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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 1035cm-2s-1, corresponding to expected total fluences of fast 
hadrons above 1016cm-2 and reduced bunch-crossing interval of ~10 ns [1]. This document reports the 
status of research and main results obtained after the second year of activity of the collaboration. 
 
Presently, RD50 counts a total of 252 members with 50 participating institutes, from 16 different 
countries in West and East Europe, 9 from North America (USA, Canada), one from middle east 
(Israel). During the second year of activity two workshops and collaboration board meetings have 
been held to discuss the recent results and co-ordinate the research activities of RD50: May 5-7 at 
CERN and Oct. 14-16, 2004 in Florence, Italy. Each workshop has registered a quite high rate of 
participation, counting an average of 80 participants with about 30 talks. More details can be found at 
the collaboration web-site [2]. 
 
Some papers describing the common research activities of the RD50 collaboration have been 
published recently  [3-5]. During this second year of work,  the research activity of RD50  has been 
presented in form of invited oral contributions at several international conferences [6]: 

- IWORID Conference, Glasgow, UK, July 2004. Invited Talk, paper submitted to Nucl. Instr. and 
Meth. A [7]. 

- 13th International Workshop on Vertex Detectors, VERTEX 2004, Como, Italy, September  2004. 
Invited Talk,  paper submitted to Nucl.Instr.and Meth.A [8].  

- 5th International Conference on Semiconductor Tracker Detectors, Hiroshima, June 2004. Invited 
Talk,  paper in press on Nucl. Instr. and Meth. A [9]. 

- 5th International Conference on Radiation Effects on Semiconductor Materials detectors and 
Devices, October 10-13, 2004, Firenze, Italy. Invited Talk, paper submitted on Nucl. Instrum. 
Meth. A.[10]. 

-  IEEE NSS-MIC , October 2004, Rome, Italy: Invited Talk [11]  
 
The scientific organization of RD50 is organised in two major lines, Material Engineering and Device 
Engineering, each of the two lines are subdivided into three projects as shown in Table 1-1. The 
management of the projects is assigned to members of RD50 of proven relevant experience 
(conveners). In the framework of the research activity of each project, working groups are active with 
specific tasks. Each working group is composed of few institutes, which are directly involved in the 
research program and co-ordinated by an RD50 member. During this year one additional working 
group has been assessed in the FDS project, focussed on the development of radiation-hard pixels 
detectors. The coordinators of this research group are Daniela Bortoletto from Purdue and Tilman 
Rohe of PSI. Table 1-1 lists working groups and common activities within each project, with the 
corresponding co-ordinator.  
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. 
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 2005 are given. 
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 Line Project 

Convener 
Main Research Activity Working groups and 

common acitivities 

Defect/Material 
Characterisation 

Bengt G. Svensson 
Univ. Oslo, Norway 

Characterisation of the 
microscopic properties of 

standard-, defect engineered and 
new materials, pre- and post-

irradiation. 

 

Defect Engineering 
Eckhart Fretwurst 
Univ. of Hamburg, 

Germany 
 

Development and testing of defect 
engineered silicon: Oxygen 

enriched FZ (DOFZ), High res. 
Cz, Epitaxial, Si enriched with 

Oxygen dimers 

(1) Oxygen Dimer 
(M. Moll) Material 

Engineering 

New Materials 
Juozas Vaitkus 

Univ. of Vilnius, 
Lithuania 

Development of  new materials 
with promising radiation hard 

properties: bulk and epitaxial SiC, 
GaN 

(1) SiC (I. Pintilie) 
(2) GaN ( J. Vaitkus) 
(3) Other Materials 

Pad  Detector 
Characterisation 
Jaakko Harkonen 

Helsinki Inst. 
Physics, 
Finland 

Characterisation of macroscopic 
properties of heavily irradiated 
single pad detectors in different 

operational conditions. 

(1) Standardisation of 
macroscopic  

measurements 
(A.Chilingarov) 
(2) Technotest  

(V.Eremin) 
New Structures 
Richard Bates 

Univ. of Glasgow, 
UK 

Development of 3D, semi-3D and 
thin detectors and study of their 

pre- and post-irradiation 
performance. 

(1) 3D (M.Boscardin) 
(2) Semi-3D ( Z.Li ) 
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Device 
Engineering 

Full  Detector 
Systems 

Gianluigi Casse 
Univ. of Liverpool, 

UK 

- Systematic characterisation of 
segmented (microstrips, pixels) 

LHC-like detectors. 
- Links with LHC epxeriments 

(1) Pixel detectors  
(D.Bortoletto- T.Rohe) 

 

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

References for Chapter 1 
 
[1] R&D Proposal - DEVELOPMENT OF RADIATION HARD SEMICONDUCTORDEVICES FOR VERY 

HIGH LUMINOSITY COLLIDERS, LHCC 2002-003 / P6,  15.2.2002. 
[2] RD50 collaboration web site:  http://www.cern.ch/rd50/.   
[3]  Michael  Moll on behalf of the CERN RD50 collaboration, “Development of radiation hard sensors for very 

high luminosity colliders - CERN - RD50 project – “Nucl. Instr. & Meth. in Phys. Res. A 511 (2003) 97-
105. 

[4]  Mara Bruzzi on behalf of the CERN RD50 Collaboration, “Material Engineering for the Development of 
Ultra-Radiation Hard Semiconductor Detectors”, Nucl. Instrum. & Meth. A 518, 1-2, 2004,  336-337. 

[5] Panja Luukka on behalf of the CERN RD50 Collaboratin “Status of Defect Engineering Activity of the 
RD50 Collaboration” Nucl. Instrum. & Meth. A 530, 1-2, 2004, 152-157. 

[6] Electronic versions of the talks are available on the RD50 www-page under http://www.cern.ch/rd50/doc/   
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[7] Michael Moll on behalf of the RD50 Collaboration.  
[8] Andrea Candelori on behalf of the CERN RD50 Collaboration. 
[9] Mara Bruzzi on behalf of the CERN RD50 Collaboration.  
[10] Eckhart Fretwurst on behalf of the CERN RD50 Collaboration.  
[11] Mara Bruzzi on behalf of the CERN RD50 Collaboration.  
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2 Executive summary 
 

2.1 Defect and Material Characterization (DMC) 
 
1. Defects with strong impact on the performance of Si detectors using high resistivity silicon wafers 

of different types, Standard Float Zone (STFZ), Diffusion oxygenated Float Zone (DOFZ), 
Czochralski-grown (CZ) and epitaxial material (Epi). Irradiations have been performed using 
23 GeV protons, Co60 – gamma and MeV electrons. A particular focus, both experimentally and 
theoretically, has been on the oxygen dimer and its influence on the defect evolution and thermal 
donor formation during irradiation and thermal treatment. The controversy about the identity of 
the so-called I- and X-levels is still not resolved but strong evidence is presented showing that 
both levels originated from defects involving multivacancies. A specific important result is that a 
donor state of the X-center has been detected. 

2. Detailed comparison between CZ- and DOFZ-Si materials at low irradiation doses; during 
annealing at temperatures in excess of ~325 °C substantial differences between the two materials 
are revealed. Especially, DOFZ-Si is found to contain a high concentration of hydrogen which is 
shown, in a separate study, to have a strong impact on the thermal stability of prominent 
irradiation-induced defects like the divacancy (provided that the hydrogen content is sufficiently 
high). 

3. Modeling of the defect reaction kinetics for different irradiation scenarios; in particular, the role 
of a new ‘fourfolded coordinated silicon defect” is investigated with respect to leakage current 
and effective carrier concentration after hadron irradiation (an old but still very central topic). The 
preliminary results look promising but further work is needed to obtain a solid verification. 

2.2 Defect Engineering (DE) 
 
1. Standard and Oxygen enriched FZ silicon (DOFZ). Both material types have been studied mainly 

for comparison with the other type of materials under investigation of the RD50 collaboration. 
 
2. High resistivity Cz silicon: The radiation hardness of Cz silicon grown by Sumitomo and MCz 

silicon grown by Okmetic 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 the Cz material the formation of shallow oxygen related 
donors (early thermal donors) by irradiation play a major role in the macroscopic behavior of the 
devices. As a special variant p-type MCz material was converted to n-type by thermal treatments 
at 430°C and 450°C introducing thermal double donors. Detailed microscopic studies on this TD 
doped material are in progress. 

 
3. Epitaxial silicon: A different approach for increasing the radiation tolerance of silicon detectors is 

the use of thin epitaxial silicon layers. The superior radiation tolerance of these devices with 
respect to the radiation induced change of the depletion voltage has been demonstrated for 
irradiation with 23 GeV protons, 58 MeV Li ions and reactor neutrons up to fluences of F eq ≈ 1016 
cm-2. For all particles 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 and the presence of oxygen dimers was 
proven by TSC measurements. In continuation of the work in 2003 new epitaxial layers with a 
thickness of 25 µm and 75 µm were grown by ITME and the production of detectors was 
performed by CiS. First studies on their radiation tolerance have been performed and so far no 
evident differences to 50 µm thick devices could bee observed.  
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4. Hydrogen in silicon: First studies on hydrogen in FZ silicon have shown that already in non-
hydrogenated FZ devices the hydrogen related defect VOH could be detected after electron 
irradiation and isochronal annealing up to 350°C. From measurements of the donor depth profile 
on the same sample it could be demonstrated that the hydrogen in the device is concentrated at the 
p+- and the n+-surface and diffuses at 350 °C up to about 80 µm into the bulk. A hydrogenation of 
FZ samples from the n+-side was performed. Defect reactions with hydrogen after irradiation with 
3.5 MeV electrons and isochronal annealing up to 350 °C have been studied by DLTS in 
correlation with measurements of doping depth profiles. The results indicate that during annealing 
hydrogen diffuses strongly throughout the whole bulk material and promotes the formation of 
thermal donors.  

 
5. Defect engineering by pre-irradiation treatments: Various pre-irradiation processes with fast 

reactor neutrons followed by subsequent annealing of high resistivity float zone (FZ) and 
Magnetic Czochralski (MCz) silicon were performed. Detectors of different type and design were 
processed at ITC-IRST in Trento. From electrical characterizations of all wafers it was found that 
the required quality was not achieved for many devices. The reason for this reduced success rate 
was due to a not sufficient surface quality after polishing. Nevertheless, first irradiation 
experiments with 23 GeV protons at CERN and fast reactor neutrons at research reactor in Kiev 
were undertaken and the study and analysis of macroscopic and microscopic measurements is in 
progress. Because of the polishing problems a new set of FZ wafers with guarantied surface 
quality is in the phase of processing. 

 

2.3 Pad Detector Characterization (PDC) 
 
1. Radiation hardness of different detector materials was studied in more than 10 irradiation 

campaigns. The silicon materials under investigation were standard Float Zone silicon n-type 
(nFz), standard Float Zone silicon p-type (pFz), oxygenated Float Zone silicon n-type (nDOFz), 
oxygenated Float Zone silicon p-type (pDOFz), Czochralski silicon n-type (nCz), magnetic 
Czochralski silicon n-type (nMCz), magnetic Czochralski silicon p-type (pMCz) and pad 
detectors with epitaxial silicon layer (Epi). More than 400 pad detectors were irradiated and 
characterized by IV, CV, CCE and TCT methods. 

 
2. Technotest sub-project. The objective of this project is to find correlations between the properties 

of initial high resistivity silicon, processing and design of detectors, detector electrical 
characteristics and radiation hardness with respect to different types of radiation. The sub-project 
will continue in 2005 and the participating institutes are Ioffe Physico-Technical Institute (PTI), 
Research Institute of Material Science and Technology (RIMST), Brookhaven National 
Laboratory (BNL), Helsinki Institute of Physics (HIP), Iosef Stefan Institute, and Glasgow 
University. 

 
3. Epi-detectors radiation hardness in terms of full depletion voltage deterioration was established. 

The main difference between n-type epi-Si and FZ materials is generation of positive space 
charge in epi-Si, which doesn’t anneal out (stable damage). Although epitaxial silicon is normally 
essentially free of oxygen (precursor for TD formation), there are clues of oxygen diffusion from 
the substrate during the epitaxy and device processing. This is believed to allow the generation of 
thermal donors in thin active epi-layer and thus the compensation of radiation induced defects.  

 
4. Type inversion in MCz detectors was studied by Transient Current Technique (TCT) method. A 

TCT setup was constructed within the premises of the CERN Solid State Detectors Section in 
2004. The results demonstrate that MCz silicon still is not type inverted after a fluence of 5 x 1014 
p/cm2 (24 GeV/c protons). 
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2.4 New Materials (NM) 
 
1. SiC: Growth of thick, low-doped epitaxial layers (2” wafers, up to 50µm thick, down to 

1x1014cm-3 p-type or n-type shallow dopants) and processing of Schottky barriers and p+n 
junctions have been significantly progressed in 2004. The material shows high and uniform 
crystalline quality. Before irradiation the electrical and charge collection properties of  diodes 
manufactured within RD50 are of the quality needed to use these devices as detectors for ionising 
irradiation. Average electron-hole pair creation energy in 4H-SiC was determined to be 7.7eV.  
The spectrometry properties of 4H-SiC based detectors as measured by the Ioffe group is 
commensurable with precision Si-detectors. Preliminary radiation damage tests have been 
performed in 2004 with different particles, energies and fluences up to fast hadron fluences of 
1016cm-2. The results show that Neff decreases with increasing fluences. Maximum fast hadron 
fluences investigated (7x1015cm-2 reactor neutrons at Ljubljana, 1.4x1016cm-2 23GeV/c p at 
CERN) resulted in capacitance values independent of reverse bias, indicating a semiconductor 
material in which the shallow dopants are almost compensated by radiation-induced traps. The 
charge collection efficiency was studied in Florence at room temperature with mips from a 90Sr 
source and a low noise electronic read-out with 2µs shaping time. A charge collection efficiency 
of the order of 30% was found at 800V for a 20µm thick diode after irradiation with 1.4x1016cm-2 
24eV/c p.  Various samples with thickness 40-50µm have been irradiated with neutrons up to 
7×1015/cm2 in Ljubljana: the charge collection efficiency was studied with α-particles at room 
temperatures before and after irradiation at the University of Modena. Up to 1x1014n/cm2 a 90% 
charge collection was measured, however at 7x1015n/cm2 only a 20% was attained (at 700V). 
More radiation damage studies will be carried out in the course of 2005 to consolidate these 
preliminary results. 

 
2. GaN: More materials, thicker and with high morphological quality, were available in 2004 within 

RD50. The material (epitaxial and bulk crystals) was supplied by Tokushima University&Nitride 
Ltd. (Japan) and Lumilog, Ltd. (France). Samples presently available to RD50 are: one 2” wafer 
12µm thick (Lumilog); 3 wafers 2µm thick (Tokushima University & Nitride Ltd.). According to 
preliminary agreements with Lumilog, Ltd. one 50µm-thick epilayer wafer (substrate: sapphire) 
and one 50µm-thick semi-insulating GaN epilayer grown on a highly conductive substrate should 
be available in near future. The material grown by Tokushima University & Nitride Ltd showed 
the best charge collection efficiency (90% for a 12µm-thick diode before irradiation). Radiation 
damage tests have up to now been carried out only on thin samples. The CCE was measured with 
α-particles at room temperature after irradiation with reactor neutrons at Ljubljana. The neutron 
irradiated samples suffer of a dramatic decrease in CCE for fluences in the range 1015-1016cm-2. 
More radiation damage studies will be carried out in the course of 2005 to consolidate these 
preliminary results.  

 
3. a-Si(H): Recently, 10-50 µm-thick a-SiC(H) samples have been made available to RD50. They  

have been  tested by Glasgow and Vilnius groups before and after 1015cm-2 to 1016cm-2 neutron 
fluence irradiation in Ljubljana. After irradiation to 1015cm-2  the α-particle charge collection 
efficiency decreased to few percents of the value before irradiation. No charge collection was 
observed in the sample irradiated to 1016 cm-2.  

2.5 New Structures (NS) 
 
1. 3D detectors:  

Columnar electrodes allow in principle to obtain a full depletion voltage and a collection time 
significantly lower than those of standard planar detectors, while maintaining the same active 
detector thickness. The standard designs of 3D detectors, as firstly proposed by Parker et al., have 
electrodes of both doping types arranged in adjacent cells. The fabrication process of such 
structure is rather long and requires several steps that are not commonly used in standard detector 
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technology. One aim of this subproject in 2004 has been to develop alternative architectures and 
simplified geometries from the original design of 3D detectors. ITC-irst, Trento,  in conjunction 
with CNM Barcelona, has developed a new 3D detector architecture to simplify the 
manufacturing process. Electrodes of one doping type only, (n+) are embedded in a p-type 
substrate. Main advantages are that column etching and doping are performed only once. 
Moreover, the columns may extend deep into the bulk, which is a further process simplification as 
the initial wafer bonding and the final mechanical lapping of the support wafer are not required. A 
layout, containing various detectors based on vertical electrodes has been designed. The 
fabrication of a first batch is starting, and it is expected to be completed in the beginning of 2005. 
A drawback of the proposed structure could be a larger extension of the low-field regions, which 
could slow down collection times. Nevertheless, simulation carried out at IRST showed that the 
time to collect signal even in worst cases is within 10ns. Devices will be tested by CV, IV, and 
CCE in 2005 before and after irradiation. 
Glasgow has also pursued the fabrication of 3D detectors. By  electrical chemical etching 
produced very parallel pores with aspect ratio of 30:1 (10µm hole diameter’s). Boron diffusion 
has been performed in order to form p-n junctions in n-type silicon pore walls. A second set of 
holes has been then etched into the wafer, due to the fact that phosphorous could not be used at 
Glasgow the second set of holes was filled with metal to form a metal-semiconductor contact. 
 

2. Pixel and strip detector masks have been designed. A first Pixel mask compatible with the 
Medipix-1 chip has been designed and fabricated. A square unit cell has been fabricated with a 
cell pitch of 57 µm repeated three times to give a unit cell of 170 µm which is consistent with the 
170 µm Medipix-1 pixel size. The p-pores were fabricated from boron diffusion into the pore. The 
n-pores were fabricated with metal deposition into the pores using atomic layer deposition at 
Metorex. CV showed full depletion at 1.5V with a capacitance for a given Medipix-1 pixel of 
500 fF (50 times higher than for a standard planar device). Leakage current was of a few pA per 
pixel.  

 
3. Semi-3D detectors: A semi-3D detector has both p+ and n+ strips implanted on the top side of an 

n-type substrate while the backside has a uniform n+ implant. All n+ strips are connected to a 
positive bias or left floating while each p+ strip is connected to an electronics channel for signal 
readout. Before space charge sign inversion, the depletion develops both vertically from the p+ 
strips to the back n+ plane and laterally from the p+ strips to the neighbouring n+ strips. During 
2004 BNL, Syracuse and Purdue simulated the performance of these detectors with ISE-TCAD. 
The simulation shows that after the sensors are irradiated beyond type inversion a reduction in the 
full depletion voltage of about a factor 2 is expected compared to standard planar strip detectors. 
A few wafers containing semi-3D detectors and standard pad diodes were fabricated by BNL in 
2004. The Purdue group measured several devices before and after irradiation. Samples were 
irradiated at CERN with a 24 GeV/c proton beam to two fluences of 5 × 1014 neq/cm2 and 1 × 1015 
neq/cm2. Several diodes were also irradiated at the Indiana University Cyclotron Facility (IUCF) 
with a 200 MeV proton beam to a total fluence of 5 × 1014 neq/cm2. To date, only the samples 
irradiated to 5 × 1014 neq/cm2 have been measured. The expected depletion voltage of a standard 
planar diode exposed to this fluence is about 370 V. The depletion voltages of the semi-3D 
detectors were measured to be 125 V and 150 V for the samples irradiated at CERN and at IUCF 
respectively, as expected from simulation. A study of the detectors charge collection efficiency is 
planned for 2005. 

 
4. Thin Silicon: Purdue group has received several 150, 200 and 300 µm thick silicon strip detectors 

manufactured by Micron Semiconductor. The depletion voltage decreases from ∼100 V for the 
300 µm device to ∼15 V for the 150 µm thick sensors. The SVX4 chip developed for Run IIb of 
the Tevatron will be used for S/N studies of the thin strip detectors in 2005. Purdue has also 
received thin pixel wafers manufactured by Micron but these have not so far been measured. After 
the measurement of their DC characteristics the Purdue group plans to conduct studies of the 
detectors coupled to the CMS .25 µm readout chip S/N performance using the laser system that 
has been set up for the CMS pixels. Trento, Padova and Firenze groups in 2004 have 
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characterized thin devices fabricated at IRST in 2003. Radiation damage tests have been 
performed with 58 MeV Li ions at the INFN National Laboratory of Legnaro, Italy. Diodes 
fabricated on 50 µm and 100 µm thick high resistivity Si have been irradiated up to 1×1014 
Li/cm2. Devices made from thinned substrates exhibit a very low depletion voltage even after the 
maximum fluence. In particular, Vfd does not exceed 60 V for the 50 µm thick detectors even at 
the highest fluence, confirming the expected higher radiation hardness with respect to 300 µm 
thick sensors, for which Vfd = 230 V at only 1013 Li/cm2.  Charge collection efficiency was tested 
with a 90Sr β-?particle source, using a  low-noise electronic read-out with 2.4µs shaping time. After 
irradiation,  the CCE was studied for devices irradiated up to 1.8x1013Li+cm-2. A 100% CCE can 
always be measured if a sufficiently high voltage is applied to the thin detectors. E.g., to achieve a 
90% CCE ~75V is needed in 50µm-thick diodes irradiated up to 1.8x1013Li+cm-2. Devices 
irradiated with higher Li ion fluences and with 24GeV/c protons up to 1016cm-2 are presently 
under study.  

 

2.6 Full detector Systems (FDS) 
 
1. Radiation hardness of oxygen enriched Si microstrip detectors A few oxygenated and standard p-

type microstrip Si detectors produced by CNM Barcelona have been irradiated to 1.1, 3 and 7.5 
1015p·cm-2 in the CERN-PS IRRAD facility at room temperature and unbiased. After irradiation 
they were kept at low temperature (<-10oC). The irradiated devices have been measured by the 
Liverpool group using a 1060 nm laser and fast electrons from a 106Ru source (with an energy 
deposition comparable to minimum ionising, m.i.p., particles). The source measurements allowed 
the evaluation of the absolute CCE(V) (relative to the pre-irradiation value of identical detectors) 
and the laser measurements allowed the study of the relative CCE(V) at low biases. The detectors 
were read-out with a SCT128A LHC speed (40MHz) chip. The CCE(V) and the noise 
measurements have been performed at –20/25 oC. The noise does not show a clear dependence on 
the bias or on the irradiation level, though a substantial increase of the reverse current is measured 
after the different radiation doses. This is expected because the noise, with LHC speed 
electronics, is dominated by the input capacitance, with reduced dependence on the shot noise 
induced by the increased reverse current.  The charge collection efficiency is strongly dependent 
on the irradiation dose, being further reduced with fluence as a result of charge trapping. After the 
highest fluence of 7.5x1015p·cm-2, the charge collected at the maximum applied bias (900 V) by 
these n-in-p mini-strip detectors is > 6500 electrons. This corresponds to a signal over noise value 
of ~7.5, which is still sufficient for efficient tracking. This is presently the only measurements 
made with segmented detector at such a high fluence and it is used to inform the extrapolation of 
collected charge for the highest doses expected in the innermost layers of sLHC. The collected 
charge at the highest dose corresponds to the signal deposited in ~90µm thick non-irradiated 
silicon detector. It should also be noted that the charge collection is still not saturated at 900V. 
These results already show that with the choice of the appropriate geometry (cell size) and with 
low noise electronics, silicon detectors able to survive doses anticipated for the SLHC trackers 
can be fabricated.  
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3 Defect and Material Characterization (DMC) 
 
3.1 Defects with strong impact on the Si detector performance 

3.1.1 Motivation 
 Experiments after irradiation of diodes processed on different silicon material (STFZ, DOFZ, 
Czochralski (Cz)) with high fluences of 23 GeV protons have shown that the “type inversion” effect 
as seen in STFZ and at larger fluences in DOFZ does not occur in Cz-Si. Comparing the oxygen 
concentration in these materials determined by SIMS measurements (< 5x1015cm-3 in STFZ, 
1.2x1017cm-3 in DOFZ and 8x1017cm-3 in Cz) the beneficial effect of oxygen seems to be a 
straightforward conclusion. However, recent irradiation experiments on Epi-diodes (epitaxial silicon 
grown on low resistivity Cz substrate) have shown that, despite the low oxygen concentration (≈ 1017 
cm-3), these devices are highly superior to any standard or oxygenated float zone silicon devices and 
that contrary to those and similar to Cz material the Epi diodes do not get “type inverted” [1, 2]. The 
effect has been explained on the basis of an enhanced generation of the bistable donors BD which can 
even overcompensate the negative space charge introduced by deep acceptors [3, 4]. These latter 
investigations led us to consider that the beneficial effect of oxygen may not only be connected with 
the concentration of oxygen interstitial Oi, which influence the generation of deep acceptors (the I 
defect), but also with the concentration of oxygen dimers O2i, which may determine the generation of 
shallow donors (BDs) in the material. 

3.1.2 Results after 23 GeV proton irradiations [5] 
 

a) Evaluation of O2i concentration in different types of Si via the IO2i defect 
The oxygen dimer is electrically inactive (cannot be detected by DLTS or TSC techniques), but 

it gives rise to local vibration modes and can hence be detected by IR-absorption measurements if 
their concentration is larger than 1015cm-3 – the detection limit of the technique. The O2i was detected 
in as grown silicon only in Cz material, where it exists in a concentration of a few 1015 cm-3 (i.e. about 
3 orders of magnitude lower than the Oi concentration). Although its concentration in FZ type silicon 
is below the detection limit, O2i can nevertheless act as a sink for radiation induced migrating 
interstitials I by forming the IO2i defect which is electrically active and can be detected by more 
sensitive techniques like DLTS and TSC. A relative estimation of the dimer concentration in different 
types of silicon (FZ, Cz and Epi) was done via the detection of the IO2 defect after 23 GeV proton 
irradiation.  

