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Abdgract: The phenomenological model developed by the authorsin previous papersis used to eval uate the
degradation induced in high resistivity silicon detectors by pion and proton irradiation at the future accelerator facilities
or by cosmic protons considering the continuous irradiation for ten years of work. The egquations governing the
degradation of the semiconductor lattice are explicitly considered. The damage is analysed at the microscopic level
(defects production and their evolution toward equilibrium) and at the macroscopic level (the changesin the leakage
current of the p-n junction). The rates of production of primary defects, aswell as their evolution toward equilibrium are
evaluated considering explicitly theirradiation filed characterising the specified applications, i.e. the type of the
projectile particle and its energy. The influence of these defects on the leakage current density is compared with
experimental datafrom the literature, and predictions for the LHC radiation fields, aswell as for space missionsin the
near Earth orbits are done, in the frame of the Schokley-Read-Hall model.

INTRODUCTION

Silicon detectors are planned to be used for many applicationsin particle or astroparticle physicsas, for
example, at the CERN Large Hadron Collider (LHC) and Super-LHC or in space mission as, e.g. AMS. The detectors
used in these environmentswill be exposed long-time and/or to high fluences of charged and neutral particles. Various
systematic studies have been carried out to understand better the origins and conseguences of radiation damage in
silicon detectors. These cover the production of primary defects [1], their annealing mechanisms[2],[3],[4],[5],[6].
[7.18],[9], the correlation with the characteristics of the irradiation particle [10],[11],[12] and with initial material
impurities [13], [ 14]. The microscopic modifications of the material characteristics produce changes in the detector
parameters. The microscopic phenomena and their consequences at the device level are poorly understood.

A point defect in acrystal isan entity that causes an interruption in the lattice periodicity. In this paper, the terminology
and definitionsin agreement with M. Lannoo and J. Bourgoin [ 19 are used in relation to defects. We denote the
displacement defects, vacancies and interstitials, as primary point defects, prior to any further rearrangement.

The primary incident particle, having kinetic energy with valuesin the intermediate up to high-energy range, interacts
with the semiconductor material . After this process, the recoil nuclei resulting from these interactions |ose their energy
in the lattice. Their energy partition between displacements and ionisation is considered in accord with the Lindhard
theory [16] and authors' contributions [17] and after this step the concentration of primary defectsis calculated. The
basic assumption of the present model isthat the primary defects, vacancies and interstitials, are produced in equal
guantities and are uniformly distributed in the material bulk. They are produced by the incoming particle, asa

consequence of the subsequent collisions of the primary recoil in the lattice, or thermally. The generation term (G) is

the sum of two components: Gg accounting for the generation by irradiation, and Gr, for thermal generation. The
concentration of the primary radiation induced defects per unit fluence (CPD) in silicon has been cal culated as the sum
of the concentrations of defects resulting from all interaction processes, and all characteristic mechanisms
corresponding to each interaction process, using the explicit formulafrom reference [17] (see also concrete relations
and details). Due to the imp ortant weight of annealing processes, as well asto their very short time scale, CPD isnot a
measurable physical quantity.
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Insilicon, vacancies and interstitials are essentially unstable and interact via migration, recombination, and annihilation
or produce other defects. In the simplifying hypothesis of random distribution of CPD for all particles, theidentity of

the particleislost after the primary interaction, and two different particles could produce the same generation rate (G p
for vacancy-interstitial pairsif the product between the generation rate of defects and the flux of particles are the same.

THEMODEL

In some previous papers [18],[ 19],[20], the authors developed a quantitative phenomenol ogical model to
explain the production of primary defects and their time evolution toward stable defects, starting from silicon with
different quantities of initial impurities, considering different rates of primary defects production and conditions of
irradiation. Without free parameters, the model is able to predict the absolute values of the concentrations of defects and
their time evolution toward stable defects, starting from the primary incident particle characterised by type and kinetic
energy, from the material characteristics: lattice bonds, lattice constant, impurities, keeping into account the temperature
during and after irradiation. Inthe chemical reaction description, the formation and evolution of defectsin silicon,
around room temperature, could be described as follows:
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C+C,- CC (6¢)
C +0O, = CO, (6d)

