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Abstract. The behaviour of silicon detectors obtained in dfferent crystal growth technologies for
hypahetica use in detector systems at LHC, SLHC, VLHC istaken into discusgon, in arder to evaluate
which material is harder to irradiation and consequently to minimise the degradation d device parametersin
conditions of long time operation. Physics requirements and dfferent scenariosto LHC up-grade are
considered.
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INTRODUCTION

Particle physics makesiits greatest advances with experiments at the highest energies. The way to dbtain a
higher energy isthrough hadron colliders, or through cosmic sources. In the near future, the Large Hadron
Collider (LHC) will be operational, and beyond that, its upgrades: the Super-LHC (SLHC) and the
hypabhetica Very-LHC (VLHC).
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Theinvegtigation o detedor requirements for the next generation of experimentsis necessary. At the present
time, there are no detailed studies for future accelerators, except those referring to the LHC. The main goal
of this paper isto analyse the expected longtime degradation o sili con detectorsin the extreme haostile
condtions supposed for these acceeration install ations. Different scenarios of upgrade for detectors are
considered. Different silicon material parameters are mnsidered, resulting from different crystal growth
tedhnology, with the aim to evaluate which material is harder to irradiation, and consequently to minimise
the degradation of device parameters in conditions of longtime operation. Contrary to current investigations,
continuum irradiation conditions are considered, in arder to obtain the results that smulate most realisticdly
the ewvironment conditi ons. The contributions of primary defeds (vacancy and self-interstitial) are first time
considered as contributions to the leakage current. These defeds are the main source of modificationsin
device parameters in respect to the contributions of other defectsasV,, VP, VO, V,0, CO and CCs,

Physics potential at future hadronscolliders

Particle physics has made striking advances in the last fifty yeas in describing the intimate structure of
matter and the forces that determine the architedure of the universe. The aurrent view of the universeis
based ona small nhumber of matter constituents aded on by four forcesin afour-dimensional space-time.
The simple structure of elementary constituents and forces form the theoreticd framework cdled the
"Standard Model", which has been able to predict with very good accuracy the values of many quantities that
have been measured by experiments at modern accelerators. But this theory isincomplete because:

gravity is nat included,

some agpects, as for example dectroweak symmetry bregking, responsible for the striking
asymmetry between the masd ess phaon and the massve W and Z, or the difference by many orders of
magnitude between the masses of neutrinos (now, it is nearly established that neutrinos have masses) and
those of the heavier quarks are not yet understood

it requires as input alarge number of parameters such as the masss of the mngtituents and the

couping constants of all forces.

Major steps towards answering these questions would come from developing dobal theories but invoke
energy scalesthat are far beyond the reach of conceivable acelerators and obtaining new experimental
results at higher energies, as Higgs boson(s), or at least observable trages of these theories at accessible
energies. Experiments relevant to this quest are not restricted to the high-energy frontier; they are dso
possble & low energy scales.

The Higgs basonisresporsible in the Standard Model for eledroweak symmetry breaking. Its discovery
would be afundamental confirmation o the Standard Model, and the precise measurement of its
characteristics would open the way towards a more global theory. One passble example of an extension o
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the Standard Model is"supersymmetry". It predicts that more than one Higgs bason wil | ultimately be found,
at least one of which islight. It also predicts that each constituent of matter has a supersymmetric partner
with zero spin and that each force carier has partners of spin %, redising acomplete symmetry between
forces and matter. Until now searches for these supersymmetric particles at the existing accel erators have
been negative. If these particles exist, they should be revealed between about 100 GeV and afew TeV.

For the next threeyears, the Fermilab Tevatron Collider will be the frontier machine. If the Higgs bosonisa
light particle, it could be discovered at the Tevatronif its massis less than about 170 GeV, assiming an
integrated luminosity of 30 fb™, otherwise by experiments at the CERN LHC for masesup to 1 TeV.