The introduction rates of all defects detected after low proton fluences in different type of 
silicon (STFZ, DOFZ, Cz and Epi) were determined via DLTS measurements and they are given in 
Fig. 3-1. The IO2i complex was detected only in Cz and Epi material. The introduction rate of IO2i was 
evaluated to be 1.9 cm-1 and 0.7 cm-1 in Cz and Epi materials respectively. In our opinion, as long as 
there is no evidence of more interstitials trapped in other types of defects in Cz material (electrically 
active or inactive), the factor of about 2.7 higher concentration of IO2i in Cz compared with the Epi 
material, indicates a 2.7 higher dimer concentration in Cz compared with Epi diodes.  It is worth 
mentioning here that the IO2i defect was not detected after low fluences of 23GeV proton irradiation 
in any float zone silicon based structures (STFZ or DOFZ) indicating a much lower concentration of 
oxygen dimers in these materials. 
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Fig. 3-1 The introduction rates of the defects detected after low proton fluences in different type of silicon 
(STFZ, DOFZ, Cz and Epi): a) vacancy related defects; b) interstitial related defects 

 

b) Radiation induced donor generation in Cz and Epi silicon 
Defects like BDs or the I center start to be generated after high irradiation fluences where  the 

DLTS method cannot longer be applied. As described in previous work [3], the BDs are detectable in 
two configurations, via two energy levels - BD tail+/++ shallower than BD0/++, from which only the 
BD0/++ level can be used for quantitative evaluations with our experimental setup (the lowest 
reachable temperature is 15 K). However, it should be mentioned that, independent of their 
configuration, the BDs are positively charged in the space charge region at room temperature (RT). 
The characteristics of BDs (donor activity, energy level position, bistability) are very similar to that of 
the earlier thermal donors TDD2, facts which sustain an identification of BDs with these TDDs. 
Exposing the material to daylight can easily change the configuration corresponding to the BD0/++ 
energy level to that associated with the BD tail+/++ level. The reverse process may take place during 
long time storage in the dark at RT, without any bias applied on the sample. As well as in the case of 
earlier TDDs the BDs cannot always be detected in their full concentration via only one of the 
configurations. The existence of the defect in one or the other configuration depends on the Fermi 
level position with respect to the defect energy levels [6,7]. An example in this respect is given in Fig. 
3-2a where the TSC spectra recorded on a Cz diode after exposure to day light or after keeping it in 
the dark for 5 days are represented. In this figure the curve recorded after daylight exposure shows no 
BDs in the configuration BD0/++ (the full concentration of BDs exists in the configuration 
corresponding to BD tail+/++) while the curve after the sample was kept in the dark for 5 days shows a 
partial change of the configuration from BDs tail+/++ to BDs0/++. In contrast, the measurements 
performed on Epi material (see Fig. 3-2b) had shown that the BDs can be fully converted in the 
configuration corresponding to the BD0/++ energy level. This fact allows an accurate evaluation of the 
BD introduction rates in Epi material. The differences seen in the TSC spectra of the Cz and Epi 
materials (Fig. 3-2b) regarding the V2 and VO concentration are mainly due to the differences in the 
free electrons concentration (15 times higher in Epi compared with Cz). The filling of these electron 
traps starts already during the cooling process under zero bias. As higher the concentration of free 
electrons as better is the filling of electron traps during the cooling process under zero bias. During 
the cooling the existing free carriers will first be trapped on the deepest levels (like the I defect). By 
forward injection performed at low temperature additional free electrons are generated but also free 
holes and the VO and V2 defects can only be partly filled with electrons at this temperature. Thus, the 
concentration of deeper levels can be evaluated more accurately from these TSC experiments. 
However, despite this fact, the BDs concentration can be accurate determined via BD0/++ level since 
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the BD conversion in this charge state takes place already at room temperature. Once the change of 
the configuration is successful this cannot be changed at temperature lower than 200 K no matter the 
filling procedure [7]. 

In our measurements the forward injection was performed at 15 K. In addition, the missing of 
the BD tail+/++ from the TSC spectrum corresponding to Epi material represents a good argument for 
an accurate evaluation of the BD concentration via the BD0/++ state. The BDs introduction rate in Epi 
material after proton irradiation is determined to be 0.7x10-2cm-1. Unfortunately, in the case of Cz 
material the BD concentration couldn’t be evaluated in a direct way as in the case of Epi material. 
However, a rough estimation can be done starting from the hypothesis, suggested by the previous 
experiments, that the dimers are the origin for the generation of BDs. As argued above, the dimers are 
in a 2.7 times higher concentration in Cz material compared with the Epi one. Thus, the BDs 
introduction rate in Cz diodes is estimated to be 1.9x10-2cm-1.   
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Fig. 3-2  TSC spectra  after irradiation with 23 GeV protons with an equivalent fluence of 1.84x1014 cm-2 
recorded on: a) Cz diode after exposure to day light or after keeping it in the dark for 5 days; b) Cz and Epi 
material after an annealing treatment at 600C for 120 min. The diodes were kept 2 days in dark at RT prior to 
TSC measurement. 
 
c) The I defect in Cz and Epi silicon 

For a better evaluation of the I defect concentration we have chosen the spectra after 120 min 
annealing at 600C where the contribution of the clusters is reduced as well as the value of the leakage 
current which both reduce the resolution of TSCurrent in the I defect corresponding TSC peak 
temperature range (see Fig. 3-2b). The I defect is partly negatively charged at room temperature (RT) 
and its contribution to the effective doping concentration Neff, after an equivalent fluence of 
1.8 x 1014 cm-2, is evaluated to be 6.8 x 1012cm-3 and 1.8 x 1012 cm-3 for Epi and Cz materials 
respectively. 

 
d) Contribution of radiation induced defects on the Neff measured at room temperature 

The change in Neff due to proton irradiation can be partly explained by the TSC evaluations 
presented above – the negative charge introduced by the I defect and the positive charge introduced 
by the BDs in the space charge region of the investigated Epi diode. Thus, due to the proton 
irradiation of 1.8 x 1014 cm-2 equivalent fluence, the effective doping concentration at RT changes 
from 7.2 x 1013 cm-3 to 5.7 x 1013 cm-3. The positive space charge introduced by BDs in Epi material 
at RT was evaluated to be 1.3x1012 cm-3

 for this equivalent fluence. By taking into account also the 
donor removal (the formation of E center in a concentration of 7.4x1012 cm-3) our evaluations predict 
the change of the initial Neff to a value of 6.0 x 1013 cm-3. The missing part represents a concentration 
of negative charge of 2.5 x 1012 cm-3 which may be due to clusters (expected to be the same in both 
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Epi and Cz materials) or other deep defects not detected in our experiments for an equivalent fluence 
of 1.8 x 1014cm-2. In the case of Cz material it was not possible to determine the full concentration of 
BDs from TSC experiments. However, an estimation of the BDs concentration, considering a 2.7 
higher concentration of oxygen dimers in Cz compared with the Epi material has led, as expected, to 
similar values for the introduction rate of the negative space charge introduced by clusters at RT 
(~1.4x10-2cm-1). We mention here that error margins of 5% apply to both the estimations of Neff from 
C-V measurements and for the space charge concentration introduced by defects as I and BDs at RT 
determined from TSC experiments. 

3.1.3 Results after Co60 – gamma irradiation [5, 8] 
a) TDDs - electron capture cross section [5] 

Until now the capture cross section of TDDs has not been measured, because most of the Cz 
materials used for material investigations have a maximum resistivity of 50 Ωcm and the TDDs 
electron capture cross section is above 10-13 cm2. On such a low resistivity material the calculated 
capture time constant is 30 ns for a capture cross section of 10-13 cm2 which cannot be measured with 
most standard DLTS equipments. The Cz material used in this work has a higher resistivity 
(1.2 kΩcm) allowing the detection of capture cross sections lower than 5x10-12 cm2. The direct 
measurement of the TDDs electron capture cross section could thus be performed an resulted at 60 K 
in a value of σn

TDD= 2.7x10-12 cm2.  
 

b) The I center  - annealing at high temperatures [8] 

Annealing experiments performed on STFZ material, irradiated with 360 and 400 Mrad 
respectively, have shown that the I defect (the main cause for the changes in silicon diodes 
characteristics after high levels of gamma-irradiation) is stable up to 325-350 0C (see Fig. 3-3). The 
change in the concentration of I center with the annealing time at 300 0C is shown in Fig. 3-3a. As can 
be seen the I center starts to anneal out after 460 min at 300 ºC. Thus, the I center does not dissociate 
or migrate and does not react with any of the impurities or defects existing during the first 460 min of 
annealing. The annealing-out of I center is due to reaction with migrating defects  resulting from the 
dissociation of some very abundant defects (e.g. VO). Once such reaction became possible the 
annealing-out of I center can be described by a time constant of 950 minutes in our oxygen lean 
material, if fitted with an exponential decay. The filling of V2, H(172K) and VO traps depend on the 
temperature where the carrier injection is performed. The strongest dependence is observed for the 
VO center (a 10 times higher concentration after filling at 50K compared with 20K).  

The V2 anneals out in two steps: drastically (80%) during the first 7.5 min, then almost 
constant up to 40 minutes when a decrease is observed again. Such behaviour is an indication that at 
this temperature V2 does not dissociate but rather reacts with other migrating defects. During the first 
7.5 minutes no significant increase of new TSC signals are detected indicating that V2 mainly reacts 
with some impurities forming complexes which are not electrically active. We have to mention here 
that due its temperature dependent capture cross section the real V2 concentration is higher than 
detected by performing electron injection at 20 K with at least a factor of 5. 

By accounting the I defect characteristics - detected as a direct result of irradiation in oxygen 
lean material, formed via a second order process (up to 500 Mrad dose), thermally stable up to 325-
350 0C  in STFZ - it is very likely that the I center is generated via V+VO → V2O. The formation of 
V2O from V2 and O is by 0.9 eV less favorable than from V and VO [9]. Other possible complexes 
formed via a second order process are: divacancy-oxygen dimer (V+O2→VO2, VO2+V→V2O2) or 
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trivacancy (V+V2 → V3) as was suggested in [10]. However, an identification of the I center with 
V2O2 can be excluded since this center should be more stable than was observed for the I center (to 
appear during the annealing out of VO) and its formation as a direct result of irradiation should be 
enhanced in materials with high concentrations of oxygen dimers (e.g. in Cz)- not experimentally 
observed. An identification with V3 would imply that single vacancies would rather react with V2 
than with VO although the concentration of the VO is at least one order of magnitude higher than of 
V2. In addition, according to EPR results, V3 should anneal out prior to the V2 (see [11]) – not seen in 
the case of the I center. The arguments given here are the reasons for the identification of the I center 
with the V2O complex. 
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Fig. 3-3 Defect concentration after 400 Mrad irradiation dose as evaluated from TSC spectra after filling at 
20K: a) annealing of I center and fit assuming an exponential decay, b) 30 min. isochronal annealing - 
Concentration of I center (both the donor and acceptor state) versus annealing temperature. c) all defects which 
may be connected with the annealing behaviour of the I center. 
 
 

c) The X defect  - after high irradiation doses [8, 12, 13] 

The X center is one of the two candidates presently associated with the V2O complex. This 
identification is connected with (a) the quantitative annealing kinetics of V2 in electron irradiated 
DOFZ-Si and high purity/resistivity Cz-Si, (b) the dependence on oxygen concentration for the 
transformation rate between V2 and X, and (c) theoretical predications based on local density 
calculations. 
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i) STFZ material – 400 Mrad dose 
The X center (same trapping parameters as reported in [10]) appears in very small concentration 
during the annealing of V2 but its generation is enhanced when VO starts to anneal out (after ~ 40 min 
at 3000C).  
ii) Epi material – doses between 105 and 520 Mrad 
DLTFS and TSC experiments performed on Epi material for irradiation doses higher than 100 Mrad 
have shown that the X center is generated not only during annealing at high temperatures but also 
during irradiation. In Fig. 3-4a the TSC spectra recorded after an irradiation dose of 520 Mrad are 
represented. The X center generation rate is not linear (see Fig. 3-4b) suggesting that it is formed via a 
second order process. The evaluations of X defect concentrations as given in Fig. 3-4b were 
determined to be the same by using both DLTFS (a high resolution technique [14]) and TSC methods. 

The DLTFS and TSC spectra recorded in the case of  diodes irradiated with 105 Mrad and 520 
Mrad, respectively, for the annealing at temperatures higher than 200°C,  are represented in Fig. 3-5. 
In the temperature range between 200 and 280°C no change in the spectra are observable. After the 
annealing step at 300°C the X centers start to be formed and after the annealing at 320°C min. their 
concentration exceed the initial concentration of the divacancy. 

 

a) 
 

b) 

Fig. 3-4 The X center as a direct result of irradiation. a) Experimental TSC spectrum and the fit according to 
the trapping parameters of V2 and X center 
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Fig. 3-5  Annealing of X center at 3200C; a) after 105 Mrad dose [X]~2[V2]; b) after 520 Mrad dose [X]~ 
5[V2] 
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After last step of annealing (20 min. at 3500C) the concentration of X defects is more than double 
compared with of the divacancy for 105 Mrad dose and about 5 times higher for 520 Mrad dose. 
Thus, this increase in the concentration of X-center cannot be explained anymore only with the 
decrease of the divacancy clearly showing that independent of the annealing out of V2 there is another 
path for forming X centers. Considering also that during irradiation the X center is formed via a 
second order process and that the aforementioned second path is detected after quite high irradiation 
levels the most plausible defect which can determine the generation of X center in much higher 
concentration than V2 is the VO center. Considering the diffusion coefficients of V2 and VO as they 
were reported in literature so far the formation of the X center during annealing at high temperatures 
can be nicely explained for both low and high doses. For low doses the formation of X center via the 
annealing of V2 at 320 °C can be explained if the impurity concentration with which V2 reacts is lower 
than 1015 cm-3 (see [12]). As the oxygen concentration is higher in any of the investigated materials 
(STFZ, DOFZ, Cz, Epi) the identification of the X center with V2O is doubtful. However, a reaction 
between V2 and oxygen dimers can easy explain the experimental results after low doses (see Fig. 
3-6a). After high dose the second path for generating X centers starts to count. A reaction like 
VO+VO→V2O2 can best describe the formation of X centers during the annealing at high 
temperatures (see Fig. 3-6b). The diffusion coefficients for V2 and VO used in the simulations shown 
in Fig. 3-6 are given below: 

  (1) 

No further reactions regarding the annealing out of the X center were taken into account in these 
simulations. The formation of V2O2 complex during irradiation can be described via a second order 
process via the reactions V+O2→VO2 (not electrically active) and VO2+V→V2O2. Following this 
idea, the fact that, for the same irradiation dose range (100 to 500 Mrad dose), the X center was not 
detected directly after irradiation in STFZ and DOFZ materials indicates that the concentration of 
oxygen dimers in these materials is lower compared with Cz and Epi material  which is in accordance 
with the results from Fig. 3-1 regarding the IO2 defect as a measure of oxygen dimers concentration in 
different materials.  
Another important result of the study of X center in Epi material is the detection of its donor state X+/0 
at ∆H ~0.22 eV with σp~ 7x10-16cm2. 

 
                         a) low dose (25Mrad)    b) high dose (520Mrad) 

Fig. 3-6 Formation of V2O2 during annealing at 3200C via the reactions V2+O2i and VO+VO.  
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3.1.4 Results after 1 MeV electron irradiation of epi-Si detectors [15] 
The samples used in this study are p+-n-n+ structures where the n-type layer is a 25 µm (± 15%) 

epitaxially grown silicon with a resistivity of 20-25 Ωcm (doping of ~2x1014 cm-3). The p+-layer is 
formed with boron implantation and the active area of the detectors is 0.085 x 0.25 cm2. The detectors 
were irradiated with 1 MeV electrons with doses of 4.5x1014 cm-2 (sample A) and 3.0x1015 cm-2 
(sample B). The samples were irradiated and stored at room temperature (RT). 

The DLTS spectra of the as-irradiated samples A and B presented in Fig. 3-7 indicate presence 
of at least four defects. Three of the defect levels are identified as the vacancy-oxygen pair (VO) and 
the singly and doubly negative charge states of the divacancy (V2

(0/-) and V2
(-/--)). Due to the high 

irradiation dose sample B demonstrates considerable carrier compensation at temperatures ≤150 K. 
This affects the amplitude of the V2

(-/--) and VO levels in the spectra for sample B. Besides the VO and 
V2 levels, a mid-gap level with an activation energy of 0.52 eV can be observed in the DLTS spectra. 

Because of the similarity of the activation energies, the 0.52-eV trap may be assigned to the 
previously reported I center in gamma-irradiated Si located at Ec-0.545 eV [16]. This identification, 
however, contradicts the observation of second-order generation for the I center, since the amplitude 
of the 0.52-eV peak is found to depend linearly on the irradiation dose. This contradiction, 
nevertheless, can be attributed to the different nature of the radiations. Gamma radiation is known to 
produce mainly monovacancies and interstitials in Si, while 1-MeV electrons can induce directly 
multivacancy complexes such as V2. 

Isochronal annealing for 30 min at temperatures ≤200oC does not lead to considerable changes 
in the amplitudes of the observed DLTS peaks. After the heat treatments at 250oC, a significant 
decrease in the peak amplitudes occurs and a new dominant level with an activation energy of 0.36 eV 
emerges in the spectrum (Fig. 3-8). The origin of the 0.36-eV level is not presently established. On one 
hand, it has been claimed that a level at Ec-0.36 eV in hydrogen-enriched Si is the carbon interstitial – 
oxygen interstitial – hydrogen complex (CiOiH) [17]. On the other hand, the growth of the 0.36-eV 
level is correlated with the annealing of the vacancy related centers. It can be suggested, however, that 
the 0.36-eV peak is hydrogen related. 
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Fig. 3-7 DLTS spectra for samples A and B irradiated 
with electron doses of 4.5 1014 cm-2 and 3.0 1015 cm-2, 
respectively. In the temperature range from 77 K to 
100 K the signal has been scaled by 0.1. 

Fig. 3-8 DLTS spectra for sample B before and after 
annealing for 30 minutes at 250°C. In the temperature 
range from 77 K to 100 K the signal has been scaled 
by a factor of 0.1 
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3.2 Comparative studies of MCZ and DOFZ -Si [18] 
 

High resistivity CZ-Si has recently become commercially available and in this study the defect 
evolution at low irradiation doses with subsequent annealing has been compared using CZ and DOFZ-
samples. Two sets of samples were studied: the first set was prepared from MCZ-Si. The second set 
was prepared from DOFZ-Si. The manufacture of this material includes a step where high purity FZ-
Si is O enriched:  the FZ-wafers are dry-oxidized for 21 hours at 1200oC, and a subsequent anneal is 
then performed at 1200oC in a N2 atmosphere where O-atoms from the pre-formed SiO2 surface-layer 
diffuse into the bulk Si. For all samples boron and phosphorus implantations with post-implant 
annealing were performed to form p+n-n+ diodes. As a final step aluminum contacts were deposited. 
Secondary ion mass spectrometry (SIMS) has been used to determine the oxygen and carbon 
concentrations, see Table 3-1 for a summary, where also the electron concentration in the n- layer is 
given.. The samples were irradiated with 15 MeV electrons to a dose of of 4×1012 cm-2   for MCZ-Si 
and 2×1012cm-2 for DOFZ-Si. 

Table 3-1 Survey of the samples used in the study. 

Sample Doping  
(P/cm3) 

Carbon  
(cm-3) 

Oxygen  
(cm-3) 

MCZ-Si 5.5×1012  ≤ 1016 (5–10)×1017 
DOFZ-Si 5.0×1012 (2–4)×1016 (2–3)×1017 
 

Fig. 3-1 shows DLTS spectra after annealing at temperatures in the range 250 to 350oC. 
Similarly to that reported in [10, 19], a gradual shift in the divacancy related peaks occurs, which has 
been interpreted as a transition form V2 to V2O, i.e., the X-center is assigned to V2O. This behavior is 
observed in both DOFZ- and MCZ-Si. At 325oC the positions of the peaks stabilize suggesting that V2 
is annealed out. In refs. [10, 19] it is concluded that the E1 and E2 peaks are mainly X-related at 
325oC. A difference in amplitude suggests, however, that other minor defects also may contribute to 
the single acceptor level (~200K). The activation enthalpies of X(0/-) and X(-/=) are 0.47eV and 
0.23eV, respectively. We notice a minor peak at ~160K after annealing at 275oC present in both 
samples, and peak at ~170K after annealing at 300oC primarily pronounced in the DOFZ samples. 
The origins of these peaks have not been identified.  

After annealing at the intermediate temperatures (250, 275 and 300oC), the E1 and E2 peaks 
are a mixture of V2 and X. By using the obtained energy and capture cross-sections for the V2 and X 
levels in the 200oC and 325oC annealed samples, respectively, the overlapping peaks are fitted to the 
sum of the two DLTS signals by varying only the amplitudes of V2 and X. We thereby obtain the 
individual amplitudes for V2 and X. Within experimental accuracy, the results of this fit agree with 
previous Laplace-DLTS studies [20]. 

The DLTS spectra for the MCZ- and DOFZ-Si are similar up to 325oC. After the annealing at 
350oC, however, there are several differences (Fig. 3-10): In the MCZ-Si a decrease in the X-center 
concentration and a slight increase in the VO concentration takes place, while in DOFZ-Si the VO 
concentration decreases slightly. The E2 peak disappears while a fraction of E1 remains at 375oC. We 
interpret this as V2O anneals out and a second level appears or remains at the E1 position. Another 
feature in DOFZ-Si is the appearance of a level labeled E4 (Fig. 3-10). This level is absent in the 
MCZ samples and occurs with an activation enthalpy of 0.32eV. Based on previous studies this level 
is identified as the vacancy-oxygen-hydrogen complex, VOH [21-25]. 
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Fig. 3-9 DLTS spectra after 
annealing at temperatures between 
250˚C and 350˚C, revealing a shift 
in the V2 related peaks for both 
DOFZ- and MCZ-Si, and 
interpreted as a transition from V2 
to V2O. 

 

 

 

 

 

 

Fig. 3-10 DLTS spectra for samples 
annealed between 325˚C and 400˚C. 
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At 375oC, X has annealed out also in the MCZ-samples. There is also a decrease in the 
intensity the VO peak in both types of samples. It is interesting to note that this decrease is larger in 
the DOFZ-Si than in the MCZ-Si. VOH remains stable at 375oC, but after annealing at 400oC, it is 
hardly detectable. At 400oC both materials exhibit a strong decrease in the VO concentration. Fig. 3-11 
shows the DLTS amplitudes for different defects after annealing steps between 200 and 400oC. 

Finally, it can be reported that detailed investigations of the piezospectroscopic properties of 
VOH have been undertaken using stress Laplace DLTS, and they are compared with local density-
functional calculations of (i) the acceptor level and its shift under stress, and (ii) the alignment of the 
neutral center under stress [26]. The theory is able to account for two acceptor levels observed for 
<100>, <111>, and <110> stress even though additional splitting is expected for a defect with static 
C1h symmetry. This is related to (i) a rapid reorientation of the H atom within the defect at 
temperatures at which the DLTS experiments are carried out, and (ii) the small effect of stress on two 
orientations of the defect under <110> stress. The theory is also able to give a quantitative account of 
the alignment of the center. The effect of stress on the reorientation barrier of the defect is also 
investigated. The reorientation barrier of the defect in its positive charge state is found theoretically to 
be very small, consistent with the lack of any splitting in the donor level under stress. 

 

 

 

 

 

 

Fig. 3-11 Amplitudes of DLTS peaks 
corresponding to different defects. 
The amplitudes of the V2 and X 
(interpreted as V2O) levels in the 
overlapping region were obtained by 
fitting 
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3.3 Effect of hydrogen on annealing of radiation defects [27] 
 

P+-n¯-n+ diodes were made using high-resistivity and high purity FZ-Si wafers. As a part of the 
fabrication process, the wafers were oxidized in a dry oxygen atmosphere at 1200˚C for 21 hours. 
Subsequently, the wafers received a so-called oxygenation treatment. Oxygen was diffused into the 
wafer from the pre-formed silicon dioxide layer at the surface. The oxygenation was performed at 
1150˚C in nitrogen atmosphere for 80 hours. An ordinary silicon diode process with boron and 
phosphorus implantation and post-annealing was then performed. The oxygen and carbon 
concentrations in the region of DLTS measurements, as determined by SIMS, are 2-3x1017 cm-3 and 
≤1016 cm-3, respectively. 

Some of the samples were then hydrogenated. The hydrogenation was performed using an 
OXFORD Plasmalab microwave system, exposing the back n+ side of the samples to hydrogen 
plasma at a pressure of 700 mTorr and a temperature of 300oC for 2 hours. This treatment results in 
formation of a hydrogen rich layer with a thickness of 0.5 µm and a hydrogen content of ~1020 cm-3 
near the exposed surface[28]. However, the concentration of hydrogen near the front p+ side of the 
diodes (~200-300 µm from the exposed surface), where the DLTS measurements take place, is 
expected to be substantially lower and not to exceed 1017 cm-3. The diodes were irradiated at room 
temperature with 15-MeV electrons and doses of 2x1012 cm-2 and 4x1012 cm-2. A survey of the samples 
used in the study is presented in Table 3-2. 

 

Sample 
Doping, 
P/cm3 

Oxidation Oxygenation Hydrogenation 

A 5x1012 
21h dry at 
1200oC 

80h in N2 at 
1150oC 

-- 

B 5x1012 
21h dry at 
1200oC 

80h in N2 at 
1150oC 

2h in H plasma 
at 300oC 

Table 3-2 Survey of the samples used in the study. 

For both sample A and B, DLTS spectra of as-irradiated diodes show the presence of three 
major peaks with activation enthalpies of 0.43 eV, 0.23 eV and 0.18 eV that are primarily identified as 
the singly negative divacancy V2(-/0), the doubly negative divacancy V2 (=/-) and the vacancy-oxygen 
pair (VO), respectively. The concentration of VO and V2, as determined by DLTS, is 1.2x1011 cm-3 
and 3x1010 cm-3 for a dose of 2x1012 cm-2, and 2.3x1011 cm-3 and 6x1010 cm-3 for a dose of 4x1012 cm-

2, respectively. The V2(-/0) peak contains an overlapping minor contribution from other less stable 
centers that can be annealed out at 200oC. 

The effect of hydrogenation on the annealing behaviour of V2 is clearly seen at the annealing 
temperatures >200oC (Fig. 3-12). In the non-hydrogenated sample (Fig. 3-12a), heat treatments for 15 
min. at 250oC and 275oC lead to transformation of V2 to X almost without any loss in the peak 
intensity. The transformation is completed after 15 min at 300oC. The X peaks start to anneal out at 
325oC and are considerably reduced after 15 min at 350oC. In contrast, the hydrogenated sample (Fig. 
3-12b) reveals that the V2 peaks start to disappear already at 250oC, and a significant loss of the 
amplitude occurs. After heat treatment at 275oC approximately 80% of the initial amount of V2 is 
annealed out. It should be noted that a shift in the peak maxima is observed after the heat treatment at 
275oC (Fig. 3-12b) indicating that some limited transformation of V2 to X also takes place in the 
hydrogenated sample. After heat treatment at 300oC, no signals from V2 and X can be observed in the 
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spectra for sample B. The amplitudes of the observed major peaks as a function of annealing 
temperature are presented in Fig. 3-13. 

 

Fig. 3-12 DLTS spectra of 
sample A (a) and sample B 
(b) after annealing for 20 min 
at temperatures ≥200oC. The 
X-level is interpreted as V2O. 

 

 

 

 

Fig. 3-13 Normalized amplitudes of the major 
DLTS peaks as a function of annealing 
temperature. The concentration [V2+V2O] is 
deduced from the amplitudes of the V2(=/-) and 
V2O(=/-) peaks. The X-level is interpreted as 
V2O. 

