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The use of semiconductor materials as detectors in high radiation environments, as to be expected 
in future high energy accelerators or in space missions, poses severe problems in long-time operations, due 
to changes in the properties of the material, and consequently in the performances of detectors. 

This talk presents the major theoretical areas of current problems, and reviews the works in this field 
and the stage of their understanding, including author’s contributions.  

The mechanisms of interaction of the projectile with the semiconductor, the production of primary 
defects, the physical quantities and the equations able to characterise and describe the radiation effects, the 
equations of kinetics of defects are considered. Correlation between microscopic damage and detector 
performances and the possible ways to optimise the radiation hardness of materials are discussed. 
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1. Introduction 
 

Semiconductor based devices are widely used in a variety of application fields, characterised 
by hostile radiation environments. For this reason, radiation-damage research has been extensively 
developed in the past in view to assess the radiation-induced performance degradation of detectors 
and devices to be used in high energy physics, space missions, in military, industrial and medical 
applications or radiation dosimetry. 

A strong effort was spent in particular to correlate the changes in the electrical properties of 
irradiated detectors and devices with radiation-induced lattice defects. These studies permit to 
progress in both fundamental research and technological development. 

This talk attempts to discuss the current knowledge of radiation damage in semiconductor 
materials for HEP environment applications and to summarise the main author' s results in this field, 
particularly for sili con. The analysis is concentrated on the most important features from the point of 
view of basic research studies. 

Energetic particles passing through matter lose energy through a variety of interaction 
mechanisms. 
Two major consequences result from the energy transfer from the incident projectile to the 
semiconductor material, namely ionisation and atomic displacement. Ionisation (effect of the 
projectile particle with the atomic electrons) is the phenomenon used in the detection, while atomic 
displacements (produced by the interaction between the incident particle with the atomic target) 
induce generally serious degradation effects in the intrinsic material properties, which are observed in 
the  modifications of device parameters. These are the principal obstacles to long-term operation of 
semiconductor detectors and devices in intense field of radiation as those in the high energy physics 
at the particle colli ders or in space missions. 

In the primary interactions between energetic radiation and the electronic structure of atoms - 
despite the initial variety of interactions - much of this loss of energy is ultimately converted to the 
form of electron-hole pairs. In this process, known as ionisation, the valence band electrons in the 
solid are excited to the conduction band and are highly mobile if an electric field is applied. In 
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principle, this phenomenon is used in detection, the concrete realisation been different for different 
semiconductors. 
Ionisation can produce also a large variety of phenomena in materials or in devices, but will not be 
discussed in this talk. 

A special case of ionisation effects is the single-event phenomenon, which covers both single-
event upset (SEU) or soft error, and latch-up. Cosmic rays are considered as main sources for these 
events, but, in some conditions, the recoil nuclei obtained from atomic displacements could also 
generate this effect. 

The consequences of ionisation processes are not considered here and only the bulk effects 
are discussed in detail. 

2. Production of primary defects 
When a momentum exchange occurs between a high energy particle and an atom in a solid, 

the target atom is likely to leave its position at high velocity and is known as the "knock-on". The 
atom will leave its site if it receives an amount of energy greater than the displacement energy, Ed . 
The atomic displacement processes are conventionally known as "bulk damage". 

 
2.1 Mechanisms of interaction 

The mechanism considered in the study of the interaction between the incoming particle and 
the solid, by which bulk defects are produced, is the following: the particle, with electrical charge or 
not, interacts with the nuclei of the crystalline lattice. As a result of the interaction, depending on the 
energy and on the nature of the incident particle, one or more light particles are produced, and 
usually one or more heavy recoil nuclei. These nuclei have charge and mass numbers lower or at 
least equal with those of the medium. After the interaction process, the recoil nucleus or nuclei, if 
they have sufficient energy, are displaced from the lattice positions into interstitials. Then, the 
primary knock-on nucleus, if its energy is large enough, can produce the displacement of a new 
nucleus, and the process could continue as a cascade, until the energy of the nucleus becomes lower 
than the threshold for atomic displacements. Because of the regular nature of the crystalline lattice, 
the displacement energy is anisotropic. Because the multitude of inelastic channels, in the concrete 
evaluation of defect production, the nuclear interactions must be modelled in some simplifying 
hypothesis. 

 
2.2 Physical quantities that characterise  

the radiation effects in semiconductor materials 
There is not one physical quantity dedicated to the global characterisation of the effects of 

radiation in the semiconductor material. 
Historically, the NIEL (Non Ionising Energy Loss) was used in relation with induced defects 

in material. For practical reasons, has decided to use the 1 MeV  neutron irradiation as a reference 
and to refer to other irradiation conditions as relative values. This point of view causes some 
problems. First, there exist some controversies about the NIEL value induced by 1 MeV  neutrons. 
The second argument - this represents a conceptual difficulty, and is discussed below. 

