Paper submitted to the "4 th STD Hiroshima Conference, Hiroshima, Japan, 22-25 March 2000"

Radiation Hard Silicon Detectors

-Developments by the RD48 (ROSE) Collaboration-

G.Lindström 1 , M.Ahmed 2 , S.Albergo 3 , P.Allport 4 , D.Anderson 5 , M.Angarano 6 , V.Augelli 6 ,

N.Bacchetta 7 , P.Bartalini 9 , R.Bates 8 , U.Biggeri 12 , G.M.Bilei 9 , D.Bisello 7 , D.Boemi 3 , E.Borchi 12 ,

T.Botila 10 , T. Brodbeck 13 , M.Bruzzi 12 , F. Campabadal 11 , G.Casse 4 , E.Catacchini 12 , A.Chilingarov 13 , P.

Ciampolini 9 , V. Cindro 14 , M.J. Costa 11 , D.Creanza 6 , P.Clauws 15 , C.Da Via 2 , G.Davies 16 , W.De Boer 17 ,

R.Dell’Orso 18 , M.De Palma 6 , B.Dezillie 19

,

V. Eremin 20 , G.Fanourakis 21 , H.Feick 22 , E. Focardi 12 , L. Fo n - seca 11 , E. Fretwurst 1 , J. Fuster 11 , K. Gabathuler 23 , M. Glaser 24 , G. Grigoriev 17 , G. Hall 29 , M. Hanlon 4 ,

F.Hauler 17 , S. Heising 17 , A. Holmes-Siedle 2 , R. Horisberger 23 , G. Hughes 13 , I. Ilyashenko 20 , A.Ivanov 20 ,

B.K.Jones 13 , L.Jungermann 17 , G.Kramberger 14 , M.Kuhnke 1 , S.Kwan 5 , F.Lemeilleur 24 , C.Leroy 25 ,

M.Letheren 24 , Z. Li 19 , V.Linhart 34 , P.Litovchenko 26 ,D. Loukas 21 , M. Lozano 11 , Z. Luczynski 27 , G. Lutz 28 ,

B.MacEvoy 29 , S.Manolopoulos 8 , A.Markou 21 , C.Martinez 11 , A.Messineo 18 , M.Mikuz 14 , M.Moll 24 ,

E.Nossarzewska 27 , G.Ottaviani 30 , V.Oshea 8 , G.Parrini 12 , D.Passeri 9 , D.Petre 10 , A.Pickford 8 , I.Pintilie 10 ,

L.Pintilie 10 , S.Pospisil 34 , R.Potenza 3 , C.Raine 8 , J.M.Rafi 11 , P.Ratoff 13 , R.H.Richter 28 , P.Riedler 24 , S.

Roe 24 , P.Roy 25 , A.Ruzin 31 , A.Santocchia 29 , L.Schiavulli 6 , P.Sicho 32 , I.Siotis 21 , T.Sloan 13 , W.Slysz 33 ,

K.Smith 8 , M.Solanky 2 , B.Sopko 34 , B.Svensson 35 , C.Tivarus 10 , G.Tonelli 18 , A.Tricomi 3 , S.Tzamarias 21 ,

A.Vasilescu 36 , E.Verbitskaya 20 , P.Verdini 18 , S.Watts 2 , E.Weber 22 , M.Wegrzecki 33 ,

I.Wegrzecki 33 ,P.Weilhammer 24 , R.Wheadon 18 , I.Wilhelm 37 , R.Wunstorf 38 , J.Wüstenfeld 38 , J. Wyss 7 ,

