Paper submittedto 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.M.Angarano 6 , V.Augelli 7 ,

N.Bacchetta 8 , P.Bartalini 6 , R.Bates 9 , U.Biggeri 10 , G.M.Bilei 6 , D.Bisello 8 , D.Boemi 3 , E.Borchi 10 ,

T.Botila 11 , T.J. Brodbeck 12 , M.Bruzzi 10 , T.Budzynski 13 , P.Burger 14 , F. Campabadal 15 , G.Casse 4 ,

E.Catacchini 10 , A.Chilingarov 12 , P. Ciampolini 6 , V. Cindro 16 , M.J. Costa 15 , D.Creanza 7 , P.Clauws 17 ,

C.Da Via 2 , G.Davies 18 , W.De Boer 19 , R.Dell’Orso 20 , M.De Palma 7 , B.Dezillie 21 , V. Eremin 22 , O.Evrard 14 ,

G.Fallica 23 , G.Fanourakis 24 , H.Feick 25 , E. Focardi 10 , L. Fonseca 15 , E. Fretwurst 1 , J. Fuster 15 ,

K. Gabathuler 26 , M.Glaser 27 , P.Grabiec 13 , G. Grigoriev 19 , G. Hall 28 , M. Hanlon 4 , F.Hauler 19 , S. Heising 19 ,

A. Holmes-Siedle 2 , R. Horisberger 26 , G. Hughes 12 , M.Huhtinen 27 , I. Ilyashenko 22 , A.Ivanov 22 ,

B.K.Jones 12 , L.Jungermann 19 , A.Kaminsky 8 , Z.Kohout 29 , G.Kramberger 16 , M.Kuhnke 1 , S.Kwan 5 ,

F.Lemeilleur 27 , C.Leroy 30 , M.Letheren 27 , Z. Li 21 , T.Ligonzo 7 , V.Linhart 29 , P.Litovchenko 31 ,D. Loukas 24 ,

M. Lozano 15 , Z. Luczynski 32 , G. Lutz 33 , B.MacEvoy 28 , S.Manolopoulos 9 , A.Markou 24 , C.Martinez 15 ,

A.Messineo 20 , M.Mikuz 16 , M.Moll 27 , E.Nossarzewska 32 , G.Ottaviani 34 , V.Oshea 9 , G.Parrini 10 , D.Passeri 6 ,

D.Petre 11 , A.Pickford 9 , I.Pintilie 11 , L.Pintilie 11 , S.Pospisil 29 , R.Potenza 3 , C.Raine 9 , J.M.Rafi 15 , P.N. R a - toff 12 , R.H.Richter 33 , P.Riedler 27 , S. Roe 27 , P.Roy 30 , A.Ruzin 35 , A.I. Ryazanov 36 , A.Santocchia 28 ,

L.Schiavulli 7 , P.Sicho 37 , I.Siotis 24 , T.Sloan 12 , W.Slysz 13 , K.Smith 9 , M.Solanky 2 , B.Sopko 29 , K.Stolze 38 ,

1 University of Hamburg, Hamburg, Germany

2 Brunel University, London, UK

3 Catania University, Catania, Italy

4 University of Liverpool, Liverpool, U.K.

5 Fermilab, Batavia (IL), USA

6 University of Perugia, Perugia, Italy

7 Bari University, Bari, Italy

8 Padova University and INFN, Italy

9 Glasgow University, U.K.

10 Firenze University, Florence, Italy

11 Institute of Physicsand Technology of Materials, Bucharest, Romania

12 Lancaster University, UK

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

14 Canberra Semiconductor N.V., Belgium

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

16 J. Stefan Institute, Ljubljana, Slovenia

17 Gent University, Belgium

18 Kings College, London, UK

19 Karlsruhe University, Karlsruhe, Germany

20 Pisa , INFN, Italy.

21 Brookhaven National Laboratory, Upton, New York, USA

22 Ioffe Physico-Technical Institute, St.Petersburg, Russia

23 STMicroelectronics, Catania, Italy

24 Institute of Nuclear Physics, Demokritos, Greece

25 University of California, Berkeley, Dept. of Materials Science and Engineering, Berkeley, USA

26 PSI, Villigen, Switzerland

27 CERN, Geneva, Switzerland

28 Imperial College, London, UK

29 CzechTechnical University, Prague, Czech Republic

30 Montreal University, Montreal, Canada

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

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

33 Max Planck Institute, Munich, Germany

34 Modena University, Italy

35 Tel Aviv University, Department of Engineering, Tel Aviv, Israel

36 Kurchatov Institute, Moscow, Russia

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

ROSE TN/2000/03 - 2 nd Draft - 8.9.2000

B. Sundby Avset 39 , B.Svensson 40 , C.Tivarus 11 , G.Tonelli 20 , A.Tricomi 3 , S.Tzamarias 24 , G.Valvo 23 ,

A.Vasilescu 41 , A.Vayaki 24 , E.Verbitskaya 22 , P.Verdini 20 , V.Vrba 37 , S.Watts 2 , E.R.Weber 25 ,

