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Abstract

The long-time annealing effects in silicon after irradiation are a major problem for the use of
silicon detectors in HEP applications.

In some published papers, the authors have developed a theoretical model able to explain
quantitatively the prfoduction of defects, their kinetics and influence on detector properties.
These papers are grouped in the report, as reveiling different aspects of these phenomena.
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This report is a compilation of the authors' papers published in periodical journals, in the field of
theoretical studies of the long-time annealing effects in silicon after irradiation.

The modelling of the effects of radiation in silicon is considered in a quantitative manner, and could
be divided into three steps.

In the first one, the incident particle, having kinetic energy in the intermediate up to high energy
range, interacts with the semiconductor material. The peculiarities of the incident particle
interaction mechanisms in silicon must be explicitly considered for each particle and each kinetic
energy — see, e.g. reference [1]. For other materials, details could be found in references [2, 3]

In the second step, the recoil nuclei resulting from these interactions lose their energy in the lattice.
Their energy partition between displacements and ionisation is considered in accord with the
Lindhard theory and authors' contributions [4].

Vacancies and interstitials, prior to any further rearrangement, are considered as primary point
defects. In silicon, vacancies and interstitials are essentially unstable and interact via migration,
recombination and annihilation or produce other defects. The concentration of primary defects
represents the starting point for the following step of the model, the consideration of the annealing
processes, treated in the frame of the chemical rate theory.

Without free parameters, this 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.

Vacancy-interstitial annihilation, interstitial migration to sinks, divacancy and vacancy - impurity
complex formation (VP , VO, V, V,0 C,, C,O,, C,C,) have been considered supposing the
following chemical reaction scheme:
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where K, with 7 =1,...13 are the reaction constants.

In some particular hypothesis, the time evolution of the concentrations, found as a solution of the
system of coupled equations, describing vacancy-interstitial annihilation, interstitial migration to
sinks, divacancy formation as well as interstitial impurity complex formation (one impurity complex)
can be solved analytically and this study is developed in the paper published in Nuclear
Instruments and Methods in Physics Research B 183, 383-390 (2001).

Vacancy-interstitial annihilation, interstitial migration to sinks, vacancy-impurity complex (VP , VO
and ¥,0), and divacancy formation were considered in different irradiation conditions, for different
concentrations of impurities in the initial semiconductor material and at different temperatures of
irradiation are investigated in the paper Physica Scripta. Vol. 66, 125-132, 2002. In addition, the
effects of carbon impurity in the annealing processes are explicitly studied in the paper Nuclear
Instruments and Methods in Physics Research B (in press). The correlation between the initial
material parameters, temperature, irradiation and annealing history is investigated in detail in the
paper "Microscopic modelling of defects production and their annealing after irradiation in silicon
for HEP particle detectors” presented to RESMDD'2002 Florence, July 2002 and which will be
published in Nucl. Instr. Meth. Phys. Res. A.

The model predictions could be a useful clue in obtaining harder materials for detectors at the new
generation of accelerators or for space missions. In the paper "Long-term damage induced by
hadrons in silicon detectors for uses at the LHC-accelerator and in space missions", accepted to
Physica Scripta and which will be published in 2003, some predictions about the structural silicon
modifications as well as the expected leakage current of the detectors after long time operation in
these radiation conditions are done.
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Abstract

The concentration of primary radiation induced defects has been
previously estimated considering both the explicit mechanisms of the
primary interaction between the incoming particle and the nuclei of the
semiconductor lattice, and the recoil energy partition between ionisation and
displacements, in the frame of the Lindhard theory. The primary
displacement defects are vacancies and interstitials, that are essentially
unstable in silicon. They interact via migration, recombination, annihilation or
produce other defects.

In the present work, the time evolution of the concentration of
defects induced by pions in medium and high resistivity silicon for detectors
is modelled, after irradiation. In some approximations, the differential
equations representing the time evolution processes could be decoupled. The
theoretical equations so obtained are solved analytically in some particular
cases, with one free parameter, for a wide range of particle fluences and/or
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for a wide energy range of the incident particles, for different temperatures;
the corresponding stationary solutions are also presented.

PACS:
61.80.Az: Theory and models of radiation effects
61.70.At: Defects formation and annealing processes
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1. Introduction

A point defect in a crystal is an entity that causes an interruption in the lattice
periodicity. In this paper, the terminology and definitions in agreement with M.
Lannoo and J. Bourgoin [1] are used in relation to defects.

Vacancies and interstitials are produced in materials exposed to radiation in equal
quantities; they are the primary radiation defects, being produced either by the
incoming particle, or as a consequence of the subsequent collisions produced by the
primary recoil.

In previous papers [2, 3], we calculated the concentration of radiation induced
primary defects (CPD) in semiconductors exposed to hadron irradiation. Due to the
important weight of annealing processes, as well as to their very short time scale,
CPD is not a measurable physical quantity.

In silicon, vacancies and interstitials are essentially unstable and interact via
migration, recombination, annihilation or produce other defects.

The problem of the annealing of radiation induced defects in semiconductor
materials is not new. Several models, empirical or more theoretic, have been
previously proposed to explain these phenomena. Damask and Dienes developed,
in the sixties, a theoretical model that considers, as distinct cases, the kinetics of
vacancy-interstitial annihilation with interstitial trapping at impurities [4], of
vacancy-interstitial annihilation with interstitial trapping at impurities [5], and of
vacancy-interstitial annihilation with diinterstitial formation [6]. In the first two
cases, analytical solutions have been obtained by the authors, while in the last case
only numerical solutions are possible. The escape of interstitials and vacancies
from clusters and their subsequent interactions have been modelled by Tsveybak et
al. [7]. Phenomenological approaches of the annealing could be found in Moll et al.
[8] and Bates and co-workers [9] and references cited therein.