Another possible one - proposed by the author [1] to characterise these effects is the 
concentration of primary radiation induced defects per unit particle fluence (CPD). This last physical 
quantity has some advantages over NIEL. Because the important weight of annealing processes of 
primary defects in semiconductors, generally, CPD is not a measurable physical quantity. 

The concentration of the primary radiation induced defects per unit fluence in the binary 
compound XY , for example, can be calculated using the explicit formula: 
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where E  is the kinetic energy of the incident particle, Nm  is the atomic density of the ( )YX  in XY  

compound, Am  is the atomic number of the ( )YX , ( )YXdE ;  - the threshold energy for displacements 

in the X (Y ) sublattice of the XY  compound, ERi  - the recoil energy of the residual nucleus 
produced in interaction i, ( )RiEL  - the Lindhard factor that describes the partition of the recoil 

energy between ionisation and displacements and ( )
id

d
Ω

σ  - the differential cross section of the 

interaction between the incident particle and the nucleus of the lattice for the process or mechanism 
( )i , responsible in defect production.  

The atomic density in the XY  compound is a material parameter. The formula gives also the 
relation with the non ionising energy loss . N A  is Avogadro's number. It is important to observe that 
there exists a proportionality between the CPD and NIEL only for monoelement materials, and this 
proportionality can be extended only approximately for compounds with neighbouring elements in 
the periodic table, e.g. for GaAs. 

The CPD allows the comparison of the effects produced by the same particle in different 
materials, while NIEL can be used especially for the comparison of the effects produced in the same 
material by different particles. 

 
2.3 Modelling of the mechanisms of interaction 

The contribution of each channel to the total concentration of defects depends on the 
probabili ty of interaction and on the kinematics of the process, reflected in the recoil energy of the 
residual nucleus. For example, if the incident particle is a hadron, in an elastic scattering process of 
interaction, symbolically represented by: 
 

 h + Nucleus → h + Nucleus        (2) 
 

the hadron does not excite the target nucleus. 

 

The inelastic hadron - nucleus scattering includes all reactions of the type: 

 

 h + Nucleus → a1 + a2 + ... + an + Residual Nucleus    (3) 
 

where the reaction products a1, a2,, ..., an can be pion, proton, neutron, deuteron, other particles or 
light nuclei.  

When the kinetic energy of the incident particle exceeds the threshold energy of 140 MeV, 
secondary pions could also be produced.  

If the inelastic process is produced by nucleons, the identity of the incoming projectile is lost, 
and the creation of the secondary particles is associated with energy exchanges which are of the 
order of MeV or larger. 

The interaction of pions with nuclei at low and medium energies, i.e. for pion kinetic energies 
below 300 MeV, presents two specific phenomena: the absorption of pions by the nucleus (the 
process by which the pion disappear as a real particle ) and the production of the delta resonance in 
the nucleus. The pion deposits at least 140 MeV in the nucleus and the pion interaction with two 
nucleons is the simplest mechanism by which a pion can be absorbed. The delta resonance (1232 
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MeV in mass), with a width of about 100 MeV, dominates the pion-nucleon scattering between 100 
and 300 MeV pion kinetic energy. The delta resonance is produced and experimentally observed also 
in the pion-nucleus interaction, so a large peak dominates the region between 100 and 300 MeV in 
all interaction channels; no clear structure is observed at higher energies. 

At energies above 500 MeV, the particular features of the pion become less important, and 
pion-nucleus interaction does not differ significantly from the scattering of any other high energetic 
hadron by nuclei. Pions with energies of the order of hundreds of MeV, which are scattered by 
silicon, produce defects in the silicon lattice structure by four mechanisms: Rutherford, nuclear 
elastic, inelastic scattering and absorption. While the first three processes are characteristic also to 
protons, the last one is specific to the pion-nucleus interaction. 

For nuclei with Z=N=A/2, the Coulomb potential modifies the π+ and π- nucleus cross 
sections in two physically different ways [2]: (i) the π- is accelerated and the π+ slowed down , when 
they approach the nucleus, having this way different kinetic energies at the nuclear surface; this leads 
to 

AA +− > ππ σσ  below the peak and 
AA −+ > ππ σσ  above. (ii) The pion trajectories outside the nucleus 

are not straight lines, but the π- are attracted and the π+ repelled, this argument leading to higher  π- -
nucleus cross sections. The differences between  π- and π+ -nucleus cross sections become less 
important at high energies, far from the resonance, where the weight of the Coulomb interaction 
decreases. 