M.Wegrzecki 13 , I.Wegrzecki 13 ,P.Weilhammer 27 , R.Wheadon 20 , C.Wilburn 42 , I.Wilhelm 43 , R.Wunstorf 44 ,

J.Wüstenfeld 44 , J. Wyss 8 , K.Zankel 27 , P.Zabierowski 32 , D.Zontar 16

38 CiS Institut für Mikrosensorik gGmbH, Erfurt, Germany

39 SINTEF, Oslo, Norway

40 Royal Institute ofTechnology, Stockholm, Sweden

41 Institute of Nuclear Physicsand Engineering, Bucharest, Romania

42 Micron Semiconductor Ltd., Lancing, England

43 Nuclear Center of Charles University, Prague, Czech Republic

44 Dortmund University, Dortmund, Germany

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, i n cluding differences due to charged and neutral hadron irradiation.

Keywords: Silicon Detectors; Radiation Hardness; Defect Engineering; Non IonizingEnergy Loss

1. Introduction

Silico n pixel and microstrip detectors have been selected as best cho ice for most tracking a p - plicat ions in the forthcoming LHC exper iments. However the required ten years ofsafe ope r - abilit yposes an extreme challenge to their radiat ion hardness, most lydue to the hadron i n - duced damage in the silicon bulk. The ROSE collaborat ion ( 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, per forming systematic investigations ofall detector relevant effects, including the search for an improved radiat ion tolerance by special defect engineer ing methods. The main scient ific results are outlined, ofwhich the fo llowing two points are ofmajor importance: Oxygen enr ichment ofthe silicon bulk, dur ing the manufa c - turing process, introduced byRD48, has resulted in substant ial radiation hardening ofthe d e - vices. Secondly, a modeldescr ipt ion has been developed allo wing reliable predict ions o fthe detector performance for the LHC operational scenar io. Based on these results reco mmend a - tions are outlined concer ning the cho ice ofmater ial and detector processing for silico n dete c - torsfor the tracking areas. This technique has been successfully transferred to severalman u - facturers and test devices for the LHC exper iments are present lyunder studyin close coo p - eration with RD48. In addit ion, considerable progress has been achieved in the understanding ofthe 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 pe r formed 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), which is produced by an incident hadron. Vacancies 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 pa ram e - ters 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 the Instrument a -

tion division of BNL in 1992 [ 5 ]. Irradiation tests performed at that time with 1MeV neutrons

did not show any sizeable enhancement of the radiation tolerance [ 6 ]. Only the unexpected

results with proton and pion irradiation, carried out in 1998, showed that the oxygenated m a -

terial is highly superior in radiation tolerance [ 7 ]. As the radiation field in the tracking areas

of the LHC experiments is dominated by charged hadronsand neutrons 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 conside r -

able experience. Companies, having meanwhile adopted the RD48 process for detector fabr i -

cation, are SINTEF (Oslo, Norway), CiS (Erfurt, Germany), Micron (Lancing, England) and

ST Microelectronics (Catania, Italy). Oxygenation has also been performed by CNM-CSIC

(Barcelona, Spain) and the Instr u mentation Division of BNL.

The proper characterization ofthe material before exposing the detectors to radiat ion was vital

for our invest igat ions. Secondar yIon Mass Spectroscopy(SIMS) has proven to be the most

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

compar ing the depth profile o fOxygen after standard oxidat ion with that obtained after pr o -

lo nged high temperature diffusio n. To enhance the temperature limit to 1200 0 C, SiC-tubes

have been used instead ofQuartz.

No adverse effects ofthe oxygenation process have been noticed in the per for mance ofthe

detectors before irradiation. This pertains to possible changes in the init ial impur it yconce n -

tration as well as the rever se current characterist ics and maximum bias voltage. Microscopic

measurements using the DLTS method have also proven that no addit ionalimpur it ies were

produced during the diffusio n process. It should however be ment ioned that the detector fa b -

r icat ion process has to be slight lymodified in order to avoid ther mal donor generation dur ing

the final a n nealing step.

Allmater ial used for the exper iments covered in this report is standard FZ silicon o fboth

<111> and <100> orientation and resist ivit ybetween 1 and 15 k

: cm, supplied byPo l o - vodice, Topsil and Wacker. Most ofthe work was carried out with specialtest pad diodes with an area of5 u 5 mm². The front electrode was surrounded bya single guard-r ing, always used as such and laser light inject ion for special tests was made possible via a smallho le in the front electrode and a grid rear electrode. Prior to irradiat ion the detectors have been fully character ized as to their r e sist ivit yand their O- and C-concentration.

3. Macroscopic Effects

Three main macroscopic effects are seen in high-resist ivit y diodes fo llowing energet ic hadron irr a diat ion, these are:

� Change ofthe doping concentration wit h severe consequences for the operating vo ltage needed for totald e plet ion.