Most of the old studies were dedicated to electronic devices, made from low
resistivity (in the Qcm range) silicon. Recently, the behaviour of the silicon
material with medium and high resistivity (tens Qcm - kQcm) in intense hadron
fields started to present very much interest, these materials representing a major
option for the detectors at the new generation of particle colliders and for space
applications. ;

In the present paper, the time evolution of the concentration of primary defects
induced by pion irradiation in silicon is studied in the frame of a simplified

phenomenological model based on direct interactions between the primary induced
defects and the impurities present in the material.

2. Equations for the kinetics of radiation induced defects. General
formulation

The starting hypothesis of the physical model is that the irradiation process is
unique at the determined particle fluence, and that the time of irradiation is shorter
that all characteristics times of annealing,.

In the frame of the model, equal concentrations of vacancies and interstitials are
supposed to be produced by irradiation, in much greater concentrations than the
corresponding thermal equilibrium values, characteristic to each temperature. Both
the pre-existing 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.

In the present paper, vacancy-interstitial annihilation, interstitial migration to
sinks, vacancy and interstitial impurity complex formation as well as divacancy
formation are considered. The sample could contain more impurities that trap
vacancies or interstitials, and in this case all processes are to be taken into account.

The following notations are used: ¥V - monovacancy concentration; / - free
interstitial concentration, J; - total impurity "1" concentration (impurity "1" traps
interstitials and forms the complex C;); C; - interstitial-impurity concentration: one
interstitial trapped for one complex formed; J; - total impurity “2" concentration
(impurity "2" traps vacancies and forms the complex C;); C, - vacancy-impurity
concentration: one vacancy trapped for one complex formed; ¥, - divacancy
concentration. All concentrations are expressed as atomic fractions.

The chemical scheme for reaction rates has been used, and the differential
equations corresponding to the above picture are:

‘;_I;:_KIV]_KSV(JZO_C2)+K6C2—K7V2 +K,V, 1)
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The bimolecular recombination law of interstitials and vacancies is supposed to be
a valid approximation for the present discussion, because at the concentrations of
vacancies of interest, only a small fraction of defects anneal by correlated
annihilation if their distribution is random (see the discussion in [10]).

If N is the total defect concentration, expressed as atomic fraction:
N=V+I+2V,+C +C, (6)
then it satisfies the differential equation:

dN

—=-2K\VI 7

a 1 )
The initial conditions, at £ = 0, are: at the end of the irradiation, there are equal
concentrations of interstitials and vacancies: [, =V;; the concentrations of
impurities are Jjo and Jyg respectively, there are no complexes in the sample: Cjo =
Cy = 0 and no divacancies V,; = 0.

The reaction constants K; ( corresponding to vacancy - interstitial annihilation),
and K; (related to complex formation by interstitials) are determined by the
diffusion coefficient of the interstitial atom to a substitutional trap, and therefore K

= K;Z
K, =30vexp(~E, /k,T) (8)

where E, is the activation energy of interstitial migration and v the vibrational

frequency. The reaction constant K> (related to interstitial migration to sinks) is
proportional to the sink concentration o

K,=0-v A exp(~ E, /k,T) )
with A the jump distance.

K, characterises the decomposition of a complex into an impurity and an
interstitial, and is given by:

E, +B
K,=5vexp -—2+ L (10)
¢ { k,T

K5 and K, describe the formation and decomposition of vacancy - impurity
complexes, while K; and K the formation and decomposition of divacancies and
are given by:

K, =30vexp(—E, / k,T) an
with E,, the activation energy for vacancy migration;
E,+B
Kg=5vexp ——2—*% 12
6 I{ kT J (12)
K, =30vexp(-E, /k,T) (13)
E,+B
K, =10vexp - —2 2 4
8 P( kT ] (14)

where B, is the binding energy of C,, B, the binding energy of C,, and B, is the
corresponding binding energy of divacancies.

Due to the mathematical difficulties to solve analytically the complete differential
equation system, some simplifications are necessary.

3. Hypothesis, approximations and discussions
The interstitials are much more mobile in silicon in respect to vacancies, and are
characterised by an activation energy of migration a factor of 2 times smaller.

This difference between the activation energies £, and E,, respectively justifies
the introduction of two time scales, and the separate study of the processes



involving interstitials and vacancies respectively. In the first stage, vacancy
interstitial annihilation and interstitials migration to sinks are studied. The
concentration of interstitials decays much rapidly than the concentration of
vacancies. A cut-off condition for / is imposed (a p times decrease of interstitial
concentration, p being an adjustable parameter of the model). The vacancy
concentration determined by this procedure is the initial value for the processes
comprised in the second stage, and will be denoted by Fiuua. The formation of
complexes by vacancies is considered less important, and is neglected in the
following discussion.

So, for the "first stage", after some simple manipulations, from (1) and (2), the
equation:

kS (15)
dav Ky
has been obtained, with the solution:

K Vv
I=V+—2log— 16

X, g 7 (16)
and:

K,(t)
log[l " _]
K, log(V(t
Bk 8™ 0) -

K, log( ()

Imposing the cut-off condition for the concentration of interstitials, both V,,,; and
the characteristic time could be found. As specified, Viuq is used as initial vacancy
concentration for the second step in the analysis, where the equations (4) and (5)
are considered. ¥}, depends on K) and p, and it is temperature independent. This
system of equations, expressing the kinetics of divacancy and vacancy-impurity
formation, have no analytical solution. These processes are governed by the initial
concentrations of vacancies and impurities, and by the temperature.