 

b)

V2(-/0)V2(=/-) 

VO 

VOH 

a)

V2(-/0)V2(=/-) 

VO 

V2O(-/0)V2O(=/-) 



3. Defect and Material Characterization                            CERN-LHCC-2004-031 and LHCC-RD-005                          
 

3-14 

3.4 Modeling of defect reactions in irradiated silicon 
 

3.4.1 Irradiation scenarios at future colliders: LHC, SLHC, VLHC [29, 30] 
At the present time the radiation fields are only estimated for the LHC experiments. In the case 

of the CMS experiment the simulated particle spectra at different positions inside the tracking volume 
have been published in [31]. The shape of the spectra depend strongly on the position inside the 
tracking volume. In the spectra, the main contribution is due to pions, followed by protons, other 
hadrons being irrelevant in the distributions. The two positions considered in this work are: a) r = 20 
cm, z = 0÷60 cm, which corresponds to the maximum in flux, and b) r = 100 cm, z = 140÷280 cm; 
associated with the minimum hadron fluxes. 

For LHC upgrades only rough estimates are possible. Following the ICFA Report, 9-10-2002,  
the following conditions for the SLHC and VLHC were assumed: 
For SLHC environments:  
a) the pion and proton spectra remain the same as in LHC conditions but with one order of magnitude 
increase in intensity, corresponding to the order of magnitude increase of luminosity,  
b) the luminosity is increased as in a), but the beam energy is increased with a factor of two, the 
energetic distribution of pions and protons is the same as for LHC conditions, but the average energy 
of the spectra is shifted to higher energy with 50 MeV;  
For the upgrade to VLHC:  
c) the same geometrical configurations as for LHC, the same distributions of particles in the 
corresponding positions in the tracking cavity, but with the maximum in the spectra shifted to higher 
energies with about 150 MeV at the same luminosity,  
d) one order of magnitude increase in the luminosity, in respect to c), respectively. 
 

The generation rate of defects can be expressed by: ( ) ( )∫ ×= dEEFluxECPDG nirradiatio . The 
concentration of primary defects (CPD) has different values as a function of particle and energy. CPD 
is calculated considering an average energy threshold for displacements and consequently eliminating 
the influence of the anisotropy of the lattice on defect production.  
In the LHC conditions the hadrons are the predominant particles in the tracker, especially low energy 
charged pions and protons. The maximum in the rates of primary defects generated by pions comes 
from the region around 200 MeV while for protons the major contribution comes from the lowest 
energy region. In our calculations, the energy dependence of CPD induced by pions is cut at 20 MeV. 
This cut represents only a contribution below 0.5% in the integrated defect spectra.  

In Fig. 3-14 the differential energetic generation rates of primary defects, from left to right, for 
the LHC, SLHC and VLHC environment, for protons (triangles) and pions (asterisk and rhombus), for 
two positions in the tracking volume are represented. The SLHC and VLHC differential generation 
spectra have been obtained by increasing the average energy with 50 MeV and 150 MeV respectively. 
The increase in luminosity is not included.  

In the two radiation fields considered in this work, the rates of generation of defects induced by 
pions and protons are: 6.8 x 108 VI/cm3/s in the LHC conditions and SLHC condition hypothesis a), 
7.2 x 109 VI/cm3/s for the SLHC hypothesis b), 6.9 x 108 VI/cm3/s for VLHC, hypothesis c) and 6.8 x 
109 VI/cm3/s, VLHC, hypothesis d) respectively.  

In the considered scenarios, the maximum of the generation rate of primary defects is obtained 
in the hypothesis b) for the SLHC upgrade. However, normalized to the luminosity the introduction 
rates for the defects is very similar. 
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Fig. 3-14 Differential energetic generation rates of primary defects, from left to right, in LHC, SLHC and VLHC 
environment, for protons (triangles) and pions (asterisk and cross), for two positions in the tracking cavity, r=20 
cm, z=60 ÷120 cm and r=100 cm, z=140÷280 cm respectively, in accord with hypotheses b) and c) – see text. 

 
3.4.2. The role of initial impurities and irradiation rates in the formation and evolution 
of complex defects [29-32] 

 The concentrations of primary and complex defects have been estimated as well as their time 
evolution in the frame of a phenomenological model using the chemical rate theory for i) short time of 
irradiation; and ii) continuous irradiation, simulating the LHC, SLHC and VLHC conditions; starting 
from different possible silicon wafers: FZ, DOFZ, MCz, Cz, characterised only by their initial content 
of phosphorus, oxygen, carbon.  
 
3.4.3 The role of oxygen dimers [29] 

The study of oxygen dimers has been initiated in different laboratories in the hope to find new 
mechanisms by which the radiation hardness of silicon could be increased. In irradiated silicon, VO 
and V2O are produced by the capture of moving vacancies by interstitial oxygen, by the VO centre 
respectively. While the VO centre is charged only at cryogenic temperatures, the V2O defect is 
charged up to 90% at room temperature and therefore produces detrimental effects on the 
macroscopic detector parameters. A possible solution to diminish these uncalled effects is to produce 
dimers in silicon which could act as sinks for migrating interstitials by forming IO2i and I2O2i defects. 
J. L. Lindström at al. [33] discussed the importance of the interactions between the oxygen dimers 
(O2i) and silicon self-interstitials and vacancies. In Cz - Si, oxygen dimers are produced at least by 
two mechanisms: during the crystal growth, when their concentration is around 1015 cm-3 and/or 
during high temperature irradiation.  

We discussed only the processes taking place at room temperature. The main reactions induced 
by dimers in these conditions are:  

 ii IOOI 22 →+  (a)  
 ii OIIOI 222 →+  (b) 
Both reactions are initiated by self-interstitials. The IO2i centre is electrically active with an acceptor 
level at EC-0.11 eV. Both IO2i and I2O2i are stable at room temperature and anneal out at about 400 K 
and 550 K, respectively. 
If in the material there exist VO2 centres (produced previously by irradiation at higher temperature, 
but which are stable at room temperature), they could also capture interstitials, producing oxygen 
dimers by the reaction:  
 iOVOI 22 →+  (c) 
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This reaction is also produced by the migration of interstitials, and has the same reaction constant as 
previous reactions. Model predictions have been compared with the experimental data published in 
[33], where the effect of electron irradiation at room temperature on a Cz-Si sample containing both 
VO2 centres and oxygen dimers, in the concentration range 4 ÷ 5 x 1016 cm-3, is investigated. 

In Fig. 3-15, the fluence dependence of the concentrations of O2i, VO2, IO2 and I2O2 predicted 
by the present model are compared with experimental data after electron irradiation at room 
temperature of a dimer-rich Cz-Si sample. 

Due to the incomplete information regarding irradiation and measurement conditions in the 
published paper, the comparison is only at the qualitative level. Nevertheless, a good agreement 
between model predictions and experimental data has been obtained.  

Due to the fact that as-grown Cz-Si contains oxygen dimers on the order of 1015 cm-3, 
mechanisms (a) and (b) have been introduced into the reaction scheme in the study of defect evolution 
of Cz and MCz-Si in LHC and SLHC conditions. Negligible contributions of these two mechanisms 
have been found in these conditions of irradiation and initial concentration of dimers. 
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Fig. 3-15 The kinetics of  complexes associated with 
dimers in Cz-Si at RT: model calculations – continuous 
line and normalised ; experimental data - points and 
dotted lines from Ref. [33]. 

 

 
 
3.4.4 The role of primary defects in the explanation of discrepancies between 
macroscopic effects in silicon detectors and model calculations [34] 

An important observation is that there exists a good or reasonable agreement between model 
and data for the leakage current and effective carrier concentration after lepton or gamma irradiation, 
and discrepancies up to 2 orders of magnitude after hadron irradiation. We argue that the main 
discrepancies between model calculations and experimental data for leakage current after hadron 
irradiation could be explained considering for the contributions of primary defects in silicon: vacancy, 
interstitial and SiFFCD defect to macroscopic effects. The source of discrepancies between data and 
previous modelling was tentatively attributed to the SiFFCD (Fourfolded Coordinated Silicon Defect) 
defect. Vacancies and interstitials have a major contribution to the current short time after irradiation. 
If these hypotheses are correct, thus, in conditions of continuous long time irradiation, as e.g. LHC 
and its upgrades in energy and luminosity S-LHC and V-LHC respectively, these contributions could 
play a central role. 

The reactions of production of primary defects considered in the present work are: 

FFCD

G

G

Si
IVSi

→
+→  

New experimental results [35] combined with some old data [36] permitted us to suggest the 
possible level position assignment for isolated vacancies and interstitials.  

Goedecker and coworkers [37] predicted the existence of a new type of primary defect: SiFFCD 
(Fourfolded Coordinated Silicon Defect). It is obtained by moving atoms from the initial positions, 
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but this displacement does not break the bonds with the neighbors. The defect has energy levels in the 
band gap (only calculated) and most probably it is very stable. We supposed that the SiFFCD primary 
defect is uniformly introduced in the bulk during irradiation and the defect is stable in time. Also we 
supposed in accord with theoretical predictions that this defect has deep energy level(s) in the gap, 
probably in the proximity of free vacancy and interstitial. 

In the calculation of the leakage current after irradiation, the SRH model is considered and 
some preliminary results are illustrated in Fig. 3-16. 
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Fig. 3-16a Time dependence of degradation constant 
(α)after positive pion irradiation. Experimental data 
are from [38] 

Fig. 3-16b Time dependence of degradation 
constant(α) after negative pion irradiation. 
Experimental data are from [38] 
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Fig. 3-16c Time dependence of degradation constant 
after proton irradiation. Experimental data are 
from[39]. 

Fig. 3-16d Time dependence of degradation 
constant(α) after electron irradiation. Experimental 
data are from [40] 

The existence of a “background” in the leakage current after irradiation, source of 
discrepancies between data and previous model calculations, was tentatively attributed to the SiFFCD 
defect. This contribution has been found to be proportional to the concentration of primary defects at 
considered fluence. The contribution of value of this ‘background’ is around 10% of the leakage 
current produced by all primary defects immediately after the end of irradiation. If the SiFFCD defect 
have a deep level in the band gap in the proximity of the intrinsic energy level, as the corresponding 
one for vacancy and interstitial, thus the concentration of the SiFFCD could be around 10% from all 
primary defects contribution, but the existence of deep level needs confirmation. 

In the frame of model, vacancies and interstitials have a major contribution to current short 
time after irradiation or during continuous irradiation. Primary defects and divacancies have the most 
important contributions to current. The Frenkel defect is described in the model as a bond defect. This 
is not a primary defect, it is obtained as a second step in interactions. The defect is rather stable at 
room temperature; where its lifetime is of the order of hours. In the present model calculations, the 
Frenkel defect, with a deep level supposed in the vicinity of intrinsic level and close to the free 
vacancy or interstitial levels, has a minor contribution to the leakage current, only short time after 
irradiation. 
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 If these hypotheses and results are correct, thus, in the conditions of continuous irradiation (as 
for LHC and its upgrades) these contributions will play an important role. Further simulation work is 
in progress to enhance the comparison with experimental data..  
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4 Defect Engineering 
  

4.1 Standard and DOFZ silicon 
 
Both standard and DOFZ silicon is mainly investigated for comparison with high resistivity Cz or 
Magnetic Czochralski silicon (MCz), epitaxial material (EPI), oxygen dimer enriched silicon or pre-
irradiated FZ and MCz silicon. Investigations of a possible defect engineering by hydrogenation of 
silicon is until now concentrated on standard and oxygen enriched silicon only. The status of this 
subproject is reported separately.  
 

4.2 High resistivity Czochralski silicon 
 
Silicon crystals grown by the Czochralski (Cz) or the Magnetic Czochralski (MCz) method have a 
much higher oxygen concentration ([O] ≈ 4-20×1017 cm-3) compared to any oxygen enriched DOFZ 
material ([O] ≈ 1-3×1017 cm-3) due to the growth technology itself. 

It has been demonstrated by recent studies that such high concentration of oxygen will 
strongly influence the radiation induced creation of oxygen related defects and the defect kinetics 
resulting in improved radiation hardness beyond the level observed so far in DOFZ silicon. 

It had been shown by 60Co gamma radiation damage studies of FZ silicon that the formation 
of two deep acceptors (I-defect, possibly V2O; Γ-defect, structure not known) is strongly suppressed 
in oxygen enriched FZ material which leads to an essential lower introduction of negative space 
charge with increasing dose compared to standard FZ material. But in addition in DOFZ material also 
shallow donors (early TDD’s) are created resulting in an introduction of positive space charge which 
over-compensates the negative space charge of the induced deep acceptors [1-5]. Both effects are 
more pronounced in Cz material not only in case of radiation damage by gamma radiation but also by 
exposures to charged hadrons [6]. In addition, it is known that in as grown Cz silicon oxygen is not 
only present as interstitial oxygen Oi but also in small concentration as oxygen dimers O2i (see e.g. [7, 
8]) which also has a strong impact on the defect formation. Furthermore, it is well known that in Cz 
material different thermal donors can be formed or annihilated by specific heat treatments. This also 
leads to a further possibility to influence the radiation tolerance of this material.  

During the year 2004 test detectors had 
been processed by different manufacturer (Helsinki, 
CNM/Barcelona, ITC-IRST/Trento) on high 
resistivity n- and p-type MCz silicon substrates. On 
top of that a conversion of p-type to n-type material 
was performed by thermal treatments [9]. This 
conversion can be achieved by an introduction of 
thermal donors in the temperature range between 
350°C and 600°C. This effect could be used to 
tailor the detector full depletion voltage before and 
after irradiation. To investigate this phenomenon a 
study has been carried out with six p+/p/n+ diodes, 
300µm thick, manufactured on p-type Cz Si 
Okmetic wafers [9,10]. The six diodes belonged to 
the same wafer, manufactured at the Helsinki 
Institute of Physics and have been cut from two 
different regions: (P7, P8, P17) periphery, (P46, 
P57, P58) close to center, as indicated in Fig. 4-1. 

The devices have been investigated at BNL, Instr. Division, by Transient Current Technique 
(TCT) using a pulsed red (660nm) laser beam placed close either to the p+ or the n+ electrodes. The 
collected charge has been measured as a function of the reverse voltage in the range 0-400V, to 
determine the full depletion voltage and the sign of the space charge. As the devices are p+/p/n+, when 
the reverse bias is increased the space charge region develops from the n+ electrode. Thus when TCT 

 
Fig. 4-1. p-type Cz silicon wafer and map of 
investigated diodes. 
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is measured with the laser beam close to the p+ electrode, the signal will appear only when the reverse 
voltage is similar or higher than the full depletion voltage, whereas by illumination of the n+ electrode, 
a charge signal will be visible at any applied voltage. The effective doping of the 6 samples as 
measured by TCT is: Neff = -(3.44 ± 0.23)×1012 cm-3, no correlation is observed between the Neff 
values and the diode position in the wafer. The TCT measurements have been repeated for each diode 
after 5 different annealing steps (0, 45, 65, 90 and 120min) at 430°C. The results are shown in Fig. 4-2 
for diode p46. The annealing process at 430°C activates shallow thermal donors (TD), which 
compensate the shallow acceptor dopant concentration (Boron) present in the starting material. 
Increasing the annealing time produces the progressive decrease of Neff and eventually the inversion 
of the space charge sign from negative to positive: this shifts the space charge region from close to the 
n+ electrode to the p+ electrode side. 

 The sudden decrease in the collected charge at low 
reverse voltage is then observed when the laser is 
close to the opposite electrode, i.e. the n+ one. Full 
depletion voltage and effective space charge 
concentration Neff measured for the different 
annealing steps are shown in figs.3 and 4. From 
this study it is evident that the beneficial effect of 
the thermal procedure should be to produce Cz Si 
detectors made with high resistivity p- or n-type 
material, starting from wafers of lower resistivity 
(i.e. lower cost). Nonetheless, from data in Fig. 4-3 
and Fig. 4-4 it is also evident that a correlation 
between the generation rates (slope of the linear fit 
of Neff versus time) and the position of diodes in the 
wafer takes place. The process of activation of the 

shallow thermal donors in Si has been described in previous papers to be a function of [Oi]ξ where 
[Oi] is the pre-existing interstitial oxygen concentration and ξ is between 2 < ? < 4 [11]. Moreover, the 
role of H in the material should be also taken into account in the activation of TDs. Thus, non-
homogeneities in Oi and H concentration, whereas not affecting the Neff in the starting material, can 
give rise to a significant spread in the final values of Neff after the annealing process. In our case, the 
spread in Vfd for the two groups is around 50-150V.  
The same spread in Vfd an Neff has been observed by ITC-IRST on single pad detectors made on p-
type MCz Si Okmetic wafers [12]. During fabrication an annealing at 380°C was performed for 
sintering. We can conclude that p-type Cz Si detectors are feasible but presents, as a drawback, 
inhomogeneities in the concentration of native impurities ( Oi, H) which, as a hidden parameter in the 
starting material, becomes important when annealing treatments at around 400°C or higher 
temperatures are undertaken.  
In different irradiation experiments with different particles the radiation hardness of n-and p-type 
MCz silicon as well as TD doped material has been investigated and is presented in chapter 5 (PDC).  

  
Fig. 4-3.. Full depletion voltage of the six diodes as a 
function of annealing time 

Fig. 4-4. Effective space charge concentration 
developing from negative to positive as a function of 
the annealing time. 
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4.3 Thin epitaxial silicon layers 
 
The very promising first results on the radiation tolerance of 50 µm thick and highly doped n-type 
epitaxial silicon layers ([P] = 7 1013 cm-3) up to a fluence of 2 1015 cm-2 of 24 GeV/c protons had been 
extended to 1.2 1016 cm-2 . It could be demonstrated that the devices do not undergo type inversion in 
the overall range, that the full depletion voltage after the maximal accumulated fluence of 1.2 1016 cm-

2 increases to 250 V (two times the value before irradiation) and that a storage of these devices at 
room temperature for a prolonged period of 250 days (beam off period of LHC) will even reduce the 
full depletion voltage. More details are presented in section PDC (PDC). 
According to the research plan for 2004 epitaxial layers with a thickness of 25 µm and 75 µm were 
grown by ITME and processed by CiS in order 
to investigate possible changes in the defect 
kinetics due to the different growth time needed 
for the different thicknesses and possible defect 
gettering effects at the interface between the epi-
layer and the substrate. First results on the 
macroscopic properties of the devices are also 
reported in section PDC (PDC). From detailed 
defect characterization and defect kinetic studies 
on gamma and proton irradiated samples we can 
conclude that in these highly doped epi-layers 
the defect formation and kinetic is 
predominately influenced by the concentration 
of oxygen interstitials Oi, the presence of a 
relatively high concentration of oxygen dimers O2 out-diffusing from the Cz substrate during the 
growth and the high phosphorus concentration. The presence of O2 could be detected via the 
formation of the IO2 complex by high energy proton irradiation and it was shown that the introduction 
rate is about 37% of that observed for high resistivity Cz material (see Fig. 4-5) which should reflect 
the corresponding ratio of the O2 concentration in both materials [6,13,14]. A high Oi concentration 
reduces the formation of deep acceptors like V2O, VP, V2 and possibly higher order vacancy 
complexes. On the other hand a considerably high concentration of oxygen dimers promotes the 
formation of thermal donor like defects and might also reduce the formation of harmful vacancy 
related defects since the dominant reaction is V + O2 → VO2 whereby the VO2 defect complex is 
know to be electrically inactive (see also the next section).. Details of the microscopic studies are 
given in Chapter 3 (DMC).  

Several irradiation experiments with 23 GeV protons, reactor neutrons, Li-ions, high energy 
electrons and 60Co gamma rays had been performed. The results derived from these experiments are 
partly published [15-17] and presented in Chapter 3 (DMC) and Chapter 5 (PDC).  
 

4.4 Oxygen dimer enriched silicon detectors 
 
4.4.1 Introduction 
 

The improved radiation hardness properties of oxygen enriched silicon detectors have been 
discussed in the previous sections. Another defect engineering approach is the enrichment of silicon 
with oxygen dimers O2i. Hence the aim of this defect engineering technique is to transform an as big 
part of the mono atomic oxygen concentration as possible into oxygen dimers (O2i). Such a defect 
engineered material has completely different defect kinetics during irradiation. In standard silicon 
exposed to irradiation there is a production of VO (A center) defects and V2O defects from the capture 
of moving vacancies (V) in the silicon lattice by mono atomic oxygen. While the VO center will only 
be charged at low temperatures (< 80 K) the V2O defect, if assigned as proposed in [18], is known to 
be charged up to 90% at room temperature and therefore has detrimental influence on the macroscopic 
detector properties. On the other hand, the capture of vacancies by oxygen dimers O2i leads to the 
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production of the VO2 defect, proposed to be neutral and hence non damageable to detectors. The 
properties of the V2O2 defect, which is formed in oxygen dimer enriched silicon instead of the V2O 
defect, are not known. It would however be very unfortunate if the electrical defect properties would 
have an as detrimental effect on the detector performance as the V2O defect. Furthermore, O2i can act 
as a sink for migrating interstitials I by forming the IO2i defect with a relatively shallow (∼ EC – 0.1 
eV) acceptor level [19] and hence has also no influence on detector performance. On the other hand, it 
is widely accepted that O2i are precursors for the formation of earlier stage thermal donors [20] which 
change the effective doping concentration of detectors and thus change the depletion voltage.  
 
4.4.2 Description of samples 
 

Pieces of silicon bulk material and silicon diodes were used for the “dimerization” experiment. The 
pieces of silicon with a few mm thickness were used for FTIR measurements while the diodes were 
used to investigate on the macroscopic properties of “dimerized” silicon detectors and for TCT 
measurements. Cz, MCz and Fz silicon pieces with different oxygen concentration (0.03 – 14 
x1017cm-3) and different resistivity (30-3300 Ωcm) were investigated. The used p+nn+ diodes were 
produced by CIS, Erfurt from Cz, DOFZ and FZ material. Their thickness was 300µm, their electrode 
area 0.25 cm2 and their resistivity was between 1.5 and 6 KΩcm. 
 
4.4.3 Dimerization process 
 

The oxygen dimer is always present in Cz silicon, but its concentration normally does not exceed 
0.1% of the single interstitial oxygen concentration [8]. It has been demonstrated that the 
concentration of dimers can be strongly increased by irradiating Cz silicon crystals at elevated 
temperatures (300-400ºC) with MeV electrons [21]. This process leads to specific reactions involving 
impurities in the original material that favor the formation of oxygen dimers. At this high temperature 
of 350°C the VO defect is mobile and can be captured by mono atomic oxygen (VOi + Oi → VO2i). 
The production of dimers then follows from the capture of interstitials I by the formed VO2 defect (I + 
VO2i → O2i).  

The dimerization process was performed at the KTH (Stockholm) facility using a 6 MeV electron 
beam and a setup described in [21]. The samples were irradiated up to a fluence of 1×1018 cm-2 while 
maintaining a temperature between 330°C and 340°C.  

 

4.4.4 Macroscopic results after dimerization process 
 

To study the effect of the dimerization process on the silicon diodes, we performed a macroscopic 
characterization by measuring the capacitance and current as a function of applied bias voltage (CV 
and IV). We observed that the dimerized diodes could not be fully depleted. Hence the dimerization 
process has lead to the formation of charged defects increasing the absolute effective donor 
concentration. Table 4-1 shows the depletion voltage before and after the dimerization process. For 
the dimerized samples the  depletion voltage could not be reached. Therefore, the effective doping 
concentration Neff and the depletion voltage Vfd were inferred from the slope of 1/C2 vs. V. This 
method is strictly valid only for unirradiated diodes when the effective doping concentration is 
dominated by the shallow doping. However, an assessment of the reliability of this method for the 
proton irradiated control diodes was performed and resulted in an uncertainty of 30% for Vfd as 
inferred by the above given relations.  

 
Type Vfd before 

dimerization (V) 
Vfd after 

dimerization (V) 
FZ 60 ~ 550 

DOFZ 50 ~ 80000 
Cz 200 ~110000 

Table 4-1.: Depletion voltage before and after dimerization process for the different diodes. 
 

Despite the fact that the dimerized diodes could not be fully depleted after the dimerization process, 
we nonetheless proton irradiated them to study any change in their characteristics (see below). 
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4.4.5 Microscopic results after dimerization 
 
FTIR characterization 
 

Infrared absorption characterization of bulk 
silicon crystals was performed using a Fourier 
Transform Infra Red (FTIR) spectrometer. Fig. 
4-6. shows the absorption spectra for the as-
grown (1) and dimerized (2) Cz sample. The 
most prominent bands at 895 and 1012 cm-1 are 
due to oxygen vibrations in VO2 and O2i defects. 
A strong increase in the dimer band intensity is 
clearly seen. Estimated concentrations of the 
dimer are of about 1×1015 cm-3 and 4×1016 cm-3 
before and after dimerization, respectively. 

The weaker bands at 836 and 829 cm-1 are 
related to the VO and V2O2 defects [22]. There is 
also a pronounced shoulder at 834 cm-1 possibly 
arising from V2O. Apparently, due to presence of 
defects the material is highly compensated. After 
the dimerization, the sample resistivity was 
increased up to about 3 kΩcm while in the as-
grown state it was 30 Ωcm.  

The spectra of the FZ samples irradiated under the same conditions did not show any presence of 
the dimer defect (detection limit ≈1015 cm-3). Only a very weak band related to VO and V2O was 
detected.  

Several CZ samples with different oxygen content were investigated by FTIR to understand the 
influence of the oxygen concentration and the electron fluence on the oxygen dimer formation. The 
result is presented in and Fig. 4-8. In Fig. 4-7 the ratio between oxygen dimers and the oxygen 
concentration measured after the dimerization process is plotted versus the oxygen concentration 
before dimerization with an electron fluence of 1×1018 cm-2. The data indicate that it is not possible to 
transform more than about 6-8% of the initial oxygen content into oxygen dimers by the applied 
dimerization process. In Fig. 4-8 the dependence of the oxygen dimer content on the electron 
irradiation fluence is presented. The data indicate that the concentration of dimers is saturating at high 
electron fluences. 
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Fig. 4-8.: Oxygen dimer concentration (absorption at 
1013 cm-1) as function of the electron fluence used 
during the dimerization process. 

 
TSC characterization 
 

Deep Level Transient Spectroscopy (DLTS) measurements were not possible since the diodes were 
too saturated with defects. Thermally Stimulated Current (TSC) measurements however were possible 
and were performed on all dimerized diodes with a reverse bias of 100 V. 