A.Vayaki 21 , V.Vrba 32 ,K.Zankel 24 , P.Zabierowski 27 , D.Zontar 14

1 Hamburg University, Germany

2 London, Brunel University, UK

3 Catania University, Italy

4 Liverpool University, U.K.

5 Fermilab, Batavia (IL), USA

6 Bari University, Italy

7 Padova University, Italy

8 Glasgow University, U.K.

9 Perugia University, Italy

10 Bucharest, Institute of Physics and Technology of Materials, Romania

11 Centro Nacional de Microelectronica, Barcelona, Spain and Instituto de Fisica Corpuscular, V a lencia

12 Firenze University, Italy

13 Lancaster University, UK

14 Ljubljana, J. Stefan Institute, Slovenia

15 Gent University, Belgium

16 London, Kings College, UK

17 Karlsruhe University

18 Pisa , INFN, Italy.

19 Brookhaven National Laboratory, USA

20 St Petersburg, Ioffe Physico-Technical Institute, Russia

21 Demokritos, Institute of Nuclear Physics, Greece

22 Berkeley, University of California, Dept. of Materials Science, USA

23 Villigen, PSI, Switzerland

24 CERN, Switzerland

25 Montreal University, Canada

26 Kiev, Institute for Nuclear Research, Academy of Sciences, Ukraine

27 Warsaw, Institute of Electronic Materials Technology (ITME), Poland

28 Munich, Max Planck Institute, Germany

29 London, Imperial College, UK

30 Modena University, Italy

31 Tel Aviv University, Department of Engineering, Israel

32 Prague, Institute of Physics, Academy of Sciences, Czech Republic

33 Warsaw, Institute of Electron Technology (ITE), Poland

34 Prague, Czech Technical University, Czech Republic

35 Stockholm, Royal Institute of Technology, Sweden

36 Bucharest, Institute of Nuclear Physics and Engineering, Romania

37 Prague, Nuclear Center of Charles University

38 Dortmund University, Germany

ROSE TN/2000/03 - Draft !!!

Abstract

The RD48 (ROSE) collaboration has succeeded to develop radiation hard silicon detectors,

capable to withstand the harsh hadron fluences in the tracking areas of LHC experiments. In

order to reach this objective, a defect engineering technique was employed resulting in the

development of Oxygen enriched FZ silicon (DOFZ), ensuring the necessary O-enrichment of

about 2

u 10 17 O/ cm³ in the normal detector processing. Systematic investigations have been carried out on various standard and oxygenated silicon diodes with neutron, proton and pion irradiation up to a fluence of 5 u 10 14 cm -2 (1 MeV neutron equivalent). Major focus is on the changes of the effective doping concentration (depletion voltage). Other aspects (reverse cu r - rent, charge collection) are covered too and the appreciable benefits obtained with DOFZ sil i - con in radiation tolerance for charged hadrons are outlined. The results are reliably described by the ^Hamburg model~: its application to LHC experimental conditions is shown, demo n - strating the superiority of the defect engineered silicon. Microscopic aspects of damage e f - fects are also discussed, including differences due to charged and neutral hadron irradiation.

Keywords: Silicon Detectors; Radiation Hardness; Defect Engineering; Non Ionizing Energy Loss

1. Introduction

Silicon pixel and microstrip detectors have been selected as best choice for most tracking a p - plications in the forthcoming LHC experiments. However the required ten years of safe ope r - abilityposes an extreme challenge to their radiation hardness, mostlydue to the hadron i n - duced damage in the silicon bulk. The ROSE collaboration ( R &d O n S ilicon for future E x - periments), existing since 1995 and formally approved as RD48 by the CERN-LHCC in June

1996, is concentrating on these problems, performing systematic investigations of all detector relevant effects, including the search for an improved radiation tolerance b yspecial defect engineering methods. The main scientific results are outlined, of which the following two points are of major importance: Ox ygen enrichment of the silicon bulk, during the manufa c - turing process, introduced b yRD48, has resulted in substantial radiation hardening of the d e - vices. Secondl y, a model description has been developed allowing reliable predictions of the detector performance for the LHC operational scenario. Based on these results recommend a - tions are outlined concerning the choice of material and detector processing for silicon dete c - tors for the tracking areas. This technique has been successfullytransferred to several man u - facturers and test devices for the LHC experiments are presentlyunder stud yin close coo p - eration with RD48. In addition, considerable progress has been achieved in the understanding of the microscopic processes responsible for the observed effects in detector pe r formance.