If the impurity that traps vacancies is phosphorus, the limiting cases correspond to
low initial doping concentration (medium and high resistivity, uncompensated
materials) and very high impurity concentration (low resistivity), respectively. In
both cases the equations could be decoupled, and analytical solutions are possible.

So, if the formation of vacancy-impurity complexes is not so important, the main
process responsible for the decay of vacancy concentration is divacancy production.
In this case, the time evolution of the vacancy concentration is described by the
equation:

Ky +4K,V, | [g]
V()= : K, +R 2 3 (18)

= -K, +
4K, 1+Ks +4K,V, ¢ R
R 4

where:

R=K,(K, +8K,V,) (19)
while the increase of the divacancy concentration is given by:

A BL ) (20)

2
The stationary solution for V(t) is given by:

lim V()= (R-Ky) @21)

ime T 4K,

For n-type highly doped Si, vacancy-impurity complex formation is the most
probable process. If J, is the initial concentration of impurities, and the initial
concentration of complexes is zero, than:

K6+K;(‘V, +./0)+mm{£1§;)
V(t) *1‘_ —K6+K5(V1_Jo) R’

= + =
2K, 1+1<6+qu(.1/, +J[,)tam{%]

with:

(22)
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and with the stationary solution:



lim V() =——[K; (7, - J, )+ R - K] (24)
- 2K,

and

C= V;nmm =¥ (25)

4, Results and physical interpretations

In Figure 1, the absolute value of the concentration of primary defects per unit
fluence (CPD) induced by pions in silicon is presented as a function of the kinetic
energy of the particle. This curve has been obtained in the hypothesis listed in
references [11, 12]. In the kinetic energy range between 100 to 300 MeV, pion -
nucleus interaction is resonant in all waves, the As; resonance is produced and a
pronounced maxima in the CPD is observed at approximately 150 MeV followed
by a slight monotonic decrease at higher energies. Some local maxima are also
presents at high energies, but with less importance.

CRD per unt fluence Jiom?

10 b CA T * 10 e

Partssi Kineties Energy [Mev]

Figure 1
Energy ‘tependence of the absolute value of the concentration of primary defects per unit
fluence induced by pions in silicon.

The process of partitioning the energy of the recoil nuclei (produced due the
interaction of the incident particle with the nucleus, placed in its lattice site) in new
interaction processes, between electrons (ionisation) and atomic motion
(displacements) has been considered in the frame of the Lindhard theory.

The CPD multiplied by the fluence is the initial value of the concentration of
vacancies and interstitials, and in the forthcoming discussion it is expressed, as
specified, as atomic fraction. Without loss of generality, will shall consider that the
primary defects are produced by 150 MeV kinetic energy pions.

The following values of the parameters have been used: £, = 04 eV, E, =08
eV, B = 02eV, B, =02¢eV, B, =04eV, V=10"Hz, 22 =10 cm?, a =
10'° cm. The value of the parameter p is taken 100.
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Figure 2
Concentration of vacancies created by irradiation versus time, normalised to
the concentration of vacancies for the first stage, for different particle fluences, expressed in
2
om™.

The time evolution of the concentration of vacancies, normalised to the
concentration of vacancies created by irradiation is represented in Figure 2.



Fluences in the range 10" - 10" pions/cm® have been considered. The weight of
the annihilation process in respect to interstitial migration to sinks increases
abruptly with the fluence. At low fluences, up to 10" pions/cm’, the annihilation
has a low importance. With a good approximation, it could be considered that after
0.2 sec. after irradiation the vacancy concentration is saturated. As could be seen
from the figure, observable effects in F/¥; appear for fluences higher than 10'
pions/cm’. Experimentally, for silicon particle detectors irradiated with hadrons,
some modifications in the electrical characteristics have been observed in the
fluence range 10" - 10" cm™. [13, 14].

All the curves correspond to room temperature (20 °C) annealing.

The interval of time after which the concentration of interstitials decreases p times,
given by eq. (17) with {t) = Vi is a characteristic time of the processes in the
first stage, and depends on temperature and fluence.

R -
Sy T

Fa
¢

e
—t

Characieristio time (3]

Fiuence [pionsiom-]

Figure 3
Characteristic time of the first stage versus the irradiation fluence, for -20 °C
0 °C and +20 °C temperature.

L ]

In Figure 3, this characteristic time is represented as a function of fluence, in the
fluence range 10" - 10" pions/cm?, for three temperatures of interest for high

energy physics applications: -20°, 0° and +20° C. It may be seen that, up to 10"
pions/cm’, the characteristic time is independent on the fluence, and for higher
fluences a decrease of the characteristic time is to be noted and a fluence
dependence is obtained.

The initial concentration of vacancies for the second stage is Vi, previously
calculated. The second stage starts at a time equal to the characteristic time.

Two limiting cases have been studied, low doping concentration (high resistivity
uncompensated material), and low resistivity, phosphorus doped silicon. The
formation and decomposition of divacancies is a good approximation for the first,
while the second is related to V-P complexes.

-
—_—

—

TiAe 362

Figure 4
a) Time evolution of the concentration of vacancies, normalised to the
concentration of vacancies remained after the first stage when divacancy formation and
decomposition are considered, for different particle fluences, expressed in cm™. b)Same as
Figure 4a) for the concentration of divacancies.



The time evolution of the concentration of vacancies when divacancy formation is
considered is illustrated in Figure 4a. As underlined in Section 3, the time scale of
this process is much longer in respect to the first stage. The origin of time in Figure
4a is the beginning of the second stage, this means a characteristic time after the
start of the annealing.

