1

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

Radiation Hard Silicon Detectors

-Developments bythe RD48 (ROSE) Collaboration-

G.Lindström 1 , M.Ahmed 2 , S.Albergo 3 , P.Allport 4 , D.Anderson 5 ,L.Andricek 6 , M.M.Angarano 7 ,

V.Augelli 8 , N.Bacchetta 9 , P.Bartalini 7 , R.Bates 10 , U.Biggeri 11 , G.M.Bilei 7 , D.Bisello 9 , D.Boemi 3 ,

E.Borchi 11 , T.Botila 12 , T.J . Brodbeck 13 , M.Bruzzi 11 , T.Budzyns ki 14 , P.Burger 15 , F. Campabadal 16 ,

G.Casse 4 , E.Catacchini 11 , A.Chilingarov 13 , P. Ciampolini 7 , V. Cindro 17 , M.J . Costa 16 , D.Creanza 8 ,

P.Clauws 18 , C.Da Via 2 , G.Davies 19 , W.De Boer 20 , R.Dell’Orso 21 , M.De Palma 8 , B.Dezillie 22 , V.

Eremin 23 , O.Evrard 15 , G.Fallica 24 , G.Fanourakis 25 , H.Feick 26 , E. Focardi 11 , L. Fonseca 16 , E. Fretwurst 1 ,

J . Fuster 16 , K. Gabathuler 27 , M.Glaser 28 , P.Grabiec 14 , E. Grigoriev 20 , G. Hall 29 , M. Hanlon 4 , F.Hauler 20 ,

S. Heising 20 , A. Holmes -Siedle 2 , R. Horisberger 27 , G. Hughes 13 , M.Huhtinen 28 , I. Ilyashenko 23 ,

A.Ivanov 23 , B.K.J ones 13 , L.Jungermann 20 , A.Kaminsky 9 , Z.Kohout 30 , G.Kramberger 17 , M.Kuhnke 1 ,

S.Kwan 5 , F.Lemeilleur 28 , C.Leroy 31 , M.Letheren 28 , Z. Li 22 , T.Ligonzo 8 , V.Linhart 30 ,

P.Litovchenko 32 ,D. Loukas 25 , M. Lozano 16 , Z. Luczynski 33 , G. Lutz 6 , B.MacEvoy 29 ,

S.Manolopoulos 10 , A.Markou 25 , C.Martinez 16 , A.Messineo 21 , M.Miku

å 17 , M.Moll 28 , E.Nossarzewska 33 ,

G.Ottaviani 34 , V.Oshea 10 , G.Parrini 11 , D.Passeri 7 , D.Petre 12 , A.Pickford 10 , I.Pintilie 12 , L.Pintilie 12 ,

S.Pospisil 30 , R.Potenza 3 , V.Radicci 8 , C.Raine 10 , J .M.Rafi 16 , P.N. Ratoff 13 , R.H.Richter 6 , P.Riedler 28 , S.

Roe 28 , P.Roy 31 , A.Ruzin 35 , A.I. Ryazanov 36 , A.Santocchia 29 , L.Schiavulli 8 , P.Sicho 37 , I.Siotis 25 ,

1 University of Hamb ur g, Hamb urg, Ger many

2 Brunel University, London, UK

3 Catania University, Catania, Italy

4 University of Liverpool, Liverpool, U.K.

5 Fer milab, Batavia (IL), USA

6 Max Planck I nstitute, M unich, Ger many

7 University of Perugia, Perugia, Italy

8 Dipartimento Interateneo di Fisica and INFN, Bari, Italy

9 Padova University and INFN, Italy

10 Glasgo w University, U.K.

11 Firenze Univer sity, Florence, Italy

12 Institute of Physics and T echnology of Materials, Bucharest, Ro mania

13 Lancaster Univer sity, UK

14 Institute of Electro n T echnology(IT E), Warsaw, Poland

15 Canberra Semico nductor N.V., Belgium

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

17 Jo

åHI�6WHIDQ�,QVWLWXWH�DQG�’HSDUWPHQW�RI�3K\VLFV�8QLYHUVLW\�RI� Lj ubljana, Ljubljana, Slovenia