 
Fig. 4-6.: Absorption spectra measured at 20K for 
carbon-lean ([CS] ≤ 1015 cm-3) Cz sample: 1 – as-
grown; 2 - after dimerization (6 MeV electron 
irradiation at 330-340 oC, F =1×1018 cm-2). 
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In Fig. 4-9 the FZ diode TSC spectrum is 
compared with a FZ diode that has been 
irradiated at room temperature with 400 Mrad 
60Co-gammas. Many common defects are 
observed. They are those that require a very low 
formation energy and can be generated also by 
irradiation at room temperature. Among them are 
the well known VO, CiOi defects and the I center, 
generated through a second order process, 
associated with V2O or V3 [3, 18, 23]. In addition, 
we can see two peaks - L(115K) and L(172K) - 
present in the dimerized diode and not in the 
gamma irradiated diode. They can be correlated 
with multivacancies or interstitial related defects 
(due to the abundance of vacancies and 
interstitials during dimerization at high 
temperature). They require a high formation 
energy and have a high thermal stability. While 
there are no clear indication of what the L(115K) 

defect might be, the L(172K) level can be identified as the single acceptor state of the X center - 
associated with V2O or V2O2 in [18, 23]. This center is known to be formed in different types of 
silicon (FZ, DOFZ and Cz) irradiated at room temperature but only after a thermal treatment at 
temperatures higher than 250°C is done to anneal out the V2 defect [23, 24].  
 
4.4.6 Macroscopic results after proton irradiation 
 

The dimerized as well as the control diodes 
described in section 4.4.2 were irradiated with 
24GeV/c protons at the CERN PS facility [25]. 
The samples were irradiated in a so-called 
CERN scenario, meaning after each irradiation 
step the diodes were annealed at 80°C for 4 
minutes before measuring the CV/IV 
characteristics. As a function of fluence the 
control diodes show the same behavior for the 
depletion voltage and leakage current, as 
shown in Fig. 4-10. The inferred Vfd of the 
dimerized FZ diode as a function of fluence 
shows a very different behavior from the other 
dimerized diodes. The standard FZ diode has 
an initial inferred Vfd of the order of 550V 
(corresponding to an Neff of a few 1012 cm-3) 
and varies with the fluence while for the 
DOFZ and the Cz diodes, the initial inferred 
Vfd is of the order of 100,000V (and a 
corresponding Neff around 1015cm-3) and is 
constant as a function of fluence. These results 

are consistent with the fact that the FZ dimerized diode is the one that was least affected by the 
dimerization process. 
 
4.4.7 Discussion and conclusion 
 

The aim of the experiment was to transform as much oxygen into oxygen dimers as possible in 
order to test the radiation hardness of oxygen dimer enriched silicon detectors. Silicon detectors made 
from CZ, FZ and DOFZ silicon as well as pieces of FZ and CZ silicon underwent in parallel a 
dimerization process. FTIR measurements performed on the silicon bulk pieces demonstrated that 
independent of the oxygen content only a fraction of ≈ 6-8% of the oxygen could be transformed into 
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Fig. 4-9.: TSC spectra of dimerized float zone diode 
(lower curve) and of a float zone diode irradiated with 
400 Mrad of gammas (upper curve). 
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Fig. 4-10.: Neff for non-dimerized (standard) and 
dimerized detectors as funciton of the 24 GeV/c proton 
fluence. Neff was deduced from the depletion voltage 
for the non-dimerized samples while for the dimerized 
ones Neff was inferred as described in section 4.4.4. 
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oxygen dimers in CZ silicon. Rising the electron fluence used for the dimerization (1×1018 cm-2) to 
three times higher values did not significantly increase the dimer content indicating that the fraction of 
6-8% dimer content might be a fundamental limit for the dimerization process as performed in this 
experiment. For the FZ samples the dimer concentration was below the FTIR detection limit of about 
1015 cm-3. 

The results obtained on the dimerized diodes are very different from a dimerization experiment 
performed on FZ and DOFZ diodes with 60Co-gammas [26]. The effective doping concentration 
respectively depletion voltage of the diodes in our experiment was changed to values which do not 
allow for proper detector operation. Due to the high defect concentration the DLTS method could not 
be applied to the dimerized diodes and the TSC method could only extract meaningful results from 
the dimerized standard FZ diode. Nonetheless it showed the presence of interesting defects, like the 
unknown L(115K) and the X center.  

In summary, the material is radically changed by the dimerization process and constitutes a novel 
ground on which to perform macroscopic as well as microscopic characterization. It could be that the 
thermal donors that are created alongside the oxygen dimer, overwhelm the beneficial effects 
expected from the oxygen dimers.  

Still, we are confident that there are more avenues to study the oxygen dimer as a defect 
engineering possibility leading to a radiation hard silicon detector. For example, performing the 
dimerization process at a temperature systematically at or above 350°C would anneal out the 
compensating defects, present in our dimerized Cz material.  

Also, there might be a fluence lower than 1×1018 e/cm2 which leads to a sufficient dimer 
concentration while still allowing for a full depletion of the diodes. This approach seems to be 
especially promising under the assumption that oxygen dimers are the defects that render oxygen rich 
silicon detectors more radiation hard than standard FZ silicon detectors. It might well be that oxygen 
dimers are transformed during irradiation into thermal donors that counter-balance a part of the 
negative space charge introduced by other radiation induced defects. If this is true, FZ detectors 
enriched even with a small concentration of oxygen dimers should be more radiation hard than FZ 
detectors without oxygen dimers. 
 

4.5 Hydrogen in high resistivity FZ silicon 
 

It is well-known that hydrogen can easily penetrate into silicon crystals at various stages of p-
n structure processing [27,28]. Therefore, possibly all silicon particle detectors contain hydrogen 
which remain in these structures after fabrication. There are some indications on interaction of 
residual hydrogen with defects in irradiated Si detectors [29-31]. It is expected that an increase of the 
hydrogen content will lead to an increase of the radiation tolerance of devices. It may be due to 
hydrogen passivation of radiation induced defects [27, 28, 32], and the acceleration of oxygen 
diffusion by promoting the formation of oxygen dimers ? 2 [33-35].  

Both high mobility and reaction ability of hydrogen result in its redistribution during 
subsequent technological processes occurring even at rather low temperatures 200-400 °? . Therefore, 
one expects that the concentration of hydrogen in various areas of the detector will depend 
substantially on the sequence of technological steps of the manufacturing process. Presently there is 
not enough information on hydrogen in fully processed detector structures. 

First studies on residual hydrogen in p+-n-n+ structures processed on high resistivity FZ 
silicon and effects on hydrogenated FZ silicon devices have been undertaken. The hydrogenation was 
performed using a treatment in a hydrogen plasma at 300°C. The samples were arranged on the 
surface of a heater located in the discharge chamber in such a way that the structured p+-side was in 
contact with the heater. This way the hydrogen could only penetrate into the device through the n+-
side. Irradiation with electrons (3.5 or 6 MeV) was done using the accelerator at the Institute of Solid 
State and Semiconductor Physics in Minsk. The irradiated samples were after irradiation subjected to 
a 30 minutes isochronal annealing in the temperature range 50°C - 350°C. The defect reactions have 
been investigated using DTLS and high frequency capacitance-voltage (C-V) measurements. 
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4.5.1 Results on a non-hydrogenated FZ diode 
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Fig. 4-11.: Development of DLTS spectra for standard 
FZ diodes (CA-sample – a) after electron irradiation at 
room temperature and 30-min isochronal annealing 
with temperature increments of 50 °C. Irradiation 
dose: 3×1012 cm-2 (Ee=3.5 MeV), measurement 
setting: rate window ew = 190 s-1,  bias –5 → 0 V, 
pulse duration tp=10 ms. 
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Fig. 4-12.: DLTS spectra after 3x1012 cm-2 6 MeV 
electron irradiation  and annealing at 350°. 
Measurement settings: rate window of 190 s-1, pulse 
duration of 10 ms, bias: a) -5 → 0 V, b) −10→ −5 V 
and c) −19→ −15 V.  The peak amplitudes are 
normalized assuming constant concentration of E8 
trap. 

 
Immediately after electron irradiation with a fluence of 3×1012 cm-2 4 peaks in the DLTS 

spectrum are observed (see Fig. 4-11) for a non-hydrogenated FZ diode manufactured by CiS-Erfurt, 
Germany (CA-diode). These peaks are caused by the formation of 5 traps. The peak E1 is attributed to 
the VO and the CiCs complex, E2 to the VV=/- level and E4 to the VV-/0 transition to which also 
another trap of unknown nature contributes. The peak E3 can also not be attributed to a know trap. 
With increasing temperature all peaks decrease with the exception of E1 which shows an increase 
after 150°C annealing due to an additional formation of CiCs complexes. For higher temperatures up 
to 300 °C also a decrease is observed.  

After annealing at 350°C the DLTS spectrum changes dramatically (see Fig. 4-12). The peaks 
E2, E3 and E4 vanished and new trap peaks E5 , E6, E7 and E8 occurred. While the nature of the 
traps corresponding to the peaks E6, E7 and E8 is yet unclear, it is generally accepted that the trap E5 
is the vacancy-oxygen-hydrogen complex VOH. Thus, E5 can be used as an indicator of the presence 
of hydrogen in this device introduced during processing. From measurements with different bias and 
pulse voltages (see Fig. 4-12) one observes a very strong non-uniformity of the peak amplitude for E5. 
At small inverse voltages its concentration is comparable to the concentration of other traps; 
increasing the voltage leads first to its disappearance and then to its reappearance. One can estimate a 
probing depth of DLTS measurements from C-V-measurements (Fig. 4-13).  

A correlation between the charge carrier 
concentration n(x) in the structure under study and 
the presence of VOH complex (trap ? 5) in the 
corresponding structure depth regions is clearly 
seen. In the middle region from ~80 up to ~170 
microns a strong decrease of carrier concentration 
as compared to that one after ? ann=300 °C is 
observed. This can be explained by introduction of 
acceptors. Rising of n(x) dependence in the near 
surface regions (p+ and n+) can be related to a 
formation of thermal donors. Our DLTS-
measurements have shown the absence of traps 
with activation energies ? ? =0.14 - 0.15 eV related 
to oxygen thermal donors. Therefore, it is possible 
to draw the conclusion, that thermal donors are 
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Fig. 4-13.: Carrier depth profile for a CA sample 
determined from C-V characteristics. Vertical lines 
mark the reverse bias voltage which correspond to 
the width of  the depletion region for curve 3. 
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formed due to hydrogen and their formation depth corresponds to the diffusion of hydrogen. In this 
structure hydrogen is present in significant concentrations only in near surface regions or at the Si-
SiO2 boundary. 
 

4.5.2 Results on a hydrogenated FZ diode 
 

It is of interest to study how radiation defects will be eliminated from ? ? -structures after their 
doping with hydrogen. We have carried out a plasma processing of a ? ? -diode in hydrogen plasma at 
a temperature of 300 °C for 1 hour. The hydrogen plasma was applied from the rear side of the diodes 
(from the n+-contact). 

The hydrogenated diode was irradiated with fast electrons of the same energy and fluence as 
the standard diode (Fig. 4-11). DLTS-spectra obtained after irradiation and subsequent annealing are 
shown in Fig. 4-14. As one can see the annealing behavior of radiation defects in the hydrogenated 
diode is totally different to the non-hydrogenated diode, that is, the formation of the VOH complex E5 
is observed already at 150 °C and the divacancy (E2, E4) is completely eliminated after ? ann=300 °C. 
Only a small amount of non-uniformly distributed VO complexes (trap E1) remained after 300 °C 
annealing. As seen from Fig. 4-15, this trap has remained only in the region adjacent to ?+-contact, 
whereas E5 (VOH) seems to be homogeneously distributed throughout  
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Fig. 4-14.: Development of DLTS spectra for 
hydrogenated standard FZ diode(CA-sample) after 
irradiation with 3.5 MeV electrons at room 
temperature and upon 30-min isochronal annealing 
with temperature increments of 50 °C. Dose of 
irradiation was 3×1012 cm-2. Measurement settings 
were ew = 190 s-1, bias –5 → -0 V, and pulse 
duration 10 ms. 
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Fig. 4-15.: DLTS spectra for hydrogenated standard FZ 
diode(CA-sample) after irradiation with 3.5 MeV 
electrons at room temperature and upon 30-min annealing 
at 300 °C. Dose of irradiation was 3×1012 cm-2. 
Measurement settings were en = 190 s-1, pulse duration 10 
ms bias: a) -5 → 0 V, b) −10→ −5 V, b) −15→ −10 V.  
All spectra normalized the E5 peak (VOH) amplitude. 

 
the depth of the diode bulk. Using C-V measurements it is possible to estimate the depths at which 
VO complexes were retained (Fig. 4-16). 

As seen in Fig. 4-16, the hydrogen plasma processing has led to some increase of charge 
carrier concentration in the base of the diode (Fig. 4-16, curve 2). After 250 °C annealing a maximum 
in the n(x) curve appeared (curve 3). After 300 °C annealing this maximum has increased and moved 
to the ?+-contact. The analysis of Fig. 5 and 6 shows that these features can be explained by a 
hydrogen redistribution from n+-to ?+-regions under annealing. As a result of this redistribution there 
are both, the formation of donor centers and the passivation of different not hydrogen related 
electrically active centers. Due to the latter process VO complexes have been eliminated and remained 
only in regions where the concentration of hydrogen is insufficient for their full passivation. 
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Fig. 4-16.: Carrier depth profile for a CA sample 
determined from C-V characteristics. Vertical lines 
mark the reverse bias voltage corresponding to the 
indicated width of depletion region for curve 4. Curve 
1: as irradiated; curve 2: annealed at 150°C; curve 3: 
annealed at 250°C; curve 4: annealed at 300°C. 

Fig. 4-17.:  Diffusion length for different hydrogen 
forms (mono-atomic H curve 1, H dimmer curve 2) in 
silicon calculated for 30 min time period. Diffusion 
coefficients were taken from [36] for mono-atomic 
hydrogen and from [37, 38] for hydrogen dimer. Curve 
3 represents data from obtained hydrogen enhancement 
of thermal donor formation [33]. Points show our 
estimations from the depth of donor formation in non-
hydrogenated (squares) (seeFig. 4-13) and 
hydrogenated (triangles) (see Fig. 4-16) samples. 

 
From the obtained data it is possible to estimate the hydrogen diffusivity. It is known, that 

hydrogen penetration into silicon crystals substantially depends on the presence of traps. Hydrogen 
atoms can be bounded in molecules which diffuse much more slowly than atomic hydrogen. 
Therefore there is some uncertainty in a prediction of hydrogen behavior in detector structures. As 
follows from Fig. 4-17, a mixed mechanism of diffusion of hydrogen takes place. Its penetration into 
the diode base under annealing occurs by both means (as molecules and atoms). We shall note that the 
depth of hydrogen penetration in detector structures measured here correlates well with the data 
obtained from studies of hydrogen acceleration of oxygen thermal donor formation [33,35]. 

More details and results on other non-hydrogenated standard high resistivity FZ devices 
manufactured by different companies are presented in [39].  
 

4.6 Defect engineering by pre-irradiation treatments 
 
The development of defect engineered silicon detectors by pre-irradiation treatments have been 
performed by the groups of Kiev, Padova, Trento and ICT-IRST-Trento. In 2004 five high purity n-
type FZ wafer (4” in diameter) and two high resistivity n-type MCz wafer (4” in diameter) were pre-
irradiated with fast neutrons up to a fluence of 1×1017 cm-2 at the research reactor WWR-M in Kiev 
and annealed at 800 °C. The detector processing using these pre-treated FZ and MCz wafers and non-
treated reference FZ and MCz wafers was performed at ICT-IRST-Trento. The IRST mask-set 
includes several structures (strip-detectors, pad-detectors of different size and guard ring structures 
and other test structures).  

The diodes were electrically characterized by C-V and I-V measurements. The quality of the 
main part of diodes processed on the pre-irradiated wafers was sufficient but in general not as good as 
expected from the results derived for the reference diodes. The main reason for the reduced quality 
and success rate was identified to be caused by the non-sufficient quality of the polishing procedure. 
The results of the wafer tests are summarized in Table 4-2.  

The last column in table 1 presents the number of devices which were accepted for radiation 
hardness studies. In 2004 irradiation experiments have been performed with 23 GeV protons at CERN 
and reactor neutrons at Kiev. The irradiated devices are under investigation. In order to overcome the 
mentioned problem with the bad polishing a new set of pre-irradiated wafers which were polished 
according to the detector grade quality will be processed at IRST in 2005. Included in this new 
process run are also 7 NTD wafers supplied by Topsil and 7 high resistivity p-type FZ wafers.  
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Table 4-2: Results of wafer test measurements. FZ/MCz-ref: reference wafer, FZ/MCz-pre: pre-irradiated wafer. 
 

Wafer 
No. 

Type d 
[µm] 

Vdep 
[V] 

Neff 
[1011 cm-3] 

? 
[k⋅Ω⋅cm] 

Irev/V 
[µA/cm3] 

No. of 
devices 

1 FZ-ref 360 60 6 7.7 5-15 19 

2 FZ-pre 360 75-115 8-12 4-6 2-3 36 

3 FZ-pre 360 70-110 7-11 4-7 0.5-4 40+strip 

4 FZ-pre 360 65-110 6.5-11 4-7 0.4-0.9 40 

5 FZ-pre 360 70-95 7-9.5 5-6.5 2-8 41+2 strips 

6 FZ-pre 360 60-125 6-12.5 4-8 4-16 27 

121 MCz-ref 260 450 85 0.55 0.07 12 

112 MCz-pre 260 800 150 0.3 0.3 12 

125 MCz-pre 260 490-730 90-140 0.33-0.5 0.6-6 12 
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5 Pad Detector Characterization (PDC) 

5.1 RD50 irradiations in 2004 
 
Irradiation tests with different irradiation sources are mandatory in order to investigate the deterioration of 
bulk material properties caused by different kind of particles with different energies. In 2004 several 
irradiation campaigns were performed in the framework of the RD50 project. The used irradiation 
facilities as well as an overview of the irradiated materials are given in Table 5-1. During the irradiation 
tests, more than 500 pad and segmented detectors were irradiated. 
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Standard Float Zone silicon n-type (nFz) x x x  x  
Standard Float Zone silicon p-type (pFz) x x x  x  
Oxygenated Float Zone silicon n-type (nDOF) x x x  x x 
Oxygenated Float Zone silicon p-type (pDOF) x x     
Czochralski silicon n-type (nCz) x  x  x  
Magnetic Czochralski silicon n-type (nMCz) x x x x x x 
Magnetic Czochralski silicon p-type (pMCz) x x x x x  
Pad detectors with epitaxial silicon layer (Epi) x  x  x  
Strip detectors x x     
Novel materials (SiC,GaN) x  x    

Table 5-1.: Radiation facilities used for irradiation tests and materials irradiated by the RD50 collaboration in the 
year 2004. 

The macroscopic effects, i.e. deterioration of full depletion voltage, leakage current and trapping time, in 
irradiated samples as well as their annealing behavior were characterized at RD50 member institutes. An 
overview of results obtained by IV, CV, CCE and TCT methods is given in the following chapters.  
 

5.2 RD50 PDC subproject – ”Technotest” 
 
The main objective of this subproject is to investigate the influence of the detector processing, performed 
at different processing facilities, on the radiation tolerance of detectors. Since the influence of the 
processing might depend on the type of the used high resistivity Si material as well as on the type of 
irradiation, several experiments on different Si materials and with different radiation sources have to be 
performed. This project actually deals with four research lines of the RD50 collaboration program: DMC, 
DE, PDC and FDS and is carried out as collaborative work of several institutions: Ioffe Physico-
Technical Institute (PTI), Research Institute of Material Science and Technology (RIMST), Brookhaven 
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National Laboratory (BNL), Helsinki Institute of Physics (HIP), Josef Stefan Institute, and Glasgow 
University, ITEP (Moscow). The subproject is coordinated by V. Eremin (PTI) and the detector 
processing was carried out by PTI, BNL and HIP. The irradiations were performed at CERN (24 GeV/c 
protons) and Iosef Stefan Institute (reactor neutrons, 1 MeV). The silicon materials used in this study are 
n- and p-type Float Zone (Fz-Si, Wacker) and magnetic Czochralski (MCz-Si, Okmetic) wafers. The 
detectors were characterized by DLTS, IV and TCT methods.  
 

5.2.1 Manufacturing procedures and material  characteristics  
 

The silicon materials used in this study are n- and p-type Float Zone (Fz-Si, Wacker) and magnetic 
Czochralski (MCz-Si, Okmetic) wafers. Resistivity of original wafers before detector processing was 
4-6 kΩ⋅cm for n-FZ Wacker, 2-6 kΩ⋅cm for p-FZ Wacker and 1 kΩ⋅cm for n-CZ Okmetic. An overview 
of manufacturing procedures specific for each producer is presented in Table 5-1. The major features of 
processing used at BNL and PTI are very similar. Implantation was used for junction formation in all 
detectors. The main difference of HIP processing is that the implantation is the first step performed before 
the oxidation whereas BNL and PTI used the opposite sequence of these operations. The masks for device 
patterns were different, each producer used its own mask. The dimensions of p+-n junction are: BNL: 
12 mm2, HIP and PTI: 25 mm2.  

During processing Thermally Induced Defects (TIDs) are introduced in the bulk of HIP and PTI 
detectors irrespective to the type of Si. These results are obtained using C-DLTS measurements of 
detectors irradiated by low neutron fluence of Fn = 1⋅1011 cm-2. The parameters and concentrations of 
TIDs and radiation induced defects (RDs) as well as the DLTS spectra are presented in [1]. TIDs are so 
called Sah levels [2]: the midgap level at EC – 0.555 eV and complementary level at EC – 0.27 eV. The 
results on TID introduction are reproducible in all aspects:  

 
a) no TIDs were ever detected earlier in detectors of BNL; 
b) similar TIDs were observed earlier in PTI detectors [3] and in the recent study [4] of HIP detectors 

processed from CZ n-SI as well. 
 
Since concentration of TIDs is lower than shallow donor concentration in the raw material they do not 
affect significantly on the resistivity. Before the measurements all detectors were annealed to reproduce 
the  beneficial annealing stage and then they were kept in the fridge all together. Hence, the annealing 
state is the same for all detectors.  
 

 BNL HIP PTI 
Oxidation 1100ºC/6 h done after implantation 1100ºC/6 h 
p+ - Implant 45 keV/2⋅1014 cm-2 20 keV/1⋅1015 cm-2 50 keV/3⋅1014 cm-2 
n+ - Implant 80 keV/6⋅1014 cm-2 70 keV/1⋅1015 cm-2 80 keV/9⋅1014 cm-2 
Annealing 700ºC/30 min 1100ºC/4 h 700ºC/40 min 
Al sintering 430ºC/5 min (low concentr. of TD) 370ºC/40 min (no TD) 430ºC/7 min 

Table 5-2: Manufacturing procedures in TECHNOTEST 

 

5.2.2 I-V characteristics of Si detectors irradiated by neutrons 
 
I-V characteristics after irradiation with neutrons and an annealing of 4 minutes at 80ºC are shown in Fig. 
5-1 for detectors processed at PTI and HIP on n-type FZ Si  and in  Fig. 5-2 for detectors processed by all 
the three institutes on n-type CZ Si. It can bee seen that all detectors irradiated to 5⋅1013 cm-2 show 
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saturation of the current, which is the evidence of detector full depletion; for the PTI detector on FZ n-Si 
the current “bump” specific for SCSI is observed (shown in the figure by the arrow). Comparison of 
current density vs bias for detectors irradiated at the same fluence (Fig. 5-3) gave the following 
conclusions:  
  

1) For n-type Si saturation occurs at lower voltages for detectors processed from FZ Si as compared 
to those processed from CZ Si;  

2) In detectors processed from p-type FZ Si and irradiated to fluences  =5⋅1013 cm-2 the saturated 
current density is achieved at higher voltage as compared to that for detectors processed from n-
type FZ Si; 

3) At very high fluence (5⋅1015 cm-2) the current densities at same bias are close for all detectors 
irrespective to the type of Si and processing.  

 
The results on I-V characteristics show that the difference related to the Si type and specific processing is 
observed in the range of low and medium neutron fluence and it becomes insignificant for detectors 
irradiated up to 5 ⋅1015 cm-2.   

 
 

Fig. 5-1.: I-V characteristics of detectors processed at PTI and HIP on the wafers from n-type FZ Si and 
irradiated by 1 MeV neutrons. 

 
In Fig. 5-4 the saturated current normalized to the detector volume V is shown as a function of the neutron 
fluence. The plot includes the data for all types of Si and can be approximated by a single linear 
dependence: ∆I/V = αFn with damage coefficient α = 5.9⋅10-17 A/cm. The deviation from this dependence 
is observed only for HIP detectors processed from FZ Si and irradiated to  5 ⋅1013 cm-2. 
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Fig. 5-2.: I-V characteristics of detectors processed by the three institutes on n-type CZ Si and irradiated by 1 MeV 
neutrons. 
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Fig. 5-3.: Comparison of reverse current density vs. bias voltage for the irradiated detectors 
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Fig. 5-4: Saturated current normalized to the detector volume vs. neutron  fluence 

5.2.3 Current pulse response 
 
The measurements of current pulse response were performed with detectors processed from n-type Si 
irradiated up to 5⋅1014 cm-2 using a TCT setup with laser pulse generation of non-equilibrium carriers. 
Due to the difference of detector design (hole in the Al contact was only at one side of the detector), in the 
measurements of detectors processed at PTI and HIP the pulse laser was at the p+ side, and for BNL 
detector the laser was at the n+ side. The shapes of the current pulse response of irradiated detectors 
obviously show the influence of different processing. 

 
a) Low fluence, Fn = (0.1-1)⋅1011 cm-2 
The TCT data for detectors irradiated at this fluence clearly demonstrate the difference of full depletion 
voltage Vfd for various types of Si and processing kind. The results on Vfd at neutron fluences of 1011 cm-2 

and 5⋅1013 cm-2 deduced from TCT data are presented in Fig. 5-5. For FZ n-Si detectors Vfd is about 30-40 
V whereas for detectors from CZ n-Si this voltage is about 320 V for HIP and BNL samples and even 
more for PTI detectors. This implies introduction of donor-type defects into the bulk of CZ Si detectors 
processed at PTI.  
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Fig. 5-5: Dependence of Vfd on neutron fluence deduced from TCT data 
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b) medium fluence, Fn = 5⋅1013 cm-2 

 
In Fig. 5-6 the shapes of current pulse response of detectors processed at PTI and HIP from n-type FZ Si 
and irradiated by 1 MeV neutrons at Fn of 5⋅1013 cm-2 are shown. The range of the bias voltage is 
individual in each plot. It follows from the shapes of detector response that the space charge sign in PTI 
and HIP detectors is negative i.e. detectors are beyond SCSI. Since the signal from the p+ side of PTI 
detector is observed at lower voltage than that in HIP detector, the effective space charge concentration 
Neff is smaller for PTI detector. This is confirmed by a lower Vfd for PTI detectors (Fig. 5-5).  

 

 
Fig. 5-6: Current pulse response of detectors processed from n-type FZ Si and irradiated by 1 MeV neutrons 
at F n of 5⋅1013 cm-2. Laser is at the p+ side. Range of applied bias: PTI – 40-84 V (left), HIP – 77-166 V 
(right). 

 
Hence, the fluence corresponding to space charge sign inversion (SCSI) is larger for detector 

processed at PTI. The pulse width (collection time) for PTI detector was ~ 12 ns that is larger than that for 
HIP detector (~ 4 ns) since the measurements of PTI detector were carried out at lower bias, and the drift 
velocity was below its saturated value.  