Thereaction constants K; (i=1,4 , 16) have the general form:
K; = Csu xexp(- E /kgT) (72)

withn the vibration frequency of the lattice, E the associated activation energy and Canumerical constant that
accounts for the symmetry of the defect in the lattice.
The reaction constant related to the migration of interstitials and vacancies to sinks could be expressed as:

K, =a u 2exp(- E, /kBT) (7b)

withj =2 (interstitials) and 3 (vacancies), a;:- the sink concentration and| - the jump distance.
The values of the activation energies are from the literature see for example reference [20].

The reactions have been grouped into four categories: the first is related only to primary defects and their reciprocal
interactions (equations 1 and 2), the second involves the reactions of primary defects with impurities, as well as
complex decomposition (equations 3, 4 and 5), while the interactions of complexes, and of complexes with primary
defects are comprised into the group of reactions represented by equations 6. Other primary defects- impurities
complexescould also be considered apart those formed with P, O and C. Inthefirst group, only primary defects,
vacancies and interstitials, are involved. They annihilate (1a) and migrate to sinks (1b and 1c). Both the interstitial and
the vacancy are mobile at room tenperature. More, the migration mechanisms of vacancies and interstitials are quite
different: while interstitials undergo an athermal migration, being mobile even at 4.2K [21], vacancy motion occurs

from near 160 K in p-type material and from 70K in n-typecrystals, reflecting the effects of charge state on the
migration process [21]. At room temperature, a migration energy of the vacancy twice that the corresponding one for
interstitials has been estimated [2]. Due to the fact that interstitials are much faster, and they have not been identified
even at the lowest irradiation temperatures, and also to the fact that in n-type silicon for detectors only carbon impurities
trap interstitials, it is natural to consider interstitial migration to sinks (e.g. the surface and the edges of the sample).
Contrary to this, the migration of vacancies to sinks (reaction 1c¢) plays no role in the time dependence of the
concentrations, asseen from calculations|[ 22]. It isthusjustified to be neglected, asit really wasin the previous
calculations [18],[20]. During their migration, vacancies could form aggregates (divacancies— reaction 2a). Divacancy
decomposition involving interstitialsis also possible (2b) Type (3) reactionsinvolve vacancies, interstitials and
phosphorous, and the formation and decomposition of the VP complex is described. Thefollowing type of reactionsis
related to complexes of primary defects with oxygen (group 4) and carbon (group 5) respectively. While the
substitutional carbon isfix, G has ahigh mobility. Dueto thisfact, the C;C; complex could be formed. Higher order
vacancy-oxygen, carbon-carbon and carbon-oxygen complexes are also important, and are described by reactions of
type (6). Reactions of interstitials with vacancy-impurity complexes (2b, 3b and 4b), and of vacancies with interstitia—
impurity complexes (5b) are natural to occur when there are interstitials and vacancies available. In spite of this,
calculations [22] demonstrate that they play no rolein the evolution of defect concentration during and after irradiation.
In this respect, their neglect in previous papers[18],[19 and [20] isjustified. A special mention must be made to the
problem of reversible and irreversible processes. To obtain semiconductor materials with useful propertiesfor the
harder radiation detectors, the mechanismsis useful that the processesto be irreversible.

Radiation environment at the LHC accelerator and in thenear Earth orbits.

In the present paper, two types of applications of silicon detectors are emphasised: for the tracker of
experiments at the LHC accelerator, and for space missionsin the near Earth orbit, as, for example, experiments at the

International Space Station. At the luminosity of 10* cm2s?, and assumi ng an inelastic non-diffractive cross

sectionof 80 b, the LHC will produce on average 8” 108 inelastic p-p events per second, creating an extremely
hostile radiation environment. For radiation studies, the bunch structure of LHC is not significant.
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The central tracker is expected to be exposed to the primary particle flux from the interaction region, and the main
concernisradiation damage of the silicon detectors. Without loss of generality, the radiation field simulated for the

CMS silicon tracker geometry [23] is considered in the following calculations. The high magnetic field imposes a p;.

cut-off on charged particles, so that a significant proportion of the most damaging low energy particles never reach the
outer tracker layers. In addition, the average kinetic energy rises with increasing pseudorapidity.