18 Gent University, Belgium

19 Kings College, London, UK

20 Karlsruhe University, Karlsr uhe, Ger many

21 Pisa , INFN, Italy.

22 Brookhaven National Laboratory, Upton, New York, USA

23 Ioffe Physico-T echnical Institute, St.Petersburg, Russia

24 ST Microelectronics, Catania, Italy

25 Institute of Nuclear Physics, Demokrito s, Greece

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

27 PSI, Villigen, Switzerland

28 CERN, Geneva, S witzerland

29 I mperial College, London, UK

30 Czech T echnical University, Prague, Czech Rep ublic

31 Montreal University, Montreal, Canada

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

33 Institute of Electronic Materials T echnology (IT ME), Warsaw, Poland

34 Modena University, Italy

35 T el Aviv University, Department o f Engineering, T el Aviv, Israel

36 Kurchato v Institute, Mosco w, Russia

� 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 ymips.

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 ° C. The first effect is the most severe, as the operating voltage

cannot be increased to ver yhigh values. This limitation is predominantlyset b ythe diode

quality, but note that a large operating voltage together with the increased reverse current

leads also to an increase of dissipation power which ma yaffect the cooling system, and, if

distributed non-homogeneously, could also lead to thermal run awa yeffects.

3.1 Scaling of bulk damage with NIEL

The radiation effects to be encountered 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 verified for the leakage current increase, using different types 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 [ 8 ]. It is common practice to repr e -

sent the intensityof an yhadron irradiation b yits equivalent fluence of 1 MeV neutrons. All

results in this report are given as function of these

F eq

-values. For 23 GeV protons a hardness factor of 0.62 was used.

3.2 Reverse current

The bulk damage induced increase of the reverse current exhibits a simple dependence on particle fluence and t emperature. It is entirel ydue to the generation of el ectron/hole-pai rs 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 m easured at full depletion is proportional to the volume of the bulk and to the equivalent fluence F eq

that the detector has received. One therefore defines a current related damage rate a b y:

(1) V I eq

× F × = a

The measured value of I depends exponentiall yon the operating temperature in a strai ghtforward wa yand according to this all a - values given here are normalized to 20 0 C [ 9 ]. Values of the damage rate, measured after 80 min storage of the detectors at 60 0 C, have been found to be largel yindependent of the individual irradiation history. Using this recipe, comparisons have been made using material of a large variet y(conduction t ype, resistivity, growing t ec h - nique). The results are displa yed in Fi g. 3a. The damage induced bulk current undergoes also a temperature dependent beneficial annealing. In Fi g. 3b the universal function is given which describes its behaviour. Data measured on ox ygenated m aterial do not give an ydi fference to those measured on standard material. It can therefore be concluded that the dam age rate a is indeed independent of any material propert y, particle t ype and energy. Hence it ma ybe used to reliabl ymonitor the equivalent fluence of particle sources even in cases of wide energy distributions. The value recommended for this task is the measurement of a in the above d e - scribed normalized condition, i.e. after 80 minutes annealing at 60 0 C:

( )

1 17

60 / 80

10 03 . 0 99 . 3 - - × ± = Acm a [ 9 ].

3.3 Effective Doping Concentration ˘ Depletion Voltage

The depletion voltage V dep

necessar yto full yextend the elect ric 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 ee

»

This equation holds not onl yfor the original n-t ype 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 norm alization recipe had been devised giving results, which are rather independent on the irradi ation 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 [ 10 ]: 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 Fi g. 4a and b. The minimum in these curves for |N eff

| is displaying the fluence for which the mat erial becomes t ype inverted, and the increase at hi gher fluence values is almost linear. The slope b of this branch is a ver ygood measure of the radiation hardness. Although ox ygenated materi al 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 b is about a factor of 3 for oxygen enriched m aterial an adverse effect is found for Carbon e n - richment, see Fi g. 4b. Another set of experiments was performed, in whi ch the dependence of the radiation hardness on the initial doping concentration was investigated (see Fig. 5a and b).

For the proton irradiation, the effective doping concentration reached at hi gh fluences is the same for low and high resistivit ymateri al, using low resistivit ysilicon is beneficial for r e - ducing neutron damage. In conclusion it is highl yrecommended to use DOFZ silicon.

Choosing low resistivit yof 1 ˘ 2 k W cm would then also allow additional benefits gained in neutron irradiations. This wa ythe optimum radiation tolerance would be achieved for mixed fields of charged and neutral hadrons.

Annealing Measurements and Modelling

The CERN-scenario measurements have proven to be extremel yuseful for a fast dam age evaluation of different materials. Onl ythis wa ywas it possible to select the most promising defect engineering process resulting in an appreciable improvement of radi ation hardness.