Rutherford and nuclear elastic scattering of charged hadrons on nuclei cannot be treated 
separately due to strong interference mechanisms [3-4]. In the energy range of the delta resonance, 
for pion interactions, the total inelastic cross section is of the same order of magnitude as the elastic 
one, and remains approximately constant outside this region, at higher energies, becoming large 
relatively to elastic processes. 

For the inelastic processes, there is a multitude of open channels, corresponding to possible 
final states. In order to obtain an estimate of the average recoil energies, some simplifying 
assumptions concerning the inelastic interactions have to be made, starting from the available 
experimental data. The much deeper investigation of the resonance region, as well as its greater 
importance for the radiation damage phenomena led us to study this energy range separately. The 
inelastic interaction has been supposed to be composed from the knock-out of one nucleon, and a  
rest given by a multiple interaction background, on an effective number of nucleons that are removed 
from the nucleus. The weight of the knock-out from the total inelastic has been estimated 
considering this process as the sum of the knock-out of one proton and one neutron, using the data 
from [5-8]. The effective number of nucleons has been extracted from the literature in the region of 
the delta resonance [9], and have been evaluated at higher energies considering the pion nucleon 
cross sections. To calculate the energy of the recoil, the momenta of  the outgoing hadrons have 
been supposed to compensate each other. The multifragmentation process, as well as particle 
production, have been neglected. 

The pion absorption has no correspondent to the more studied cases of proton and neutron 
interaction with silicon. Some simplifying considerations was supposed. The mechanism of 
absorption on a nucleon pair was demonstrated to be independent on the mass number A [10]. So, 
the absorption on a nucleon pair could be considered to have equal weights in silicon as in other 
nuclei. We have chosen carbon [11], that has the same Z/A as silicon . The nucleons have been 
supposed to be emitted preponderantly at 180o, in agreement with [12]. The remaining part of the 
absorption has been attributed to the simultaneous absorption on more nucleons. We supposed a 
simultaneous absorption on an effective number of nucleons [6]. In order to attribute weights to the 
absorption on an effective number of nucleons, we supposed that the probability of pion absorption 
on n nucleons is a decreasing function, having an exponential slope that has been determined from 
experimental data [13-14]. The nucleons have been supposed to be emitted isotropically. 
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In the energy range of interest for the present calculations, the inelastic cross-section is of the 
same order of magnitude as the elastic one. The inelastic interaction has been supposed to be 
composed from the knock-out mechanism and all other channels have been considered as equivalent 
to the interaction on an effective number of nucleons. The energy dependence of the weight of the 
knock-out has been estimated using the data from [5-6, 9]. The interaction on an effective number of 
nucleons has been considered equivalent to the fragmentation into two nuclei, the first of mass 
number neff, and the other of mass number (A-neff).The energy dependence of the effective number 
neff has been determined by Ashery et.al. [9] from the experimental data, and has been used in the 
present work.  

 
2.4 Analytical approximations of the equations describing radiation effects 

Two different models  have been developed to evaluate the partition of the energy of the 
incoming particle between ionisation and displacements: the model of Kinchin and Pease [15] and 
Lindhard theory [16]. 

In HEP, the most used is the Lindhard theory.. In the paper [17] the original Lindhard's 
theory was extended, using analytical approximations, to one side to the case of the incident ions is 
different to the target ones and the other side to the case of compound (multi-element) materials. 

A similar generalisation, but using Monte Carlo simulations was developed by the T. Sloan 
and co-workers [18]. 

For a given medium, consisting of only one atomic species, the family of curves 
characterising the dependence of the energy channelled into displacements, as a function of the 
recoils energy, and having the mass and charge numbers (Z Zpart med≤  and A Apart med≤ ) as 

parameters, has the following characteristics: 
 

- The maximum energy transferred into displacements corresponds to particles identical to 
the medium ones. 
 - All curves start, at low energies, from the same curve; they have at low energies identical 
values of the energy spent in displacements, independent on the charge and mass number of the 
recoil, and, roughly, an E 0 9.  dependence. 
 - At higher energies, the curves start to detach from this main branch. This happens at lower 
energies if their charge and mass numbers are smaller. Then, the curves present a smooth increase 
with the energy. This means that at high enough energy of the incident particle, the increase of its 
energy determines, mainly, an increase of the ionisation loss. The asymptotic limit (E p ) of the 

equation (6) depends on the characteristics of the particle and of the medium as: 
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In the particular case of a particle belonging to the medium, the value of this energy is 

proportional to the product of the mass and charge numbers; if, more, Z A≈ / 2, as is the case of C 
in diamond, Si in sili con and Ge in germanium, an A≈2 dependence is obtained for Ep. 