The Large Hadron Colli der at CERN, first proposed in 1984, is being constructed and is expected to
operate from 2007. The main research goals for the two general experiments, ATLAS and CMS, are the
exploration of the dectroweak symmetry breaking mechanism, and in particular the discovery of the Higgs
particle and the search for physics beyond the Standard Model and in particular supersymmetry. Most
probable, around 2010 the results will be mnclusive: or the Higgs boson will be firmly experimentally
observed as well asthe dedrowesk symmetry bregking via Higgs mechanism, or the theoretical ideas will
require amajor revision. Similarly, the discovery or rejection of supersymmetry shoud be possible within
thefirst two years of LHC operation. If the supersymmetry exists, many new particles are expected to be
produced and detected at LHC if the masses are of the order of 2 TeV. The partners of the leptons will
mostly be seen in cascade decays and will be difficult to identify above 300 GeV.

Despite the techndogical difficulty, significant upgrades, in energy and lumingsity of the accderator
are onsidered as Super-LHC and Very-LHC respectively [1, 2]. The upgrade path will be defined by the
results from the initial years of LHC operation. Possble scenarios would dctate exploration at high energies
upto 240 TeV (asthefinal project energies) includes:

seach of supersymmetric particles; if only afew are discovered at lower energies other partners
with masses as afew tens of TeV could be discovered,

seach for new heavy fermions,

seach for the existence of heavy neutral Z' and/or charged W' vector basons,

seach of quark compositnessif traces are observed with ascde of afew tensof TeV,

posshleindications for large extra spatial dimensions confined to distances of the order of
femtometers, a scde that can be probed only with collisions energies larger than 100 TeV,

existence of anew strong W-W interactions.

VLHC will open acomplete new energy regime, which could be probed for new physics.

The main characteristics of LHC and of its up-grades are summarised in Table.

Tablel. Charaderistics of the LHC accderator and o its passble up-grades
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LHC SLHC VLHC (stage 1) | VLHC (stage

2)

Y ear when will be 2007 posshle 2010 | after 2014 ?

operational

Js [Tev] 14 14+-28 40 upto 240

L x10* [cm?sY] 1 10 1 1-2/10

Bunch spacing [ns] 25 125 6, 18 6, 18

o, inelastic [mb] =80 =80 =100 = 140

N=Lo , At 20 100 20 25-50/250

(E) charged particles 450MeV 500MeV 600MeV

Requirementsfor detectors at the next generations of hadron colliders

At the present time it is posshle to dscussonly genera requirementsimposed to detedors. Here we wil |
concentrate on semiconductor options for future experiments.

An important part of the detector design isthe shielding necessary to reduce background. A major source of
background is the interadion of proton fragments with the beam pipe and other interaction region
comporents. Special shielding design could reduce the background flux by orders of magnitude, reducing
thisway the radiation dose to the detector components. These characteristics are important for detector

design, in particular for luminosities of L=10* cm®s” or higher.

Major challenges for detector operation at such high luminosities are related to the foll owing aspects[3]:

The detedors must operate a high luminosity that supposes alarge number of interactions per

crossng. For example, at aluminosity of 10**cm™s™ and beam crossng time of 18.8 ns, the average

number of interadions per crossng will be 19 and this number will increase to about 62 for aluminosity of

10**cm™s™ and for aburch spadng of 12.5 ns.

The radiation fluxes are different than the present situations. U. Bauer et. a. [1] has siown that the
total and inelastic cross ®ctionsincrease only slowly with energy one can extrapadate for energies for future
accelerators. Thus, the radiation dose in the central region is afunction mostly of the luminasity, not the
energy. This conclusion permits to give some predictions for the particle spectrain the central cavity.

These suppasitions are not true in the very forward region where particle momentum scales with beam
energy.
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A very good triggering capability is necessary and special fast trigger eledronics need to be
developed. The trigger system should reduce the initia interaction rate of about 50 MHz to arate of about 50
Hz for writing events to tape. With a high occupancy of detector elements and alarge number of readou
channelsatypicd event sizeisin multi Mbyte range. Thistrandates to a Gbyte/stape rate. It isimportant to
select only interesting classes of events at the trigger level and reduce the huge data sample manipulation
after events are written to tape.

Semiconductor detectors are mainly used in the central tracking system. Typicdly thisregion
consists of two sub-detectors: apredasion vertex detedor and a tracking system for momentum measurement.

Interactionsof particlesin the detector
Damage mechanisms

When an incident particle is dowed down in silicon, it produces diff erent types of damage. It
depends on the competition between the aoss ctions of the corresponding processes, e.g. energy transfer to
atomic dedrons (ionisation) and energy transfer to trand ational motion of the gom asawhole. While
ionisation isthe basis of particle detedion and is reversible, displacement eff eds produce defedsin the
lattice, determining changes in the material and consequences in device charaderistics.