The RD48 collaboration consists presently of 38 member groups, 7 associated companies and

3 observers. The manpower combines physicists working within existing LHC experiments, associated instrumentation, solid state physics and manufacturing companies and thus pr o - vides an invaluable broad source of know-how, which had been vital for the final success. The considerable progress is reflected in the status reports [ 1 - 3 ] and numerous individual public a - tions. A complete list, as well as additional internal reports can be found in the ROSE hom e - page [ 4 ]. This paper is based on the results reported in the 1999 status report [ 3 ] and of add i - tional work performed meanwhile.

2. Defect Engineered Silicon

The key idea of the RD48 strategy is that one can improve the radiation tolerance of silicon by defect engineering. Defect engineering involves the deliberate addition of impurities to silicon in order to affect the formation of electrically active defect centers and thus control the ma c - roscopic parameters of devices. According to current models, RD48 had relied on oxygen and carbon as the key ingredients for a possible change of the radiation hardness. Oxygen and carbon capture silicon vacancies and interstitials, respectively. The carbon is transferred from a substitutional to an interstitial position, mobile at room temperature. It eventually forms stable defects with oxygen and substitutional carbon. Migrating silicon interstitials and vaca n - cies escape from a region of silicon, where a high concentration of Frenkel pairs is produced by a Primary Knock-On Atom (PKA). The PKA is produced by an incident hadron. Vaca n - cies and interstitials can react with each other, leading to intrinsic point defects, especially at the end of the PKA range. This so-called "cluster" region controls many of the electrical p a - rameters of the irradiated silicon dete c tor.

Various types of silicon had been investigated in the past, covering most of the accessible phase space in Carbon and Oxygen concentration, see Fig.1. The important role of Oxygen was first demonstrated by the use of Czochralski ( Cz) silicon, where concentrations of up to

10 18 cm -3 are normal. However this material is not available in detector grade quality. For ep i - taxial silicon, O-diffusion from the Oxygen rich Cz substrate leads to an appreciable e n - hancement of the O-concentration compared to standard FZ (Float Zone) silicon. The results obtained for a thickness of up to 200

P m, were encouraging, but the production cost was not

suitable for mass application. Gas doping during the FZ growing of the silicon ingot was first

applied by Polovodice in Prague but was limited to a concentration of about 10 16 cm -3 . ITME

in Warsaw achieved an O-concentration of up to 3 u 10 17 cm -3 , using a gas jet technique during

the FZ process. A method resulting in the same enrichment but with a substantially higher

cost effectiveness was finally initiated by RD48 and first carried out by ITE. The technique

consists of diffusion of oxygen from a thick oxide layer grown via a prolonged oxidation step.

Material defect engineered this way is accordingly called DOFZ (diffusion oxygenated float

zone) silicon. It should be mentioned that it had been originally invented by a BNL group,

several years ago, but at that time it did not lead to any sizeable enhancement of the radiation

tolerance. Only the unexpected results with proton and pion irradiation, carried out in 1998,

showed that the oxygenated material is highly superior in radiation tolerance. As the radiation

field in the tracking areas of the LHC experiments is dominated by charged hadrons and ne u -

trons play only a significant role at larger radii, with much less intensity, this limitation does

not appreciably restrict the benefits of DOFZ silicon detectors. Hence the implementation of

the DOFZ technique in the detector processes of manufacturing companies was initiated and

meanwhile led to considerable experience. Companies, having meanwhile adopted the RD48

process for detector fabrication, are SINTEF, CiS, Micron and ST Microelectronics. Ox y -

genation has also been performed by CNM-CSIC and the Instrumentation D i vision of BNL.