However these tests allow the measurem ent of onlyone of the relevant param eters, nam el y 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 individuall yirradiated at different fluences. Each diode then undergoes a full annealing c ycl e 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 Fi g. 6. Here D N eff

is the damage-induced change in the effective doping concentr a - tion with respect to its initial value before irradi a tion.

(3)

( ) ( ) ( ) ( ) a eq eff eff a eq eff

T t N N T t N , ,

0 ,

F - = F D

As function of time and fluence D 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 , , , F + F + F = F D

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

. As indicated in Fi g. 6 and obvious from eq.(4) D 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 exponentiall yon the fluence, with a final value N

C0

, and a fluence proportional intr o - duction of stable acceptors, with an introduction rate g

C

:

(5)

( ) ( ) ( ) eq C eq C eq C

g c N N F + F - - = F exp 1

0

Disregarding the presence of a component from the beneficial annealing and a st arting reverse annealing part, N

C

should obe ya ver ysimilar dependence on F eq

as exhibited in the CERN scenario experiments (see Fig. 6) and, hence, there is a close rel ation between b and g

C

, given here. Finall ythe reverse annealing component is best described b ya dependence on annealing time according to [1- 1/ (1 + t/ t

Y

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

Y = g

Y

F eq

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

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 [ 9 ]. H aving measured these va l - ues, one can easil ytransfer the annealing function obtained at hi gh temperature (for faster measurement) to an ygiven value. With respect to a room temperature m easurement 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 di fferent fluences and annealing times spanning 3 orders of magnitude, is shown in Fi g. 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 paramet ers, i.e. N

A

, t

A

, N

C

, N

Y

and t

Y

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

C

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

C

=

2 × 10 -2 cm -1 . However for proton irradiation this value amounts onl yto 5.6 × 10 -3 cm -1 for the

DOFZ silicon, i.e. a factor of more than 4 improvement with respect to standard m aterial. 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 F eq

= 6 × 10 14 cm -2 . Closel ycorrelated 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 extremel yuseful, as the y offer an additional safet ym argin 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 det ectors processed b ydifferent manufa c turers, 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 mips. Hence the prime objective is to ensure a given charge collection effici enc y. Due to trapping and ballistic deficit, the bias voltage needed is larger than the depletion voltage deduced from C/V measurem ents [ 11 ]. 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 bet a-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 l aser pulse produces a mip - like ionization in the diode, but in this wayonl yrelative results can be obtained. Both techniques are extremel ytime-consuming in contrast to the C/V-method. Hence the yhave so far onl ybeen performed on sel ected samples as a consistenc ycheck [ 12 ]. Another example of comparison between the results obtained from C/V measurements and those from charge co l - le c tion can be performed with a near IR laser beam of 835 nm, being absorbed in a surfacenear region of a few microns. After t ype inversion the el ectric fi eld starts from the n+ ele c - trode and hence will reach through to the p+ electrode onl yif depletion voltage is approached.

Hence m easuring 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 Fi g. 10a and b for two different annealing steps. It is interesting to note the double peaking pulse shapes m easured, which certainl yreflect a corresponding distribution of the electri c field. This double junction effect is well known and had been discussed in several papers [ 13 - 16 ]. In the m easurements report ed here, the focus was on the total charge accumulated in each case using a certain time window.

The results are shown in Fi g. 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 complet e a n - nealing function as plotted in Fi g. 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 [ 17 , 18 ].

3.4 Gamma Irradiation

Although this paper deals mainl ywith the effects of hadron irradiation it has to be mentioned that ox ygen enriched silicon detectors offer a strong improvement of radiation hardness after gamma irradiation. Here onl yone example will be given and further details can be found in

[ 3 , 19 , 20 ]. Fig. 13 displa ys a comparison between a 60 Co gamma irradiation of ox ygenated and standard silicon [ 20 ]. The samples were i rradiat ed in separate steps up to 400 Mrad at

BNL. A si gnificant difference in the change of V fd

values after gamma irradiation between ox ygenated and standard detectors is observed. For the standard detectors V fd

reduces grad u - all ytill the space charge si gn inversion dose of about 250 Mrad. The ox ygenat ed detectors show onl yver ylittle changes in V fd

up to 400 Mrad and do not change the N eff

si gn.