The nuclea interaction between the incident particle and the lattice nuclel produces bulk defects. As aresult
of the interadion, depending on the energy and on the nature of the incident particle, one or more light
particles are formed, and usually one (or more) heavy recoil nuclei. The nucleus has charge aad mass
numbers lower or equal with that of the medium. After thisinteraction process the reil nucleus or nuclei
are displaced from the | attice positionsinto interstitials. Then, the primary knock-on nucleus, if itsenergy is
large enough, could producethe displacement of a new nucleus, and the processcontinues as long as the
energy of the wlliding nucleusis higher than the threshold for atomic displacenents. This phenomenon can
be regarded as a cascade process We dencote by primary displacements all the displacements produced as a
results of the primary interactions, without any further rearrangement of the vacancies and interstitials. The
physical quantity characterising the processis the mncentration of primary defects (or related quantities, for
example the nonionising energy los9 produced per unit of fluency of the incident particles.

In all subsequent discussons related to damage effects, the primary recoil isthe particle whose energy
partition must be calculated. As edfied before, the primary recoil is either anucleus of the medium, or a
nucleus with alower massand charge numbers. As a ansequence, for ead medium awhole family of
curves of e.g. energy spent into nonrionising processes versus recoil energy could be obtained. These
Lindhard curves could be used diredly in the evaluation of the damage produced in materials by ion beams,
if the energy of particlesin the beam isidentified with recoil energy.
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Model calculationsfor the bulk degradation and relevant quantities

Dueto the fad that there is no theory that describes these processes of interaction, phenomenol ogicd
models are used. A possble physical quantity isrelated to the number of atoms displaced, and condwces to
the mncentration o primary radiation induced defects per unit particle fluence (CPD). In the model
developed previoudly by the authors, (see e.g. Ref. [4]), the main stepsin cdculating CPD are the
consideration o the primary interactionincident particle — nucleus of the lattice, and the redistribution of the
energy of remil nucleus (nuclei) in the lattice between displacements and ionisation. Thus, the energy
transferred into displacementsis cdculated in dired correlation with the charaderistics of the incident
particle and with the properties of the crystalline target.

In the present discusgon and the propased model, we mnsider the processof partitioning the energy of the
recoil nuclel (produced due theinteradion d the incident particle with the nucleus, placed in its lattice Site)
by new interaction processes, between eledrons (ionisation) and atomic motion (displacements) in the frame
of Lindhard’ s theory.

CPD isnot proportional to the modificaions of material parameters after irradiation, due to the subsequent
interactions of vacancies and interstitials with ather defects and impuritiesin the lattice. In figure 1 the

incident energy dependence of CPD is presented in relation with different incident particles.

neutrons

pions

electrons

CPD [1/cm]

photons

1 2

10° 10 10

Energy [MeV]

Figure 1 - CPD produced by different particlesin silicon

It could be observed that the primary degradations induced by hadrons are more important than those due to
leptons, at least one order diff erence as effed.

Present silicon technology used for detectorsin HEP
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Traditionally, sili con sensors have been fabricated using the float zone (FZ) crystal growth
technique. For detector applications, the float zone technique ensures high-purity and defect-free sili con. Due
to the high resistivity of the materid, the detedor can be full depleted at relatively low voltage. Naturaly the
silicon obtained by FZ growth is characterised by low oxygen concentration. A technique to incorporate
oxygen in the bulk of the material to improve the radiation hardnessof sili con has been developed at BNL
[5]. For this material we refer as DOFZ (diffusion oxygenated FZ).

Czochralski growth techndogy (Cz-Si) is generaly charaderised by low resigtivity. In the last period, silicon
with sufficiently high resistivity has been obtained (MCz Magnetic Czochralski), permitting to oltain
detedors.

In the analysis that follows, only the presence of phospharus, oxygen and carbon impuritiesis
considered in the silicon buk, and the impuriti es are suppased to be uniformly distributed. The impurity

concentrations of the materials considered in this paper arelisted in Table ll.