 

Fig. 5-7:  Current pulse response of detectors processed from n-type CZ Si and irradiated by 1 MeV 
neutrons at Fn of 5⋅1013 cm-2. Laser is at the p+ side for HIP and PTI detectors and at the n+ side for BNL 
detector.  
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In the measurements of detectors processed from CZ Si for PTI and HIP samples the pulse laser was at 
the p+ side, and for BNL detector the laser was at the n+ side. The shape of response of all detectors 
processed from n-type CZ Si and irradiated by a fluence of 5⋅1013 cm-2 (Fig. 5-7 ) unambiguously 
demonstrated the positive Neff which was larger for PTI detector in accordance with higher Vfd (Fig. 5-5). 
The reasonable explanation of this behavior is that the introduction of donor-type defects (presumably of 
thermal donors) occurs in the bulk of PTI detectors irrespective to the type of Si and thus the results on 
Vfd after irradiation are also different. The response of BNL detector evidently shows full depletion. Since 
this response is due to hole collection, its width is rather large (~12 ns at Vfd) as compared  to those of 
HIP and PTI detectors.  
 
 
c) High fluence, Fn = 5⋅1014 cm-2 
 
The shapes of the current pulse response fater irradiation to  5⋅1014 cm-2 and processed from FZ Si and CZ 
Si are presented in Figs. 5-8 and 5-9, respectively. The response of BNL detector is measured from the n+ 
side whereas for the other detectors the response is from the p+ side. The Double Peak (DP) shapes of the 
response from the p+ side are observed for all detectors. The second peak of the response from the p+ side 
increases with bias, which proves that detectors are beyond SCSI. The ratio of the peak amplitudes P1/P2 
in the DP pulse shape is however different.  
For HIP detectors processed from both types of Si the first peak of the DP shape stays dominating with 
increasing the bias. The same behavior is observed for PTI detector processed from FZ Si. These shapes 
with a dominating first peak do not show a direct evidence of detector full depletion. The difference of the 
response of PTI detector from CZ Si (Fig. 5-9a) is that the second peak of DP shape becomes dominating 
with bias and the ratio P1/P2 is <1. Thus the major difference of the pulse response is observed between 
HIP and PTI detectors processed from CZ Si that is discussed below.  
  

 
Fig. 5-8: Current pulse response of detectors processed from n-type FZ Si and irradiated by 1 MeV 
neutrons at Fn of 5⋅1014 cm-2. For PTI and HIP detectors laser is at the p+ side, and for BNL detector 
laser is at the n+ side. The range of the applied bias: PTI – 290-364 V, HIP – 267-410 V.  
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Fig. 5-9: Current pulse response detectors processed from n-type CZ Si and irradiated by 1 MeV 
neutrons at Fn of 5⋅1014 cm-2. The laser is at the p+ side of PTI and HIP detectors and at the n+ side of 
BNL detector. Range of the applied bias: PTI – 232-387 V, HIP – 271-410 V, BNL – 48-488 V.   
 

 
 

5.2.4 Reconstruction of electric field distribution from DP pulse response 
 The double peak shape of the detectors response was observed for all detectors studied by the Technotest 
subproject irradiated to 5⋅1014 cm-2. This shape is specific for detectors with a high concentration of 
midgap energy levels (deep donors and deep acceptors) in which trapping of free carriers from bulk 
generation current leads to a double peaked (DP) electric field distribution E(x) [5,6]. Space charge 
concentration has also non-uniform distribution, in detectors based on n-type Si, Neff is positive near the 
p+ contact and negative near the n+ contact.  
Simulating the PD pulse response and the E(x) distribution was determined [7], to discuss and compare 
the response of PTI and HIP CZ Si detectors. 
The approach used for simulation of the response of heavily irradiated detector and E(x) reconstruction 
considers three regions inside the detector structure (Fig. 5-10a): W1 and W2 – depleted regions near the 
p+ and n+ contacts, respectively, and Wb – the base region. In detectors irradiated beyond SCSI the region 
W2 is the major depleted region, which extends towards the p+ contact with increasing bias. The new 
consideration of the approach is that in heavily irradiated detectors the resistivity of the silicon bulk is 
close to intrinsic, therefore the high reverse current creates the potential drop (difference) over the bulk of 
the base region and the corresponding electric field Eb.  
Application of this approach for the analysis of two detectors – PTI and HIP detectors processed from CZ 
Si and irradiated by a fluence of 5⋅1014 cm-2 showed the difference in the electric field distribution (Fig. 5-
10b). The electric field in the depleted region W1 and base region in HIP detector are low enough (<1 
kV/cm) whereas in PTI detector the maximal electric field near the p+ contact and in the base region are 
higher and equal to 2.5 kV/cm and 1.5 kV/cm respectively. This difference is due to different effective 
space charge concentrations in the W1 regions: 1.4⋅1011 cm-3 and 1.1⋅1012 cm-3 for HIP and PTI detectors 
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respectively. At the same time the electric field distribution in the major depleted region W2 and the 
corresponding space charge concentration of 9.5⋅1012 cm-3 are practically the same in both detectors. This 
result shows that the balance of deep donors and deep acceptors induced by radiation depends on the 
detector processing even in the same type of the initial Si.  
The important practical consequence of the developed approach for the analysis of heavily irradiated 
detectors is that the studied detectors irradiated at Fn of 5⋅1014 cm-2 can be divided into two groups. This 
distinction is based on the behavior of DP response with bias and the ratio of the two peaks P1/P2 in the 
experimental response curves:  
 
1) the ratio P1/P2 is >1 at any bias – detectors processed at PTI from FZ n-Si and HIP detectors 

processed from FZ and CZ Si, 
2) the ratio P1/P2 becomes close to 1 with increasing bias - detector processed at PTI from CZ Si. 
 
Only in detectors from group 2 the shape of response shows the evidence of full depletion whereas the 
response of detectors from group 1 differs from standard shape specific for full depletion and is more 
typical for non-depleted mode. Meanwhile, reconstruction of E(x) distribution shows that in detectors 
from both groups the electric field extends over the entire detector bulk already in the range of medium 
bias of 200-300 V and the high electric field region (W2) has similar dimensions. The difference between 
the electric field profile in the low field region may be significant that arises to the different doping 
profile dependent on explicit processing. The electric field profile specific for detectors with P1/P2 ≈ 1 is 
favorable for reduction of the collection time that is an important operational characteristic for LHC 
upgrade. The results on collection time for detectors processed and studied within the Technotest project 
are described in the Section “FDS” of this report.  
 

 
Fig. 5-10: Model of electric field distribution in heavily irradiated Si detectors (a) and electric field 
distribution at V = 350 V in HIP and PTI detectors processed from CZ Si and irradiated by neutrons to a   
fluence of 5⋅1014 cm-2 (b) 

5.2.5 Conclusions of Technotest project 
 
1. A difference in the spectra of thermally induced defects is observed in detectors processed by different 

producers: two electron traps are induced in the silicon bulk in HIP and PTI detectors; no defects are 
detected in BNL detectors.  

2. In irradiated detectors a difference was observed in the inversion fluence (corresponding to SCSI):  
   FZ: inversion fluence higher for BNL detectors than HIP and PTI; 
   CZ: inversion fluence higher for PTI detectors than HIP.  
3. Double Peak shape response is observed for all detectors irradiated beyond SCSI. 
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4. Treatment of DP pulse response of detectors irradiated by Fn = 5⋅1014 cm-2 shows: 
    - the same E(x) distribution in the depleted region extending from the n+ contact; 
    - higher E in the depleted region extending from the p+ contact in PTI detectors. 
5. Balance of DDs and DAs induced by radiation depends on the type of Si and detector processing. 

 
Future plans for the Technotest subproject will be focussed on the evaluation of:  
 
1. detectors irradiated at Fn = 1015 cm-2 
2. detectors processed from p-type Si 
3. 24GeV/c proton irradiated detectors 
4. Study of microstrip detectors. Detectors have been already processed in PTI and irradiated by 24 GeV/c 

protons. 

5.3 Thin Epi-Si Pad-detectors 
 
Epi-Si detectors grown on Cz substrate were found to exhibit the superior radiation hardness in terms of 
Neff. Several wafers of different epitaxial layer thicknesses: 25, 50 and 75 µm were produced by ITME, 
Warsaw and processed by CiS, Erfurt. N-type epitaxial layer with homogenous resistivity of 50 Ωcm was 
grown on Cz substrate. The resistivity of the 300 µm thick n-type Cz substrate was 0.01 Ωcm with 
oxygen concentration exceeding 1018 cm-3.  

5.3.1 Effective doping concentration after irradiation 
The epi-Si diodes were irradiated up to Φeq=1016 cm-2 and show (Fig. 5-11) no space charge sign 
inversion after proton and also neutron irradiations when Neff is measured after 8 to 30 min  (annealing at 
80oC) resp. 200-400 h (annealing at 20oC). In contrast to the FZ detectors this point in time doesn’t 
correspond to the minimum, but to the maximum of full depletion voltage evolution with annealing time. 
Nevertheless full depletion voltage of neutron-irradiated samples doesn’t exceed the initial value.  
To understand annealing of Neff studies were started in Hamburg and Ljubljana on a large set of epi-Si 
detectors. Annealing of the diodes at different temperatures: 20oC, 40oC, 60oC and 80oC was performed 
and is still underway for lower temperatures where time constants are much longer. Typical annealing 
curves at 80oC are shown in Fig. 5-12. The annealing curves were fit with the Hamburg model to extract 
the damage parameters. The annealing curves were fit with the Hamburg model to extract the damage 
parameters. 
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Fig. 5-11.: Dependence of full depletion voltage on fluence as 
measured for 50 µm thick neutron and 24 GeV/c proton 
irradiated diodes. 

Fig. 5-12.: Annealing of  ∆Νeff  for 50 µm thick 
diodes irradiated with protons. 
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5.3.2 Reverse Annealing 
 
In standard FZ detectors charged acceptors generated during the reverse annealing (also called late stage 
annealing) add to the effective acceptor concentration representing the stable damage. This leads to 
significant increase of the effective doping concentration if detectors are not kept at low temperatures. On 
the other hand the reverse annealing is beneficial for epi-Si detectors as the effective acceptors 
compensate the stable positive space charge. The difference between FZ and epi-Si detectors irradiated to 
similar fluences can be seen in Fig. 5-13.  

 

 

 

Fig. 5-13.: Difference in evolution of full depletion voltage between 50 µm thick high resistivity FZ and 
Epi-detectors.  

 
Although the high resistivity FZ detector has much lower full depletion voltage after irradiation it 
increases with time and after few hundred minutes at 80oC reaches that of the epi-Si detector.  

The concentration of defects responsible for first component of the reverse annealing was found 
to linearly increase with fluence (Fig. 5-14) with gY1=2.6?10-2 cm-1. Except for the lowest fluences, where 
the time constant of the reaction could not be reliably determined, the time constant of the reaction was 
found not to depend on fluence (see Fig. 5-15) thus confirming the 1st order kinetics. The difference of 
reaction time constants obtained from 60oC and 80oC annealing indicates that the process is governed by 
the same activation energy as in FZ detectors (Ea=1.32 eV) an assumption confirmed also by similar time 
constant, τy1~1000 min at 60oC.  
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Fig. 5-14.: Introduction rate for defects responsible 
for initial component of reverse annealing. 

Fig. 5-15.: Dependence of time constant for initial 
component of reverse annealing on fluence. 

 
The prolonged component of the reverse annealing contributes significantly to the effective doping 
concentration at time scales of around 10 years at 20oC. It exhibits, decrease of the generation rate gy2 
with fluence as can be seen in Fig. 5-16. The time constant depends linearly on the inverse of defect 
concentration (Fig. 5-17) as expected for 2nd order process. Preliminary results derived from annealing at 
60oC and 80oC show that the activation energy is comparable to the one of the first component. 
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Fig. 5-16.: Introduction rate of defects responsible 
for second component of reverse annealing. 

Fig. 5-17.: Dependence of time constant of second 
component of reverse annealing on fluence. 

 

5.3.3 Charge collection efficiency measurements and simulations 
 
Charge collection efficiency measurements in the epi-Si detectors have been performed with minimum 
ionizing electrons from collimated 90Sr source. The measurement setup employs a charge sensitive 
preamplifier and LHC speed (25 ns) shaping amplifier. The small scintillator underneath the diode 
triggered the read-out. The purity of the trigger was almost 100%, which enabled reliable determination 
of the signal also when signal could not be clearly separated from the noise. 
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The setup was calibrated by 60 keV photons from 241Am source so the absolute charge could be 
determined for each measurement.  The recorded spectra were fitted with convolution of Landau and 
Gauss function from which the values for average and most probable energy loss were obtained. The most 
probable and mean deposited energy of 79 and 99 e-h pairs/µm were measured. 
 

  
Fig. 5-18.: Dependence of mean charge on bias 
voltage for epi-Si samples irradiated with neutrons 
to different fluences. 

Fig. 5-19.: Dependence of mean charge on bias 
voltage for epi-Si samples irradiated with 24 GeV/c 
protons to different fluences. 

 

 
Fig. 5-20.: Figure 14: Collected charge for different epi-Si samples and the comparison with simulation 
(lines). 

 
The charge collection measurements were performed on several samples irradiated with protons and 
neutrons up to Φeq=1016 cm-2. The dependence of mean collected charge on voltage at T=-10oC is shown 
in Fig. 5-18 and Fig. 5-19. It was found that full depletion voltage determined from C/V agrees with the 
one determined from the Q/V and that over-depleting the detectors doesn’t improve much the signal. 
Average of the collected charge above the full depletion voltage as the function of fluence is shown in 
Fig. 5-20. To evaluate the effect of trapping the measured points were compared with simulation. Below 
Φeq=2?1015 cm-2 the simulation agrees nicely with measurements for both 50 and 75 µm diodes while at 
larger fluences underestimates the collected charge. Charge collection at Φeq>2?1015cm-2 is strongly 
dependent on effective trapping times of electrons and holes and much less on electric field distribution. 
This leads to conclusion that effective trapping probability at very high fluences could be lower than 
extrapolated from measurements found in [8,9,10].  
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Collected charge was found independent on operation temperature in the range from -20oC to 10oC, which 
is in agreement with expectations. The decrease of mobility with temperature is compensated by the 
decrease of effective trapping probabilities.  

5.3.4 Summary on Epi-Si detectors 
Superior radiation hardness of Epi-Si in terms of Neff has so far been demonstrated for both 

neutron and proton irradiated samples. Good reproducibility of results and similar damage parameters 
extracted from samples of different thicknesses are very encouraging. The main difference between n-
type epi-Si and FZ materials is generation of positive space charge in epi-Si, which doesn’t anneal out 
(stable damage). As the introduction rate of negative space charge, which appears during the late 
annealing stages, surpasses the introduction rate positive space charge it is possible to find an operation 
scenario where effective acceptors compensate donors. Effective doping concentration can thus be 
controlled in such a way that detectors could be fully depleted over entire period of SLHC. Measurements 
performed so far show that it will be possible to keep detectors at RT during the beam off period. Charge 
collection measurements using minimum ionizing electrons from 90Sr source have been performed at 
equivalent fluences of ~1016 cm-2 and compared to simulations. Very good agreement was found for 
Φeq<2?1015 cm-2 while at larger fluencies more charge is measured than expected. Keeping detectors with 
n+ read-out at room temperature could have additional advantage, because effective trapping probability 
for electrons anneals roughly by 40% [8, 11]. 

In the near future p-type epi-Si detectors will be produced on p-type Cz substrate to investigate 
the radiation hardness of n+-p epi-Si detectors, where major contribution to the signal comes from drift of 
electrons.  

5.4 TCT Studies in FZ, DOFZ and MCz Silicon 
The materials used in this study are n-type FZ (f2), DOFZ (d1), MCz (n320) processed by the Helsinki 
Institute of Physics, and high resistivity n-type 15 kΩcm oxygenated FZ (W317) processed by the ST 
Microelectronics. The samples are all 300 µm thick, 0.25 cm2 area with an aluminum grid on the rear 
ohmic contact and an opening in the front aluminum for laser studies. The irradiations were performed at 
the CERN PS with 24 GeV/c protons. Before the measurements all of the diodes were annealed for 4 
minutes at 80oC.  

5.4.1 Leakage Current 
The Fig. 5-21shows the normalized leakage current as a function of 1 MeV neutron equivalent fluence. 
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Fig. 5-21.: Normalized leakage current as a function of 1 MeV neutron equivalent fluence. 
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The α parameter values determined from fits to the above data for the materials under study are:  
 α(f2)  = 4.96 x 10-17 A/cm 
 α(d1)  = 4.85 x 10-17 A/cm 
 α(n320)  = 4.73 x 10-17 A/cm 
 α(W317) =  4.75 x 10-17 A/cm 
and agree well with the data given in [12] which are represented by the solid line in Fig. 5-21. 

5.4.2 Full Depletion Voltage 
 

 The following plots show the evolution of the full depletion voltage of the detectors as a function of 
radiation. The solid lines are used for the depletion voltage determined using capacitance-voltage 
measurements at 10 kHz in parallel mode and the dashed lines are from current-voltage measurements.   
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Fig. 5-22.: Evolution of the full depletion voltage of 
FZ(f2) pad detectors as function of proton fluence. 

Fig. 5-23.: Evolution of the full depletion voltage 
of DOFZ(d2) pad detectors as function of proton 
fluence. 
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Fig. 5-24.: Evolution of the full depletion voltage 
of DOFZ(W317) pad detectors as function of 
proton fluence. 

Fig. 5-25.: Evolution of the full depletion voltage of 
MCz(n320) pad detectors as function of proton 
fluence. 

 
All materials processed at the Helsinki Institute of physics had approximately the same initial resistivity. 
However the FZ and DOFZ materials type inverted at a fluence a factor 2.5 times lower than the 
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maximum fluence of the MCz. The measurements of the MCz material are consistent with previous 
measurements [13]. These measurements alone are inconsistent and can not prove whether MCz type 
inverts. The SCSI in different materials was further studied by Transient Current Technique (TCT) 
measurements.  
 

5.4.3 DOFZ type inversion 
 

Fig. 5-26 shows the current signal resulting form hole injection into DOFZ silicon irradiated to 2 x 1013 
p/cm2. This shows the holes are moving towards the high electric field region. Hence the front implant 
still has the high electric field, indicating the bulk material is still n-type and the DOFZ has not undergone 
type inversion yet. 
 

 

 

 

 
Fig. 5-26.: Hole injection into DOFZ silicon 
detector irradiated with 2 x 1013 p/cm2. 

Fig. 5-27.: Electron injection into DOFZ silicon 
detector irradiated with 5 x 1014 p/cm2. 

 
Fig. 5-27 shows electron injection into DOFZ silicon which has been irradiated to 5 x 1014 p/cm2. The 
current signal shows that the electrons are traveling towards the region of the high electric field, the back 
n+ implant. Hence the DOFZ material has undergone type inversion. 
 

5.4.4 Magnetic Czochralski Silicon 
 

A MCz diode was irradiated to 5 x 1014 p/cm2. The silicon had the same initial resistivity as FZ and 
DOFZ diodes, which type inverted at a fluence of 2 x 1014 p/cm2. Hole injection was performed and Fig. 
5-28 shows the resultant signal for various applied bias voltages. The holes are moving toward the region 
of high electric field, the front p+ implant.  
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Fig. 5-28.: Hole injection into MCZ silicon detector 
irradiated with 5 x 1014 p/cm2. 

Fig. 5-29.: Electron injection into MCZ silicon 
detector irradiated with 5 x 1014 p/cm2. 

 
Electron injection was also performed on the same MCZ sample. Fig. 5-29 shows the resultant current 
signal before (black solid line) and after (blue dashed line) correcting for the trapped charge. The electron 
injection confirms the silicon still has not type inverted, since the electrons are traveling towards the 
region of low electric field, the back n+ implant. Hence even at this high fluence, MCz silicon still has not 
type inverted at 5 x 1014 p/cm2 fluence. 

5.4.5 Effective trapping times 
 
The effective trapping time for each carrier type, τeff,e,h, depends linearly on the radiation.  

eqhe
eff he

Φ= ,

,

1
β

τ
 

Φeq is the fluence expressed in terms of 1 MeV neutron equivalence. We have measured the 
proportionality constant, β, for both carrier types in all 4 materials. In Table 5-3 the values we have found 
are compared with previous results. The trapping rate is material independent. βh is approximately 30 % 
larger than βe.  
 

  βe [10-16 cm2/ns] βh [10-16 cm2/ns] T [oC] 
Dortmund [14] 5.16 + 0.16 5.04 + 0.16 0 

Lancaster/Hamburg [15] 5.4 + 0.3 7.0 + 0.3 0 

Ljubljana [16] 5.6 + 0.2 7.7 + 0.2 -10 

Hamburg [13] 4.85 + 0.15 5.72 +0.5 +20 

f2 (FZ) 5.59 + 0.29 7.16 + 0.32 +5 

d1 (DOFZ) 5.73 + 0.29 6.88 + 0.34 +5 

n320 (MCz) 5.81 + 0.32 7.78 + 0.39 +5 

W317 (DOFZ) 5.48 + 0.22 6.02 + 0.29 +5 

 

Table 5-3: Trapping parameters βh and βe taken from the indicated references and as measured for 4 different 
materials in this work. The measurement temperature is indicated in the last column. 
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6 New Structures 

6.1 3D detectors 
 

The interest in 3D detectors is continuously growing because of their intrinsic capability to 
control the depletion mechanism by acting on the layout of the electrodes rather than via material 
engineering. By properly designing the electrodes width and pitch, one can obtain a depletion voltage, 
(Vdepl), two orders of magnitude lower and a collection time one order of magnitude lower than those 
of standard planar detectors, while maintaining the same active detector thickness. The standard 
designs of 3D detectors, as, for instance, those proposed by Parker et al. [1], present columnar 
electrodes of both doping types arranged in adjacent cells. The path of the electric field lines begins at 
one electrode type and ends at the closest electrode of the opposite type perpendicular with the 
detector surface. Changing the bias voltage one can modulate the strength of the electric field inside 
the device. Two main drawbacks characterize these devices: (i) columnar electrodes are dead-regions 
[2]; (ii) the regions located in the middle between electrodes of the same type present a null field, 
therefore delaying the collection of carriers generated in such zones that slowly move by diffusion 
until they reach a region with a sufficient electric field. Over biasing of the structures negates these 
effects by the removal of the low field zone. 

6.1.1 Fabrication of 3D detectors 
 

The fabrication process of 3D detectors is rather long and requires several steps that are not 
commonly used in standard detector technology [3]. This makes future mass production of 3D devices 
very critical as far as the fabrication yield and the costs are concerned. 

One of the groups involved in 3D detectors ITC-irst, Trento, Italy, in conjunction with CNM 
Barcelona, Spain, has developed, for their first production run, a new 3D detector architecture [4] with 
the aim to simplify the manufacturing process. In particular, the proposed device features electrodes of 
one doping type only, e.g., n+ columns in a p-type substrate. The main advantage is that the column 
etching and doping are performed only once, a fact that provides a considerable process simplification. 
The columns may extend deep into the bulk or all the way through it. The first option leads to a further 
process simplification, indeed, the initial wafer bonding and the final mechanical lapping of the 
support wafer, (as reported in [3]), are not required. 
The electric field configuration of these detectors forces the electrons generated in the substrate to 
move laterally to the closest n+ electrode, whereas the holes gather in the mid region between the 
electrodes and then slowly move to the backside, rather than to a p+ electrode. 

The main drawback of the proposed structure is that it is not possible to control the electric 
field strength with the applied voltage when full depletion is reached. The only way to control it is by 
selecting the appropriate substrate doping concentration. As a result, the low-field regions may have a 
larger extension with respect to the original 3D detector design. 

As already mentioned, the fabrication process of these devices includes steps that are not 
standard for planar detector technology and need to be carefully developed before using them for a 
real device fabrication. For the most critical steps, some dedicated process tests have been performed 
on samples featuring circular columns (200 µm deep and 10 µm in diameter) that were previously 
etched at CNM in Barcelona by means of a DRIE machine.  
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Fig. 6-1. An SEM photograph of a 3D hole with a poly deposition and filled with Silicon oxide. 

 
As an example, figure 1 shows SEM photographs of a hole in which a layer of polysilicon and 

a layer of oxide have been deposited.  It is visible that both materials can be deposited down to the 
bottom of the hole. Similar tests have been performed for other process steps giving positive results.  

A layout, containing various detectors based on vertical electrodes, has been designed. The 
fabrication of a first batch is starting, and it is expected to be completed in the beginning of 2005. 
The Glasgow group has pursued the fabrication of the full 3D detector device. 

6.1.2 Pore formation 
 
The pores for the 3D detectors were etched using one of two methods. Deep reactive ions 

etching has been investigated in conjunction with DRIE machine manufacture STS. To date the best 
aspect ratio obtained is 18:1 with holes of 10 µm in diameter. This result was only possible after 
modification to both the etch process and the etching equipment itself.  

The second method of pore formation is electrical chemical etching with hole catalyzed HF 
acid etch of the silicon. This produced very parallel pores with the best aspect ratio of 30:1 with 10 µm 
hole diameter’s. This process takes up to 24 hours. At present only one wafer can be etched at a given 
time. However, the apparatus is cheap and easy to assemble. Figures 2 and 3 illustrated pores 
fabricated by the two methods. 

 

 
 

Fig. 6-2. SEM images of the structures formed by 
DRIE 

Fig. 6-3. SEM images of the structures formed by EE 
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6.1.3 Contact formation/Pore filling 
 
Boron diffusion has been performed in order to form p-n junctions in n-type silicon pore 

walls. Several techniques were used to analyse the doping distribution in the pore walls: Scanning 
Electron Microscopy (SEM), Scanning Spreading Resistance Microscopy (SSRM) and Secondary Ion 
Mass Spectrometry (SIMS). SEM and SSRM were used to confirm that boron diffused into the holes 
and formed a conductive layer at the pore surface. Finally, SIMS was used to obtain the doping 
profiles through the pore wall at different positions along the pore depth. This analysis revealed that 
boron diffusion is a suitable technique to dope deep pores and to form p-n junctions in the walls 
The use of an oxide mask (the initial oxide layer used for the lithographic step) over the surface of the 
wafer was used as a barrier during the diffusion process to prevent boron diffusion into the top side of 
the wafer. If this had occurred all the pores would be connected together. These devices were tested 
electrically to prove that they were in fact electrically disconnected. A second set of holes is then 
etched into the wafer after the formation of the p-n junction. Due to the fact that phosphorous could 
not be used at Glasgow the second set of holes was filled with metal to form a metal-semiconductor 
contact. A slightly rectifying forward bias IV characteristic results from this diode construction due to 
the fact that when the p-n junction is forward biased the metal-semiconductor junction is reversed 
biased.  

