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The effective dopant concentration in p-type Si detectors reduces with irradiation fluence at low fluences due to
the acceptor removal process, which degrades detector performance and shortens its lifetime. This effect has
been experimentally characterized and parametrized, but its microscopic origin is still unknown. We use
atomistic simulations to gain insight into acceptor removal in neutron irradiation by modeling damage gener-
ation and defect-dopant interactions. We analyze the effect on dopant deactivation of the Si di- and tri-interstitial
diffusion, the inhomogeneity of irradiation damage and the wafer temperature rise during irradiation. We

characterize defect generation rates and identify the relevant defect-dopant interactions. Acceptor removal oc-
curs mainly through the formation of B; pairs and small boron-interstitial clusters, and it is limited by the
availability of mobile Si interstitials. The presence of impurities (O, C) modifies B-complexes favoring the for-
mation of B;O, but has a limited effect on the amount of removed acceptors.

1. Introduction

Electronic devices operating in harsh radiative environments such as
particle colliders and aerospace or nuclear applications must withstand
high radiation fluences without functionality degradation. The
increasing demand of radiation-hard Si detectors has motivated the
recent shift from n-type to p-type substrates, as p-type sensors show a
better performance under irradiation [1-3]. However, the exposure of p-
type detectors to radiation results in the reduction of the effective
dopant concentration (Neg) with fluence at low fluences [4]. This effect
is attributed to an acceptor removal process (dopant deactivation)
caused by the interaction of radiation-induced defects with B atoms [5].
Acceptor removal is currently an important hurdle in the development
of p-type detectors since it is responsible for the increase of substrate
resistivity [4], the reduction of depletion voltage [5,6], and gain loss in
active detectors [5,7].

Experimentally, N¢g values are mostly determined from depletion
voltage measurements [6]. This is actually a measure of the space charge
distribution, which reflects the concentration of active dopants that
contribute as shallow acceptors, but also the presence of electrically
active defects. A phenomenological description of the acceptor removal
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process is commonly done through a set of first order reactions between
defects, dopants and impurities, using several fitting parameters that
account for the amount of generated defects and the probability of
defect-dopant interactions [7-9]. To simulate the electrical behavior of
irradiated devices continuum models define a few energy levels in the Si
bandgap that are fitted to reproduce their electrical characteristics
[10,11]. Existing models offer a satisfactory fitting to some extent of the
effects of irradiation on p-type detectors, but they do not provide insight
into the undergoing physical mechanisms.

In this work, we use atomistic simulations to analyze the acceptor
removal in neutron irradiated p-type Si by modeling damage generation
and dopant deactivation process. Our damage model includes a detailed
description of collision cascades, and a large number of reactions be-
tween defects and dopants are considered. We analyze the main physical
mechanisms responsible for dopant deactivation and provide clues to
correctly describe the acceptor removal process at atomistic level.

2. Experimental setup and simulation model

We address the study of the acceptor removal by simulating B
deactivation in a radiation-hard power switch irradiated with neutrons,
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using our experimental data to validate the model. The experimental
switch is designed as a set of vertical cylindrical JFET cells, which
consist of a low-doped (~7.65 x 103 B cm™>) p-type substrate sur-
rounded by a highly doped n-type gate [12]. To test its radiation hard-
ness the device was irradiated with neutrons up to a 1-MeV Non-Ionizing
Energy Loss (NIEL) neutron equivalent fluence (neq) of 10'® ecm™2. The
irradiation campaign was carried out at the TRIGA reactor of the Jozef
Stefan Institute at Ljubljana [13]. Measured drain current as a function
of fluence when the switch is conducting (undepleted substrate) is re-
ported in Fig. 1. Saturated drain current is significantly reduced for
particle fluences higher than 10'3 Neg cm ™2, which can be explained by
an increase in bulk resistivity caused by a lower Neg. From these data we
have estimated the N required to obtain the resistivity values associ-
ated to the measured forward currents, also depicted in Fig. 1.

We simulate the neutron irradiation process following the schematic
depicted in Fig. 2 using three different techniques. The SPECTRA-PKA
code calculates the energy distribution of primary knock-on atoms
(PKA) resulting from irradiation of energetic particles [14]. The MAR-
LOWE simulator, based on the binary collision approximation, provides
the coordinates of self-interstitials and vacancies generated in the
collision cascades induced by PKAs [15]. Finally, the kinetic Monte
Carlo tool DADOS simulates the kinetics of dopants and defects ac-
cording to their thermally activated event probabilities [16,17].

Our simulation procedure comprises neutron irradiation and aging
annealing processes and relies on an iterative loop that involves the tools
described above. SPECTRA-PKA provides the number of PKAs generated
per second and target atom in each energy slot (in this work, 10 keV
energy slots are used) for 1 MeV neutron irradiation. Considering the
experimental irradiation flux and the simulation cell volume, we eval-
uate the total number of PKAs required for each energy slot to reach a
given neutron fluence. Then, a PKA energy is randomly chosen among
the calculated distribution, and MARLOWE simulates the collision
cascade for that PKA in pristine Si. The irradiation cascade is initiated at
random within the simulation cell, and the coordinates of the new
generated defects are transferred to DADOS and added to the pre-
existing damage. Next, the system dynamic is simulated at the irradia-
tion temperature for the time interval between cascades (dynamic
annealing). This sequence is repeated until all PKAs for all energy slots
have been simulated and the desired fluence is achieved. Once the
irradiation process is over, the sample is submitted to an additional
aging annealing in DADOS. This methodology allows the analysis of the
effects of neutron irradiation in Si at an atomic level while, at the same
time, macroscopic dimensions and timescales can be reached.