The curves in this figure are normalised to the concentration of vacancies remained
after the first stage. Values of the initial concentrations of vacancies that
correspond to fluences in the same range as in the previous analysis have been
considered. It could be observed that the time after which W(¢)/Vipisn saturates is in
the range 10 - 10° sec., and increases with the irradiation fluence. All curves have
been calculated also for 20° C temperature.

The time evolution of divacancy concentration is represented in Figure 4b, also in a
similar manner with the vacancy concentration in Figure 4a.

The case of high initial impurity (phosphorus) concentration, where divacancy
formation is neglected in respect to complex formation, is presented in Figures Sa
and 5b respectively.

Three initial concentrations for phosphorus in silicon (expressed as atomic
fractions) have been considered: 105, 107, and 5 10", corresponding to 0.1 Qcm,
10 Qcm, and 1 kQcm resistivity respectively. The time evolution of the
concentration of vacancies is represented in Figure Sa, while the corresponding one
for the concentration of complexes in Figure 5b, both normalised to the
concentration of vacancies remained after the first stage. An irradiation with 10"
pions/cm” has been considered.

The origin of time in Figures Sa and 5b is displaced in respect with the origin of
the annealing, in the same way as in Figs. 4a and b.

The curves corresponding to 10" - 10 cm™ are superimposed on the same curve,
with the exception of the tail at times longer than 10* sec. where the values
corresponding to higher fluences are slightly higher.

The time interval after which V(£)/V,,...; saturates is shorter than in the case of
divacancy, and at room temperature is in the range 10° - 10* sec for the doping
concentrations considered. It shortens with the increase of impurity concentration.

Some explicit considerations might be made about the formation of vacancy-
impuriﬁy complexes. The mechanisms supposed above can be used both for boron
and for phosphorus impurities. In this case, the corresponding processes are:

B, +V (B -V] (26)

and respectively:
P +V =[P -V] 27)

While the complex formed by boron is unstable and self anneals bellow room
temperature, the interaction between a ' and a P, leads to the formation of an E

centre which is stable in the same conditions [7].

Time(sec

Figure §
a)Time evolution of the concentration of vacancies, normalised to the
concentration of vacancies remained after the first stage when V-P complex formation and
decomposition are considered. The three curves correspond to different initial impurity
concentrations, expressed in atomic fractions. b)Same as Figure 5a) for the concentration of
complexes



Interactions between interstitial oxygen (another very studied impurity in the last
time) and free vacancies is described as a higher order process (third order in
reference [7] and fourth power in [15]). If the process is stopped as a first order
one, the time evolution of the concentrations is not different from the case of
phosphorus, studied before.

If two or more impurities that trap vacancies are considered as existing
simultaneously in silicon, the system of coupled equations must be solved. Only
numerical solutions for particular cases are possible.

So, in the frame of this model, three characteristic times have been found or 20 °C
self annealing in silicon: one in the order of 0.2 sec., corresponding to vacancy -
interstitial annihilation and interstitial migration to sinks, one around 10* sec,
related to vacancy-phosphorous formation and decomposition, and another one
around 107 sec, divacancy related.

The present model could be applied to the annealing of primary radiation defects
induced in Si by any other hadron, the difference coming from the value of the
CPD.

Experimentally, some material characteristics have been measured after irradiation.
The effects of self annealing have been estimated phenomenologically,
deconvoluting the radiation induced changes in the measured characteristics using
an empirical parametrisation with a sum of exponential decreasing functions,
corresponding to different possible annealing mechanisms [16, 17].

In spite of the great variability of material and irradiation characteristics (particles,
energies), the present model predictions are in general agreement with the
experimental results, and suggest a possible connection with the self annealing
mechanisms. In the same time, this confirm the validity of the introduced
hypothesis in the model.

5. Summary

The time evolution of the primary concentration of defects induced by pions after
kmdiagon process has been modelled.

In this model, vacancy-interstitial annihilation, interstitial migration to sinks,
vacancy and interstitial impurity complex formation as well as divacancy formation
have been considered. In the considered hypothesis, the time evolution of impurity

concentrations has been decoupled into two steps, the first one involving vacancy-
interstitial annihilation and interstitial migration to sinks, the second vacancy-
complex an¢ divacancy formation.

The equations corresponding to the first step have been solved analytically for a
wide range of particle fluences and for a wide energy range of incident particles,
and for three different temperatures: —20°C, 0°C and +20°C.

The approximations that permit to decouple the differential equations representing
the time evolution processes in the second step have been studied, and the

processes have been treated separately. The simultaneous consideration of more
processes in this last step of the model is possible only numerically.

The predictions of the model are in general agreement with the experimental
results, and suggest a possible connection with the self annealing mechanisms.
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Abstract

A phenomenoclogical model was developed to explain quantitatively,
without free parameters, the production of primary defects in silicon
after particle irradiation, the kinetics of their evolution toward
equilibrium and their influence on detector parameters. The type of the
projectile particle and its energy is considered in the evaluation of the
concentration of primary defects. Vacancy-interstitial annihilation,
interstitial migration to sinks, vacancy - impurity complexes (VP , VO,
_ ¥,0), and divacancy (V,) formation are taken into account in different
irradiation conditions, for different concentrations of impurities in the
semiconductor material, for 20 and 0°C. The model can be extended to
include other vacancy and interstitial complexes. The density of the
reverse current in the detector after irradiation is estimated.
Comparison with experimental measurements is performed. A special
application considered in the paper is the modelled case of the
behaviour of silicon detectors operating in the pion field estimated for
the LHC accelerator, under continuum generation and annealing.
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1. Introduction

The use of silicon detectors in high radiation environments, as to be expected
in future high energy accelerators, poses severe problems due to changes in
the properties of the material, and consequently influences the performances
of detectors.