6.1.4 Test device fabrication and testing 
 
The good rectifying nature of the p-n junction has been proved, as illustrated in figure 4. The 

p-n junction was shown to respond to illumination, line b on figure 4. Figure 4 also shows the IV 
curve obtained when a short RIE cycle was used to disconnect the p-n doped pores rather than the 
oxide diffusion mask. A high current was observed and therefore this method was not favored. 

 

 
Fig. 6-4. IV characteristics of p-n junctions formed by boron diffusion in to thin pores; a: with oxide boron 
diffusion mask; b: as a under illumination; c no oxide mask used instead an RIE cycle was used to remove the 
top layer of wafer to isolate the pores. 

6.1.5 Large scale 3D detectors 
 
Pixel and strip detector masked have been designed. A first Pixel mask compatible with the 

Medipix-1 chip has been designed and fabricated. The layout of the pores is shown in figure 5, and a 
photograph of the fabricated device is shown in figure 6. The pore diameter is 10 µm. A square unit 
cell has been fabricated with a cell pitch of 57 µm repeated three times to give a unit cell of 170 µm 
which is consistent with the 170 µm Medipix-1 pixel size. The p-pores were fabricated from boron 
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diffusion into the pore. The p-pores were fabricated with metal deposition into the pores using atomic 
layer deposition at Metorex. 

The IV and CV characteristics of a unit cell of the Medipix-1 device have been made. The CV 
curve shows full depletion at 1.5V with a capacitance for a given Medipix-1 pixel of 500 fF. This is 50 
times higher than one would obtain for a standard planar device. The IV curve, shown in figure 7, 
shows a leakage current of a few pAs per pixel. The IV curve shows a good rectifying nature in 
reverse bias as expected from the p-n junction. In forward bias the leakage current is rectified to an 
extent by the metal-silicon junction in the n-pores. 

  
Fig. 6-5. Layout of a cell of a 3D Medipix-1 pixel detector 
 

Fig. 6-6. Photograph of a 3D Medipix-1 
pixel detector 
 

 

 
Fig. 6-7. IV curve of a cell of a 3D Medipix-1 pixel detector 

 
A mask set has been designed that allows the same pore geometry to be used for the Medipix-

1 pixel detector and a 80 µm pitch strip detector. The pores are 2 or 5 µm in diameter with an n-to-n 
pitch of 42.5 µm and an n-to-p pitch of 30 µm. The top wafer surface metallization defines weather a 
Medipix-1 or strip device is realized. Figure 8 shows the Medipix-1 layout and figure 9 shows details 
of the strip device. These devices have not been fabricated to date. 
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Fig. 6-8. Layout of a cell of a 3D Medipix-1 
pixel detector 

                              Fig. 6-9. Layout of a strip detector 

 
A mask set for the VELO shaped strip detector has also been design and fabricated. The 

layout of the pores follows the strips on the R-measuring detector (a micro-strip detector) and thus the 
3D-VELO detector may be bonded to previously used readout chips such as the VA2 chip. Production 
of these devices has been finished and they are in the process of being tested. The pores in this design 
are 10 µm in diameter with a pitch of 55 µm for the inner radius strips increasing linearly to a 90 µm 
pitch for the outer radius. Figures 6-10 and 6-11 show the mask of the 3D VELO sensor. 

 

 

Fig. 6-10. Mask of the 3D VELO strip detector 
 

Fig. 6-11. Detail of the bond pads and guard ring of the 
3D VELO strip detector 

 

6.2 Development of semi 3-D detectors 
 
A semi-3D detector has both p+ and n+ strips implanted on the top side of 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 or left floating while each p+ strip is connected to an electronics channel for signal 
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readout. Before space charge sign inversion, (SCSI), the depletion develops both vertically from the 
p+ strips to the back n+ plane and laterally from the p+ strips to the neighbouring n+ strips.  

During the past year BNL, Syracuse and Purdue simulated the performance of these detectors 
with ISE-TCAD. The simulation shows that the full depletion voltage will be about 20% higher than a 
conventional single-sided p+/n/n+ strip detector before irradiation. After the sensors are irradiated 
beyond type inversion the depletion develops both from the n+ strips in the front side, and the n+ back 
plane towards the p+ readout electrodes and a reduction in the full depletion voltage of about a factor 
of 2 is expected compared to standard planar strip detectors. 

A few wafers containing semi-3D detectors and standard pad diodes were fabricated by BNL 
in 2004. The Purdue group measured several devices before and after irradiation. Samples were 
irradiated at CERN with a 24 GeV/c proton beam to two fluences of 5 × 1014 neq/cm2 and 1 × 1015 
neq/cm2. Several diodes were also irradiated at IUCF with a 200 MeV proton beam to a total fluence of 
5 × 1014 neq/cm2. To date, only the samples irradiated to 5 × 1014 neq/cm2 have been measured. The 
expected depletion voltage of a standard planar diode exposed to this fluence is about 370 V. The 
depletion voltages of the semi-3D detectors were measured to be 125 V and 150 V for the samples 
irradiated at CERN and at IUCF respectively. These first measurements after irradiation confirm that 
semi-3D detectors deplete at about half the expected voltage of standard silicon, as expected from 
simulation. More investigation is required to understand; the shape of CV measurements, the 
dependency of the measured depletion voltage on frequency and on the voltage applied to the n+ 
strips. A study of the detectors charge collection efficiency, measured by connecting the sensors to the 
SVX4 readout chip, is planned. 

6.3 Thin Silicon 
 
The enhanced radiation hardness of thin silicon detectors is attractive for pixel and strip 

sensors operating at the LHC and future high-energy hadron colliders.  
The Purdue group has received several 150, 200 and 300 µm thick silicon strip detectors 

manufactured by Micron Semiconductor. The DC properties of the sensors have been measured on a 
probe station. The measurements confirm that the coupling capacitance, inter-strip capacitance and the 
bias resistance do not change with the sensors thickness. Confirmation of the expected changes in 
depletion voltage is observed. The depletion voltage decreases from ∼100 V for the 300 µm device to 
∼15 V for the 150 µm thick sensors. The SVX4 chip developed for Run IIb of the Tevatron will be 
used for S/N studies of the thin strip detectors.  

Purdue has also received thin pixel wafers manufactured by Micron but these have not so far 
been measured. After the measurement of their DC characteristics the Purdue group plans to conduct 
studies of the detectors coupled to the CMS .25 µm readout chip S/N performance using the laser 
system that has been set up for the CMS pixels.  

The research activities of the Trento, Padova and Firenze groups in 2004 has been concerned 
with the characterization of devices fabricated at IRST in 2003 [5] from the viewpoint of radiation 
hardness and charge collection efficiency. 

Radiation damage tests have been performed with 58 MeV Li ions at the SIRAD Irradiation 
Facility of the INFN National Laboratory of Legnaro, Italy. Diodes fabricated on 50 µm and 100 µm 
thick high resistivity, (>1 kΩcm), Si membranes along with 300 µm thick reference diodes have been 
irradiated in a vacuum chamber (< 8×10-6 mbar) and at room temperature in single steps, i.e., different 
devices were considered for each fluence. The delivered fluences ranged from 2.11 × 1012 Li/cm2 to 1 
× 1014 Li/cm2. After irradiation devices were electrically characterized by 10 kHz capacitance-voltage 
(C-V) and current voltage (I-V) measurements. It should be noted that all the considered Li fluences 
are high enough to cause substrate type inversion. 
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Fig. 6-12. Depletion voltage (Vdep) as a function of the 
Li ion fluence (Φ) for diodes of different thickness: 50 
µm (dashed squares), 100 µm (close circles) and 300 
µm (open triangles). 
 

Fig. 6-13. Leakage current volume density (JD) as a 
function of the Li ion fluence for diodes of different 
thickness: 50 µm (dashed squares), 100 µm (close 
circles) and 300 µm (open triangles). The values of the 
damage constant α, i.e., the slope of linear fit for the JD 
data, are reported in the inset. 

 
Figure 12 shows the depletion voltage, (Vdep), as a function of the 58 MeV Li fluence, as 

obtained by the C-V measurements, for diodes of different thickness. As can be seen, devices made 
from thinned substrates exhibit a very low depletion voltage even after the maximum fluence. In 
particular, Vdep does not exceed 60 V for the 50 µm thick detectors even at the highest fluence, 
confirming the expected higher radiation hardness with respect to 300 µm thick sensors, for which 
Vdep = 230 V at only 1 × 1013 Li/cm2.  As expected, the leakage current volume density, (JD), linearly 
increases with the Li fluence (see figure 13). Moreover, it should be stressed that the damage constant, 
(α), increases with increasing detector thickness. This effect, already discussed in [6], is due to the fact 
that, although the range of the 58-MeV Li ions is 400 µm, the damage produced in 300 µm thick 
diodes increases with increasing the depth in the Si bulk. Nevertheless, we remark that the α values 
shown in figure 13 are in agreement with the results reported in [6,7], suggesting that the 
considerations reported therein for the Li ion induced damage in thick and thin silicon detectors are 
independent of the diode manufacturer, at least for what concerns the α parameter. 

Charge collection efficiency, (CCE), tests with a 90Sr β-?particle source, (0.1 mCi), have been 
carried out at INFN-Firenze on both non-irradiated and irradiated samples. The experimental setup, 
optimized for single-channel detectors and suitable for measurements in the range from -20 to 20°C, is 
shown in figure 14. The β-particles are collimated onto the device under test that can be biased at 
different voltages. The resulting current signals are fed to a low-noise charge amplifier and shaper 
circuit, with a shaping time of 2.4 µs, and an ENC lower than 300 e- rms. A NaI scintillator coupled to 
a photomultiplier tube is used for triggering the sampling and ADC circuits. 
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Fig. 6-14. The experimental setup for the charge 
collection efficiency measurements. 
 

Fig. 6-15. Collected charge before irradiation for the 50 
µm, 100 µm and 300 µm thick devices for two 
different areas. The number of electron-hole (e-h) pairs 
generated per unit thickness is also reported in the 
inset. 
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The collected charge for the 50 µm, 100 µm and 300 µm thick devices before irradiation is 

shown in Figure 15. The collected charge as a function of device thickness is approximately linear 
with no dependence on the device surface area. Nonetheless, the number of electron-hole, (e-h), pairs 
generated per unit thickness and calculated from the collected charge values is not constant, but 
decreases in thinner diodes, as evidenced in the inset: this effect, presently under study, is in 
agreement with the model in [8] accounting for straggling in thin silicon detectors.  

The CCE measurements have been performed on the 1.9 mm2 area diodes irradiated at 1013 

Li/cm2 and 1.8 × 1013 Li/cm2. The percentage CCE values, estimated with respect to the data before 
irradiation of the collected charge, are shown in figure 16 as a function of the bias voltage (Vbias) for 
the 50 µm thick diodes. The data refers to measurements performed at -20 °C because device cooling 
was necessary to reduce the shot noise arising from the high leakage current after irradiation. The CCE 
increases by increasing the bias voltage and 100% CCE can be recovered for both the considered 
irradiation fluences. As expected, a higher bias voltage is required for the device irradiated to the 
higher fluence. The CCE recovery is achieved at the expense of a high bias voltage, largely exceeding 
the depletion voltage values extracted from the C-V measurements. A similar behaviour is observed 
for the 100 µm thick devices, (see figure 17). In this case the CCE increase, as a function of the bias 
voltage, is slower than for the 50 µm thick devices, but a 100% CCE can be still recovered at Vbias ≈ 
300V. Before reaching the CCE recovery, i.e. for 120 V < Vbias < 250 V, the CCE is, as expected, 
higher for the device irradiated to the lower fluence. 
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Fig. 6-16. Charge collection efficiency (CCE) as a 
function of the reverse bias voltage for 50 µm thick, 1.9-
mm2 area diodes irradiated at the two highest fluences. 
Data refer to measurements performed at       -20°C. 

Fig. 6-17. Charge collection efficiency (CCE) as a 
function of the reverse bias voltage for 100 µm thick, 
1.9-mm2 area diodes irradiated at the two highest 
fluences. Data refer to measurements performed at -
20°C. 

 
The depletion voltage values extracted from CCE measurements before and after irradiation are 
summarized in Table 6-1. In non-irradiated devices, the depletion voltage values extracted from the 
CCE measurements are close to those extracted from C-V measurements. In the table, the depletion 
voltage values after irradiation are extracted from CCE measurements at ≈90% of the maximum CCE. 
 

TABLE 6-1 
Summary of the depletion voltage values extracted from CCE measurements on diodes of different thickness 
before irradiation and after irradiation at 1013 Li/cm2 and 1.8×1013 Li/cm2. Data could not be extracted for the 

irradiated 300 µm thick diodes. 
 

Thickness 
(µm) 

Before irradiation 
After 

Φ = 1013 Li/cm2 
After 

Φ =1.8×1013 Li/cm2 
50 0.8±0.1 V 40±5 V 75±10 V 

100 1.4±0.5 V 175-200 V 230-300 V 
300 16.7±1 V / / 
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After irradiation, it was not possible to measure the CCE for the 300 µm thick diodes within the range 
of reverse bias voltages that could be applied with the available instrumentation, (up to 400V), due the 
high leakage current present even at -20°C.  
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7 New Materials 
 
7.1  Research activity on silicon carbide 
 
7.1.1 Growth of epitaxial 4H-SiC layers 
Two new layers have been grown by the Institute for Crystal Growth of Berlin (IKZ), using 2” n-type 
4H-SiC. Ioffe group and Linköping University (Sweden) have grown 4H-SiC epilayers 30µm thick 
with net acceptor concentration of 3-5×1015 cm-3 by sublimation epitaxy. 4H-SiC epitaxial layers with 
thicknesses of 26-50 µm (net donor doping 6×1014 to 8×1015 cm-3) were grown by CVD on 
commercial 4H-SiC wafers, by Ioffe group with AMDS AB Sweden and CREE USA. 
 
7.1.2 Processing tests structures  

7.1.2.1 p+n junction structures.  
Perugia processed p+n junctions on the new epilayers grown by IKZ institute ( masks shown in Fig. 
7-1). Perugia also processed p+n diodes realized in collaboration with INSA-Cegely (Lyon, France) 
and CNR-IMM (Bologna, Italy). The diode structure is based on a 0.45µm deep NA = 4×1019cm-3  
doped p+ emitter, ion implanted in an n-type epilayer with thickness equal to 40µm and nominal 
doping ND = 1.1×1015 cm-3.p+-n-n+ structures have been processed by IOFFE PTI with AMDS AB 
Sweden and CREE USA on of 26 µm thick and doping (6-8)×1015 cm-3 by implantation of Al+ ions 
with an energy of 150 keV at a dose of 5x1016 cm-2 and  a subsequent rapid high temperature 
annealing during 15 s in Ar ambient.  Al and Cr/Al ohmic contacts to p+- and n+ - layers, respectively 
were made by thermal vacuum evaporation. 
 

  
Fig. 7-1 Masks for p+n junctions epitaxial SiC test structures grown by Perugia. 

 
 

7.1.2.2 Schottky diodes  
These have been processed at Glasgow University (Ni contacts) on IKZ epilayers grown in 2003 
(thickness = 35 µm and net donor doping 5x1014 cm-3 , 1x1015 cm-3 ). Ioffe and Linkoping University 
processed Schottky (∅ ~ 800 µm) and ohmic contacts by magnetron deposition of Ni. Ioffe also 
processed with AMDS AB Sweden Cr Schottky barriers with metal thickness of  0.1 µm and areas 
1×10-2 cm2 as well as Cr/Al ohmic contacts on 4H-SiC epitaxial layers (26µm-thick, doping 1×1015 
cm-3 ) and ( 50µm thick  doping 6×1014 cm-3 ). Schottky diodes have been processed already last year 
by Alenia Marconi Systems, Rome on 4H-SiC epitaxial layers grown onto CREE substrates, by 
CREE and IKZ, the study of radiation hardness on these diodes, carried out by University of Modena 
and Florence  continued this year.  
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7.1.3 Detection properties and radiation hardness of  SiC  Schottky diodes  

7.1.3.1 IOFFE PTI and Linkoping University [1-5] 
Diodes have been irradiated with protons  up to 5x1014 cm–2 in an MGTs-20 cyclotron. Capacitance-
voltage, current-voltage and DLTS spectra were measured before and after irradiation diodes.  
Already after irradiation up to 2x1014 cm-2  samples sheet resistance strongly increased and the 
irradiated material became semi-insulating. This result has been explained considering that in the p-
type 4H-Si?  epilayer the concentration of radiation-induced donor-like defects became comparable to 
the acceptor-like levels. A comparison between Si and SiC radiation hardness was carried out by these 
two groups in the following way. Samples were cut from a Si ingot doped with phosphorus in 
concentrations of about 6⋅1015 cm-3. 4H- and 6H-
SiC layers of n-type with charge carrier 
concentrations of 1016 cm-3 were grown by 
sublimation epitaxy technique on SiC substrates. 
Samples ave been irradiated with 900keV fast 
electrons. Electrical measurements on initial and 
irradiated samples were conducted by means of 
the Van-der-Pauw and capacitance−voltage 
techniques. Under the same irradiation conditions 
the charge carrier removal rates in n-Si and n-SiC 
differ by a factor of about ten. The averaged 
removal rates of charge carriers in both 4H- and 
6H-n-SiC do not exceed 0.015 cm-1. The dose 
dependence of  the effective space charge 
concentrations Neff= Nd – Na in irradiated n-SiC 
at room temperature is shown in Fig. 7-2. This 
concentration in irradiated SiC starts to fall at a 
dose above 1017 cm-2.  

7.1.3.2 Ioffe  with AMDS AB Sweden and CREE <USA) [6-9] 
 Cr Schottky barriers were irradiated by 1 MeV neutrons, 245 MeV Kr+ and 710 MeV Bi+ up to 
fluences (1.2-6.2)x1014 cm-2, (1-5)x1010 cm-2 and (0.1-5)x1010 cm-2, respectively and studied by 
photoluminescence (PL) capacitance-voltage and current-voltage characteristics and DLTS.  The 
neutrons and high energy ions introduced very similar defect centers in 4H-SiC. Neff decreased with 
increasing fluences, mass and energy for different kind of irradiations. Maximum fluences resulted in 
capacitance values independent of reverse bias. These "saturated" capacitance values correspond to an 
"effective" dielectric layers of  20-30 µm thick, which were comparable with the thickness of  the 
CVD epitaxial layer. Cr Schottky barriers  were also irradiated by 4.8-7.7 MeV α-particles using 
radioactive isotopes  226Ra, 239Pu, 240Pu, 241Am and  238Pu. Amplitude spectra was analysed for total 
channels number of  4000. The lines of  226Ra decay and high precision Si detector (worked out in the 

  
Fig. 7-3 Energy spectrum of the α-particles  226Ra  
measured under  Urev =  400 V.  

Fig. 7-4   Energy spectrum of the α - particles  241Am  

+  238Pu  for 4H - SiC  (1)  and high-precision Si  (2)  
detectors. 
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Ioffe institute) were used to calibrate the channel value. Charge  collection  efficiency (CCE), energy 
resolution (FWHM), value for the average electron - hole pair creation energy (εSiC) and character of 
the noise in the 4H-SiC detectors were determined. The energy spectrum of the α-particles presented 
in Fig. 7-3 allowed to estimate of the maximum energy of α-particles which could be detected by 
Schottky barrier diode structures.  This value was closed to 7.7 MeV for  Vrev = 400 V, when the 
width of the space-charge region in diode structures and the α-particles ranges were equal to 27 µm  
and 31 µm,  respectively for two different CVD layers. An energy resolution of 0.35 % was achieved 
for 4H-SiC based detectors for the first time, which allowed to reveal visually the fine structure peaks 
of α-particles spectrum with lines separated by about 20 keV (Fig. 7-4).  
Close to 100% charge collection efficiency  at 150 V for CVD layers with Nd-Na=1×1015 cm-3  was 
measured. The high quality of detector reflects a relatively high value of the minority carrier diffusion 
length (10-12µm), a small reverse currents (less than 1 nA up to 500 V). As a consequence the noise 
of the dark or photo-current was “shot” without any surplus noise up to 500V. Average electron-hole 
pair creation energy in 4H - SiC was determined to be 7.7eV.  The spectrometry properties of 4H-SiC 
based detector was thus revealed to be commensurable with precision Si-detectors for the first time. 
 

7.1.3.3 Universities of Modena and Florence [10,11] 
Schottky diodes with epilayer thickness 20µm and effective doping 5.3×1014 cm-3 was studied in past 
by RD50 and proved to have 100% CCE (1100e)  at 400 V (1100 e-) [10]. This year it has been 
irradiated with 24GeV/c protons up to 1.4 ×1016 /cm2  at PS (CERN). After irradiation the capacitance 
was independent of the applied voltage, reaching the geometric value of  the order of 10pF for test 
signal frequencies in the range 100kHz-1MHz. The charge collection efficiency was studied at room 
temperature with mips from a 90Sr source and a low noise electronic read-out with 2µs shaping time, 
series noise of 280e+10e/pF. A charge collection efficiency of the order of 30% was found at 800V, 
the collected charge is very close to electronic 
noise values.  Various samples with thickness 40-
50µm have been irradiated with neutrons up to 
7×1015/cm2 in Ljubljana: the charge collection 
efficiency was studied with α-particles at room 
temperatures before and after irradiation at the 
University of Modena. Results are shown in Fig. 
6. If up to 1x1014n/cm2 a 90% charge collection 
was measured, at 7x1015 n/cm2 only a 20% was 
attained (at 700V) [11]. These results, showing a 
limited radiation hardness of epitaxial 4H-SiC to 
fast hadrons, must be confirmed by a more 
systematic work on the same material, which is 
presently under way.  
 
7.1.4 Detection properties and radiation hardness of  SiC p+n junction 

diodes 

7.1.4.1 Ioffe  with AMDS AB Sweden and CREE USA [6-7,12] 
p +-n-n+  ion implanted diode structures were irradiated by 1 MeV  neutrons, 245 MeV Kr+ and 710 
MeV Bi+ respectively up to the fluences (1.2-6.2)x1014 cm-2, (1-5)x1010 cm-2 and  (0.1-5)x1010 cm-2, 
respectively.  Irradiation with neutrons and  Bi+ ions resulted in elimination of the diode structures 
rectifying properties. Devices degraded after irradiation with fast neutrons and high-energy Kr and Bi 
ions recovered their properties if they were measured at high temperatures (up to 500oC) (Fig. 7-6). 
The temperature dependences of the resistance of 4H-SiC CVD epitaxial layers irradiated with 
different particles and fluences are shown in Fig. 7-7. Activation energy 0.5 eV  after neutrons and  
Bi+ ions irradiation, a more complex behavior is observed for the  Kr+ irradiation. Differences are 
supposed to be mainly due to the formation of vacancy  clusters, which size, concentration, and 
temperature  stability depend on irradiation kind and fluence of irradiation, as well as on the purity of 
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the initial material. Also, the behavior of SiC diode structures with shallow ion implanted p+-n-n+ 

junctions was studied under  22ns ionization pulse X-ray radiation in the dose-rate range up to 3x1010 
rd(SiC)/s. A linear dependence of the ionizing current vs dose-rate was observed, with a diode 
recovery time of about 25ns. Transient radiation response demonstrated sufficient benefit as compared 
to Si devices, even if the reduction of ionizing current was in the range from 5-7 times under the same 
dose rate, related to a  lower carrier generation and excess carriers lifetime in SiC as compared with 
Si.   
 

7.1.4.2 Perugia University [12-15] 
Here are presented the studies carried out  on p+n 
diodes produced in collaboration with INSA-
Cegely (Lyon, France) and CNR-IMM (Bologna, 
Italy). The room temperature C-V profile is shown 
in Fig. 7-8. I-V measurements have also been 
performed. The ideality factor calculated at low 
voltages is between 2.0-2.2 and then decreases at 
1.5-1.6, but it never reaches 1 before the series 
resistance dominates the forward characteristic. 
The breakdown voltage of these diodes varied 
with the measurement ambient (up to 1.3kV in air 
and up to 4.8kV in Galden or SF6 for the diodes 
featuring an emitter diameter of 0.3mm ). For the 
diodes featuring 1mm emitter diameter, analyzed 
in the present study, the breakdown voltage in air 
is in the range 700-900V. The full depletion voltage is close to 1600V. It should be underlined that the 
CCE and DLTS measurements could only be performed on large area diodes, which unfortunately 
feature the worst breakdown voltages.  
 The charge collection efficiency to minimum ionizing particles has been investigated by a 90Sr 
β source. The measurements have been carried out in collaboration with the University of Florence. 
The series noise of the instruments is linearly proportional to the capacitance. The pulse height 
spectrum giving the charge response yielded by the SiC detectors when exposed to 90Sr β source was 
measured as a function of the reverse voltage in the range 0-880V. The distribution signal mean value 
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Fig. 7-6 : Forward (1, 2) and reverse (1', 3) I-V 
characteristics of the SiC p+-n-n+ structure irradiated 
with neutrons and Bi+ ions (inset) .Curve 1,1' - 
measurement at room temperature;  Curves 2, 3 - 
measurements at 650 K or 428K (inset). 

Fig. 7-7: Temperature dependence of the resistance 
of 4H-SiC CVD epitaxial layers irradiated with 
different particles. 
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and the electronic noise contribution to this signal were evaluated independently. At each bias point 
the signal was stable and reproducible, showing the absence of polarization effects. At 880 V the 
collected charge was 1720 e-. Assuming that the source produced 55 e-h pairs/µm and no 

recombination took place, the collection length is:  
m

e

Q
L collected

µ
=

55
. Fig. 9 shows the comparison 

between the collection length and the calculated depleted region length. As these two lengths are very 
similar we can consider that the CCE for these SiC diodes is 100%, in spite of the fact the signal given 
by the Landau distribution convoluted with the electronic gaussian noise merges with the pedestal 
signal due to the gaussian noise itself. A SiC epitaxial layer with lower doping and higher thickness  
would have made possible the separation between these signals and would have confirmed that the 
fabrication of particle detector in silicon carbide can be done also using p+-n junction diodes. Such a 
demonstration has recently been published for SiC Schottky diodes. Simulations have been carried out 
using the ISE-TCAD DESSIS device simulator. In fact DESSIS makes available both a 6H-SiC model 
and a Heavy Ion Crossing stimulus. Moreover, with DESSIS we can introduce deep levels related to 
defects. Radiation damage introduces many defects, which reduce the CCE. Introducing these defects 
in DESSIS simulations, we are able to analyze which defects are important to decrease the CCE. The 
simulation tool solves the fundamental semiconductor equations in a spatial and time discretization. 
The first simulated structure is a Schottky diode manufactured on a typical low resistivity n-type 
substrate (with donor concentration of the order of 1018 atoms/cm3) and a 38 µm thick n epilayer 
featuring sensibly lower donor concentration (ND = 4×1013 cm-3). We consider a 100µm thick two-
dimensional test structure comprising a 50µm wide single diode. The second simulated structure is a 
50µm wide p+n diode featuring the same substrate and epilayer concentration and epilayer thickness. 
In this case the p+ doping concentration is NA = 4×1019 cm-3 and we consider a 300µm thick two-
dimensional test structure. The parameters in the DESSIS Heavy Ion crossing model have been varied 
in order to obtain a generation of 55 e/h pairs per micron. Using this simulation model, it was possible 
to reproduce the experimental CCE as a function of the applied voltage for the p+/n junction and the 
Schottky diodes as it is illustrated in Fig. 7-9 and Fig. 7-10, respectively. This is an important result 
because using this model the design of radiation particle detectors can be optimized in a fast and 
inexpensive way. Moreover introducing in DESSIS simulation the deep levels related to defects, 
produced by radiation damage, we will be able to analyze which defects are important when the CCE 
is decreased. 