The spectra of charged hadrons (pions, kaons and protons) simulated for the positions of the silicon layers are taken

from reference [23). The flux decreases by afactor 50 goingfrom r =20 cm to r =100 cm, and most of the low
energy particles disappear. The hadrons are predominantly low-energy charged pions and protons, which are present in
different amounts and have different energy spectra as afunction of the distance in respect to the interaction point, and
of the pseudorapidity. In all cases, the pions are the dominant particles. Infigure 1, the energetic differential generation
rate of defectsis presented. Each spectrum has been obtained as a convolution of the simulated hadron flux in the
tracker cavity and the energetic dependence of concentration of primary defects (CPD) for pions and protonsin the
same energy range.

107k

=
=]
m

ropmax
109 ;
104 y T g pi max

104 3 e Tk

3 v T T *  pmin
107k T
10" g pi min
10 ;

TR T T
4

dG./dE [VI pairsicm’/s/MeV]
$

10.1 TR RIS ST AT ETTT A

10° 10' 10%* 10% 104
Energy [MeV]

Fig. 1- Differential energetic generation rate of vacancy-interstitial pairs for pions and protons, for two positions
@:r=20 cm, z=0, 140 cmand(2): r =100 cm, z=140, 280 cm in thetracking cavity of LHC.

The calculations have been performed for two extreme positions in the tracker cavity: (1): r =20 cm,

z=0, 140 cmand(2: r =100 cm, z=140, 280 cm.

In the figure, the area under each curve represents the integral generation rate of vacancy-interstitial pairs. The values
obtained for the first position (1) are: 6.2 10° VI pairs/cms/s for pionsand 5.6” 10" VI pairs/cm3/s for
protons, while for the second one (2) theseare 8.1° 10° VI pairs/cm’®/s and 3.1 10° VI pairs/cm’/s for
pions and protons respectively.

We would like to mention that the main contribution for protons comes from the lowest energy region, while for pions
the maximum shifts from around 200 MeV to 800 MeV passing from position (1) to position (2). For pions, the
CPdE) dependenceiscut at 20 MeV.



Silicon detectors modifications at the LHC and AMS 7

=
Q
[=]

-
]
O T T T T T T T T T T T T T TT T
+
-
+

(]

-
o

+
*
t
+
+
+

-
=
]

0%

dG_/dE [VI pairs/cm/s/MeV]
C] =

102 10 10°¢
Proton Energy [MeV]

—
(=
—

Fig. 2- Differential energetic generation rate of vacancy-interstitial pairs by
cosmic protons in the space near the Earth.

The second type of application discussed in the present paper refersto the radiation field produced by cosmic rays.
From these particles, the most important contribution comes from protons. The primary proton spectrum, in the kinetic
energy range 0.2 to 200 GeV , in the neighbourhood of the Earth, at an altitude about 380 Km), has been measured
by the Alpha M agnetic Spectrometer (AMS) during space shuttle flight STS-91. The compl ete data set combining three
shuttle altitudes and including all known systematic effectsis given in reference [24]. The convolution of this spectrum
withthe CPD for protonsis presented in Figure 2, and it corresponds to a generation rate of vacancy-interstitial pairs of

2°10% VI pai I’S/ Cm3/ S. Thisrepresents nearly seven orders of magnitude lower generation rate in respect to the
higher one calculated for the tracking cavity of the LHC experiments.