The proper characterization of the material before exposing the detectors to radiation was vital

for our investigations. Secondar yIon Mass Spectroscop y(S IMS) has proven to be the most

reliable technique for evaluating the O-concentration profiles. In Fig. 2 an example is shown

comparing the depth profile of Ox ygen after standard oxidation with that obtained after pr o -

longed high temperature diffusion. To enhance the temperature limit to 1200 0 C, SiC-tubes

have been used instead of Quartz.

No adverse effects of the ox ygenation process have been noticed in the performance of the

detectors before irradiation. This pertains to possible changes in the initial impurityconce n -

tration as well as the reverse current characteristics and maximum bias voltage. Microscopic

measurements using the DLTS method have also proven that no additional impurities were

produced during the diffusion process. It should however be mentioned that the detector fa b -

rication process has to be slightl ymodified in order to avoid thermal donor generation during

the final annealing step.

All material used for the experiments covered in this report is standard FZ silicon of both

<111> and <100> orientation and resistivitybetween 1 and 15 k

� Change of the doping concentration with severe consequences for the operating voltage

needed for total d e pletion.

� Fluence proportional increase in the leakage current, caused b ycreation of recombin a -

tion/generation centers

� Deterioration of charge collection efficienc ydue to charge carrier trapping leading eve n -

tuallyto a reduction in the signal height produced b y mip s.

The second and third effects have consequences for the signal-to-noise (S/N) ratio for the d e -

tection of minimum ionizing particles ( mips). However, trapping has been found to be tole r -

able, and the reverse current can be largel yreduced b yoperating the detectors at a moderatel y

low temperature of about -10

q C. The first effect is the most severe, as the operating voltage cannot be increased to ver yhi gh values. This limitation is predominantl yset b ythe diode processing, but note that a large operating voltage together with the increased reverse current leads also to an increase of dissipation power which m a yaffect the cooling system, and, i f distributed non-homogeneousl y, could also lead to thermal run awa yeffects.

3.1 Scaling of bulk dam age with NIEL

The radiation effects to be encount ered depend in principal on particle t ype and energy. Ma c - roscopic changes normally scale with the Non Ionizing EnergyLoss (NIEL). This scaling has been veri fied for the leakage current increase, using different t ypes of silicon. Exceptions from this rule have been found when comparing the effect of neutron- and charged hadron damage on the effective doping concentration. However, in order to get a good perception on what could be expected from different particles at different energies, the folding of a given energydistribution with the relevant NIEL function gives quite reliable results. The diffe r - ences observed from charged or neutral hadrons are then projected onto the parameters d e - scribing the radiation effects. A compilation of recommended N IEL values for different part i - cles in the whole relevant energyrange is to be found in [ 5 ]. It is common practi ce to repr e - sent the intensit yof an y hadron irradiation b yits equivalent fluence of 1 MeV neutrons. All results in this report are given as function of these

) eq

-values.

3.2 Reverse current

The bulk damage induced increase of the reverse current exhibits a simple dependence on particle fluence and temperature. It is entirel ydue to the generation of electron/hole-pairs in the silicon bulk. All detectors have guard-ring structures in order to guarantee a defined value of the sensitive volume V (junction area times detector thickness) . With proper use of the guard-ring the reverse current I measured at full depletion is proportional to the volume of the bulk and to the equivalent fluence ) eq

that the detector has received. One therefore defines a current related da m age rate

D b y:

(1) V I

eq

¨

) ¨

�

�

1 17

60 / 80

10 03 . 0 99 . 3

� � ¨

r Acm D [ 6 ].

3.3 Effective Doping Concentration ˘ Depletion Voltage

The depletion voltage V dep

necessar yto full yextend the electric field throughout the depth d of an as ymmetric junction diode is related with the effective doping concentration N eff

of the bulk by

(2 ) 2

0

0

2

d N

q

V eff dep

HH

|

This equation holds not onlyfor the original n-type silicon with N eff

governed b yan abu n - dance of donors but also after severe irradiation when the effective doping concentration changes its sign, due both to a ^donor removal~ and the increasing generation of acceptor like defects. In an ycase | N eff

|= | N d

-N a

|, with N d

being the donor-concentration and N a

that of the acceptors.