In fact, the solution given by equation (6) is the most important in the evaluation of the bulk 
damage produced in materials, in accelerator applications. 

The case of binary media has been treated, in a first approximation, as specified before, 
considering separately the two components, and then weighting with their number in the molecule.  
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If the two components are adjoining each other in the periodic table, as is the case of, e.g., 
GaAs and InSb, then there is no significant difference in the Lindhard partition energy curves, for 
element placed between the two elements of the compound. 

If the two components are far from each other in the periodic table, then there are, in 
principle, two families of curves, one corresponding to the heaviest element, the other to the lightest 
one, separated by a gap. 

In Figure 1 the energy dependence of CPD in sili con produced by pions, protons, neutrons, 
electrons and photons are presented. For pions the calculations from reference [19] have been used; 
for protons and electrons, the results of Summers and of van Ginneken have been used 20, 21].The 
curves for photons and neutrons are calculated by van Ginneken  [21] and Ougoung [22] 
respectively. 

 

3. The present understanding of the radiation-induced lattice disorder 
3.1 Defects induced after irradiation 

There is a wide literature discussing the problem of defect introduction by irradiation in 
sili con, starting in the 50's and widely spreading in time up to now days. A wide review of this 
subject can be found e.g. in [23, 24]. 

A collection of the most important deep-defects observed in sili con is presented in Table 1.  
 

Table 1: Irradiation defects in sili con 

Defect identity Charge states Energy level [eV] 

V O2   ( )54.05.0 ÷−CE  

Sii   EC − 0 49.  

VP   ( )46.04.0 ÷−CE  

V2 V2
0 

V2
+  

V2
−  

( )41.039.0 ÷−CE  

( )25.023.0 ÷−CE  

( )25.021.0 ÷+VE  

C Oi i   ( )38.036.0 ÷+VE  

Ci   ( )33.03.0 ÷+VE  

VO  VO −  

0VO  

EC − 0 17.  

C Ci S   EV + 0 17.  

 
Defects as phosphorus-vacancy, vacancy-oxygen, divacancy in different charge states and 

carbon-related traps as interstitial carbon Ci  or complexes as C Ci s  or C Oi i  have been intensively 
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studied in past. Midgap defects, characterised by energy levels at ≈ 0 5. eV  from the valence or 
conduction band edges have been detected quite more recently. 

Also, a vast literature is dedicated to cluster of lattice defects. The cluster defects are 
considered as responsible for the main damage in silicon, but the experimental evidence is confused, 
consequence their parameters are contradictories. 
 

3.2 The kinetics of radiation induced defects 
Silicon used in high-energy physics detectors is n-type high resistivity (1 6÷ K cmΩ ) 

phosphorus doped FZ material.  

The effect of oxygen in irradiated silicon has been a subject of intensive studies in remote 
past. In the last decade, a lot 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 detectors in the future generation of experiments in high energy physics - see, e.g. 
references [25, 26]. Some people consider that these impurities added to the silicon bulk modify the 
formation of electrically active defects, thus controlling the macroscopic device parameters. 
Empirically, it is considered that if the silicon is enriched in oxygen, the capture of radiation-
generated vacancies is favoured by the production of the pseudo-acceptor complex vacancy-oxygen. 
Interstitial oxygen acts as a sink for vacancies, thus reducing the probability of formation of the 
divacancy related complexes, associated with deeper levels inside the gap. 

The concentrations of interstitial oxygen Oi  and substitutional carbon Cs in silicon are strongly 
dependent on the growth technique. In high purity Float Zone Si, oxygen interstitial concentrations 

are around 1015 3cm− , while in Czochralski Si these concentrations can reach values as high as 

1018 3cm− . Because Czochralski silicon is not available in detector grade quality, an oxygenation 
technique developed at BNL produces Diffusion Oxygenated Float Zone in silicon, obtaining a Oi  

concentration of the order 5 1017 3× −cm . These materials can be enriched in substitutional carbon up 

to C cms ≈ × −1 8 1016 3. . 

After the irradiation of silicon, the following stable defects have been identified (see References [23, 
24]): Sii , VP , VO , V2 , V O2 , C Oi i , Ci , C Ci S . 

The pre-existing thermal defects and those produced by irradiation, as well as the impurities, 
are assumed to be randomly distributed in the solid. An important part of the vacancies and 
interstitials annihilate. The sample contains certain concentrations of impurities, which can trap 
interstitials and vacancies respectively, and form stable defects. 