Estimated damagein silicon detectors

Silicon used in high-energy physics detectorsis n-type high resistivity (1, 6 kW>tm ) phosphorus doped FZ
material. In the last decade alot of studies have been performed to investigate the influence of different impurities,
especially oxygen and carbon, as possible ways to enhance the radiation hardness of silicon for detectorsin the future
generation of experimentsin high-energy physics - see, e.g. references [25],[26]. Some peopl e consider that these
impurities added to the silicon bulk modify the formation of electrically active defects, thus controlling the macroscopic
device parameters. The effect of oxygen in irradiated silicon has been a subject of intensive studiesin remote past.
Empirically, it is considered that if the silicon is enriched in oxygen, the capture of radiation-generated vacanciesis
favoured by the production of pseudo-acceptor complex vacancy-oxygen. Interstitial oxygen actsasasink for
vacancies, thus reducing the probability of formation of divacancy related complexes, associated with deeper levels
inside the gap. The present model confirms these conclusions. The concentrations of interstitial oxygen and
substitutional carbon in silicon are strongly dependent on the growth technique. In high purity Float Zone Si, oxygen

interstitial concentrations are around 10 ¢ 2, whileinthe oxygenation technique developed at BNL, an interstitial
oxygen concentration of theorder 5 10" cm® is obtained. These materials can be enriched in substitutional carbon
upto 1.8” 10 cm3.

The model explainswell the experimental data of defect production and evolution in silicon after irradiation [18] [19],
and [27].

Two types of silicon have been considered: the "standard” material, containing the following impurities concentrations:

10™ cm™? atoms of phosphorus, 2 10™ cm’ 2 atoms of oxygen, and 5° 10*> cm’3 atoms of carbon; and the
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"oxygenating” one, containing 10* cm 2 atoms of phosphorus, 4~ 10" cm® atoms of oxygen, and
5 10™ cm® atomsof carbon respectively.

In some previous studies, e.g. [29] the following conclusions are drawn for 20°C temperature: the content of oxygen in
silicon influences especially defects formation in the case of high rates of generation of vacancy-interstitial pairs. The
increase of the initial oxygen concentration in silicon, conduces, after ten years of operation in the LHC environment,
characterised by a high and constant generation rate, to the increase of the concentrations of VO and CO; centres, and to
the decrease of the concentrations of V,, VP and GC,ones. With theincrease of oxygen concentration, an increase of
the V,O generation rate is observed. It isinteresting to observe that in almost all cases, an equilibrium in reached
between generation and annealing, and a plateau is obtained in the time dependence of the concentrations. The slowest
is, in this respect, L0, that has the highest binding energy. VVacancy-oxygen formation in oxygen, enriched siliconis
favoured in respect to the generation of V,, V,O and VP centres. At high oxygen concentrations, the concentrations of
VO centres attain a plateau during the 10 years period considered. After cosmic proton irradiation, the effects are
strongly different. For this generation rate, the increase of the oxygen concentration produces the decrease of the
concentration of all centres, with the exception of the VO concentration, that, at theserates, is not influenced by the
oxygen content, and of the GO, concentration, where an increase is observed. As a consequence of the small rate of
generation of vacancy-interstitial pairs, after ten years of operation, the equilibrium between generation and annealing is
not reached, the concentrations of defects being, with the exception of VP (that has arelatively low binding energy),
slightly increasing functions of time. Thermal generation has been taken into account in all cases, althoughiitis
important only for the silicon exposed to cosmic protons. In addition, it is necessary to emphasise the importance of the
irradiation and annealing conditions (initial material parameters, type of irradiation particles, energetic incident particle
spectraand their flux, temperature) on defect evolution. These aspects have been discussed in p revious papers, [28],
[29. Thedark current of areversebiased P- N junction is composed of the following terms: the drift current, due to
the drift of minority carriers, the generation current, due to carrier generation on the midgap energy levels inside the
depleted region and surface and perimetral currents, dependent on the environmental conditions of the surface and the
perimeter of the diode. The formation, during and after irradiation, of defects with associated energy levelsinsidethe
gap conduces to the increase of the generation current, since the ease with which amobile carrier can traversethegap is
greatly enhanced by intermediate levels.

Inside the depleted zone, N, P <<, (N istheintrinsic free carrier concentration); each defect with a bulk
concentration (NT causes a generation current per unit volume of the form [30]:

s .S Ny

| =qU = o{vi)n, T v

S ngne(Et'E)/kT +S pgpe(Eu'E()

where g, and g pare degeneration factors, S | (S p ) arethe cross sections for majority (minority) carriers of thetrap,

E =(E.- E,)/2 and <Vt> is the average between electron and hole thermal velocities.