� Fluence proportionalincrease in the leakage current, caused bycreat ion ofreco mbin a - tion/generat ion centers

� Deterioration ofcharge collect ion efficiency due to charge carrier trapping leading eve n - tuallyto a reduction in the signal height produced by mip s.

The second and third effects have consequences for the signal-to-noise (S/N) ratio for the d e - tection ofminimum ionizing part icles ( mips). However, trapping has been found to be tole r - able, and the reverse current can be largelyreduced byoperating the detectors at a moderately low temperature ofabout -10

q C. The first effect is the most severe, as the operating vo ltage

cannot be increased to ver yhigh values. This limitat ion is predominant ly set bythe diode

qualit y, but note that a large operating vo ltage together with the increased reverse current

leads also to an increase ofdissipation power which may affect the cooling system, and, if

distr ibuted non-ho mogeneously, could also lead to thermalrun away effects.

3.1 Scaling of bulk damage with NIEL

The radiat ion effects to be encountered depend in pr incipalon particle type and energy. Ma c -

roscopic changes nor mallyscale wit h the Non Ionizing EnergyLoss (NIEL). This scaling has

been ver ified for the leakage current increase, using different types ofsilicon. Except ions

fro mthis rule have been found when compar ing the effect ofneutron- and charged hadron

damage on the effect ive doping concentration. However, in order to get a good perception on

what could be expected fromdifferent particles at different energies, the fo lding ofa given

energy distribut ion with the relevant NIEL funct ion gives quite reliable results. The diffe r -

ences obser ved fro mcharged or neutralhadrons are then projected onto the parameters d e -

scr ibing the radiat ion effects. A compilat ion ofrecommended NIEL values for different part i -

cles in the who le relevant energyrange is to be found in [ 8 ]. It is co mmo n practice to repr e -

sent the intensit yo fanyhadron irradiat ion by its equivalent fluence of1 MeV neutrons. All

results in this report are given as funct ion ofthese

¨

) ¨

D

The measured value of I depends exponent iallyon the operating temperature in a straightforward wayand according to this all D - values given here are normalized to 20 0 C [ 9 ]. Values ofthe damage rate, measured after 80 min storage ofthe detectors at 60 0 C, have been found to be largely independent ofthe individual irradiat ion history. Using this recipe, compar isons have been made using mater ial ofa large var iet y(conduction type, resist ivit y, growing tec h - nique). The results are displayed in Fig. 3a. The damage induced bulk current undergoes also a temperature dependent beneficialannealing. In Fig. 3b the universalfunct ion is given which descr ibes its behaviour. Data measured on oxygenated material do not give any difference to those measured on standard mater ial. It can therefore be concluded that the damage rate D is indeed independent ofanymater ial property, particle type and energy. Hence it may be used to reliably monitor the equivalent fluence ofparticle sources even in cases ofwide energy distr ibut ions. The value reco mmended for this task is the measurement of D in the above d e - scr ibed normalized condit ion, i.e. after 80 minutes annealing at 60 0 C:

�

� 1 17

60 / 80

10 03 . 0 99 . 3

� �

¨

r

Acm

|

This equat ion ho lds not only for the originaln-type silicon wit h N eff governed byan abu n - dance ofdonors but also after severe irradiat ion when the effect ive doping concentration changes its sign, due both to a ^donor removal~ and the increasing generat ion ofacceptor like defects. In anycase | N eff | = | N d -N a |, with N d being the donor-concentration and N a that ofthe acceptors.

CERN-scenario measurements for rapid comparison

Alt hough the change o f N eff with fluence as well as its annealing behaviour is rather complex

(see below), it was found usefulto perfor mrapid compar isons ofthe radiat ion hardness a l - most online dur ing the irradiat ion exper iments. However this can lead to quite large inconsi s - tencies due to the fact that larger fluences can normally onlybe obtained by lo nger irradiation.

In order to avoid implicat ions produced bysimultaneous damage generat ion and annealing dur ing the irradiat ion exper iment a normalizat ion recipe had been devised giving results, which are rather independent on the irradiation history. Making use o fthe fact that the a n - nealing ofthe damage- induced change of N eff fo llows a rather flat dependence around 10 days storage at roomtemperature, corresponding to about 4 minutes at 80 0 C, a ^CERN scenar io measurement~ technique was devised [ 10 ]: After each successive irradiat ion step the device under test is stored for 4 minutes at 80 0 C and then the normal C/V technique is used for measur ing the depletion vo ltage. Results ofsuch exper iments are shown in Fig. 4a and b. The minimumin these curves for |N eff | is displaying the fluence for which the materialbeco mes type inverted, and the increase at higher fluence values is almo st linear. The slope

E ofthis

branch is a ver ygood measure ofthe radiation hardness. Alt hough oxygenated mater ialdoes

not exhibit anybenefit for neutron irradiat ion, it clear ly leads to superior results with respect

to standard silico n in case o fproton or pion induced damage. While the improvement in E is

about a factor of3 for oxygen enr iched mater ialan adverse effect is found for Carbon e n -

r ichment, see Fig. 4b. Another set ofexper iments was per formed, in which the dependence of

the radiat ion hardness on the init ialdoping concentration was invest igated (see Fig. 5a and b).