Vacancy-interstitial annihilation, interstitial migration to sinks, divacancy, vacancy and 
interstitial impurity complex formation are considered. The role of phosphorus, oxygen and carbon is 
taken into account, and the following stable defects : VP , VO , V2  V O2  Ci , C Oi i , C Ci s ,, are 
considered. Other possible defects as V O3 , V O2 2 , V O3 3 [27], are not included in the present model. 

The following picture describes in terms of chemical reactions the mechanisms of production 
and evolution of the defects considered in the present paper: 
 

 V I
K

G
+ →

←
1 0          (5) 

 I sinksK2→           (6) 

 V O VO
K

K
+ →

←
3

4

          (7) 
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(VO  is the A centre). 
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K

ii OCOC →+ 8           (12) 

 OIA
K
→+ 9           (13) 

 si
K

si CCCC →+ 8          (14) 

 

Some considerations about the determination of the reaction constants are given in references [28, 
29]. 

The reaction constants Ki  (i = 1, 3 ÷ 10) have the general form: 
 

 ( )TkECK Bii /exp −⋅⋅= υ         (15) 

 

with ν the vibration frequency of the lattice, Ei  the associated activation energy and C a numerical 
constant that accounts for the symmetry of the defect in the lattice. 

The reaction constant related to the migration of interstitials to sinks could be expressed as: 
 

 ( )TkEK B/exp 2
2

2 −⋅⋅= λυα        (16) 
 

with α: the sink concentration and λ the jump distance. 

The system of coupled differential equations corresponding to the reaction scheme (5) ÷ (14) 
cannot be solved analytically and a numerical procedure was used. 

The following values of the parameters have been used: E E1 2=  = 0.4 eV, E3 = 0.8 eV, E4  = 1.4 
eV, 5E  = 1.1 eV, 6E  = 1.3 eV, 7E  = 1.6 eV, 8E  = 1.3 eV, 9E  = 1.7 eV,υ  = 1013 Hz, λ = 1015 cm2,  

α  = 1010 cm-2
. 

 

3.3 Rates for production of defects 
The basic assumption of the present model is that the primary defects, vacancies and 

interstitials, are produced in equal quantities and are uniformly distributed in the material bulk. They 
are produced by the incoming particle, as a consequence of the subsequent collisions of the primary 
recoil in the lattice, or thermally (only Frenkel pairs are considered). The generation term ( )G  is the 
sum of two components: 
 

 TR GGG +=           (17) 
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where GR accounts for the generation by irradiation, and GT for thermal generation. 

 

In the simplifying hypothesis of random distribution of CPD for all particles, the identity of 
the particle is lost after the primary interaction, and two different particles could produce the same 
generation rate (G R) for vacancy-interstitial pairs if the following condition: 
 

 ( ) ( )[ ] ( ) ( ) ( )[ ] ( )2.2.1.1. EECPDEECPDG bpartbpartapartapartR Φ×=Φ×=   (18) 

 

is fulfilled. Here, Φ  is the flux of particles of type a  and b respectively, and E1 and E2 their 
corresponding kinetic energy. 
 

4. Comparison between model prediction and experimental results 

The model predictions have been compared with experimental measurements. A difficulty in 
this comparison is the insufficient information in published papers regarding the characterisation of 
silicon, and on the irradiation parameters and conditions for most of the data. 

It was underlined in the literature [30] that the ratio of VO  to VP  centres in electron irradiated 
silicon is proportional to the ratio between the concentrations of oxygen and phosphorus in the 
sample. For electron irradiation, in Ref. [31] a linear dependence of the 2V  versus VO  centre 

concentration has been found experimentally. In the present paper, the ratio of concentrations of 2V  
to VO  centres and VO  to VP  ones has been calculated in the frame of the model, for the material 
with the characteristics specified in Ref. [31], and irradiated with MeV12  electrons, in the 
conditions of the above mentioned article. The time dependence of these two ratios is represented in 
Figure 2. Annealing is considered both during and after irradiation. It could be seen that for the ratio 
of 2V  and VO  concentrations the curves corresponding to different irradiation fluences are parallel, 
while the ratio of VO  to VP  concentrations is fluence independent, in the interval 

21413 105.5102 −×÷× cm , in good agreement with the experimental evidence. The ratio between 2V  
and VO  concentrations is determined by the generation of primary defects by irradiation, while the 
ratio between VO  and VP  concentrations is determined by the concentrations of oxygen and 
phosphorus in silicon.  

Our estimations are also in agreement with the measurements presented in reference [32], after 
electron irradiation, where defect concentrations are presented as a function of the time after 
irradiation. In Figure 3, both measured and calculated dependencies of the VO  and VP  
concentrations are given. The irradiation was performed with MeV5.2  electrons, up to a fluence of 

216103 −⋅ cm . A good agreement can be observed for these concentrations. The dependencies put in 
evidence the important role played by the carbon-related defects. The relative values are imposed by 
the arbitrary units of experimental data. 