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 intolerabl e increase of the d e - pletion voltage due to reverse-annealing, effect practi call yfrozen at lower temperature. On the other hand one has to foresee a partial warm up for m aintenance 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, especiall ythat for the reverse annealing. Such m easurements have been perform ed so far onl ywith 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 rel evant for the effective doping concentration, respectivel ythe 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 param eters used are given in Table 2. R e - sults are shown for two examples of the ATLAS tracker, Fi g. 14a and b. The extreme adva n - tage of using DOFZ materi al 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 allow to operate standard detectors fully deplet ed for onl y3 years, while DOFZ detectors c ould be operated fully d e - pleted for almost the full 10 years period. The advantage of ox ygenated silicon is less pr o - nounced for the microstrip detectors in the barrel la yer at r=30cm, as in this case charged hadrons contribute onl y b y50% to the total equivalent fluence (the rest is due to albedo ne u - trons). However, also in this case the achievable improvement is sizeable. As conclusion, it can be stated that, based on the existing systematic studies with standard and ox ygenated sil i - con detectors, there is no doubt that the DOFZ material offers a substantial benefit. In fact, the

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

5. Examples of Results from Microscopic Studies

Numerous investigations had been undertaken for defect charact erization in high resistivit y silicon, especiall yb yusing D LTS (deep l evel transient spectroscop y) and TSC (thermall y stimulated cu r rent) techniques [ 9 , 22 - 24 ], of which onl ya few examples are given here.

5.1 Spectroscopic defect characterization

DLTS experiments provide the emission-param eters (activation energy D E and cross section s ) and the concentration N t

of all traps within one temperature scan. Traps throughout the entire band gap, except for ver yshallow levels, can be detected, and majority and minorit y carri er traps can be distinguished. With some extra effort, the free carrier trapping kinetics

(capture coefficients) can be studied. While the trap concentrations derived from DLTS mea s - urements are the most accurate values available compared with all other tools, the most fr e - quentl yused C-DLTS (capacitance transient DLTS) is strictl ylimited to trap concentrations well below the doping concentration. For the hi gh-resistivit ym aterial studied here this means that the fluence must be ver ylow, orders of magnitude lower than the anticipated during the operation of the detectors. In Fi g. 15 we observe all well-known si gnals from damage-induced defects in silicon and the corresponding isochronal annealing behaviour. Evidentl yOx ygen and Carbon pla yan important role as sinks for the primar ydam age defects (interstitials and vacancies). In fact, the ratio between the C i

C s

and C i

O i

signals in conjunction with their a n - nealing rate can be exploited to determine both the O and C concentrations. The more relevant observations for toda y´s discussion concern the less abundant and unidentified peaks (e.g. E

V

+ 0.312 eV), the left and ri ght-hand side broadening of t he VV -/0 transition, and/or the appa r - ent concentration difference between the doubl y-charged and singl y-charged di-vacanc ypeak observed before the 280°C annealing step. The two latter observations are currentl ydiscussed within the framework of the defect cluster strain model and the inter-center charge transfer model described in refs. [ 25 , 26 , 20 ].

5.2 Influence of oxygen and dependence on particle type

Fig.16 illustrates the influence of the Ox ygen content on defect generation. The introduction rate and the shape of the cluster peak at 205 K is found to be independent of the Ox ygen co n - centration. This is expected, as it is known that the leakage current scales ver ynicel ywith the concentration of the cluster peak (see §5.3), and that the ox ygen content does not affect the leakage current-related damage constant (compare section 3). To a first approximation the generation rate of VO i

(A-center) defects does not depend on the ox ygen concent ration, since under the given irradiation conditions interstitial ox ygen is the dominant sink for freel ym i - grating vacancies. It means that VO i

is simpl ya measure of the total dose. Freel ymi grating silicon interstitials, on the other hand, are all converted into interstitial Carbon, which then has two reaction partners available to form stabl e defects: substitutional Carbon and interstitial

Ox ygen. Therefore the ratio between the two resulting reaction products C i

C s

and C i

O i

is pr o - portional to the ratio between C s

and O i

. This explains whyfor the ox ygen-lean material a larger C i

C s

concentration is observed superimposing the VO i

peak. Finall ywe note the exi s - tence of Thermal Donors (TD), presumabl ya conglomerat e of four ox ygen atoms, in the C Z material. In principle, these donors can also be created in ox ygen-enriched FZ m aterial, and thus pose the danger of deteriorating the resistivit yof the materi al. However, recipes to di s - solve these donors and to circumvent their detrimental effects are well adopted within the silicon device processing indu s tries.