For the proton irradiat ion, the effect ive doping concentration reached at high fluences is the

same for low and high resist ivit ymater ial, using low resist ivit ysilicon is beneficialfor r e -

ducing neutron damage. In conclusio n it is highly reco mmended to use DOFZ silicon.

Choosing low resist ivit yo f1 ˘ 2 k

: cmwould then also allow addit ionalbenefits gained in neutron irradiations. This waythe optimum radiation tolerance would be achieved for mixed fields ofcharged and neutralhadrons.

Annealing Measurements and Modelling

The CERN-scenar io measurements have proven to be extremelyusefulfor a fast damage evaluat ion ofdifferent materials. Onlythis way was it possible to select the most promising defect engineer ing process resulting in an appreciable improvement ofradiat ion hardness.

However these tests allow the measurement ofonly o ne ofthe relevant parameters, namely the effect ive doping concentration at or around the minimumo fthe annealing funct ion. A different approach, introduced bythe Hamburg group, uses a set ofdiodes processed fromthe same mater ialand individuallyirradiated at different fluences. Each diode then undergoes a full annealing cycle at an elevated temperature for accelerating the annealing kinet ics. This is a time consuming effort but allows the studyofall co mponents in the change o fthe effective doping concentration in a most systemat ic way. An example o fthe who le complex behaviour is given in Fig. 6. Here

’ N eff is the damage- induced change in the effect ive doping concentr a - tion with respect to its init ialvalue before irradi a t ion.

(3)

�

�

�

� � � � � a eq eff eff a eq eff T t N N T t N , , 0,

’

As funct ion oftime and fluence

’ N eff can be descr ibed as:

(4)

�

�

�

� � � � � � � � � � � a eq Y eq C a eq A a eq eff T t N N T t N T t N , , ,

)

� ) � )

’ N eff consists of three components: a short termbeneficialannealing N A , a stable damage part N C and the r e - verse annealing co mponent N Y . N C can be descr ibed byan inco mplete ^donor removal~, d e - pending exponent iallyon the fluence, with a finalva lue N C0 , and a fluence proportionalintr o - duction ofstable acceptors, with an introduction rate g C :

(5)

� � � � � � eq C eq C eq C g c N N )� )

� � ) exp 1 0

Disregarding the presence ofa component fromthe beneficial annealing and a starting reverse

annealing part, N C should obeya ver ysimilar dependence on

) eq as exhibited in the CERN

scenar io exper iments (see Fig. 6) and, hence, there is a close relat ion between

E and g C , given here. Finallythe reverse annealing component is best descr ibed bya dependence on annealing time according to [1- 1/(1 + t/

W Y )], where the reverse annealing amplitude is given by N Y = g Y

) eq . It should be noted that this funct ion is pract ically ident icalto a 1 st order approach a c -

cording to [1 ˘ exp(-t/ W Y )] for moderately short annealing times but differ s appreciably a p -

proaching the saturation value. The time constants ofthe annealing process have been found

to be independent ofthe irradiat ion fluence, point ing to a first-order process at the micr o -

scopic level. Also the temperature dependence ofthe time constants has been explored, giving

the corresponding activat ion energies and frequency factors [ 9 ]. H aving measured these va l -

ues, one can easilytransfer the annealing function obtained at high temperature (for faster

measurement) to anygiven value. With respect to a roomtemperature measurement this a c -

celerat ion factor for the reverse annealing is e.g. 550 for a 60 0 C and 7400 for an annealing at

80 0 C.

How wellthis modeldescr ibes the realdata obtained for a large set ofdifferent fluences and

annealing t imes spanning 3 orders ofmagnitude, is shown in Fig. 7. Each fullline is the result

ofa fit wit h the functional dependence as descr ibed above. Using such evaluat ions the diffe r -

ent damage parameters, i.e. N A , W A , N C , N Y and W Y can be der ived. The results ofsuch analys is

are given in Fig. 8a and b for neutron irradiat ion and Fig. 9a and b for proton damage. The

main results are the fo llowing: In case ofneutron irradiat ion the introduction rate g C for stable

acceptors does not depend on the Oxygen concentration; in both cases it is found to be g C =

2

¨ 10 -2 cm -1 . However for proton irradiat ion this value amounts only to 5.6 ¨ 10 -3 cm -1 for the