The incident particle, hadron or lepton, interacts with the electrons and with
the nuclei of the semiconductor lattice. It losses its energy in several
processes, which depend on the nature of the particle and on its energy. The
effect of the interaction of the incident particle with the target atomic
electrons is ionisation, and the characteristic quantity for this process is the
energy loss or stopping power. The nuclear interaction between the incident
particle and the lattice nuclei produces bulk defects and this phenomenon is
studied in the present paper. As a result of this interaction, if the primary
projectile is a particle, one or more light particles are formed, and usually
one (or more) heavy recoil nuclei. This recoil nucleus has charge and mass
numbers equal or lower than that of the medium. After this first interaction,
the recoil nucleus or nuclei 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
continues as long as the energy of the colliding nucleus is higher than the
threshold for atomic displacements. We denote these displacement defects,
vacancies and interstitials, as primary defects, prior to any further
rearrangement.

In silicon these defects are essentially unstable and interact via migration,
recombination, annihilation or produce other defects.

As a consequence of the degradation to radiation of the semiconductor
material, an increase of the reverse current due the reduction of the minority
carrier lifetime, a reduction of the charge collection efficiency and a
modification of the effective doping, due to the generation of trapping
centres, are observed in the detector characteristics.

In this paper, for the first time, a phenomenological model was developed to
explain quantitatively, without free parameters, the mechanisms of
production of the primary defects during particle irradiation, the kinetics of
their evolution toward stable defects and equilibrium and the influence of the
defects on detector parameters. The effects of the incident particle type, of its
Kinetic energy and of the irradiation conditions on the concentration of
defects are studied. Vacancy-interstitial annihilation, interstitial migration to
sinks, vacancy - impurity complexes (VP , VO and V,0), and divacancy
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(V,) formation are considered in different irradiation conditions, for different
concentrations of impurities in the semiconductor material and at different
temperatures near room temperature. The model can be extended directly to
include the effects of other mechanisms related to these, or other impurities
in silicon, and of their interaction with the vacancy and/or interstitial. The
density of the reverse current in the detector after irradiation is estimated.
Comparison with experimental published data of the time evolution of the
concentration of defects is performed, as well as with measurements of the
density of the leakage current. For different discrepancies, some explanations
are suggested. A special application considered in the paper is the simulated
case of the behaviour of silicon detectors operating in the pion field
simulated for the future conditions at the new LHC (Large Hadron Collider)
accelerator.

2. Production of primary defects

A point defect in a crystal is an entity that causes an interruption in the
lattice periodicity. In this paper, the terminology and definitions in
agreement with M. Lannoo and J. Bourgoin [1] are used in relation to
defects.

The basic assumption of the present model is that vacancies and interstitials
are produced in materials exposed to radiation in equal quantities, uniformly
in the bulk of the sample. They are the primary radiation defects, being
produced either by the incoming particle, or as a consequence of the
subsequent collisions of the primary recoil in the lattice.

The concentration of the primary radiation induced defects per unit fluence
(CPD) in the semiconductor material has been calculated using the explicit
formula (see details, e.g. in references [2, 3)):

N, do 1 N 4
CPD(E)=—L —
() ZES,.-[Z‘(dQ]

dQ=— "5 NIEL(E)

L (E Ri )Si N 2 E
4 St

1,81

)

where E is the kinetic energy of the incident particle, N is the atomic
density in silicon, Ag is the silicon atomic number, F - the average
threshold energy for displacements in the semiconductor, E, - the recoil
energy of the residual nucleus produced in interaction i, L(E,) - the



Lindhard factor that describes the partition of the recoil energy between
ionisation and displacements and (d%g), - 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. N, is
Avogadro's number. The formula gives also the relation with the non
ionising energy loss (NIEL). It is important to observe that there exists a
proportionality between the CPD and NIEL only for monoelement materials.

For CPD produced by pions, the pion - silicon interaction has been modelled
[4] and the energy dependencies of the Lindhard factors have been calculated
in the frame of analytical approximations for different recoils in Si [5].

The concentration of primary defects produced by protons, neutrons,
electrons and photons have been obtained from the NIEL. The calculations of
Summers and co-workers for proton and electron NIEL in silicon from
reference [6], the calculations of proton, electron and photon NIEL of Van
Ginneken [7] as well as those of Ougouang for neutrons [8] have been
considered.
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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 - see text for details.

In Figure 1, the dependence of the CPD on the particle kinetic energy is
presented: for pions, our calculations from reference [9] have been used; for
protons, in the energy range 103 - 1 MeV the calculations of Summers, in
the range 1 - 200 MeV the average between those of Summers and of Van
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Ginneken, while in the range 200 - 10000 MeV, Van Ginneken's. The curve
for electrons uses, up to 1 MeV only the values from reference [6], in the
range 1 - 200 MeV an average between the values from references [6] and
[7], and after 200 MeV only from [7]. The curves for photons and neutrons
are calculated from Van Ginneken's [7] and Ougouang's [8] respectively.

The main source of errors in the calculated concentration of defects comes
from the modelling of the particle - nucleus interaction and from the number
and quality of the experimental data available for these processes.

Due to the important weight of annealing processes, as well as to their very
short time scale, CPD is not a measurable physical quantity.

In silicon, vacancies and interstitials are essentially unstable and interact via
migration, recombination, annihilation or produce other defects.

3. The kinetics of radiation induced defects

In the frame of the model, equal concentrations of vacancies and interstitials
are supposed to be produced by irradiation, in much greater concentrations
than the corresponding thermal equilibrium values, characteristic to each
temperature. Both the pre-existing 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.