 
5.2. Semi-Insulating SiC 
The performance of irradiated planar detector diodes made from 100µm-thick semi-insulating SiC 
was studied by Glasgow and Vilniusm, continuing an activity astarted in 2003. Ohmic/Schottky 
diodes were produced and characterised using Schottky barrier measurements and charge collection 
efficiency (CCE) measurements were made for 5:48 MeV 241Am alpha particles. A 60% CCE was 
measured before irradiation, due to the presence of deep traps limiting the carrier lifetime. Irradiation 
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Fig. 7-9. Comparison among the collection length, the 
calculated depleted region length and simulated 
collection length as a function of the reverse voltage 
measured with a 90Sr source on p+/n junctions. 

Fig. 7-10. Comparison between the ISE-TCAD 
simulated and the experimental collection length for 
the Schottky diode reported in Ref.[13] 
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took place at Paul Scherrer Institute (PSI) to fluences of 1012; 1013; and 5x1014 cm_2; with 300 MeV/c 
π, the charge collection was found in the same order of the one measured before irradiation [17-19]. 
Incomplete collection should be due to the presence of vanadium. Semi-insulating material without 
vanadium is still under study by the Glasgow group. 
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7.2 Research activity on gallium nitride 
 
This research is carried out mainly by Glasgow, Surrey and Vilnius groups. The irradiation facilities 
of Ljubljana and Imperial College were also involved The material (epitaxial and GaN bulk crystals ) 
was supplied by Tokushima University&Nitride Ltd. (Japan) and Lumilog, Ltd. (France). Samples 
presently available to RD50 are: one 2” wafer 12µm thick (Lumilog); 3 wafers 2µm thick (Tokushima 
University & Nitride Ltd.). According to preliminary agreements with Lumilog, Ltd. one 50µm-thick 
epilayer wafer ( substrate: sapphire ) and one 50µm-thick semi-insulating GaN epilayer grown on a 
highly conductive substrate should be available in near future. Pad detectors were fabricated at 
Glasgow university, wafers have been characterized by optical and microwave spectroscopy before 
detector fabrication and irradiation. Measurements of  I-V and CCE with α-particles are described 
below before and after irradiation. 



7. New Materials                                                                CERN-LHCC-2004-031 and LHCC-RD-005 

7-7 

 
7.2.1 Radiation hardness of already existing epitaxial GaN films 
 
Material is semi-insulating GaN, grown using Metal Organic Chemical Vapour Deposition 
(MOVCD) techniques onto an Al203 (0001) substrate by Tokushima University. The material 
was 2.5 microns thick, (ρ ~108Ωcm), grown on a buffer layer of 2 microns n+ GaN. Au 
Schottky pad contacts were produced by the manufacturers. Due to the thickness of the 
epilayer, the contact potential was able to deplete the diode fully at 0V bias. As-grown GaN 
showed a constant leakage current of ~2pA up to 15V. A maximum CCE of 97%, measured 
with α-particles, was obtained at 15V. The CCE increased linearly with the applied bias. 
Neutron irradiation was performed at the TRIGA reactor at the Jozef-Stefan Institute in 
Ljubljana, Slovenia. Diodes were irradiated with fluences of 5x1014, 1x1015 and 1x1016 
n/cm2. The neutron irradiated samples showed a decrease in CCE with fluence (Fig. 7-11), 
while the leakage current showed a non-linear increase with fluence. One possible explanation 
accounts for the introduction of deep level acceptor states in the material. Leakage current 
after irradiation up to the highest fluence not exceeded 50pA in this voltage range. One GaN 
diode was also irradiated up to 1x1016 cm-2 24GeV/c protons at CERN. Leakage current up to 
20pA was measured at 15V, CCE is shown in Fig. 7-12. X-ray irradiation was performed at 
the Imperial College Reactor Centre. A GaN diode was irradiated with 6 MGy of 10keV X-
rays. A large increase in leakage current was observed after irradiation, while an almost 
100% CCE was reached at 30V (Fig. 7-13 and Fig. 7-14). This combination of effects may be 
attributed to surface damage, which would contribute significantly to the leakage current but 
have no effect on the space charge region, and hence CCE values. A summary of the 
properties of irradiated GaN 2µm-thick epilayers as obtained from measurements in the 
frame of RD50 is given in Table 7-1. 

 
Sample irradiation /fluence CCE,% /@ bias, V I10V, nA cm-2 

/character 
t fast, µs  

Non-irradiated 95 / 30 0.06 /barrier 0.1-0.5 
X-rays (10 KeV) /  600 MRad 100 / 26 5.50 /barrier 0.08 

Neutrons / 5 1014 cm-2,  

(reactor, 100 KeV)   1015 cm-2,  
1016 cm-2. 

77 / 28 
10 / 30 
5 / 16 

0.35 /resist. 
0.65 /barrier 
0.23 /resist. 

0.015 
0.02 

<0.01 
Protons, 24 GeV/  1016 cm-2. 13.6 / 30 0.40 /barrier 0.034 
Table 7-1. Summary of properties of GaN 2µm-thick epilayers before and after irradiation. 

 

 
Fig. 7-11. CCE for neutron irradiated (Ljubljana) thin 

GaN. 
Fig. 7-12. CCE for proton irradiated (CERN) thin 

GaN 
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Fig. 7-13. I-Vrev for X-rays irradiated thin GaN 

. 

 
Fig. 7-14. CCE for X-rays irradiated  thin GaN 

 
 

7.2.2 Preliminary characterization of new GaN epitaxial layers  
 
Materials recently produced are: one GaN epitaxial layer grown at 
Lumilog, Ltd., one new thin GaN epi-material grown by Tokushima, one  
bulk (350µm-thick) sample. Standard photo-lithographic techniques were 
used for fabrication of samples. Before applying metals, samples were 
cleaned in 1:1 HCl:H20, for removal of oxide layer on the surface of the 
material. Contacts were manufactured via evaporation of Pd(80nm)/Au 
(200nm) Schottky contacts. Contacts (Fig. 7-15 ) were in the shape of 
pad/guard ring structures, (0.75mm diameter pad, with 0.5 mm guard 
ring, separated by 50 micron gap) and diced into pairs using a diamond saw. The maximum CCE 
values for the Toshikima samples were between 85-95% (Fig. 7-16). These values are in line with the 
previous CCE measurement using Toshikima samples shown above. The 12µm GaN film produced 
by Lumilog has a maximum CCE of 50% (Fig. 7-17), the reasons of this incomplete charge collection 
is still a matter of study. Results from P. Sellin et al. presented in the previous status report of RD50 
(2003) , showed by IBIC measurements that charge generated from incident MeV α's could only be 
collected from directly below the contact areas. Therefore, it is possible that the measured CCE is 
geometrically limited and  a more optimised diode design could enhance the measured CCE of the 
device.  
 

 
Bulk GaN has so far been difficult to fabricate. Pipes  which run through the material – and can be 
attributed to dislocations caused by the twisting of the hexagonally shaped growth columns - reduce 
the area of the surface available for Schottky contacts. In addition, the material has been found to be 
extremely brittle, probably due to the tensile and compressive strains resulting from the high density 

 
Fig. 7-16. Fig. 16  CCE measure 12µm GaN films 

. 

 

 
Fig. 7-17. Fig. 17 CCE  measured with α-particles with a 12µm 

GaN film 

 
Fig. 7-15. Pd/Au Schottky 

contacts on GaN 
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of dislocations. This material thus often splitted during successive stages of the fabrication process.  
However, a device was successfully fabricated (including a back contact as well) and yielded the I-V 
characteristics  shown in Fig. 7-18.   

 
Fig. 7-18. I-V characteristic for unirradiated Bulk GaN 
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7.2.3 Radiation hardness of already existing epitaxial GaN films 
 
PC, MWA, PL and TSC measurements are currently being carried out on all materials. This will allow 
full comparison of the 4 types of material pre and post irradiation with varying fluence of neutrons 
and protons.Room temperature photoluminescence (PL) measurements were carried out under 
excitation by a continuous wave (cw) He-Cd laser operating at 325 nm wavelength and by a pulsed 
yttrium-aluminum-garnet (YAG:Nd3+) laser (266-nm wavelength). The PL signal was dispersed by a 
double monochromator and detected using an UV-enhanced photomultiplier. Also, time resolved 
photoluminescence (TRPL) measurements were performed to display initial carrier decay processes 
[1]. Investigations of the long-time scale carrier decays were performed using non-invasive 
microwave absorption (MWA) technique and contact photoconductivity (CPC). The MWA method is 
based on pump-probe technique with optical excitation and microwave absorption by the free-carriers 
[2]. The CPC technique relies on measuring photocurrent decays. Pulsed excitation of the excess 
carriers was performed by a focused beam of the 3rd harmonic (355 nm) of YAG:Nd3+ lasers with 
either 10-ns or 30-ps pulses. In the MWA and CPC experiments, the excess-carrier density decays 
were examined over a wide time scale ranging from 1 ns to 400 ms. The measured PL spectra in n-
type highly resistive  GaN consist of three bands [1,3], as it also was observed in [4]. An ultraviolet 
(UV) band peaked at 3.42 eV is attributed to band-to-band recombination. The UV band is 
accompanied by a blue (B) band peaked at about 2.85 eV and a yellow one (Y) peaked at 2.18 eV. 
The latter two B and Y bands probably represent deep center related luminescence. The structure of 
the PL spectrum featuring a B band is inherent for GaN containing a high density of dislocations [4]. 
The Y band, probably, can be ascribed to point defects, e.g. complexes of Ga vacancy [1-5]. 
Concentration of the centers ascribed to the Y-band was evaluated [1,5]  to be < 1015 cm-3 in the 2.5 
µm thick MOCVD grown samples, characterized by PL spectrum 1 in Fig. 7-19. The density of B-
band attributed centers was estimated to be of the order of 1018 cm-3 [1,5]. Y- and B- centers 
concentrations in the 12 µm-thick MOCVD and in the HVPE free-standing samples are lower than 
those in 2.5 µm thick MOCVD grown layers. However, in the HVPE grown free-standing samples, 
additional defects appeared to be PL active. 
The PL spectra obtained in MOCVD as-grown highly resistive GaN 2.5 µm thick layers, after 
irradiation by x-rays and neutrons with fluence of 5×1014 cm-2, exhibited a decrease in intensity for all 
bands. This can be attributed to a transform of deep centre distribution and type. It is known that X-
rays introduce point defects while neutrons induce point defects and clusters. Thus, decreasing band-
to-band luminescence intensity can be explained by carrier density reduction due to fast non-radiative 
recombination through radiation defects. In 
samples heavily irradiated by neutrons and 
protons ( up to 1016 cm-2), the intra-crystallite 
bulk recombination is estimated to be very 
fast due to the high density of radiation 
defects, while trapping process is weakened 
(in the proton irradiated sample) or 
suppressed (for neutron irradiation). 
Summarising, different concentrations of 
shallow and deep donor-acceptor pairs 
manifest in MOCVD and HVPE grown 
highly resistive GaN layers.  Irradiation of the 
semi-insulating GaN epitaxial layers by X-
rays of 600 Mrad and neutrons of fluences 
5×1014 and 1016 cm-2 , and of protons of 
fluence 1016 cm-2 induces an increase of the 
non-radiative trap density within crystallites 
and at their boundaries, which results in 
quenching all three PL bands (UV, B and Y).  
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Fig. 7-19. Fig. 1. PL spectra under cw excitation of the 
same intensity in the intrinsic n-type MOCVD and 
HVPE (4) grown GaN layers of 2.5 µm thickness (1, 
2), and of 12 µm thickness (3) compared with the Mg 
doped p-type GaN (5). 
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7.3 Radiation studies with a-Si(H) 
 
In the RD50 proposal it was paid attention to amorphous Si as a potentially radiation hard material. 
Recently, 10-50µm-thick a-SiC(H) samples have been made available to RD50 (from Neuchatel 
group: [H] 8%). Samples ( 13µm thick ) have been  tested by Glasgow and Vilnius groups before and 
after  1015cm-2 to 1016cm-2 neutron fluence irradiation in Ljubljana. After irradiation 1015cm-2  the α-
particle charge collection efficiency decreased to few percents of the vakue before irradiation. No 
charge collection was observed in the sample irradiated to 1016 cm-2. A 13µm thick a-Si:H p-i-n 
sandwich-type structure deposited on the glass substrate was investigated. Resistivity before 
irradiation was higher than 1010 Ωcm and µτ for electrons was estimated  of the order of 
1.3⋅10-7cm2/V.  After irradiation to 1015cm-2 the bulk resistivity decreased to 1.2⋅109 Ωcm while µτ 
reduced to 1.7⋅10-8 cm2/V. These preliminary results seem to indicate a low radiation hardness for a-
Si(8%H) in view of  a possible application for super-LHC. 
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8 Full Detector Systems (FDS) 
 
The FDS research line of RD50 aims to test the properties of segmented detectors after heavy irradiation. 
The final goal is to test quantities like signal over noise (S/N) ratio and occupancy versus purity with 
simple but realistic systems (one detector coupled to one LHC-speed ASIC) in order to give indications 
on the performances of the devices after heavy irradiations. The activity of the FDS research line is here 
presented divided by sub-groups: miniature microstrip detectors (mini-strips), pixel detectors, electronics 
(newly created group).  
 

8.1 Status of the investigation of p-type substrates 
 

The benefits of reading out silicon detectors from the segmented n-side are now well understood and 
widely accepted [1, 2]. A large improvement in the charge collection efficiency at lower voltages has 
been demonstrated. The improvement is due to the relatively fast collection of electrons (more mobile 
than holes) obtained by keeping the read-out segmented electrode on the side of the high electric field 
after irradiation.  

This solution is now already used for the silicon detectors closer to the interaction point in the LHC 
experiments (LHCb VELO, ATLAS and CMS pixels). All these devices use n-side read-out on standard 
n-type substrates (n+-in-n diode structure). 
However, this solution requires photolithographic processing of both sides of the wafer, resulting in 
roughly 50% greater expense than single-sided processing. Another inconvenience of n+-in-n devices is 
the necessity to operate over-biased prior to the radiation induced inversion of the bulk to p-type, after 
which the junction becomes located on the n-side of the detector. Both issues are avoided by using an 
initially p-type substrate. The feasibility of this approach has been successfully demonstrated using large 
area devices irradiated to the level expected for the LHC tracker (e.g. ATLAS SCT) [3]. 
It is also well accepted that the degradation of the electrical properties of n-type silicon after charged 
hadron irradiation is reduced by the introduction of interstitial oxygen in the silicon crystal by high 
temperature diffusion from a SiO2 surface layer. A similar improvement might be expected with p-type 
substrates. To investigate the effects of high temperature diffusion in the case of p-type substrates, we 
used this technique to enhance the oxygen content of p-type FZ wafers with initial resistivity of about 2.5-
3 kΩ cm.  

 

 
Fig. 8-1 Noise as a function of the applied voltage for 
the three different irradiation doses. The pre-
irradiation value is about 35 ADC counts, similar to 
the value found after irradiation [4]. 

Fig. 8-2 Charge collection efficiency vs applied bias 
voltage, normalised to the pre-irradiation value, of n-in-
p detectors after 1.1, 3 and 7.5 1015 p cm-2. The detector 
irradiated to 3. 1015 cm-2 is standard p-type substrate, 
while the other devices are oxygen-enriched [4].  

Standard p-type substrates (identical substrates that were not diffused at high temperature) were used in 
order to compare the results. Oxygen enriched and standard wafers were than used to produce large area 
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(6x6 cm2) and a few miniature (1x1 cm2) n-in-p capacitively coupled, polysilicon biased microstrip 
detectors, with strip pitch of 80µm. These devices have been produced by CNM-Barcelona using a mask-
set designed by the University of Liverpool. The initial full depletion voltage (Vfd) was about 350 V. 
Some oxygen enriched and standard miniature devices have been studied in terms of CCE(V) after very 
high proton irradiation [4].  
A few oxygenated and standard detectors have been irradiated to 1.1, 3 and 7.5 1015p·cm-2 in the CERN-
PS IRRAD facility at room temperature and unbiased. The detector irradiated to 3. 1015 cm-2 was standard 
p-type substrate, while the other devices were oxygen-enriched. After irradiation they were kept at low 
temperature (<-10oC).  

The irradiated devices have been measured using a 1060 nm laser and fast electrons from a 106Ru 
source (with an energy deposition comparable to minimum ionising, m.i.p.,  particles). The source 
measurements allowed the evaluation of the absolute CCE(V) (relative to the pre-irradiation value of 
identical detectors) and the laser measurements allowed the study of the relative CCE(V) at low biases. 
The detectors were read-out with a SCT128A LHC speed (40MHz) chip [5]. The noise of the detector as 
a function of the applied bias has been measured for different irradiation fluences and the results are 
shown in Fig. 8-1. The CCE(V) and the noise measurements have been performed at –20/25 oC. The noise 
does not show a clear dependence on the bias or on the irradiation level, though a substantial increase of 
the reverse current is measured after the different radiation doses. This is expected because the noise, with 
LHC speed electronics, is dominated by the input capacitance, with reduced dependence on the shot noise 
induced by the increased reverse current.  The low dependence of the noise on the applied bias also 
indicates that the measured devices are remarkably robust against noise associated with microdischarge 
even up to the highest bias voltages applied after irradiation (950V). Fig. 8-2 shows the CCE(V) 
characteristic of the detectors at the different radiation doses up to 7.5 1015 p·cm-2. The charge collection 
efficiency is strongly dependent on the irradiation dose, being further reduced with fluence as a result of 
charge trapping. 

 

   
                          a)                                                   b)                                                   c) 
Fig. 8-3 Energy loss distribution of miniature n-in-p detectors after different irradiation doses and applied 
bias voltages: a) 1.1 1015pcm-2, 800V  b) 3.0 1015pcm-2, 800V c) 7.5 1015pcm-2, 900V 

 
Fig. 8-3 shows the energy distribution of the m.i.p. signal collected at the highest applied bias voltages 
after the three different irradiation doses. Fig. 8-4shows the maximum collected charge as a function of the 
received fluence. Even after the highest dose, the charge collected at the maximum applied bias (900 V) 
by these n-in-p mini-strip detectors is > 6500 electrons. This corresponds to a signal over noise value of 
~7.5, which is still sufficient for efficient tracking. This is presently the only measurements made with 
segmented detector at such a high fluence and it is use to inform the extrapolation of collected charge for 
the highest doses expected in the innermost layers of sLHC (see below the pixel section). 

The collected charge at the highest dose corresponds to the signal deposited in ~90µm thick non-
irradiated silicon detector. In the presence of charge trapping the collected charge is only a fraction of the 
charge produced by the passage of an ionising  particle. This indicates that the collected charge was 
deposited in a much thicker depth of silicon. With this geometry (n-side read-out), even after high doses 
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of hadron irradiation it appears to be advantageous to operate relatively thick (200-300µm) detectors in 
terms of the total collected charge. It should also be noted that the charge collection is still not saturated at 
900V, as shown by the measurements made with the 1060 nm laser (Fig. 8-5).  
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Fig. 8-4 Degradation of the collected charge as a 
function of the irradiation fluence for n-in-p 
microstrip detectors. The applied voltages are 800, 
800 and 900 volts for the three different irradiation 
fluences, respectively [4]. 

Fig. 8-5 Signal induced by 1060 nm  pulsed laser 
illumination on a n-in-p detector after 7.5 1015 p cm-2 
[4].  
 

 
These results already show that with the choice of the appropriate geometry (cell size) and with low 

noise electronics, silicon detectors able to survive the doses anticipated for the SLHC trackers can be 
fabricated. There are still open questions about the p-type material, and namely: systematic investigation 
of the role of oxygen in this material (high temperature enriched silicon vs standard silicon), use of p-type 
MCZ, influence of the processing on the electrical performances of the devices, accurate modelling of 
charge trapping versus fluence (refinement of the variation of the trapping time constant with fluence), 
definition of the optimal thickness of the devices (optimisation of the electric field distribution in order to 
keep the optimal efficiency vs purity ratio as a function of irradiation), annealing studies. In view of these 
studies, a dedicated RD50 mask with 20 pad diodes, 12 pixel devices and 26 miniature strip detectors has 
been designed and fabricated. It is envisaged to use this mask with two manufacturers (two different 
processing) and perform systematic irradiation studies to compare performances of the various geometries 
(diodes, ministrips and pixels) made with the various materials. 
   
8.2 Pixel Activities (Europe) 
 
8.2.1 View on the Pixel Detectors in upgraded LHC-Experiments 
 
Any increase of the LHC luminosity will lead to an extension of the pixel detectors to higher radii in the 
upgraded experiments. For CMS a 8-9 layer pixel system covering the volume up to a radius of ~50cm 
has been proposed [6] and for ATLAS similar studies are under way. The intensity of the radiation in the 
innermost parts of the tracker varies almost with the second power of the radius. In the following a 
subdivision of regions is performed according to their radiation levels. 
 
8.2.1.1 Innermost Layer (radius between 4 and 7cm) 
 
In this region the modules (detectors plus hybrid electronics) have to survive an expected particle fluence 
of 1. 1016 cm-2. In planar silicon devices the maximum expected signal charge is about 2500 electrons for 
perpendicular tracks (Fig. 8-6) [7]. This value is determined by the signal trapping which leads to a mean 
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free path of about 25-30 µm, even with high applied voltage. In order to find a suitable detector to equip 
this region the following open points have to be investigated: 
 

• Is it possible to built readout electronics that can work with such small signals (in such a hostile 
environment) ? In this case planar devices with the opportune cell size can still be used. 

• It is possible to provide devices that deliver a higher signal charge ? 
 
The RD50 research program is investigating these points: the first by the newly formed electronics group 
within the FDS research line and the second by the New Devices research line.  
 

 
Fig. 8-6 Average signal charge expected for a planar silicon device after irradiation 7.8 1014 neq/y cm-2 
 [8]. 

 
8.2.1.2 Remaining Volume of the present Pixel Detectors (radius between 8 and 14cm) 
 
The region between 8 and 14cm is roughly the volume of the present pixel detectors and will have to 
sustain a total fluence of 2-3 1015 Neq/cm2. According to [4] and [7] a signal of ~8000-10000 electrons 
can be expected (Fig. 8-4). So it might be possible to use pixel detectors similar to the ones presently used 
in ATLAS and CMS. Moderate changes in the readout electronics (more data buffers) to account for the 
higher occupancy will, however, be necessary. 
In order to confirm the predicted signal levels, silicon sensors with the CMS-barrel pixel sensor design 
have been irradiated at the CERN PS to fluences up to 2-4 1015 Neq/cm2. The bump bonding of these 
devices is very challenging and is currently under way. It is planned to test such a device in a test beam at 
the CERN SPS in November 2004. 
 
8.2.1.3 Radii between 18 an 22cm 
 
The radiation hardness required at radii between 18 and 22 cm is in the order of 1 1015 Neq/cm2. This 
dose is about equal to the radiation level anticipated for the present pixel detectors of ATLAS and CMS. 
Therefore the present design could, in principle, be used to instrument these layers. However, such an 
approach will be too costly. As the most cost driving component of a present pixel module is the double 
sided processed n-in-n sensor, a replacement by a single sided device should lead to substantial savings. 
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A promising candidate is the n-in-p concept which (potentially) offers the same radiation hardness 
without requiring backside processing.  
To investigate the potential of the n-in-p approach a few (12) pixel detectors (described later) have been 
included in the RD50 mask set. They will be used for a more detailed study of the fluences and bias 
dependence of the signals as well as for system tests with a generic pixel readout electronic. In a pixel 
system using single sided sensors the possibility of destructive sparks between the sensor edge (being at a 
potential of several hundred volts) and the closely spaced readout chip is a concern and dedicated counter-
measures have to be tested. 
 
8.2.1.4 8.2.1.4 Radii between 30 and 50 cm 
 
The radiation hardness is not a major concern in this region. However, due to the high density of tracks 
"conventional" strip detectors cannot be used here. Large pixels or short strips will be required. The 
driving issue for the choice of geometry is a trade between the granularity needed for physics and the cost 
for instrumenting this large volume.  This problem is outside the scope of the RD50 activity. 
 
8.2.2 Description of Pixel Sensors on the RD50-Mask Set 
 
The pixel section of the FDS-RD50 mask contains 3x4 pixel sensors with two different pixel designs. 
These are made to match a generic readout chip currently under design by the CMS pixel collaboration. 
The mask set was mainly dedicated to strip detectors and the pixel sensor design was forced to fit the strip 
detector design, with the following implications: 
 

• Wafer will not have the passivation layer to restricts the bump bonding to lift off processes 
(in most cases Indium). This makes bump-bonding much more difficult and expensive. 

• The poly-silicon layer (used for the bias resistors in the strip detectors) has to be used for the 
contact vias between implant and aluminium. In the pixel devices the poly was used to 
implement field plates at the edges of the n-implant. 

• A completely single sided process (suitable for n-in-p devices) is simulated. In particular the 
absence of guard rings on the back side (with the possible problems due to the presence of 
high electric field on the edges) is investigated. 

• The area for the pixel devices is very limited (the "reticule" size of 12.5 * 12.5 mm2 was 
given to the pixel project). For this reason it is unlikely that the bump deposition can be 
performed on wafer level. This limits the choice of possible bump vendors. 

 
In the given reticule a set of four small "single chips sensors" with 22 * 40 pixels of 150*100 µm2 could 
be placed as shown in Fig. 8-7. They fit the readout chip dedicated  to sensor characterization currently 
being designed by the CMS pixel collaboration. The sensors are placed in a way that they can be bump 
bonded to 4 chips without being  separated. Each sensor contains all features of a full detector module, 
like the elongated edge pixels (see Fig. 8-8). A simple guard ring structure of 10 rings with increasing 
distance was used. They contain field plates realized in poly silicon as well as aluminium (also visible in 
Fig. 8-8). 
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Fig. 8-7: Reticule containing four small pixel 
sensors. 

Fig. 8-8 Edge of a pixel sensor with elongated edge pixels 
and multi guard ring structure. 

 
Two different pixel designs were made. One was optimised for best possible yield while the other was 
laid out to mimic the designs of the ATLAS and CMS collaboration. 
 
Pixel Design 1 
 
This design, shown in Fig. 8-9, was optimised to achieve the best possible yield, with a  coarse feature 
size. The bias grid necessary for taking IV curves prior to bump bonding is implemented in a simple way. 
The punch through dots are placed between four pixels and are connected via a metal line. This metal line 
never crosses any non-connected poly line or n-implant, to reduce the quality requirements to the thermal 
oxide covering the implant and the low temperature oxide encapsulating the poly. The poly is used to 
implement the field plates covering the lateral pn-junctions of the pixels (see Fig. 8-9).  
 