DOFZ silicon, i.e. a factor ofmore than 4 improvement with respect to standard material. For the reverse annealing part as exhibited in Fig. 9b for proton irradiat ion there is an even larger advantage ofDOFZ in co mpar ison to standard silicon. While for standard silico n a linear fl u - ence dependence of N Y is obser ved, with an introduction rate of 5 ¨ 10 -2 cm -1 one gets a sat u - rating funct ion for this co mponent, using oxygenated silicon cutting the net effect of N Y bya factor of2 for ) eq = 6 ¨ 10 14 cm -2 . Closely correlated with the N Y - saturation is the fact that the evaluated time constant for the reverse annealing is appreciably lo nger too. For the example shown in Fig. 9b, this amounts to a slowing down by a factor of2.5 in co mpar ison to standard silicon. Both features ofthe reverse annealing are regarded to be extremelyuseful, as they offer an addit ional safet ymargin for detectors kept at roomtemperature for extended maint e - nance per iods. Addit ional measurements ofthis highlybeneficial and previously unexpected behaviour have meanwhile been per for med using silico n detectors processed bydifferent manufa c turers, the results ofwhich are given in Table 1.

Charge collection measurements

The LHC exper iments are naturallyless concer ned with the deplet ion vo ltage measured by nor malC/V techniques, but concentrate on the operating vo ltage needed to guarantee a good

S/N ratio for the detection ofmips. Hence the prime object ive is to ensure a given charge collect ion efficiency. Due to trapping and ballist ic deficit, the bias vo ltage needed is larger than the deplet ion vo ltage deduced fro mC/V measurements [ 11 ]. A proper check by charge collect ion measurements ofthe results descr ibed in the previous paragraph is therefore r e - quired. Such exper iments can be per for med in the laboratorywith a beta-source which pr o - vides minimum io nizing particles (however with mu lt iple scattering) or using a long wav e - length IR- laser beam (1060 nm) wit h an ultrashort pulse duration. Such a laser pulse produces a mip - like ionization in the diode, but in this wayonly relative results can be obtained. Both techniques are extremelyt ime-consuming in contrast to the C/V-method. Hence theyhave so far onlybeen per formed on selected samples as a consistencycheck [ 12 ]. Another example of compar ison between the results obtained fromC/V measurements and those fro mcharge co l - le c t ion can be per formed wit h a near IR laser beam of835 nm, being absorbed in a sur facenear region ofa few microns. After type inversio n the electr ic field starts fro mthe n+ ele c - trode and hence willreach through to the p+ electrodeonly if deplet ion vo ltage is approached.

Hence measur ing the charge collection as funct ion ofbias vo ltage with illuminat ion ofthe front electrode is a ver ysensit ive method for obtaining the deplet ion vo ltage. Examples of pulse shapes measured with this technique are displa yed in Fig. 10a and b for two different annealing steps. It is interest ing to note the double peaking pulse shapes measured, which certainlyreflect a corresponding distribut ion ofthe electric field. This double junction effect is wellknown and had been discussed in severalpapers [ 13 - 15 , 16 ]. In the measurements r e - ported here, the focus was on the totalcharge accumulated in each case using a certain time window. The results are shown in Fig. 11. Theyclear ly show that the deplet ion vo ltage va l - ues, measured byC/V and Q/V methods, are practically ident ical. This ho lds also for a co m - plete annealing funct ion as plotted in Fig. 12. Therefore, there is hardly anydoubt that the

C/V method gives the correct deplet ion vo ltage. However using a short integration time o f25 ns one would have to expect trapping effects, which may be evaluated byusing a more s o - phist i cated method [ 17 , 18 ].

3.4 Gamma Irradiation

Alt hough this paper deals mainlywit h the effects ofhadron irradiat ion it has to be mentioned that oxygen enr iched silicon detectorsoffer a strong improvement ofradiat ion hardness after gamma irradiat ion. Here only one example will be given and further details can be found in

[ 3 , 19 , 20 ]. Fig. 13 displays a compar ison between a 60 Co gamma irradiat ion ofoxygenated and standard silicon [ 20 ]. The samples were irradiated in separate steps up to 400 Mrad at

BNL. A significant difference in the change ofV fd values after gamma irradiat ion between oxygenated and standard detectors is obser ved. For the standard detectors V fd reduces grad u - allyt ill the space charge sign inversio n dose ofabout 250 Mrad. The oxygenated detectors show onlyver ylittle changes in V fd up to 400 Mrad and do not change the N eff sign.