CERN-scenario measurements for rapid comparison

Although the change of N eff

with fluence as well as its annealing behaviour is rather complex

(see below), it was found useful to perform rapid comparisons of the radiation hardness a l - most online during the irradiation experiments. However this can lead to quite large inconsi s - tencies due to the fact that larger fluences can normall yonl ybe obtained b ylonger irradiation.

In order to avoid implications produced b ysimultaneous damage generation and annealing during the irradiation experiment a normalization recipe had been devised giving results, which are rather independent on the irradiation history. Making use of the fact that the a n - nealing of the damage-induced change of N eff

follows a rather flat dependence around 10 da ys storage at room temperature, corresponding to about 4 minutes at 80 0 C, a ^CERN scenario measurement~ technique was devised [ 7 ]: After each successive irradiation step the device under test is stored for 4 minutes at 80 0 C and then the normal C/V technique is used for measuring the depletion voltage. Results of such experiments are shown in Fig. 4a and b. The minimum in these curves for | N eff

| is displaying the fluence for which the material becomes type inverted, and the increase at higher fluence values is almost linear. The slope

E of this

branch is a ver ygood measure of the radiation hardness. Although ox ygenated material does

not exhibit anybenefit for neutron irradiation, it clearl yleads to superior results with respect

to standard silicon in case of proton or pion induced damage. While the improvement in E is

about a factor of 3 an adverse effect is found for Carbon enrichment, see Fig. 4b. Another set

of experiments was performed , in which the dependence of the radiation hardness on the in i -

tial doping concentration was investigated (see Fig. 5a and b). For the proton irradiation, the

effective doping concentration reached at high fluences is the same for low and high resisti v -

itymaterial, using low resistivitysilicon is beneficial for reducing neutron damage. In concl u -

sion it is highlyrecommended to use DOFZ silicon. Choosing low resistivityof 1 ˘ 2 k : cm

would then also allow additional benefits gained in neutron irradiations. This wa ythe opt i -

mum radiation to l erance would be achieved for mixed fields of charged and neutral hadrons.

Annealing Measurements and Modelling

The CERN-scenario measurements have proven to be extremelyuseful for a fast damage

evaluation of different materials. Onl ythis wa ywas it possible to select the most promising

defect engineering process resulting in an appreciable improvement of radiation hardness.

However these tests allow the measurement of onlyone of the relevant parameters, namely

the effective doping concentration at or around the minimum of the annealing function. A

different approach, introduced b ythe Hamburg group, uses a set of diodes processed from the

same material and individuallyirradiated at different fluences. Each diode then undergoes a

full annealing c ycle at an elevated temperature for accelerating the annealing kinetics. This is

a time consuming effort but allows the stud yof all components in the change of the effective

doping concentration in a most s ystematic wa y. An example of the whole complex behaviour

is given in Fig. 6. Here

�

� � � � � � � a eq eff eff a eq eff

T t N N T t N , ,

0 ,

)

� )

’

As function of time and fluence ’ N eff

can be described as:

(4)

� � � � � � � � � � � � � � a eq Y eq C a eq A a eq eff

T t N N T t N T t N , , , )

� ) � ) ) ’

In this equation, it has been emphasized that the time dependence is in itself subject to the

annealing temperature T

a

. As indicated in Fig. 5 and obvious from eq .(4) ’ N

eff consists of

three components: a short term beneficial annealing N

A

, a stable damage part N

C and the r e -

verse annealing component N

Y

. N

C can be described b yan incomplete ^donor removal~, d e -

pending exponentiallyon the fluence, with a final value N

C0

, and a fluence proportional intr o -

duction of stable acceptors, with an i n troduction rate g

C

:

(5)