In the Shockley-Read-Hall model 31 used for the calculation of the reverse current, each defect was supposed to have
onelevel in the gap, and the defect level s are uncoupled, thus the current is simply the sum of the contributions of
different defects. Two physical quantities characterising the defects enter in the cal culation of the generation current:
their energy position in respect to the intrinsic level, and their cross section. Only near midgap energy levelsare
important, and in this paper the contributions coming fromV,0, \, and VP have been taken into account. An average
between the values of the energy levels and cross sections reported in the literature (see compilations [15] and [32],) for
\, and VP have been introduced in the cal cul ations, and averaged while for \V,O thisis true only for the energy level. In
thelack of reported datafor the cross section, for the VO centre, thevalue 10 cm® has been used. Silicon used in

high-energy physics detectorsis n-type high resistivity (1, 6 KW>tm) phosphorus doped FZ material. In the |ast
decade alot of studies have been performed to investigate the influence of different impurities, especially oxygen and
carbon, as possible ways to enhance the radiation hardness of silicon for detectorsin the future generation of
experiments in high-energy physics - see, e.g. references [19, 20]. Some people consider that these impurities added to
the silicon bulk modify the formation of electrically active defects, thus controlling the macroscopic device paraneters.
The effect of oxygen inirradiated silicon has been a subject of intensive studies in remote past. Empiricaly, itis
considered that if the silicon is enriched in oxygen, the capture of radiation-generated vacancies is favoured by the
production of pseudo-acceptor complex vacancy-oxygen. Interstitial oxygen acts as a sink for vacancies, thus reducing
the probability of formation of divacancy related complexes, associated with deeper levelsinside the gap. The present
model confirms these conclusions.
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The concentrations of interstitial oxygen and substitutional carbon in silicon are strongly dependent on the growth
technique. In high purity Float Zone Si, oxygen interstitial concentrations are around 10" cm’ 3, whilein the
oxygenation technique developed at BNL, an interstitial oxygen concentration of theorder 5~ 10 cm % is obtained.
These materials can be enriched in substitutional carbon up to 1.8” 10*® cm™.

As underlined above, vacancy -oxygen formation in oxygen, enriched silicon is favoured in respect to the generation of
Vs, VLO and VP centres. At high oxygen concentrations, the concentrations of VO centres attain a plateau during the 10
years period considered. After cosmic proton irradiation, the effects are strongly different. For this generation rate, the
increase of the oxygen concentration produces the decrease of the concentration of all centres, with the exception of the
VO concentration, that, at these rates, is not influenced by the oxygen content, and of the GO, concentration, where an
increase is observed. As aconsequence of the small rate of generation of vacancy-interstitial pairs, after ten years of
operation, the equilibrium between generation and annealing is not reached, the concentrations of defects being, with
the exception of VP (that has arelatively low binding energy), slightly increasing functions of time. All the processes
have been calculated for 20°C temperature. Thermal generation has been taken into account in all cases, althoughiit is
important only for the silicon exposed to cosmic protons. In addition, it is necessary to emphasise the importance of the
irradiation and annealing conditions (initial material parameters, type of irradiation particles, energetic incident particle
spectraand their flux, temperature) on defect evolution. These aspects have been discussed in previous papers [28] and
[29). Thevalidity of the model in relation toleakage current data has been tested using some measurements from the
literature, for silicon detectors irradiated with hadrons, at different fluences and temperatures. The measurements of the
time dependence of the leakage current in high resistivity silicon pad detectorsirradiated at +20°C (reference

temperature), +10°C, 0°C and -20°C with 24 GeV/c protons at aflux of about 5° 10° cm2s™*, up to the fluence
1.1" 10™ cm? [33] were used to investigate model predictions.