4. Projections of Damage Results to LHC Operational Conditions

The operational scenar io for the silicon tracker in both the ATLAS and CMS exper iment for e - sees that the detectors willbe kept cold dur ing the beamper iods since onlythis way the r e - verse current can be sufficient ly reduced. Cooling is also inevitable dur ing the remaining t ime each year because roomtemperature storage would lead to an intolerable increase ofthe d e - plet ion vo ltage due to reverse-annealing, effect practicallyfrozen at lower temperature. On the other hand one has to foresee a partialwar mup for maintenance which has to be kept as short as possible. To applythe Hamburg modelto reliable project ions for LHC operation, one has to knowthe temperature dependence ofthe invo lved time constants, especiallythat for the reverse annealing. Such measurements have been per for med so far only wit h standard silicon detectors. In the fo llowing, the same temperature dependence is provisio nallyassumed also for the oxygenated silico n (checks are under way). Together with the evaluat ion ofthe other parameters relevant for the effect ive doping concentration, respect ivelythe deplet ion vo ltage, it is then possible to estimate the behaviour ofsilicon detectors in different tracking areas over the fullexper imentalLHC per iod of10 years. The parameters used are given in Table 2. R e - sults are shown for two examples ofthe ATLAS tracker, Fig. 14a and b. The extreme adva n - tage ofusing DOFZ materialis apparent for the pixelB-layer, which is the closest to the i n - teraction point (r=4cm). In fact the operation vo ltage of600V would allow to operate standard detectors fully depleted for only 3 years, while DOFZ detectors c ould be operated fully d e - pleted for almost the full 10 years per iod. The advantage ofoxygenated silicon is less pr o - nounced for the microstrip detectors in the barrellayer at r=30cm, as in this case charged hadrons contribute only by 50% to the totalequivalent fluence (the rest is due to albedo ne u - trons). However, also in this case the achievable improvement is sizeable. As conclusio n, it can be stated that, based on the exist ing systemat ic studies wit h standard and oxygenated sil i - con detectors, there is no doubt that the DOFZ mater ial offers a substant ial benefit. In fact, the

ATLAS pixelgroup had meanwhile decided to use this RD48 developed tec h nique [ 21 ].

5. Examples of Results from Microscopic Studies

Numerous invest igat ions had been undertaken for defect character izat ion in high resist ivit y silicon, especially byusing DLTS (deep level transient spectroscopy) and TSC (ther mally stimulated cu r rent) techniques [ 9 , 22 - 24 ], ofwhich onlya few examples are given here.

5.1 Spectroscopic defect characterization

DLTS exper iments provide the emissio n-parameters (activat ion energy

’ E and cross section

V ) and the concentration N t ofall traps within one temperature scan. Traps throughout the

ent ire band gap, except for ver yshallow levels, can be detected, and major it yand minor it y

carr ier traps can be dist inguished. Wit h so me extra effort, the free carr ier trapping kinet ics

(capture coefficients) can be studied. While the trap concentrations der ived fro mDLTS mea s -

urements are the most accurate values available compared with allother tools, the most fr e -

quent lyused C-DLTS (capacitance transient DLTS) is str ict lylimited to trap concentrations

well below the doping concentration. For the high-resist ivit ymater ialstudied here this means

that the fluence must be ver ylow, orders ofmagnitude lower than the ant icipated during the

operation ofthe detectors. In Fig. 15 we observe all well-known signals fro mdamage-induced

defects in silicon and the corresponding isochronalannealing behaviour. Evident lyOxygen

and Car bon play an important role as sinks for the primar ydamage defects ( interstit ials and

vacancies). In fact, the ratio between the C i C s and C i O i signals in conjunct ion with their a n -

nealing rate can be explo ited to determine boththe O and C concentrations. The more relevant

observat ions for today´s discussio n concer n the less abundant and unidentified peaks (e.g. E V

+ 0.312 eV), the left and r ight-hand side broadening ofth e VV -/0 transit io n, and/or the appa r -

ent concentration difference between the doubly- charged and singly-charged di-vacancypeak

observed before the 280°C annealing step. The two latter observat ions are current lydiscussed

within the framework ofthe defect cluster strain modeland the inter-center charge transfer

modeldescr ibed in refs. [ 25 , 26 , 20 ].

5.2 Influence of oxygen and dependence on particle type

Fig.16 illustrates the influence ofthe Oxygen content on defect generat ion. The introduction

rate and the shape o fthe cluster peak at 205 K is found to be independent ofthe Oxygen co n -

centration. This is expected, as it is known that the leakage current scales ver ynicely wit h the

concentration ofthe cluster peak (see §5.3), and that the oxygen content does not affect the

leakage current-related damage constant (compare sect ion 3). To a first approximat ion the

generat ion rate ofVO i (A-center) defects does not depend on the oxygen concentration, since

under the given irradiat ion condit ions interst it ialoxygen is the dominant sink for freelym i -

grating vacancies. It means that VO i is simply a measure ofthe totaldose. Freelymigrat ing

silicon interst itials, onthe other hand, are allconverted into interstit ialCar bon, which then has

two reaction partners available to formstable defects: subst itutionalCar bon and interst itial

Oxygen. Therefore the ratio between the two resulting reaction products C i C s and C i O i is pr o -

portionalto the ratio between C s and O i . This explains why for the oxygen-lean mater iala

larger C i C s concentration is observed super imposing the VO i peak. Finally we note the exi s -

tence ofTher malDonors (TD), presumablya conglo merate of four oxygen atoms, in the CZ

mater ial. In pr inciple, these donors can also be created in oxygen-enr iched FZ mater ial, and

thus pose the danger ofdeteriorating the resist ivit y ofthe mater ial. However, recipes to di s - solve these donors and to circumvent their detrimental effects are welladopted within the

silicon device processing indu s tr ies.