� � � � � �

eq C eq C eq C g c N N ) � ) � � ) exp 1

0

Disregarding the presence of a component from the beneficial annealing and a starting reverse

annealing part, N

C should obe ya ver ysimilar dependence on )

eq as exhibited in the CERN

scenario experiments (see Fig. 6) and, hence, there is a close relation between E and g

C

, given

here. Finallythe reverse annealing component is best described b ya dependence on annealing

time according to [1- 1/(1 + t/

W

Y

)] , where the reverse annealing amplitude is given b y N

Y = g

Y

) eq

. It should be noted that this function is practicallyidentical to a 1 st order approach a c - cording to [1 ˘ exp (-t/ W

Y

)] for moderatel yshort annealing times but differs appreciabl ya p - proaching the saturation value. The time constants of the annealing process have been found to be independent of the irradiation fluence, pointing to a first-order process at the micr o - scopic level. Also the temperature dependence of the time constants has been explored, giving the corresponding activation energies and frequency factors [ 6 ]. H aving measured these va l - ues, one can easil ytransfer the annealing function obtained at high temperature (for faster measurement) to an ygiven value. With respect to a room temperature measurement this a c - celeration factor for the reverse annealing is e.g. 550 for a 60 0 C and 7400 for an annealing at

80 0 C.

How well this model describes the real data obtained for a large set of different fluences and annealing times spanning 3 orders of magnitude, is shown in Fig. 7. Each full line is the result of a fit with the functional dependence as described above. Using such evaluations the diffe r - ent damage parameters, i.e. N

A

, W

A

, N

C

, N

Y

and W

Y

can be derived. The results of such anal ysis are given in Fig. 8a and b for neutron irradiation and Fig. 9a and b for proton damage. The main results are the following: In case of neutron irradiation the introduction rate g

C

for stable acceptors does not depend on the Ox ygen concentration; in both cases it is found to be g

C

=

2

¨ 10 -2 cm -1 . However for proton irradiation this value amounts onlyto 5.6 ¨ 10 -3 cm -1 for the

DOFZ silicon, i.e. a factor of more than 4 improvement with respect to standard material. For

the reverse annealing part as exhibited in Fig. 9b for proton irradiation there is an even larger

advantage of DOFZ in comparison to standard silicon. While for standard silicon a linear fl u -

ence dependence of N

Y is observed, with an introduction rate of 5 ¨ 10 -2 cm -1 one gets a sat u -

rating function for this component, using ox ygenated silicon cutting the net effect of N

Y by a

factor of 2 for )

eq

= 6 ¨ 10 14 cm -2 . Closelycorrelated with the N

Y

- saturation is the fact that the

evaluated time constant for the reverse annealing is appreciabl ylonger too. For the example

shown in Fig. 9b, this amounts to a slowing down b ya factor of 2.5 in comparison to standard

silicon. Both features of the reverse annealing are regarded to be extremelyuseful, as the y

offer an additional safetymargin for detectors kept at room temperature for extended maint e -

nance periods. Additional measurements of this highl ybeneficial and previousl yunexpected

behaviour have meanwhile been performed using silicon detectors processed b ydifferent

manufacturers, the results of which are given in Table 1.

Charge collection measurements

The LHC experiments are naturall yless concerned with the depletion voltage measured b y

normal C/V techniques, but concentrate on the operating voltage needed to guarantee a good

S/N ratio for the detection of mip s. Hence the prime objective is to ensure a given charge

collection efficienc y. Due to trapping and ballistic deficit, the bias voltage needed might be

larger than the depletion voltage deduced from C/V measurements. A proper check b ycharge

collection measurements of the results described in the previous paragraph is therefore r e -

quired. Such experiments can be performed in the laborator ywith a beta-source which pr o -

vides minimum ionizing particles (however with multiple scattering) or using a long wav e -

length IR-laser beam (1060 nm) with an ultrashort pulse duration. Such a laser pulse produces

a mip , like ionization in the diode, but this wayonl yrelative results can be obtained. Both

techniques are extremel ytime-consuming in contrast to the C/V-method. Hence they have so

far onl ybeen performed on selected samples as a consistenc ycheck [ 8 ]. Another example of

comparison between the results obtained from C/V measurements and those from charge co l -

lection can be performed with a near IR laser beam of 835 nm, being absorbed in a surface-

near region of a few microns. After t ype inversion the electric field starts from the n+ ele c -

trode and hence will reach through to the p+ electrode onl yif depletion voltage is approached.