The dependence of defect generation on the particle t ype is displa yed in Fig. 17. Evidentl y, the cluster-peak at 205 K is introduced at the same rate in ever ycase, reconfirming the intri n - sic nature of the comprising defects and their location within the end-of-range region of the damage cascades. The introduction rate of the isolat ed point defects, represented b yVO i

and

C i

C s,

varies for the different particle t ypes, in agreement with the expected enhancem ent due to Coulomb scattering (see below). It is interesting to note that in this respect the hi gh-energy

(23 GeV) protons behave similarl yto the 192 MeV pions. Another striking observation co n - cerns the peak normall yassi gned to the doubl ycharged di-vacanc y. Its variation with particle t ype resembles the one observed for point defects. Also, the shape of the cluster peak at 205 K does not depend on the particle t ype. The broadening of the VV -/0 transition and the apparent reduction of the VV --/- concentration with respect to VV -/0 can therefore not have the same origin. These observations are currentl yunderstood in terms of the lattice strain and the intercenter charge transfer models, mentioned above. However the details and the degree of such lattice strain need to be further investigated.

5.3 Correlation of defect generation with detector perform ance

As an example the short term annealing of the leakage current and the effective doping co n - centration are depict ed. It is well known that in both cases the time constants are ver ysimilar.

Also it is known that the annealing of the ri ght-hand side broadening of the VV -/0 transition, see Fi g. 15, correlates with the leakage current annealing. It is therefore tempting to assume that the macroscopi c effects have a common cause, namel y, the deep level at E

C

- 0.46 eV, and that this can be reasonabl ydiscussed on the grounds of simple Shockle y-Read-Hall

(SRH) statistics. In order to substantiate this hypothesis, the deep level in question, labeled

E4b in the following, was monitored during an isothermal annealing stud yat 60°C using

DLTS, see Fi g. 18a. To obtain reliable defect parameters and concentrations for the annealing traps, the difference of two subsequent DLTS spectra was subjected to the standard DLTS evaluation procedure. A ver ygood correlation is observed between the change in leakage cu r - rent between two annealing st eps and the corresponding change in the concent ration of E4b, see Fi g. 18b.

6. Modelling and Simulation Studies

6.1 Microscopic modelling of detector properties

A key strategy of the ROSE Collaboration has been to understand macroscopi c 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 det ail in the status reports [ 1 - 3 ]. Here only a bri ef summary is given on r e - cent modelling results that could explain why oxygen is benefi cial to the radi ation hardness of silicon when irradiat ed 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 concent ration 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 rel ative 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 l evel. 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 m argin for existing measurements. One can then simply argue that, for gamma irradiated silicon detectors, the use of O-enrichment is beneficial, because the form ation of V

2

O is su p - pressed by the competing reaction V + O ® VO, i.e. to say that the possibility for a migrating vacancy to react with VO (V + VO ® V

2

O), before it is captured by an interstitial oxygen, is much reduced in co m parison to oxygen l ean silicon [ 28 ].

Unfortunately a similarly simple picture does not hold for hadron irradiation. If the same model is applied the type inversion fluence is an order of magnitude higher than observed experimentally and the leakage current is underestimated by 2 orders of magnitude. The pre s - ence of defect clusters in hadron-irradiated m aterial, and their absence in gamma-irradiated material, suggests a possible cause. Several defects are strongly produced within the terminal clusters, including the di-vacancy (V

2

) and their local density might easily be in the order of

10 19 cm -3 . Allowing then for possible charge transfer between levels of neighbouring defects

(^inter-center charge transfer~, [ 26 ]) indeed leads to a quite reasonable explanation for the high value of the current related damage rate

a . The combination of standard SRH calcul a -

tions for point defects and non standard ones for clusters has also been shown to give rel a -

tively good predictions for the observed changes in the effective doping concentration [ 25 ].

The difference found in neutron and proton irradiation could then be attributed to the fact that

for protons the primary introduction rate of the vacancy is higher than for neutrons (see se c -

tion 5). Hence, the role of V

2

O in determining N

eff is greater for protons. As in the case of

gamma irradiation, a high oxygen concentration suppresses V

2

O production and thus the

changes in N

eff

. Conversely, a high carbon concentration encourages V

2

O production because

substitutional carbon acts as a sink for interstitials and suppresses capture of interstitials at

V

2

O (I + V

2

O ® VO).