In the present paper, vacancy-interstitial annihilation, interstitial migration
to sinks, divacancy and vacancy impurity complex formation (VP , VO,
V,0), are considered. The mechanisms of formation of higher order defects
involving vacancy and oxygen can be added, as well as the effects of other
impurities, e.g. carbon.

This picture could be described in terms of chemical reactions by the kinetic
scheme:

v+I%o )
G

K 2
17} sinks

3)
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The bimolecular recombination law of interstitials and vacancies is supposed
to be a valid approximation for the present discussion, because at the
concentrations of vacancies of interest, only a small fraction of defects
anneals by correlated annihilation if their distribution is random (see the
discussion in reference [10]).

The multivacancy oxygen defects as, e.g. V;0, V,0,, V,0,, V,0,, are not
considered in the model.

The reaction constant K; (corresponding to vacancy - interstitial
annihilation) is determined by the diffusion coefficient of the interstitial atom
to a substitutional trap:

K, =30vexp(—E, / k;T) ®)

where E,, is the activation energy of mterstitial migration and v the
vibrational frequency. The reaction constant K, (related to interstitial
migration to sinks) is proportional to the sink concentration o::

K,=a-v-Nexp(-E,/k,T) )

with A the jump distance.

*Lee and Corbett [11] argue that divacancies, vacancy-oxygen and divacancy-
oxygen centres are equally probable below 350° C; thus, K3, K5, K7 and Ko,
that describe the formation of vacancy - impurity complexes and of
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divacancies, are determined by the activation energy of vacancy migration,
E;, and are given by:
K,=K,=K,=K, =30wexp(-E, /k,T) (10)

while K4, Ks, Ks and Ko are related to the activation energies of dissociation
of the 4, E, ¥, and 7,0 centres respectively.

K, =Svexp| ‘kﬁ;f (11)
K, =5vexp, #li—ET (12)
K, =5vexp| - Z/} (13)
K, =50 exp(— IZZ; ) (14)

where E4, Eg, E, and EVZO are the dissociation energies of the 4, E, V, and
720 complexes respectively.
G is the generation rate of vacancy-interstitial pairs, and is given by the

product of CPD by the irradiation flux. Thermal generation is neglected, this
approximation corresponding to high irradiation fluxes.

In the simplifying hypothesis of random distribution of CPD for all particles,
two different particles can produce the same generation rate for vacancy-
interstitial pairs.

G= [(CPD)parta (E1 )]x (mea (El ) = [(CPD)parl.b (Ez )]x d)pnrl.b (Ez ) (15)

is fulfilled.

Here, @ is the flux of particles (@) and (D) respectively, and E; and E, their
corresponding kinetic energies.



The system of coupled differential equations corresponding to the reaction
scheme (2) + (7) cannot be solved analytically.

The following values of the parameters have been used: £, =04 ¢V, E,, =
08¢V, E, =14eV, E; =11eV, E, =13¢V, E,, =1.6eV,0 =10"
Hz, A =10" cm?, o =10 cm™

Defect concentrations, as well as their time evolution, have been calculated
solving numerically the system of coupled differential equations.

We would like to underline 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.

& &M
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Figure 2
Time dependence of the concentrations of: a) V,, b) VO, ¢) ¥,0 and d) VP,
induced in silicon with 10" P/em® and 5.10" O /em’, irradiated with 200 MeV

kinetic energy pions, at a total fluence of 10" pions/em’ in different irradiation
conditions - see text.
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In Figures 2a + d, the formation and time evolution of the divacancy,
vacancy-oxygen, divacancy-oxygen, and vacancy-phosphorous is modelled in
silicon containing the initial concentrations of impurities: 10'* P/cm® and
5-10' O /em?’, and irradiated with pions with about 200 MeV kinetic energy
(corresponding to the in their maximum of CPD in the energetic
distribution), at a total fluence of 10" pions/cmz, in different irradiation
conditions. The instantaneous irradiation process is an ideal case [12] where
the total fluence is received by the material at time ¢t = 0, and only the
relaxation process is studied. This process supposes that the annealing effects
are not present during irradiation. The second case considered is: the
irradiation is performed in a single pulse for a 2x10* seconds, followed by
relaxation, and the third case is a continuum irradiation process with a
generation rate of defects equal with 5x10'° pions/cm?s. In these last two
cases, annealing takes place during irradiation. During and after irradiation,
the temperature is kept at 293K.

Figure 3
Time dependence of the concentrations of VO, VP, V2 and V20 induced in silicon
with 10" P/em® and 5.10" O /em’, irradiated with 200 MeV kinetic energy pions a
total fluence of 10" pions/cm” with the flux esrimated for LHC, for: 293 and 273 K



As expected, after instantaneous irradiation the concentrations of defects are
higher in respect with "gradual” irradiation. A special attention must be paid
to the formation of VO and ¥,0 centres, for which the same concentration is
attained both in the case of continuous and instantaneous irradiation.

The effect of the decrease of temperature, from 293 to 273 K during
irradiation and annealing, is presented in Figures 3a and b. The material
contains the same phosphorous and oxygen concentrations as in the modelled
case presented in Figure 2, and was irradiated with pions of 200 MeV kinetic
energy, receiving continuously a fluence of 10" pions/cm’ in ten years, in
accord to the pions simulated radiation field at LHC [13, 14].

The increase of temperature increases the rate of all defect formation. In the
case of YO and VP a plateau in the time dependencies is attained. Only for
VP the plateau value is temperature sensitive.