In Figure 3, the separate contributions of VO, V, and VP defects to |eakage current for "standard" and "oxygenated"
silicon, in the irradiation conditions supposed for LHC and in the cosmic near Earth orbits, are represented. The
calculations have been performed for 20°C, under continuous irradiation. The bands represent the maximal uncertainties
due to the energy position of the defects and to their cross sections.
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Fig. 3 - Time dependence of the generation current due to divacancy (continuous line), VP (dashed line)
and V0O (dashed dotted line).

One can observe that in the conditions of LHC generation rate, the values of thetotal current are nearly the same for
standard and oxygenated silicon: the higher contributions from theV, and VP centres (standard silicon) are
counterbalanced by the increase of the \,O concentration (oxygenated silicon), that is the nearest to the midgap. For
smaller generation rates, oxygenated silicon is a better choice from the point of view of the leakage current, as could be
seen from the case of cosmic irradiation. In Figure 4, the comparison between theoretical and experimental time
dependencies of current densities for these silicon diodesis presented. In the figure, the bands represent al so maximal
uncertaintiesin leakage current calculations due to the unsatisfactory knowledge of energy positions of the defects and

of their cross sections. This comparison putsin evidence the following aspects:
The model reproducesin a satisfactory manner the time dependence of the current density at long time after irradiation

for +20°C, +10°C and 0°C. At short time after irradiation, the calculated density of the leakage current increases slower
than the data and this effect is more pronounced with the decrease of the temperature.
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Fig. 4 - Time dependence of the |leakage current density induced by 24 GeV/c proton irradiation in silicon detectors at
20°C, 10°C, @°C and —20°Crespectively. Experimental data: points, cal culations: line.
The band indicates the imprecision in the model calculations, due to the uncertainty in the values
associated to the energy positions and cross sections of the defects.

The calculated values of current densities are lower with up to one order of magnitude in respect to the data.
Discrepancies between val ues of |eakage currents measured and cal culated from measured concentrations of defects
respectively have been reported by other authors, see, e.g. references [24] and [25]. A poorer concordance with the data
has been found at -20°C. Explanations for the discrepancies could be related to the possible existence of other defects,
that have not been considered in the model, and that could be sources of generation - recombination currents. Divacancy
has three energy levelsin the band gap. The equilibrium statistics for this case is formally different for this case from

that for the same number of independent levels, since the occupancy of the levelsis now interdependent. In the present
calculations, the interaction of theV, energy levels has been neglected (in accord with Sah and Schotkley’ s affirmation
[26] that the independent and interacting energy level cases are indistinguishable if the energylevels are more than a
few kgT apart). At lower temperature, other defects and annealing mechanisms must probably be considered.

SUMMARY

The phenomenol ogical model developed previously to explain defect generation and evolution in silicon has been
extended to consider the reactions of decomposition of vacancy —impurity complexes by interstitials, and of interstitial
—impurity complexes by vacancies, as well as vacancy migration to sinks. | have been used to evaluate the damage
induced by hadron fields,for two classes of applicationsin high-energy physics: at the new generation of colliders and
in space applications. The generation rates of vacancy-interstitial pairs have been calculated as convolutions of the
hadron spectrawith the energy dependencies of the CPD. The time dependence of the concentrations of stable defects
has been calculated for "standard" and "oxygenated" silicon, in conditions of continuous irradiation during 10 years, at
20°C, for generation rates of vacancy interstitial pairs corresponding to the applications mentioned before. The increase
of the oxygen content inirradiated silicon conduces to the increase of the concentrations of oxygen related defects, VO,
GO, and L0, and to the decrease of theV,, VP and GC,ones. Theinfluence of these defects on the |eakage current
density has been investigated. The cal culated time dependencies of the leakage current have been compared with
experimental data, and areasonably good agreement has been found for temperaturesin therange 0, +20°C, in the
hypothesis of the model. Predictionsfor the |eakage current densities of silicon detectors, operating in the radiation
field of LHC and in the cosmic proton field in the neighbourhood of Earth has been done. For long-term operation and
high generation rates of VI pairs, comparable |eakage currents are expected in standard and oxygenated silicon p-n
junctions. The beneficial influence of higher oxygen content in silicon becomes visible with the decrease of the
generation rate.
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