Hence measuring the charge collection as function of bias voltage with illumination of the

front electrode is a ver ysensitive method for obtaining the depletion voltage. Examples of

pulse shapes measured with this technique are displa yed in Fig. 10a and b for two different

annealing steps. It is interesting to note the double peaking pulse shapes measured, which

certainl yreflect a corresponding distribution of the electric field. This double junction effect is well known and had been discussed in several papers [ 9 , 10 ]. In the measurements reported

here, the focus was on the total charge accumulated in each case using a certain time window.

The results are shown in Fig. 11. The yclearl yshow that the depletion voltage values, mea s -

ured b yC/V and Q/V methods, are practicall yidentical. This holds also for a complete a n -

nealing function as plotted in Fig. 12. Therefore, there is hardl yan ydoubt that the C/V

method gives the correct depletion voltage. However using a short integration time of 25 ns

one would have to expect trapping effects, which ma ybe evaluated b yusing a more sophist i -

cated method [ 11 ].

4. Projections of Damage Results to LHC Operational Conditions

The operational scenario for the silicon tracker in both the ATLAS and CMS experiment for e -

sees that the detectors will be kept cold during the beam periods since onl ythis wa ythe r e -

verse current can be sufficientl yreduced. Cooling is also inevitable during the remaining time

each year because room temperature storage would lead to an intolerable increase of the d e -

pletion voltage due to reverse-annealing, effect practicall yfrozen at lower temperature. On

the other hand one has to foresee a partial warm up for maintenance which has to be kept as

short as possible. To applythe Hamburg model to reliable projections for LHC operation, one

has to know the temperature dependence of the involved time constants, especiallythat for the

reverse annealing. Such measurements have been performed so far onlywith standard silicon

detectors. In the following, the same temperature dependence is provisionallyassumed also

for the ox ygenated silicon (checks are under wa y). Together with the evaluation of the other

parameters relevant for the effective doping concentration, respectivelythe depletion voltage,

it is then possible to estimate the behaviour of silicon detectors in different tracking areas over

the full experimental LHC period of 10 years. The parameters used are given in Table 2. R e -

sults are shown for two examples of the ATLAS tracker, Fig. 13a and b. The extreme adva n -

tage of using DOFZ material is apparent for the pixel B-la yer, which is the closest to the i n -

teraction point (r = 4cm). In fact the operation voltage of 600V would limit the usabilityof

standard detectors to only3 years, while DOFZ detectors would survive almost the full 10

years period. The advantage of ox ygenated silicon is less pronounced for the microstrip d e -

tectors in the barrel la yer at r=30cm, as in this case charged hadrons contribute onl yb y50%

to the total equivalent fluence (the rest is due to albedo neutrons). However, also in this case

the achievable improvement is sizeable. As conclusion, it can be stated that, based on the e x -

isting systematic studies with standard and ox ygenated silicon detectors, there is no doubt that

the DOFZ material offers a substantial benefit. In fact, the ATLAS pixel group had mea n -

while decided to use this RD48 developed tec h nique.

5. Examples of Results from Microscopic Studies

Numerous investigations had been undertaken for defect characterization in high resistivity

silicon, especiall yb yusing D LTS (deep level transient spectroscop y) and TSC (thermall y

stimulated current) techniques [ 6 , 12 , 13 ], of which onlya few examples are given here.

5.1 Spectroscopic defect characterization

DLTS experiments provide the emission-parameters (activation energy ’ E and cross section