Tablell. Sili con characteristics used in the calculations

Material | [P] [O] [C]
[atoms/cm®] | [atoms/cm®] | [atoms/cm?]

FZ 4 10" 10" 10"

DOFZ 4 10" 4 10" 10°

MCz 310" 8 10" 10%

Cz 10° 4 10" 10%

Modelling of the kinetics of defectsin silicon exposed to radiation fields

Because the impuritiesin solids have a major importance in the kinetics of primary defeds (vacancies and
interdtitials) produced after irradiation, Damask and Dienes, developed in the 1960s [6] atheoreticd model
where this problem istreated in the simplest form by solving the corresponding diff erential equations.

In the phenomenol ogicd model developed by the aithors [7, 8, 9, 10, 11, 4, 12], the primary incident
particle, having kinetic energy in the intermediate up to high-energy range, interacts with the semiconductor
material. Therecoil nuclei resulting from these interactions lose their energy in the lattice Their energy
partition between dsplacements and ionisationis considered in accord with Lindhard’ s theory [13, 14] and
after this step the @mncentration of primary defectsis calculated. The basic assumption of the present model
isthat primary defeds, vacancies and interstitials, are produced in equal quantities and are uniformly
distributed in the materia bulk. They are produced by the incoming particle, as a mnsequence of the
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subsequent colli sions of the primary recoil in the lattice, or thermally. The generation term (G) is the sum of
two comporents. Gg accounting for the generation by irradiation, and Gr, for thermal generation. The
concentration o the primary radiation induced defects per unit fluence (CPD) is calculated as the sum of the
concentrations of defects resulting from all interaction processes, and all characteristic mechanisms
correspording to each interaction process using the explicit formula (11). Due to the important weight of
annealing processes, as well asto their very short time scale, CPD isnat a direct measurable physical
quantity.

The primary defects, vacancies and interstitids, are essentially unstable and interact via migration,
recombination, and annihilation or produce other defects. The processes involving primary defects are
discus=ed in the description of chemicd reactionsin sili con, around room temperature, in Reference[4]

Possible scenariosfor radiation environmentsat LHC, SLHC and VLHC

Contrary to current experiments which test the behaviour of semiconductors device, in the radiation
fidld, in the concrete situations that these will work, the radiation field will exist continuum long time,
usually 5to 10 years, soit is expected a different long-time degradation than other conditions.

The Large Hadron Colli der at CERN, propased in 1984 is expeded to operate from 2007. The main
research goals of physics, to be realised in two mgjor experiments, ATLAS and CMS, have intensively being
discussed; seefor example Refs. [15, 16, 17, 18, 19]. Despite the techndogical difficulties, significant
upgades of the accderator in energy and luminacsity are cnsidered as Super-LHC and Very-LHC
respectively. The upgrade path will be defined by the results from the initial yeas of LHC operation.

At the present time the radiation fieldsin approximate experimental configurations are estimated
only for LHC. At LHC energies, for bunch spacing d the order 25 ns and aluminasity of the order of L

=10* cms*, the minimum bias events are assumed to have n,, [(16+ 7 particles per unit of pseudorapidity,

and the average value of transverse momentum is < p; >=0.45+55 GeV/c. Inside the tracking cavity

the hadrons represent around 54% of all the produced particles, and charged pions are the most abundant,
around64% of all hadrons[20]. In the concrete case of the CM S future experiment the simulated charged
hadron spectra & different positionsinside the tracking cavity have been published in Reference[17]. The
shape of the spectra as well asthe maximum in particle distributionsis dependent on the position inside the
tracking cavity. In the spedra, the main contribution is due to pions, followed by protons, other hadrons
beingirrelevant in the distributions. The two pasitions considered are: @) r = 20 cm, z = 0+60 cm, which
corresponds to the maximum in flux, and b) r = 100 cm, z = 140+-280cm; associated with the minimum
hadron fluxes; from Ref. [17].

