHCb/Velo, with
the improved fabrication techniques. Testing of individual devices will be also done with
MIPS in collaboration with Florence.

Semi 3D detectors. Semi-3D device fabrication will be completed. Testing will verify
operation against simulations. Irradiations and characterization will be done during the
summer.

Thin Detectors. Testing of initial thin detector structures will be completed. Further thin
detectors in the CMS tracker format will be completed and tested. An irradiation program will
be undertaken to verify improved radiation tolerance. A comparison between the performances
of epitaxial Si detectors and thinned low resistivity and high resistivity Si detectors before and
after irradiation will be carried out.

6. Full Detector Systems

Workplan/Milestones

L.

Continuing the studies of the charge trapping parameters (quantification of the characteristic
trapping times for electrons and holes) in order to establish a reliable parametric model valid
for very high fluences an annealing times. Cross check of the values obtained with different
techniques.
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Selecting the manufacturers for the RD50-FDS detectors made with the different substrate
materials shown in Table 12. Manufacturing and distributing the detectors among the various
groups. Irradiation of the detectors at CERN (24 GeV/c protons) and at Ljubljana (reactor
neutrons) up to particle fluences of 3x10'° cm™.

Cross check of the results between segmented and pad detectors made with different materials
and from different manufacturers to extract the influence of the parameters involved in
changing the detector properties (influence of the bulk material, different manufacturing
processing, diode segmentation ...).

Evaluation of the breakdown characteristics as a function of the different distances of the active
volume from the cut edge and of the fluence (in view of possible applications in experiments
where the active volume is as close as possible to the edge, e.g. TOTEM).

Determination of the survival scenario of microstrip detectors when coupled to the available
LHC speed electronics (study of the signal to noise ratio for devices with different thickness
and capacitive load as a function of fluence).

Feedback to the simulation activities to improve the incorporation, in the software package, of
the radiation effects (the electric field properties in the inter-diode region are influenced by
radiation induced interface state). Use of the simulation tools for updating the design of the
segmented devices.

Table 12.: Materials to be processed in the first RD50 FDS production run

producer type resistivity | orientation
Wacker | ntype 7k.cm <111>
Wacker p-type 10k.cm <111>
Cz-HR n-type 1.2k.cm | <100>
Cz-HR p-type 2 k.cm <100>

Wacker n type 4k.cm <111>
Wacker p-type 10k.cm <111>
Cz-HR n-type 1.2k.cm | <100>
Cz-HR p-type 2 k.cm <100>

Wacker n type 4k.cm <111>
Wacker p-type 10k.cm <111>
Cz-HR n-type 1.2k.cm | <100>
Cz-HR p-type 2 k.cm <100>
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10 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), 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 [1]) .

e 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.

e Lab space at CERN

The RD50 collaboration was temporarily using existing infrastructure and equipment at CERN in
2003 and requests to continue to do so in 2004. As a member of the collaboration, the section EP-
TA1/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 Silicon Facility (hall 186, clean
space). RD50 relies on an appropriate support of these facilities by CERN.

e Technical support at CERN

The collaboration intends to use the existing test beams (PS / SPS) and the irradiation facility in the
CERN PS complex (24 GeV/c protons and neutrons) in 2004. The latter is under the responsibility
of the section EP-TA1/SD, which can provide the required support (sample preparation / irradiation
/ dosimetry). EP-TA1/SD is also able to provide support in wire bonding and sensor mounting. The
expected work volume for 2004 is however estimated to be very limited. A low level of support
from EP-MIC, EP-ED and EP-ESS may be profitable.
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