Also, a good agreement has been obtained between the absolute values of concentrations of 2VVP +  

and siCC  predicted by the model, and the experimental results after MeV1  neutron irradiation at a 

total fluence of 2131067.5 −× cm , reported in reference [33]. The calculated 313105.1 −⋅ cm  and 
312101.4 −⋅ cm concentrations for 2VVP +  and siCC  respectively, are in accord with the values of 
313101.1 −⋅ cm  and 312108.3 −⋅ cm , measured experimentally. For the VO  concentration, a poorer 

concordance has been obtained. 
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5. The influence of initial impurities and irradiation conditions 
on defect production and annealing in silicon and in particle detectors 

 

5.1 In the semiconductor material 

The formation and time evolution of stable defects depends on various factors, e.g. the 
concentrations of impurities pre-existent in the sample, the rate of generation, the temperature and 
the history of the irradiation process. 

In Figures 4 a) ÷ f), and 5 a) ÷ f) the formation and time evolution of the vacancy-oxygen, 
vacancy-phosphorus, divacancy, divacancy-oxygen, carbon interstitial - oxygen interstitial and 
carbon interstitial.- carbon substitutional are modelled in silicon containing different initial 
concentrations of phosphorus, oxygen and carbon, and for two very different rates of generation. 

In Figure 4, the evolution of defect concentrations during high rate irradiation 

( scmpairsVIGR
38107 −⋅= ) is presented. This corresponds, in the model hypothesis, to order of 

magnitude of the radiation levels estimated for the forward tracker region at the future LHC 
accelerator. 

The increase of the initial oxygen concentration in silicon, from 315102 −⋅ cm to 317104 −⋅ cm , 
conduces, after ten years of operation in the field characterised by a high and constant generation 
rate, to the increase of the concentrations of VO  and C Oi i  centres, and to the decrease of the 
concentrations of V2 , VP  and C Ci s  ones. With the increase of oxygen concentration, a variation of 
the V O2  generation rate is observed, so that, from the studied cases, the maximum concentration for 

this defect is obtained for 316105 −⋅ cm  initial oxygen. The increase of initial phosphorus is seen in the 
increase of concentration of VP  centres, while the increase of initial carbon concentration has 
important consequences on the concentrations of C Ci s  centres. It is interesting 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, V O2 , that has 
the highest binding energy. 

As underlined above, vacancy-oxygen formation in oxygen enriched silicon is favoured in 
respect to the generation of V2 , V O2  and VP. This is an important feature that could be used for 
detector applications, determining the decrease of the leakage current [29]. At high oxygen 
concentrations, the concentration of VO centres attains a plateau during the 10 years period 
considered.  

The other extreme situation corresponds to a generation rate scmpairsVIGR
3200 −= , 

equivalent with a rate of defect production by protons from the cosmic ray spectra in the orbit near 
the Earth, at about 400 km , as will be the position of the International Space Station. The same 
concentrations of P, O and C have been considered as pre-existent in silicon as in Figure 4. 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, it is not influenced by 
the oxygen content, and of the iiOC  concentration, where an increase is observed.. As could be seen 

from Figure 5, as a consequence of the small rate of generation rate 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 a relatively low binding energy), 
slightly increasing functions of time. 
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All curves have been calculated for C020  temperature. Thermal generation has been taken 
into account in both cases, although it is important only for the sili con exposed to low rates of defect 
production. 

The influence of the generation rate of primary defects on the concentration of stable defects 
and on their time evolution has also been investigated. In Figure 6 a) – f), the time evolution of the 
VO , VP , V2, V O2 , iiOC  and SiCC  concentrations is presented for six decades of generation rates of 

defects ( scmpairsVIGR
3105 107107 −⋅÷⋅= ), for sili con containing the following concentrations 

of impurities: 31410 cmP , 31610 cmO , 315103 cmC× , at C020  temperature. At small times, 
the curves corresponding to different generation rates are all parallel and equidistant in a log-log 
representation. Starting from the highest generation rates, they start to increase slower ( )VPV ,2 , 

attain a plateau ( )OV2 , or event start to decrease ( )siii CCOCVO ,, . The maximum attained can be 

the same, independent on the generation rate as is the case of VO  concentration, or could be 
generation dependent ( )SiSi CCCC , . 