The dependence ofdefect generation on the particle type is displayed in Fig. 17. Evident ly,

the cluster-peak at 205 K is introduced at the same rate in ever ycase, reconfir ming the intr i n -

sic nature ofthe compr ising defects and their location wit hin the end-of-range region ofthe

damage cascades. The introduction rate ofthe iso lated point defects, represented byVO i and

C i C s, var ies for the different particle t ypes, in agreement with the expected enhancement due

to Coulomb scattering (see below). It is interest ing to note that in this respect the high-energy

(23 GeV) protons behave similar ly to the 192 MeV pions. Another striking observat ion co n -

cerns the peak nor mallyassigned to the doublycharged di-vacancy. Its var iat ion with particle

type resembles the one observed for point defects. Also, the shape ofthe cluster peak at 205 K

does not depend on the particle t ype. The broadening ofthe VV -/0 transit io n and the apparent

reduction ofthe VV

--/-

concentration wit h respect to VV -/0 can therefore not have the same

origin. These obser vat ions are currently understood in ter ms ofthe lattice strain and the inter-

center charge transfer models, ment ioned above. However the details and the degree ofsuch

lattice strain need to be further invest igated.

5.3 Correlation of defect generation with detector performance

As an example the short termannealing ofthe leakage current and the effective doping co n -

centration are depicted. It is well known that in both cases the time constants are ver ysimilar.

Also it is known that the annealing ofthe r ight-hand side broadening ofthe VV -/0 transit io n,

see Fig. 15, correlates with the leakage current annealing. It is therefore tempt ing to assume

that the macroscopic effects have a commo n cause, namely, the deep levelat E C - 0.46 eV,

and that this can be reasonablydiscussed on the grounds ofsimple Shockley-Read-Hall

(SRH) statist ics. In order to substantiate this hypothesis, the deep levelin quest ion, labeled

E4b in the fo llowing, was mo nitored during an isothermal annealing studyat 60°C using

DLTS, see Fig. 18a. To obtain reliable defect parameters and concentrations for the annealing

traps, the difference oftwo subsequent DLTS spectra was subjected to the standard DLTS

evaluat ion procedure. A ver ygood correlation is obser ved between the change in leakage cu r -

rent between two annealing steps and the corresponding change in the concentration ofE4b,

see Fig. 18b.

6. Modelling and Simulation Studies

6.1 Microscopic modelling of detector properties

A key strategy of the ROSE Collaboration has been to understand macroscopic effects by

using semiconductor device physics and known microscopic defect concentrations. A further

ambitious aim has been to predict defect concentrations using defect kinetics models. This has

been discussed in detail in the status reports [ 1 - 3 ]. Here only a brief summary is given on r e -

cent modelling results that could explain why oxygen is beneficial to the radiation hardness of

silicon when irradiated with protons. The calculations are based on the defect kinetics model

described in ref. [ 28 ]. Reactions involve all primary products from the initially produced

Frenkel pairs (vacancies and silicon interstitials) as well as the major impurities found to be of

decisive importance for the damage effects (carbon and oxygen concentration as well as

phosphorus as the donor in the initial n-type silicon). The reaction rates of these different i n -

terplaying components are controlled by the concentrations of impurities and their relative

capture radii. The input parameters required by the model are the oxygen and carbon conce n -

trations (determined by SIMS) and the introduction rates of the primary defects determined by microscopic measurements as outlined in section 5. Following this modelling the dominant

part of the doping changes is expected from the V

2

O defect, however there is so far some u n -

certainty in its energy level. The model predictions coincide rather nicely with experimental

findings for gamma-irradiation, if E

V 2 O

= E

c

-0.54 eV is assumed, a value which is within the

error margin for existing measurements. One can then simply argue that, for gamma irradiated

silicon detectors, the use of O-enrichment is beneficial, because the formation of V

2

O is su p -

pressed by the competing reaction V + O

� The development ofan Oxygen enr ichment technique in the fabr icat ion ofthe detector

process lead to a major break-through in radiat ion hardening. This technique has been

successfully transferred to severalmanufactur ing companies.

� Allrelevant macroscopic damage effects have been systemat ically invest igated and rel i -

able parameters for a modeldescr ipt ion were derived. Project ions to LHC exper iments

have shown substant ialadvantages for the detector lifet ime in the tracking area.

� Microscopic invest igat ions have produced valuable insight in the under lying phys ics o f

defect kinetics and modeldescr ipt ions using their input have shown already a reasonable

degree ofu n derstanding.

Ongo ing work includes the optimisation ofthe Oxygen enr ichment process, some open que s -

tions as to the macroscopic and microscopic descr ipt ions and a better understanding o fthe

NIEL problem. The co-operation with the LHC exper iments is also pursued concentrating on

the compar ison between results fro mthe ROSE test pad diodes with those ofpixel and micr o -

strip detectors.