The rate of generation of primary defects in silicon influences the
concentrations of all stable defects. In Figure 4 a - ¢, the time evolution of the
concentrations of VO, VP, ¥, and ¥,0 in silicon with 10" P/em® and

5-10' O /em®, irradiated with pions of 200 MeV with the flux estimated for
LHC, 10 and 100 times higher respectively, is presented. It can be observed
that at the LHC generation rate for CPD, after 3x10” seconds an equilibrium
is established for the VP complex: its rate of formation equals its rate of
dissociation - Fig. 4a. This time is shorter for higher generation rate, as can
be observed in Figures 4b and 4c. The value of the plateau concentration for
the vacancy-oxygen complex is attained after around the same time as the
plateau for the VP concentration, in conditions of the LHC generation rate,
and a shorter time, about 2x10° sec. for a rate hundred times higher than the
LHC one. For other defects, as divacancies and divacancy-oxygen, the
processes to established the equilibrium are very slow.

The formation of divacancy-oxygen in delayed in respect to vacancy oxygen,
and for long exposure times, the same value for the concentration is obtained.

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
deétectors in the future generation of experiments in high energy physics -
see, e.g. references [15, 16]. These impurities added to the silicon bulk
modify the formation of electrically active defects, thus controlling the
macroscopic device parameters. If silicon is enriched in oxygen, the capture
of radiation-generated vacancies is favoured by the production of the pseudo-
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acceptor complex vacancy-oxygen. Interstitial oxygen acts as a sink of
vacancies, thus reducing the probability of formation of the divacancy related
complexes, associated with deeper levels inside the gap. For this purpose, in
the model, the effects of the initial oxygen concentration in silicon was
studied. In Figures 5 a, b, ¢, d the time dependencies of ¥V, , VO, V,0 and
VP are presented, for silicon containing 10*°, 10'6, 10", and 10'® atoms/cm?
initial oxygen concentrations.
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Figure 4
Time dependence of the concentrations of VO, VP, ¥, and V20 induced in silicon
with 10" P/em® and 5-10' O /e’ , by continuous irradiation with 200 MeV kinetic
energy pions with the flux: :a) estimated for LHC, b) 10 times the flux estimated for
LHC, ¢) 100 times the flux estimated for LHC, at: 293 K



One can observe that vacancy-oxygen formation in oxygen enriched silicon is
favoured in respect to the generation of V,, ¥,0 and VP, confirming the
considered hypothesis, so, for detector applications the leakage current is
decreased. At high oxygen concentrations, the concentration of VO centres
saturates starting from low fluences.

VO LR T )

Figure 5
Effect of oxygen doping concentration on the time dependence of the concentrations
of:a) ¥,,b) VO, c) ¥,0 andd) VP, induced in silicon with 10" P/cm’ irradiated
with 200 MeV kinetic energy pions at total fluence of 10™ pions/cm? in one pulse.

A difficulty in the comparison of model predictions with experimental data is
the insufficient information in published papers regarding the
characterisation of silicon, and on the irradiation (flux, temperature during
irradiation and measurement, irradiation time, time and temperature between
irradiation and measurement) for most of the data.

For electron irradiation, our simulations are in agreement with the
mbasurements presented in reference [17], where defect concentrations are
presented as a function of the time after irradiation. In Figure 6, both
measured and calculated dependencies of the VP and V- concentrations are
given. The irradiation was performed with 2.5 MeV electrons, up to a fluence
of 10" cm™. A good agreement can be observed for the concentration of VP,
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see Figure 6a, while for the divacancy, Figure 6b, the experimental data
attain a plateau faster, and at smaller values than the calculations. The
relative values are imposed by the arbitrary units of experimental data.
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Figure 6
Time dependence of a) VPand b) V, concentrations after electron irradiation;
points: experimental data from reference [17] and dashed line: model calculations.

A good agreement has also been obtained for hadron irradiation. For
example, the sum of the calculated VP and V¥, concentrations (8x10'* cm™ )
induced in silicon by 5.67 10" cm™ 1 MeV neutrons, are in accord with the
experimental value by 11.2x10'2 cm™ reported in reference [18].



4. Correlation with detector parameters

It is well known that the dark current in a p—# 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.

Inside the depleted zome, n,p <<n, (n, is the intrinsic free carrier
concentration), each defect with a bulk concentration N, causes a
generation current per unit of volume of the form [19]:

0,0,N;
(E,-E,)/kr

(16)

I=qU =g/, E LT

C,Y.e +0,7,e

where ¥, and y, are degeneration factors, O, (0' ) are the cross sections

P
for majority (minority) carriers of the trap, E, = (E, —E, )/2 and Jv,{ is the
average between electron and hole thermal velocities.

In the case of £ and A4 centres and ¥V, and V, defects, the current
concentration can be expressed in the simple form:

I=g(y, )n,g—"NTe(E’_E’)M a7
4

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 [20].

The comparison between theoretical and experimental generation current
dehsities 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.
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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 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 [21, 22], both cases can produces
modifications of the generation rate.

Also the multivacancy oxygen defects as, e.g. V,0, V,0,, V,0,, V,0,, are
not considered in the model.

&0 G

Larant {3

o e 0 n°
Time [sec |

Figure 7
Time dependence of the reverse current after 200 MeV kinetic energy pions
irradiation, with the rate estimated for LHC, at 293K, for silicon containing a) 5 10*
em” and b) 10" cm™ oxygen.

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 [13, 14] and at 293K is presented in Figure 7,
for two concentrations of oxygen in silicon: 5 10'® ¢cm™ and 10'® cm?,



in the conditions of the LHC [13, 14] and at 293K is presented in Figure 7,
for two concentrations of oxygen in silicon: 5 10" cm® and 10" cm’,
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.

5. Summary

A phenomenological model that describes silicon degradation due to
irradiation, the kinetics of defects toward equilibrium, and the influence on
the reverse current of detectors was developed.