For LHC upgrades, in the ebsence of detail ed studies, only suppdsitions are possble. Following the
ideaexposed by F. Gianotti in Ref. [2], we suppased [12] the following conditions for the SLHC and VLHC
respectively:

For SLHC environments, the following scenarios are considered:
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a) the pion and proton spedraremain the same a in LHC condtions but with one order of
magnitude increase in intensity, corresponding to the order of magnitude increase of luminosity (no upgrade
in energy considered),

b) the luminasity isincreased asin a), but the beam energy isincreased with afactor of two, the
energetic distribution of pions and protonsis the same as for LHC conditi ons, but the average energy of the
spectrais difted to higher energy with 50MeV;

For the upgrade to VLHC, in the estimation of the generation rate we suppaosed:

¢) the same geometrical configurations asfor LHC, the same distributions of particlesin the
corresponding positions in the tracking cavity, but with the maximum in the spedra shifted to higher
energies with about 150 MeV at the same luminosity,

d) one order of magnitude increase in the luminasity, in resped to c), respectively.

In the LHC conditi ons (considering in the concrete discussons the particular case of CMS and
ATLAS experiments) the hadrons are the predominant particlesin the tracker, especially low energy charged
pions and protons. The maximum in the rates of primary defects generated by pions comes from the region
around200 MeV whil e the protons the major contribution comes from the lowest energy region, seefor
example [9]. In the concrete caculations, the CPD distribution induced by pionsiscut at 20 MeV. This cut
represents only a contribution below 0.5% in the integrated defect spectra.

The differential energetic generation rates of defectsfor SLHC and VLHC conditions are cdculated
in agreement with the hypotheses discussed, starting from the spectrum simulated for CMS. In Figure 2, the
differential energetic generation rates of primary defeds, from left to right, for the LHC, SLHC and VLHC
environment, for protons (triangles) and pions (asterisk and crosg, for two extreme possble positionsin the
tracking cavity are represented. The SLHC and VLHC differential generation spectra have been obtained by
increasing the average energy with 50 MeV and 150 MeV respectively.
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Figure 2 - Differential energetic generation rates of primary defects, from left to right, for the environment of
LHC, SLHC and VLHC, for protons (triangles) and pions (asterisk and cros9, for two extreme posshble
positionsin the tradking cavity, r=20 cm, z=60 +120cm and r=100 cm, z=140+280cm respectively. The
SLHC and VLHC defects spectra ae obtained by increasing the average energy distribution with 50 MeV
and 150 MeV respectively, and the luminosity with one order of magnitude — see text.
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In the two extreme radiation fields existent in the tracker cavity and considered in thiswork, the
rates of generation of defeds (induced by pions and protons) are: 6.8 x 108 VI/cm®/sin the LHC conditions
and
6.8 x 10° VI/cm®/s, (SLHC, hypothesis @), 7.2 x 10° VI/cm®/s (SLHC, hypathesis b)), 6.9 x 10° VI/cm®/s for
VLHC, hypahesisc) and 68 x 10° VI/cm®/s, VLHC, hypothesis d) respedtively. For these generation rates,
the ntributions coming from proton spectra represent 8.2%, 8.2%, 6%, .8% and 8% respectively.

In the considered scenarios, the maximum of the generation rate of primary defectsis obtained in the
hypahesis b) for the SLHC upgade. VLHC conditions are less dangerous for sili con detedors that the
SLHC environment.

Predicted effects at the device level: leakage current modifications

Most of the radiation detedors are based onthe properties of the p-n junction. Consequences of
irradiation processes, some charaderistics of the devices could be influenced by the formation o secondary
defedswhich are unstable and which could be dectricdly active - with energy levels located in the band gap
of sili con. In this case, they could capture free electrons or holes and change the initial concentrations of
charged donors and acceptors in the space charge region of the detector. The principal effects are: change of
the depletion voltage, increase of the leakage current, bulk material resistivity modification, change of
electric field distributionin irradiated sili con p-n junction, charge in the ll ection efficiency and capadtance
contribution to the noise.

Only aspectsrelated to the increasing d the leakage current are discussed here.

Theincrease of the leakage current comporent that is due to the generation of electron-hole pairs on
the defect levels could be evaluated in the frame of the simplified Shockley-Read-Hall model [21], [22]. The
defeds, which have an important contribution to the leskage current, are those with energy positions near the
intrinsic level and with high cross ctionsfor carrier capture. Currently, in order to cdculate detector
characteristics, the Shockley-Read-Hall model is combined with the defeds concentrations, measured or
predicted. In this model each defect is considered with one or more levelsin the bandgap, uncoupled, and
thus the current is simply the sum of contributions of all energy levels. In fact for the defeds with more
energy levelsin the bandgap, these are cupled, and the effeds are different. Thiseffect isdiscussed in
Choo's paper [23]. The defeds relevant for the modifications of leakage current are those with deep energy
levelsin the band gap, in the neighbourhood of theintrinsic level, and are listed in Tablellll .