The temperature is another important factor determining the time evolution of defects. In 
Figure 7 a) – f) and 6 a) – f), the effect of the temperature is studied for the same generation rates of 
primary defects as in Figure 4 and 5 respectively, for five temperatures: +200C , +100C , 00C , 
−100C  and −200C . The concentrations of pre-existing impurities in sili con are as follows: 

Pcm 31410 − , Ocm 31610 −  and Ccm 315103 −× . The decrease of the temperature decreases the 
generation rate of stable defects, with the exception of VP . Where the highest values correspond to 
the lowest temperature. The maximum values of the VO  concentration are temperature independent; 
the values of the concentration on the plateau decrease with the decrease of temperature for iiOC  

and SiCC  and increase for OV2 . 

For sili con exposed to low rates of defect production the same amount of time (Figure 8), the 
process of defect production in slowed down. The most unexpected time dependence is for V2, that 
has the highest values at the lowest temperature. 

In a previous paper [29], we demonstrated in concrete cases the importance of the sequence 
of irradiation processes, considering that the same total fluence can be attained in different situations: 
the ideal case of instantaneous irradiation, irradiation in a single pulse followed by relaxation, and 
respectively continuos irradiation process. As expected, after instantaneous irradiation the 
concentrations of defects are higher in respect with “gradual” irradiation. 

 After this analysis, the specific importance of the irradiation and annealing history (initial 
material parameters, type of irradiation particles, energetic source spectra, flux, irradiation 
temperature, measurement temperature, temperature and time between irradiation and measurement) 
on defect evolution must be to underline. 

5.2 Correlation with detector parameters 
a. The leakage current 

It is well known that the dark current in a p n−  junction is composed by three different terms: 
the diffusion current, caused by the diffusion of the minority charge carriers inside the depleted 
region; the generation current, created by the presence of lattice defects inside the bulk of the 
detector; and surface and perimetral currents, dependent on the environmental conditions of the 
surface and the perimeter of the diode. The appearance of the defects after irradiation corresponds 
therefore in an increase of the leakage current of the detector by its generational term. 
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Inside the depleted zone, n p ni, <<  (ni  is the intrinsic free carrier concentration), each defect with a 
bulk concentration NT  causes a generation current per unit of volume of the form [34]: 
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where γ n and γ p  are degeneration factors, ( )pn σσ  are the cross sections for majority (minority) 

carriers of the trap, ( ) 2vci EEE −=  and vt  is the average between electron and hole thermal 

velocities. 

In the case of E  and A centres and −
2V  and −−

2V  defects, the current concentration can be expressed 
in the simple form: 
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The primary effect in the recombination process is the change the charge state of the defect. 
The different charge states of the same deep centre may have different barriers for migration or for 
reacting with other centres. Thus, carrier capture can either enhance or retard defect migration or 
particular defect reactions. As a characteristics for detectors (as diode junction), the defect kinetics is 
dependent to the reverse - bias voltage during the irradiation [35]. 

The comparison between theoretical and experimental generation current densities after 
irradiation shows a general accord between experiment and the model results for the lepton 
irradiation and large discrepancies for the hadron case. 

There could be several reasons for the observed discrepancies. 

The model hypothesis of defects distributed randomly in semiconductors exclude the 
possibility of cluster defects. For this case, other mechanisms of defect formation are necessary, 
which suppose different reaction rates and correlation between the constituent defects of the cluster. 

In the Shockley-Read-Hall model used currently for the calculation of the reverse current, 
each defect has one level in the gap, and the defect levels are uncoupled, thus the current is simply 
the sum of the contributions of different defects. In fact, the defects could have more levels, and 
charge states, as is the case of the divacancy, and also could be coupled, as in the case of clusters. As 
shown in the literature [36, 37], both cases can produces modifications of the generation rate. 

Also the multivacancy oxygen defects as, e.g. V O3 , V O2 2 , V O3 2 , V O3 3, are not considered. 

A model estimation of the time dependence of the leakage current, in conditions of 
continuous irradiations with pions of 200 MeV kinetic energy, in the conditions of the LHC [38, 39] 
and at 293K is presented in Figure 9, for two concentrations of oxygen in silicon: 5 1016 cm-3 and 
1018 cm-3, respectively. As underlined before, oxygen incorporation in silicon has beneficial effects, 
decreasing the reverse current. This conclusion is valid in the hypothesis of random distribution of 
defects inside the depleted zone of the p-n junction. These values are probably underestimated. 
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b. Effective doping concentration effN  and charge collection efficiency 

 Currently, in the solid state physics, a standard procedure is used to determine the 
effective doping concentration. The determination of effN , or equivalently depV  is performed by 

measuring the VC −  characteristics of the irradiated device, as: 

 

 ( ) ( ) A
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where A  and W  are the detector active area and depletion depth respectively. In heavily irradiated 
detectors, the strong dependence of the measured capacitance both on the temperature and the 
frequency of the a. c. test signal is observed and consequently frequency-dependent VC −  effect 
appear, ( )VC ,ω .  