As there is no passivation layer, the bump bond pads have to be optically marked by other means. As 
indicated in the cross section in Fig. 8-10 the contact layer between the aluminium and the poly was 
closed in the region of the bump pad. This causes a topography which should be optically visible when 
placing the bumps,  providing additional protection to the device when a high pressure is applied during 
the bump bonding procedure. 
 

 

 

Fig. 8-9 : Layout of a single pixel in layout 
1. For clarity the poly silicon layer was not 
plotted in the lower figure. 

Fig. 8-10 Cross section through a pixel cell. 
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Pixel Design 2 
 
This design, shown in Fig. 8-11, is as close as possible to the ATLAS and CMS pixels. The biasing 
structure is moved into the pixel implant (bias dot). This minimises the loss of signal caused by this 
structure but has metal line crossing the implant (and the poly layer) of the pixel. A pin hole in this region 
will cause a short to this pixel, reducing the yield. Also here the poly layer was used to implement field 
plates. 
 

 
Fig. 8-11: Layout of a single pixel in layout 2. For clarity the poly silicon layer was not plotted in the lower 
figure. 

 
8.3 System for evaluation of micro-strip detectors in Prague  
 
A system to evaluate the response of silicon strip detector to laser illumination has been developed by the 
Prague groups together with IFIC Valencia . 
The reason for developing such a system is to mimic the response to a minimum ionising particle with a 
laser, resulting in a much more ready to use system. Testing detector in test beam is expensive and 
requires a complicated set up, while laboratory sources (e.g. beta  particle) cannot give information on 
position resolution. The laser system is a good alternative solution.  
The ionisation characteristics of the laser light are different from a m.i.p., as described in Fig. 8-12 and 
Fig. 8-13. In particular: 

1. The semiconductor laser beam has nonzero rise edge (nanoseconds), a finite size beam profile 
(sigma more 1 um) and a minimum pulse duration of 3ns 

2. the light is reflected by metal layers and at the various interfaces (Si, SiO2, poly etc.). 
3. Interference effects can be originated by reflections 

The results are very sensitive to the optimal focus distance, therefore a sophisticated focusing procedure 
was developed. The system can be cooled down to –20oC in dry atmosphere in order to study the property 
of irradiated devices. The time resolution and the spatial resolution of the system are 1ns and 3µm, 
respectively.  Further details are available at [9]. 
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Fig. 8-12 Sketch of the charge deposition in laser tests. 

 

 
Fig. 8-13 Sketch of the charge deposition from a m.i.p 

 
8.4 The TECHNOTEST subproject 
 

The goal of the TECHNOTEST subproject is to study the influence of the initial resistivity and of the 
detector planar processing technology on the radiation hardness properties of silicon detectors. We 
concentrate on two aspects: 

• the physics of formation of the deep levels in the energy band-gap and their influence on the 
charge carrier transport. This subject is within the “Pad Detector Characterization” scope in the 
RD50 research program; 

• the segmented detector response according to the detector geometry which is a within the RD50 
“Full Detector Systems” topic. 
 
Here are presented the results of this second topic. 
 

8.4.1 Detector response and related characteristics (comparative study) 
  

 It was shown in Chapter 5 (PDC) that the detector processing could affect the ration of the 
concentrations of deep donors and deep acceptors induced by the processing or by radiation. This ratio 
controls the electric field distribution in the detector sensitive region. In particular, in heavily irradiated Si 
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detectors the electric field is distributed quite non-uniformly with two asymmetric peaks at the contacts 
and the low field region in-between. This peculiarity plays a crucial role for detector operation because it 
determines the shape of the detector pulse response and the amount of collected charge. Firstly, the low 
field region leads to a delay in charge collection and to an increase of the detector collection time (tc). 
Secondly, in heavily irradiated detectors this low field region “subdivides” the detector into two nearly 
independent regions with high electric field near the p+ and n+ contacts with the thickness of Wp and Wn, 
respectively. Since in the low field region the carrier drift velocity is rather small and the time for the 
carrier transfer is significant, the charge vanishes during the drift and only a small portion of the carriers 
can reach the region with high electric field at the opposite contact. This is well illustrated in Fig.5-9 
(Chapter 5) where the responses of irradiated pad detectors processed at PTI and HIP from CZ n-Si are 
shown. The influence of the processing technology on the detector response is evident. For HIP detector 
the first peak of the double peak (DP) shape dominates at any bias voltage V whereas for PTI detector the 
second peak increases with voltage and becomes dominating from a given voltage (e.g. from 330 V for 
the detector shown in Fig.5-9). This difference is due to different concentrations of the charged mid-gap 
levels, which leads to a difference in the electric field gradient in the depleted regions.   

We observed that in any irradiated detectors processed from different types of Si and using 
various technology, the maximum electric field (up to 2-3·104 V/cm) is located at the n+ contact (see 
Fig.5-10 in Chapter 5). This difference in the electric field at the p+ and n+ contacts implies that an 
improved charge collection efficiency (CCE) in strip detectors made on n-type silicon, is achieved with n-
on-n configuration, because the high weighting field correlates with the location of the high electric field. 
Qualitative consideration shows that n-on-n detectors irradiated beyond SCSI will operate with the 
effective thickness of Wn, which is the bigger part of the detector active volume, while irradiated p-on-n 
detectors are less effective due to lower electric field near the p+ strip and smaller depth of Wp. 

The influence of technology is demonstrated by the voltage dependence of the detector signal 
(collected charge Q). To follow the LHC/SLHC experimental conditions (we suppose shaping time of 
20 ns and 10 ns), the collected charge was estimated in a first approximation by integrating the detector 
current response over the time equal to the shaping time of front-end electronics. The value of the Q 
depends on three factors:  

 
• ballistic deficit  
• charge loss due to carrier trapping, 
• changes of electric field distribution with bias. 

  
 The Q vs V dependences at  20 and 10 ns shaping time are presented in Fig. 8-14 for two pairs of 
detectors processed at PTI and HIP from the same FZ n-Si and CZ n-Si. The corresponding current pulses 
are presented in Fig 5-9 (Chapter 5). In both detectors made by HIP (FZ-Si and CZ-Si) the first peak is 
dominating since the electric field in the Wp region is independent on the bias. Therefore the collected 
charge is practically constant for the 10 ns shaping time. The increase of the collected charge with voltage 
at 20 ns shaping time is due to the second peak.  

For CZ-Si detector processed by PTI, the collected charge increases with bias due to the higher 
electric field in the Wp region that reduces significantly the total charge loss.  

The current pulse response measurements show that in detectors irradiated 5⋅1014 n cm-2 the bias 
corresponding to the pinch-off between the Wp and Wn regions is practically independent on the type of 
material and detector processing.  
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Fig. 8-14 Collected charge versus voltage of p-on-n pad detectors at 10 and 20 ns shaping time. 

 
8.4.2 Summary 

 
1. For all the tested Si materials and processing, the detectors irradiated to = 5⋅1014 n cm-2:   

• the electric field has double peak shape; 
• the electric field at the n+ contact is at least 20 times higher than that at the p+ contact. 
• the pinch-off voltage depends only on the irradiation fluence. 

2. The electric field at the p+ contact in irradiated detectors is sensitive to the type of Si and 
processing. 

3. The n-on-n geometry allows better charge collection for segmented detectors in high radiation 
environment. 

4. The TECHNOTEST subproject plans to study the MIP detection properties of detectors processed 
within this collaboration.  

 
8.5 MCz Silicon Testbeam 
 

The potential increase of radiation hardness obtained by using high resistivity magnetic 
Czochralski (MCz) silicon have driven the idea of using a full size MCz silicon strip detectors for a test 
beam in CERN. Although the FZ growth method can yield high purity and high resistivity silicon and is 
currently the base material used for all HEP silicon tracking detectors, the relatively high resistivity 
(1KOcm) MCz silicon can be used for detector applications. The possible advantages of this choice are 
related to the significantly increased oxygen concentration in MCz compared with the diffusion 
oxygenated float zone material that is currently the reference for radiation hardness [7].  
The LHCb vertex locator (VELO) will operate in an extreme radiation environment (> 1.3x1014 1 MeV 
neutron equiv. / cm2) and hence is likely to be the first detector to be upgraded at the LHC. A number of 
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members of the LHCb VELO group are active in the RD50 collaboration and have conducted the first 
test-beams on a full scale (6cm by 4cm) RD50 MCz sensor equipped with LHC speed electronics. The 
full results of this testbeam are discussed in [10].   
 

a)  

 b)  
Fig. 8-15  CCE for the unirradiated (a)  and irradiated (b) Czochralski silicon detector.  The radiation levels 
are quoted for 24 GeV protons/cm2. The ADC values in the unirradiated and irradiated test beam periods 
can not be directly compared. 
 
The detector under study was a 50 µm pitch AC coupled microstrip sensor processed on 900Ocm MCz 
[11]. The initial depletion voltage was measured as 420 V prior to irradiation. The detector was read out 
with 40MHz clocking rate SCT128A analogue readout electronics. The detector was operated in a test-
beam, then irradiated and re-tested in the test-beam. The irradiation was performed with 24GeV protons 
at the CERN PS and a maximum fluence of 7.8x1014 p/cm2 was delivered. The sensor was annealed, 
taking advantage of the beneficial annealing process, to the minimum of its depletion voltage curve. 
 
The Cz testbeam was performed at the CERN SPS 120 GeV pion and muon beam using an eight-plane 
silicon telescope of LHCb VELO prototype silicon sensors. The irradiated sensor was mounted in a 
nitrogen flushed silicon oil cooled box and operated at –100C.  The data was processed applying pedestal 
and common mode noise algorithms to the recorded signals and track reconstruction was performed 
through the silicon telescope. Dead, noisy and unbonded channels were masked out from the analysis. 
The Cz silicon sensor was then aligned with respect to these reconstructed telescope tracks. The tracks 
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were then extrapolated to the Cz sensor and the charge summed from four strips around the track 
intersection point. 
The Charge Collection Efficiency (CCE) was measured as a function of both irradiation and voltage and 
is shown in Fig. 8-15. Prior to irradiation (see Fig. 8-15a) the full charge collection voltage was estimated 
at 550V and the detector was successfully operated at up to 700V.  The signal to equivalent one-strip 
noise ratio was measured at greater than 23:1. Limitations in the experimental cooling set-up prevented 
the detector from being fully depleted after irradiation for the highest fluences. However a significant 
charge collection efficiency (see Fig. 8-15b) was measured at 7x 1014 24GeV protons/cm2 at a relatively 
modest voltage. 
In these tests a full scale irradiated sensor has been successfully operated with LHC speed electronics. 
These studies show that Czochralski silicon is a promising alternative base material for use in LHC 
experiments and will be studied further by the RD50 Collaboration and its LHCb VELO group partners. 
 
8.6 INFN–RD50 collaboration on design of silicon micro-strip 

detectors 
 
8.6.1 Wafer layout 
 
The Italian institutes member of both the RD50 collaboration and INFN started a project focused on the 
study of micro-strip detectors made with non-standard silicon materials using a dedicated mask. The 
project encompasses mask design, wafer processing and detector characterization before and after 
irradiation. Wafer design has been optimized to be used with different bare silicon material as Cz,  MCz, 
Fz  and Epitaxial  with different sensitive thickness. 
Fig. 8-16 shows a picture of a full processed wafer. The layout consists of 10 silicon micro-strip detectors 
surrounded by a set of test structures. The micro-strip detectors have 4.5 cm implanted strips, AC-coupled 
and biased through poly-silicon resistors. Each sensor has different geometrical parameters, as 
summarized in Table 8-1, in order to compare the detector performances as a function of the strip 
width/pitch ratio and of the percentage of metal overhang.   
The test structures included in the layout are: multi-guard diodes (designed for high bias voltage 
operations), MOS structures and Gate Controlled Diodes (to measure the oxide trapped charge and the 
interface states), poly-silicon resistors and Van der Paw structures (to verify the implant doping). 
All test structures are used to qualify and investigate different process steps and to quantify the effect of 
radiation damage on basic parameters, such as leakage current, depletion voltage, oxide charge, which 
define the global radiation hardness of micro-strip detectors. 
 

 

µ-strip # pitch (µm) p+ width (µm) Poly width  (µm) Metal width  (µm)
S1 50 15 10 23
S2 50 20 15 28
S3 50 25 20 33
S4 50 15 10 19
S5 50 15 10 27
S6 100 15 10 23
S7 100 25 20 33
S8 100 35 30 43
S9 100 25 20 37
S10 100 25 20 41  

Fig. 8-16 Layout of a  processed wafer Table 8-1 Geometrical parameters of micro-strip detectors 
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8.6.2 Materials and processing  
 
The different types of Si wafers used for processing belong to the common RD50 wafer procurement. The 
processed wafers were mainly MCz, with both n and p type of doping. In addition, a few Epitaxial wafers 
with different thickness have been processed, as well as Cz and Standard Fz material, used for 
comparison.      
The ITC-IRST institute (Trento, Italy) has processed n type and p type materials in two successive runs. 
For the second run (on p-type wafers) the p-spray technique has been used to increase n+ implants 
isolation.  
The first run has been fully qualified with on wafer and pre-irradiation characterisation and micro-strips 
devices and test structures are currently under irradiation. The wafers belonging to the second run are 
presently under qualification.   
In both cases the process has been tuned to minimize undesired effects, such as Thermal Donor activation 
in Cz or MCz wafers. For this purpose, process steps like sintering at T<380 oC, Thermal Donor Killing 
Temperature schemes or avoiding the final passivation coverage have been used. The comparison wafers 
were processed according to standard techniques. 
 
8.6.3 Characterization of detectors  
 
The performances of micro-strip detectors and test structures have been studied in a clean-room under 
controlled environmental conditions (T=20 oC; RH 50%). A standard apparatus for semiconductor 
parameter analysis has been used where the probing zone can be kept at relative humidity as low as 20 %. 
Cohort statistics of IV and CV characteristics of micro-strip sensors have been performed according to the 
common procedure defined within the RD50 collaboration. 
Fig. 8-17 shows IV characteristics of all 10 micro-strip detectors of a MCz wafer.  
 

 
 

Fig. 8-17 IV Characteristic of MCz micro-strip sensors Fig. 8-18 Leakage current measured at 400 V for 
micro-strip sensors with 50 µm pitch processed with 
different techniques 

 
A common feature is the low value of the current density (about 1.4 nA/mm2 at 400 V) and the high value 
of the breakdown voltage. Fig. 8-18 shows a comparison of the total current measured at 400V on micro-
strip sensors with 50 µm strip pitch made with different processes. These results show a dependence of 
the total current on the different temperature steps of the various processes. 
The measurement of the bulk capacitance as a function of bias voltage is shown in Fig. 8-19. The 
resistivity values are compatible with the ones extracted from the same measurement on diodes, while the 
total capacitance is a function of the geometrical segmentation of the junction side. 
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1/C2 (F-2)  

 
Fig. 8-19: 1/C2 vs. V  Characteristic of  MCz micro-strip sensors 

 
The inter-strip capacitance has been measured on dedicated structures and on micro-strip sensors. Values 
compatibles with the expectations have been found: 0.8 pF /cm for the devices with 50 µm strip pitch and 
0.6 pF/cm for the devices with 100 µm strip pitch. 
Test structures have been measured to investigate wafer quality and process performance. 
Diodes have been used to check the uniformity of the resistivity and of the leakage current density across 
the full wafer. A superimposition of the leakage current measured at 400 V is shown in Fig. 8-20 as an 
example. The measurements show a good uniformity of the leakage current density, with a well defined 
peak at low values and with a small tail uncorrelated to the process type or the bulk material.  

 

C (F)  

-
Vgate(V) 

Fig. 8-20: distribution of leakage current density  
measured at 400 V on diodes  

Fig. 8-21: CV Characteristic on different MOS structures  

 
The quality of the oxide has been checked with measurements on the MOS and GCD structures. The CV 
curves on the MOS devices, shown in Fig. 8-21, demonstrates that the oxide thickness is uniform across 
the wafer, with typical values of the surface density of trapped charges about 6-7 · 1010 cm -2.  From the 
IV curve on the GCD we can extract a surface recombination velocity in the order of 1 cm /s.     
The pre irradiation study showed a good overall quality of the processed wafer. The devices behave as 
expected. The new materials, such as MCz 1KΩ cm, seem to be suitable for micro-strip processing.  The 
radiation hardness of these devices is under investigation, with irradiations performed with a proton beam 
(24 GeV/c2, CERN) up to very high fluences (1016 p/cm2). 
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8.7 RD50 Electronics group 
 
Within the FDS Research Line, an Electronics Group was formed, with the aim of  

1. Providing a point of contact to the pixel and strip electronics communities of the LHC detector 
upgrade groups. 

2. Supporting investigation of emerging technologies (e.g. SiGe, DSM CMOS) with irradiations and 
characterization. 

3. Working on requirements of the detector-readout electronics interface: e.g. Signal-to-Noise, 
operating temperature, power, voltage levels, layout questions. 

4. Providing a test bed for readout electronics. 
5. Providing detector parameters to electronics groups in the detector upgrade collaboration. 

The participating institutions are Barcelona (M. Ullan), UC Santa Cruz (H. Sadrozinski), Padova (A. 
Candelori), Tel Aviv (A. Ruzin). 
 
UC Santa Cruz is investigating a biCMOS process with fast bipolar transistors fabricated in SiGe for the 
use in the frontend of the silicon readout. This would be appropriate for short strips and fast timing 
(12.5ns) or for longer strips, requiring a survival fluence of about 1015 neq/cm2. To assess the radiation 
damage beyond the measured level of about 1014 neq/cm2, we irradiated during the RD50 irradiation run in 
October 2004 a total of 6 test chips with a set of test structures of diverse geometries to fluences varying 
from 1013 neq/cm2 to close to 1016 neq/cm2. The pre-rad characterizations confirmed the expected very high 
values for the current gain β. Post-rad results will be available in early 2005 after cool down and retest.  
 
 
8.8 RD50 Common Mask for segmented Si detectors 
 

 
Fig. 8-22 RD50 mask for the FDS project 
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The RD50 mask for the FDS project include 20 pad diodes, 12 pixel detectors, 26 mini-strip detectors and 
8 test structure sets. These test structure are implemented for quality control of the processing. The 
presence of pad, pixel and mini-strip detectors will allow direct comparison of the measured parameters 
(differences in CCE(V) between pad and segmented devices, correlation of CV and CCE(V) 
measurements etc.). The pixel devices have been described in details in a previous paragraph. The pad 
detectors are multiguard structures, approximately 5x5 mm2, with an opening on the aluminium top metal 
contact to allow illumination with laser light. The mini-strip are approximately 1x1 cm2 devices, with 100 
strips, 80µm strip pitch, multiguard, capacitevely coupled and with high resistivity polysilicon biasing. 
The mask design allows for single side (p-in-n, n-in-p) and double side processing (n-in-n). 
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9. Workplan and milestones for the year 2005 

9.1. Defect and Material Characterization 
 
Workplan / Milestones 
 
1. Investigation of the influence of the oxygen dimer on the radiation induced formation of 

“thermal” donors in silicon and silicon detectors. 
 
2. 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 order to understand and 
properly model the defect evolution during irradiation (this has strong implications on both the 
defect engineering and the device modelling). 

 
3. 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). 

 
4. Characterization of irradiated silicon carbide samples. Detailed point defect characterization of n-

type 4H-SiC “detector structures” irradiated with 24 GeV protons to understand the strong 
decrease in charge collection efficiency after irradiation. 

 
5. Further characterization of hydrogenated silicon detectors (see also DE line) 
 

9.2. 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 continue on: 
 - Oxygen enriched FZ-silicon 
 - High resistivity n- and p-type MCZ-silicon (Okmetic/Finland) 
 - Epitaxial silicon layers (material: ITME) 
 
2. Hydrogenation in hydrogen plasma will be performed by Minsk. The needed material and defect 

characterizations will be performed in close cooperation with the DMC-project.  
 
3. For a further optimization of epitaxial detectors the growth of 50 µm thick p-type epi-layers at 

ITME and a processing at CiS is foreseen for the beginning of 2005. A production of epi-layers 
on oxygen lean low resistivity FZ-substrates is envisaged.  

 
4. Defect engineering by oxygen-dimer enriched silicon: This work will be performed in close 

collaboration with the DMC-project line. The work plan for 2005 includes basic studies on a 
possible optimization of the oxygen dimerization process with respect to the temperature during 
electron irradiation and fluence in order to minimize the introduction of harmful defects by 
retaining at the same time a sufficiently high dimer concentration. 

 
5. Defect engineering by pre-irradiation: The characterization of irradiated test detectors on pre-

irradiated and untreated high resistivity FZ and MCz silicon will continue in 2005. Surface 
problems had lead to a new process run at ICT-IRST in Trento. In this run also p-type FZ silicon 
and NTD silicon supplied by Topsil will be included. Proposed is a beginning early 2005. 

 



9. Workplan and milestones for the year 2005                  CERN-LHCC-2004-031 and LHCC-RD-005 
 

9-2 

Milestones 
 
1. Processing and characterization of detectors on defect engineered FZ-, n- and p-type MCz-

silicon and pre-irradiated FZ-, MCz-silicon and NTD-silicon. 
 
2. Growth, processing and characterization of 50 µm p-type epitaxial silicon layers on low 

resistivity p-type Cz-substrates. 
 
3. Study of radiation hardness of all defect engineered FZ-, Cz- and epitaxial silicon and pre-

irradiated silicon up to fluences of 1016 cm-2 (1 MeV neutron equivalent) with charged hadrons 
and neutrons. 

 
4. Verification of hydrogenation of different silicon in a hydrogen plasma and basic microscopic 

studies in correlation with macroscopic measurements after irradiation with low energy electrons 
and/or gammas.  

 
5. Oxygen dimerization at higher temperature (350°C) and lower electron fluence (<1018 cm-2) for 

optimizing the amount of dimers in comparison to the concentration of radiation induced defect 
centers.  

 

9.3. Pad detector characterization  
 
Due to the shut down of CERN accelerators, the availability of irradiation beam time for radiation 
hardness studies will strongly be reduced in 2005. Efforts to obtain beam time for RD50 activities 
from different laboratories around the world are currently in progress.  
 

1. Processing and systematic studies on specific process steps for controlled introduction of 
thermal donors (TD) and introduction of hydrogen will continue on high resistivity p-type 
MCZ-silicon (Okmetic/Finland). 

 
2. Production of p+/n-/n+ detector structures, where bulk is p-type MCz-silicon that has been 

compensated electrically n-type by controlled introduction of TDs. 
 

3. Transfer this technology to full-size strip detectors.  
 

4. Improvement of processing technology for n+/p-/p+ detector structures, where p-type bulk is p-
type MCz-silicon. 

 
5. Irradiation and CV/IV characterization of these devices.  

 
6. Charge Collection Efficiency (CCE) study of heavily irradiated p+/n-(TD)/n+ and n+/p-/p+ 

detectors. 
 

7. Improved modeling of TD generation in high resistivity p-type MCz-silicon. This requires 
accurate measurements of oxygen concentration and distribution is this material.  

 
8. Annealing at elevated temperatures irradiated p+/n-(TD)/n+ devices. Annealing behavior of 

high oxygen concentration (MCZ-silicon) silicon is opposite to the traditionally used Fz-Si 
devices. Annealing of Cz-Si creates TDs that compensate acceptor type radiation induced 
defects. Furthermore, annealing reduces greatly leakage current. Whether the annealing 
recovers the CCE of irradiated devices will be studied in 2005.  
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9. Influence of hydrogen on annealing rate irradiated p+/n-(TD)/n+ devices. Introducing 
hydrogen can enhance the TD introduction rate. That may open a possibility to recover 
heavily irradiated detectors at relatively low temperatures (e.g. 1000C).  

 

9.4. New Structures 
 
Workplan/Milestones 

 
1. 3D detectors. (Glasgow, Barcelona, IRST, Florence) In IRST-Trento a 3D layout, containing 

various detectors based on vertical electrodes, has been designed. Testing of first devices will 
be done with MIPS in collaboration with Florence. The fabrication of a first batch is starting, 
and it is expected to be completed in the beginning of 2005. Aim is, like in 2004, to improve 
the fabrication method and realizing the junction doping technique.  CNM Barcelona and 
IRST Trento will work with Glasgow in this.   

 
2. Semi 3D detectors. (US groups) Semi-3D device has been completed.  Intense testing will 

verify operation against simulations.  Analysis of irradiations and characterization will be 
done. A study of the detectors charge collection efficiency, measured by connecting the 
sensors to the SVX4 readout chip, is planned in 2005. 

 
3. Thin Detectors. (Trento, Purdue) Testing of thin detector structures after irradiation with 1016 

cm-2 of 24GeV/c protons and reactor neutrons will be completed in 2005.  Further thin 
detectors in the CMS tracker format will be completed and tested.  The 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. A process of thin detectors made 
with epitaxial thicker layers ( up to 100-150µm n-type and/or p-type ) is also planned in 2005 
in IRST_ITC Trento with materials provided by ITME. 

 

9.5. New Materials 
 
Workplan/Milestones 
 
1. Study before and after irradiation up to fast hadron fluences of 1016cm-2 of detectors made with 

epitaxial 4H-SiC of IKZ, Berlin and CREE. In 2005 a systematic campaign to verify the 
preliminary results obtained in 2004 will be carried out.  

 
2. Continue the study of the charge collection properties and perform preliminary radiation hardness 

studies on thick high resistivity GaN Schottky barrier detectors. 
 

9.6. Full Detector Systems  
Workplan/Milestones 
 
1. Continuing the studies of the charge collection efficiency on microstrip and pixel detectors 

produced in the common process of RD50 ( p-type and n-type, standard epitaxial, MCZ Si ) after 
fast hadron irradiation up to 1016cm-2.   

 
2. 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). Evaluation of charge collection efficiency in case of  a 
reduced collection time to 10ns. 
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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]) . 

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

10.2. Lab space at CERN 
The RD50 collaboration was temporarily using existing infrastructure and equipment at CERN 
in 2004 and requests to continue to do so in 2005. As a member of the collaboration, the section 
PH-DT2/SD can provide access to available lab space in building 14 (characterization of 
irradiated detectors), in building 28 (lab space for general work) and in the Silicon Facility (hall 
186, clean space). The collaboration would like to keep the RD50 visitor office in barrack 591 
and use the CERN infrastructure to organize one workshop at CERN in 2005. 
 

10.3. Technical support at CERN 
A low level of support from PH-DT2/SD (wire bonding and sensor mounting) may be 
profitable. The expected work volume for 2005 is estimated to be very limited.  
 

10.4. References in Chapter 10 
                                                      
[1] R&D Proposal - DEVELOPMENT OF RADIATION HARD SEMICONDUCTORDEVICES 

FOR VERY HIGH LUMINOSITY COLLIDERS, LHCC 2002-003 / P6,  15.2.2002.  