Acknowledgements

The authors wish to thank all members of the ROSE collaboration. These results could not

have been achieved in a comparatively short time, without their continuous effort. At this

point we would also like to express our sincere thanks to Francois Lemeilleur, co-spokesman

of the collaboration since its founding in 1995 until retirement last year. His contribution has

been most important for the organiz a tion and coordination of this research project.

References

[ 1 ] RD48 Status report, CERN/LHCC 97-39, June 1997

[ 2 ] RD48 2 nd Status report, CERN/LHCC 98-39, October 1998

[ 3 ] RD48 3 rd Status report, CERN/LHCC 2000-009, December 1999

[ 4 ] RD48/ROSE Collaboration homepage http://cern.ch/RD48/

[ 5 ] Z. Li et al, IEEE TNS, Vol 39, No 6, 1736 (1992)

[ 6 ] Z. Li et al, IEEE TNS, Vol.42, No 4, 1730 (1995)

[ 7 ] A. Ruzin et al., IEEE Trans. on Nuclear Sc i ence, vol.46, no.5, 1310 (1999).

[ 8 ] A. Vasilescu in 3 rd ROSE Workshop, DESY-Proceedings-1998-02 and A. Vasilescu,

G. Lin d stroem, Displacement damage in silicon, at http://sesam.desy.de/~gunnar/

[ 9 ] M. Moll, PhD Thesis, Hamburg University, 1999, DESY-THESIS-1999-040, ISSN-

1435-8085

[ 10 ] A.Ruzin "Recent results from the RD-48 (ROSE Collaboration)" Paper presented on

the 8 th International Workshop on Vertex Detectors, Texel-Netherlands, 20-25 June

1999

[ 11 ] V. Eremin et al., NIM A 372 (1996) 388

[ 12 ] G.Casse, "A comparative study of oxygenated and non-oxygenated Si diodes, mini a -

ture and large area microstrip detectors", these proceedings

[ 13 ] L.J.Beattie et. al , NIMA 418 (1998) 314

[ 14 ] G.Casse, PhD thesis, University Joseph Fourier, Grenoble, 1998

[ 15 ] Z.Li and H.W.Kraner, BNL-46198, J. Electronic Materials, Vol. 21. No. 7, (1992) 701

[ 16 ] D. Menichelli et al., NIMA 426, 135 (1999) and literature cited there

[ 17 ] T.J.Brodbeck, A.Chilingarov, T.Sloan, E.Fretwurst, M.Kuhnke, G.Lindstroem. "A

new method of carrier trapping time measurements" to be published in NIMA.

[ 18 ] G.Kramberger, V.Cindro, I.Mandic, M.Mikuz, M.Zavrtanik, "Determination of effe c -

tive tra p ping times for electrons and holes in irradiated silicon", ATLAS Note ATL-

INDET-2000-017 to be pu b lished in NIMA.

[ 19 ] B.C.MacEvoy and G.Hall, Presented at the 1 st ENDEASD Workshop, Santorini, April

21-22 1999. Accepted for publication in Materials Science in Semiconductor Pro c -

essing.

[ 20 ] B. Dezillie et al., ^The effect of Oxygen Impurities on Radiation Hardness of FZ Sil i -

con Detectors for HEP after n, p and gamma Irradiation~, accepted for publication in

IEEE TNS (2000).

[ 21 ] Renate Wunstorf et al., "Radiation Tolerant Sensors for the ATLAS Pixel Detector",

paper presented on the 4th International Symposium on Development and Application

of Semiconductor Tracking Detectors, Hiroshima, March 22-25, 2000 (these pr o -

ceedings).

[ 22 ] H. Feick, PhD thesis, University of Hamburg, 1997

[ 23 ] E.Borchi and M.Bruzzi, La Rivista del Nuovo Cimento della Societa Italiana di Fisica,

17(11), 1994

[ 24 ] I.Pintilie, C.Tivarus, L.Pintilie, M.Moll, E.Fretwurst and G.Lindstroem; "Comparison

Between Microscopic Damage Induced by Neutron and Proton Irradiation in Silicon

Detectors"; Proceedings of the Second ENDEASD Workshop, Kista-Stockholm, Sw e -

den, June 27-29,2000.

[ 25 ] B.G. Svensson et al., Phys. Rev. B, 43(3):2292, 1991

[ 26 ] S.J. Watts et al., IEEE Trans. Nucl. Sci., 43(6):2587, 1996

[ 27 ] E .Fretwurst et al., paper submitted to the "First International Workshop on Defect

Engineering of Advanced Semiconductor Devices" of the ENDEASD, held in Sant o -

rini -Greece, 21-22 April 1999, accepted for publication in Materials Science in Sem i -

conductor Proces s ing.

[ 28 ] B.C. MacEvoy. PhD thesis, Imperial College, London, November 1996,

RAL-TH-07-003

[ 29 ] A. Vasilescu, G. Lindstroem, M. Huhtinen in Ref. [3]