 This effect is usually modelled in literature by using one defect level with one charge state 
responsible for this phenomena. This is unrealistically and more detailed calculations are necessary. 
Zheng Li [40] elaborated a complex model including modelli ng the electrical neutral bulk and the 
space charge region for more acceptor-like trap levels but currently it is not used in the concrete 
calculations.  

 

Conclusions 
 

My personal conclusions can be summarised as: 
After about 45 years of study of production and evolution of radiation induced defects in 

semiconductors, the field is now very broad, is summarised in books and represents the object of 
many conferences. 

Fundamental progress has been obtained in the understanding of the phenomena of radiation 
induced damage in semiconductors, but  more efforts are still necessary to clarify all the problems. 

It is clear that the technological potential of semiconductor materials has not been exhaustively 
used and thus, there will continue to be new applications to be given and that will continue to reveal 
new problems and surprises. 

Fundamental research is still necessary: both theoretical and in the experimental developments. 
Most probably, some of the empirical conclusions, never tested and confirmed, but included in the 
"folklore" of the field, are incorrect and must be eliminated. 

Because the complexities of the problems, multidisciplinary studies and more efforts are 
necessary. 
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Figure 1  
Energy dependence of the concentration of primary defects on unit fluence induced 

by protons, pions, electrons, photons and neutrons in silicon 
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Figure 2 

Time dependence for a) V2 /VO  and b) VO /VP  concentrations calculated for silicon with 314 /104.1 cmP⋅ , 
317 /105 cmO⋅ , and 315 /103 cmC⋅ , by 12 MeV electron irradiation, with the flux scme 210 /108.5 ⋅ , up to 

the fluences: 213 /102 cme⋅ , 213 /104 cme⋅ , 213 /108 cme⋅ , 214 /102 cme⋅  and  213 /105.5 cme⋅ , 
followed by relaxation (see reference [31]). 
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Figure 3 
Time dependence of VO and VP  concentrations after electron irradiation: crosses - experimental data from 
reference [31]; continuous line present model calculations; dashed line - without the consideration of carbon 

contribution to defect formation. 
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Figure 4 
Time dependence of the concentrations of a) VO , b) VP , c) V2 , d) V O2 , e)  iiOC  and f) siCC  induced in 

silicon with the following concentrations of impurities: (1): 314 /10 cmP ,  315 /102 cmO⋅ , and 3⋅1015 C /cm3 ; 

(2): 314 /10 cmP , 316 /10 cmO  and 315 /103 cmC⋅ ; (3): 314 /10 cmP ,  316 /105 cmO⋅ , and 
315 /103 cmC⋅ ; (4): 314 /10 cmP ,  317 /104 cmO⋅ , and 315 /103 cmC⋅ ; (5): 315 /10 cmP ,⋅ 316 /10 cmO , 

and 315 /103 cmC⋅ ; (6): 314 /10 cmP ,⋅ 316 /10 cmO , and 316 /103 cmC⋅  by a generation rate 

scmpairsVIGR
38107 ⋅= , at C020 . 
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Figure 5 

Same as Figure 4, scmpairsVIGR

3
200= . 
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Figure 6 
Time dependence of the concentrations of a) VO , b) VP , c) V2 , d) V O2 , e) iiOC  and f) siCC  induced in 

silicon with: 314 /10 cmP , 316 /10 cmO , 315 /103 cmC⋅ , by continuous irradiation 
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Figure 7 

Time dependence of the concentrations of a) VO , b) VP , c) V2 , d) V O2 , e) iiOC  and f) siCC  induced in 

silicon with: 314 /10 cmP , 316 /10 cmO , and 315 /103 cmC⋅ , by continuous irradiation in the same 

conditions as in Figure 4, at C020 , C010 , C00 , - C010 , and C020− . 
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Figure 8 
Time dependence of the concentrations of a) VO , b) VP , c) V2 , d) V O2 , e) iiOC  and f) siCC  induced in 

silicon with: 314 /10 cmP , 316 /10 cmO , and 315 /103 cmC⋅ , by continuous irradiation in the same 

conditions as in Figure 5, at C020 , C010 , C00 , - C010 , and C020− . 
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Figure 9 
Time dependence of the leakage current, in conditions of continuous irradiations with pions of 200 MeV 

kinetic energy, in the conditions of the LHC, at 293K, for two concentrations of oxygen in silicon: 5 1016 cm-3 
and 1018 cm-3, respectively. 