An important old observation consists in the good or reasonabl e agreement between model and data
for the leskage airrent and eff ective carrier concentration after lepton or gammairradiation, and
discrepancies up to 2 orders of magnitude (smaller in model calculation) after hadronirradiation. Diff erent

models, more theoretical or phenomenologicd, were developed to explain these agpects. The formation of
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cluster defects after hadron irradiation and their absence in lepton case is the current explanation. [24]. In this
contribution we ague that the main discrepancies between model cal culations and experimental data for
macroscopic detector charaderistics (Ieakage current and concentration of effective arriers) after hadron
irradiations could be solved naturally considering for the first time the contributions of the deep levels of
primary pant defectsin silicon: vacancies, interstitials, whose amplete characteristics have recently been
put in evidence experimentally and theoretically justified. An extensive analysis could be found in Reference

[25].

The native point defectsin silicon can affed the evolution o sili con in various conditi ons especialy
immediately after irradiation and during continuous irradiation.

The vacancy takes on five different charge statesin the sili con band gap: V#*, V*, V° V°, and VZ.
The charge states V", V*, V°, form the so-called negative U system, caused when the energy gain of a Jahn-
Teller distortion is larger than the repulsive energy of the electrons, case in which the (0/+) level isinverted
in respect to (+/++) level, which are the striking consequence of the fact that the V* charge state is
metastable.
The sdf-interstitialsin silicon can exist in four charge states[26]: 17, 1°, 1" and 1%*.
Historically, it was considered that vacancy and self-interstitial annihilate. In fact, recent cdculations have
demonstrated they that forms Frenkel defeds, al-V bound system, tetracoordinated; [27] which produced a
delay of annihilation process afew hours at the room temperature.

The deep energy levels of defeds with relevant contributions to modifications of the leakage current

are presented in table Il .

Tablelll. Energy levels of defects with major contribution to device damage

Defed | Energy level Type of defect Charge state Reference
v Ey+0.52 Donor 0/- D

| Ec-0.41 Acceptor 0/- D

V,0 Ec-0.54 Acceptor o/- [28]

V, Ec-0.41 Donor +/0 [29

VP Ec-0.45 Acceptor o/- [29

CO Ey+0.36 Donor +/0 [29

Y Average between the values from Ref. [26], [30] and references cited therein

In Figure 3 the results obtained in this model in leakage current cdculation is compared with
experimental data dter irradiation. In the figure, the dashed curveis cdculated considering ory contribution
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from.... defects, and continuous curves consider also the contributions that come from vacancies and self-
interstitials. In cdculations the following values are considered for primary defects: migration energy for
interstitials: 0.3 eV, migration energy for vacancies: 0.7 eV; sink concentration: 10° cm'; capture aoss
section on the degoest level of the vacancy: 1.5 10™ cm™?, and of interstitials 10 cm™ A more detail ed
analysis related to the contributions of primary defectswill be pulished elsewhere.
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Figure 3 - Time dependence of the leakage aurrent after proton irradiation at 10°C: experimenta data from
Ref [31] (points) and model calculations: continuous line: all defedsfrom Table 111, dashed line: without
vacancies and intertitias.

Starting from the concentrations of defeds calculated in thein the model and considering the scenarios
supposed in this contributions (the very hostile environments for SLHC), the time evolution of the |leakage

current is represented in Figure 4 for the four technologies used for detectors. The contributions of primary
defeds are included.
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Figure 4 - Predicted time dependenceiof the legage current in continuous hadron irradiation conditi ons
supposed to exist at SLHC. Are considered Cz, Fz DOFZ and MCz aystal growth technologies. The

contributions of primary defeds are included.
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CONCLUSIONS

In the hypothesis considered in this paper for scenarios to up-grade LHC colli der, and dfferential hadron

spectra aroundthe interadion region, the Float Zone techndogy of silicon detectors could be more adequate

to obtain harder materials, considering as interest parameter the modification of the leakage current.
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