6.2 The NIEL problem, outlook on the charged hadron ˘ neutron puzzle

Manyexperiments have shown that bulk-damage parameters scale independent of particle

type and energywith fluence if normalized to the Non-Ionizing EnergyLoss (NIEL). This

important result enables one to extrapolate results obtained with particular sources to the

complex particle and energyspectra that will be encountered in the LHC experiments. It was

unforeseeable that this assumption, which had been proven to be valid for standard material,

was incorrect for high-energyproton or pion irradiation of ox ygen enriched silicon. It has

been proposed that the origin of this difference can be understood b ya more detailed studyof

NIEL. Neutrons in the energyrange up to several MeV onl yinteract with the silicon byelastic

scattering, resulting in relativel yhigh-energyrecoil Si-atoms. However, charged hadron inte r -

actions incorporate a considerable contribution due to Coulomb scattering resulting in low

energyrecoils. Assuming that recoil atoms below a certain energy(5 keV) cannot produce

defect clusters but predominantl ypoint defects, one would expect that for charged hadrons

considerabl ymore of the total NIEL contributes to impurityrelated defects which in effect

leads to the hardening effect of ox ygen. This is consistent with results from microscopic

studies (section 5), which show that there are more diffusing vacancies and interstitials for

protons and pions. Device modelling is also consistent with this hypothesis (section 6).

Fig. 19 shows results from a detailed stud yof NIEL versus the silicon atom recoil energyfor

different particles [ 29 ] . Onlyelastic scattering (nuclear + Coulomb) has been included. The

relative contribution to NIE L, from recoil energies lower than 5 keV, is negligible for 1 MeV

neutrons. But, a considerable portion of the N IEL for charged hadrons exists in that energy

13 range. Elastic scattering of high energypions or protons contributes only30 (200 MeV pions)

to 37% (9 GeV protons) of the total NIE L and therefore, according to Fig. 19, the net contr i -

bution from recoils below 5 keV is only6 to 10%. It i s hard to believe that this small value

could lead to the observed effect. However, for high-energyparticles there are man yhigher

order nuclear reactions which lead to a variet yof secondar yreaction products which again

interact with the Si atoms partlyb ythe Coulomb interaction and hence give rise to a signif i -

cant number of low energyrecoils. More detailed investigations using Monte Carlo simul a -

tions are presentlyunder wa y. However one result is alread yapparent: at high energies, n u -

clear reactions induced by charged hadrons and neutrons are practicall ythe same. Thus for

high-energyneutron damage a secondar yCoulomb contribution due to low-energyrecoils in

the silicon lattice can also be expected.

7. Conclusions

The RD48-Collaboration has achieved significant results and reached its original goal to d e -

velop radiation hard silicon detectors and provide guidelines to the LHC experiments. The

main scientific and technical achiev e ments were:

� The development of an Ox ygen enrichment technique in the fabrication of the detector process lead to a major break-through in radiation hardening. This technique has been successfull ytransferred to several manufacturing companies.

� All relevant macroscopic damage effects have been s ystematicallyinvestigated and rel i - able parameters for a model description were derived. Projections to LHC experiments have shown substantial advantages for the detector lifetime in the tracking area.

� Microscopic investigations have produced valuable insight in the underl ying ph ysics of defect kinetics and model descriptions using their input have shown alread ya reasonable degree of u n derstanding.

Ongoing work includes the optimisation of the Oxygen enrichment process, some open que s - tions as to the macroscopic and microscopic descriptions and a better understanding of the

NIEL problem. The co-operation with the LHC experiments is also pursued concentrating on the comparison between results from the ROSE test pad diodes with those of pixel 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).

14

[ 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-THES IS-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 stud yof ox ygenated and non-ox ygenated 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, UniversityJoseph Fourier, Grenoble, 1998

[ 15 ] Z.Li and H.W.Kraner, BN L-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.Mandi

å� 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.MacEvo yand 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 Ox ygen 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 AT LAS Pixel Detector", paper presented on the 4th International S ymposium on Development and Application of Semiconductor Tracking Detectors, Hiroshima, March 22-25, 2000 (these pr o - ceedings).

[ 22 ] H. Feick, PhD thesis, Universityof 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 b yNeutron 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., Ph ys. 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. MacEvo y. PhD thesis, Imperial College, London, November 1996,

RAL-TH-07-003

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