The production of primary defects (vacancies and interstitials) in the silicon
bulk was considered in the frame of the Lindhard theory, and considering the
peculiarities of the particle - silicon nuclei interaction.

The mechanisms of formation of stable defects and their evolution toward
equilibrium was modelled, and the concentrations of defects were calculated
solving numerically the system of coupled differential equations for these
processes. Vacancy-interstitial annihilation, interstitial migration to sinks,
vacancy-impurities complexes (VP ,VO and V,0), and divacancy
formation were considered in different irradiation conditions, for different
concentrations of impurities in the initial semiconductor material and at
different temperatures of irradiation. The calculated results suggest the
importance of the conditions of irradiation, temperature and annealing
history. The model supports the experimental studies performed to
investigate the influence of oxygen in the enhancement of the radiation
hardness of silicon for detectors. The VO defects in oxygen enriched silicon
is favoured in respect to the other stable defects, so, for detector applications
it is expected that the leakage current decreases after irradiation. The second
result in the model is that at high oxygen concentrations, this defect saturates
starting from low fluences.

Most of the model calculations simulates some of the pion field estimated at
3 the new LHC accelerator, where the silicon detector will operate under
continuum generation and annealing.
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The density of the reverse current in detectors after irradiation is estimated,
compared with experimental available data and for discrepancies some
explanations are suggested.
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Abstract

Silicon detectors in particle physics experiments at the new accelerators or in space missions for physics goals will be exposed to
extreme radiation conditions. The principal obstacles to long-term operation in these environments are the changes in detector
parameters, consequence of the modifications in material properties after irradiation.

The phenomenological model developed in the present paper is able to explain quantitatively, without free parameters, the
production of primary defects in silicon after particle irradiation and their evolution toward equilibrium, for a large range of
generation rates of primary defects. Vacancy-interstitial annihilation, interstitial migration to sinks, divacancy and vacancy-impurity
complex (VP, VO, V,0, and C;0; C,C;) formation are taken into account. The effects of different initial impurity concentrations of
phosphorus, oxygen and carbon, as well as of irradiation conditions are systematically studied. The correlation between the rate of
defect production, the temperature and the time evolution of defect concentrations is also investigated.
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1. Introduction

The use of silicon detectors in high radiation environments, as to be expected
in future high energy accelerators or in space missions, poses severe
problems due to changes in the properties of the material, and influences the
performances of detectors.

As a consequence of the degradation to radiation of the semiconductor
material, an increase of the reverse current due the reduction of the minority
carrier lifetime, a reduction of the charge collection efficiency and a
modification of the effective doping, due to the generation of trapping
centres, are observed in the detector characteristics.

In this paper, the effects of irradiation conditions and various initial
impurities in the starting material are discussed in the frame of the
phenomenological model able to explain quantitatively defect production and
evolution toward stable defects during and after irradiation in silicon. The
model supposes three steps.

In the first step, the incident particle, having kinetic energies with values in
the intermediate up to high energy range, interacts with the semiconductor
material. The peculiarities of the interaction mechanisms are explicitly
considered for each kinetic energy.

In the second step, the recoil nuclei resulting from these interactions lose
their energy in the lattice. Their energy partition between displacements and
ionisation is considered in accord with the Lindhard theory ([1] and authors'
contributions [2]).

A point defect in a crystal is an entity that causes an interruption in the
lattice periodicity. In this paper, the terminology and definitions in
agreement with M. Lannoo and J. Bourgoin 3] are used in relation to
defects.

We denote the displacement defects, vacancies and interstitials, as primary
point defects, prior to any further rearrangement. After this step the
concentration of primary defects is calculated.

The mechanisms of interaction of the incident particle with the
semiconductor lattice, accompanied by displacement defect production have
been discussed in some papers, see, e.g. references [4, 5, 6]. The incident
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particle produces, as a consequence of its interaction with ions of the
semiconductor lattice, cascades of displacements.

In silicon, vacancies and interstitials are essentially unstable and interact via
migration, recombination and annihilation or produce other defects.

The concentration of primary defects represents the starting point for the
following step of the model, the consideration of the annealing processes,
treated in the frame of the chemical rate theory. A review of previous works
about the problem of the annealing of radiation induced defects in silicon can
be found, e.g. in Reference [7].

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.

The first two steps have been treated extensively in previous papers [4, 5, 6],
where the concentration of primary defects has been calculated. In this paper,
the third step is discussed extensively and represents a generalisation of the
previous results published in references [7, 8] including also the carbon
contributions to defect kinetics.

The influence and the effects of different initial impurity concentrations of
phosphorus, oxygen and carbon as well as of the irradiation conditions were
systematically studied. Vacancy-interstitial annihilation, interstitial
migration to sinks, vacancy - impurity complexes (VP , VO, V, V,0 C,,
C,0,, C,C,) - only the stable defects confirmed experimentally in silicon for

high energy physics applications were considered. The correlation between
the rate of defect productions, the temperature and the time evolution of the
defect concentrations was also investigated. Some conclusions about the
possibilities to obtain semiconductor materials harder to radiation are given.

2. Production of primary 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:

G=G,+G, (1)

where Gy accounts for the generation by irradiation, and Gy for thermal
generation.

The concentration of the primary radiation induced defects per unit fluence
(CPD) in silicon has been calculated as the sum of the concentration of
defects resulting from all interaction processes, and all characteristic
mechanisms corresponding to each interaction process, using the explicit
formula (see details, e.g. in references [9, 10]):

CPD(E)=
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where E is the kinetic energy of the incident particle, Ny, is the atomic
density in silicon, A, is the silicon atomic number, E, - the average
threshold energy for displacements in the semiconductor, E,; - the recoil
energy of the residual nucleus produced in interaction i, L(E,,) - the
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