The main reactions involving defects and dopants that are relevant in
neutron irradiated p-type substrates are summarized in Table 1. Point
defects (PDs), i.e. Si interstitials (I's) and vacancies (V’s), are mobile at
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Fig. 1. Forward drain current (triangles, left axis) and estimated N (circles,
right axis) as a function of 1-MeV n.q fluence, in a sample with an initial dopant
concentration of 7.65 x 10'® B cm™°.
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Fig. 2. Schematic of the techniques and simulation tools used in this work.

Table 1

Main equations describing defect and dopant interactions. The number of Si I's
or V’s belonging to a cluster is indicated by the subscript m, while n represents
the number of B atoms in BICs.

MI+V->0
2I+lel
B)L+Ie1;
BT+ TIn o Inn
By + Iy < I;nmyo
)3+ 1In < I3

DV + Vo Vi
(8)I+B<B;
(91, + B Bl
(10) I3 + B < BI3
(11) B; + B < Bal
(12) B; + B; © Byl,

(13) B + Iy < Blyy1

(14) I + Byl < Bolnya
(15) I + Bply < Byl
(16) I3 + Bulm < Bulmys
(17) B; + Bulm < Bnyalms1

room temperature (RT) [18] and may interact with other defects causing
their mutual annihilation (equation (1) in Table 1) or the formation of
clusters when defects of the same type interact. Defect clusters behave as
traps for PDs as they grow in size by incorporating additional Si I's or V’s
(egs. (4)-(7) in Table 1). When a Si interstitial interacts with a B atom a
boron-interstitial pair (B;) is formed (eq. (8) in Table 1). B; can diffuse at
RT [19] and interact with other B atoms or Si self-interstitials resulting
in the formation of boron-interstitial clusters (BICs) (egs. (11)-(13) in
Table 1), which may contain several B atoms (n) and Si I's (m) (ByIpp).
We consider that B; and BICs are electrically inactive as B atoms are
removed from substitutional positions.

Defect energetics that govern these interactions are obtained from ab
initio calculations or estimated by fitting experimental data. For small
self-interstitial clusters we use the oscillating formation energies
experimentally deduced by Cowern et al. [20], while for vacancy clus-
ters we consider the values calculated by Bongiorno et al. from tight-
binding molecular dynamics simulations [21]. BICs formation energies
are taken from our atomistic model for B diffusion and clustering [22]. It
is worth to note that at the temperature analyzed in this work (RT and
60 °C) defect clusters and BICs hardly dissolve, and system dynamics is
mainly controlled by diffusion events and defect-dopant interactions
with activation energies under ~1 eV. Most defect models assume that
only single defects can diffuse, but some studies also assign a high
mobility to the di-interstitial (Ip) ant tri-interstitial (I3) defects [23,24].
In our model, we have evaluated I, I, and I3 as mobile defects with
migration energies of 0.9, 0.5 and 0.6 eV, respectively, in the range of
literature values, similar to the migration energy of B; pairs (0.7 eV) and
slightly higher than that of V’s (0.43 eV).
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Simulation cells are cubic with at least 3 x 3 x 3 um® and periodic
boundary conditions are applied in all directions. Dopant concentration
is modeled by placing B atoms randomly distributed in the simulation
box. We simulate 1 MeV neutron irradiation with a flux of 10'2 em 2571
up to a maximum fluence of 10'® ecm~2. The spectrum of PKAs resulting
from these irradiation conditions spans over 140 keV with an average
energy of approximately 48 keV, using a uniform grid of 10 keV. The
total PKA fluence in the whole energy range even for 10'® n cm 2 is only
6.15 x 10! em™2, which is several orders of magnitude lower than the
neutron fluence. In these conditions, cascade overlapping is infrequent
as cascades are distant from each other even for the highest fluence
(average cascade distance resulting from 10'® n cm~2is ~ 12.8 nm). We
follow the so-called CERN scenario measurement technique [25],
combining irradiation steps at RT with annealing steps at 60 °C for 80
min. These aging annealings are used to accelerate system dynamics as
particle detectors are designed to operate at cooled conditions for a
lifetime of several years.

3. Modeling of acceptor removal

We simulate the acceptor removal process in the radiation-hard
switch described before, using the same B concentration as in experi-
ments (7.65 x 10'% cm™3) and exploring irradiation fluences from 102
to 1016 Neg cm™2. We will analyze the role of Si di- and tri-interstitial
diffusion on simulation results, and evaluate the consequences on Negf
values of the wafer temperature rise during irradiation reported in
experiments.

Since the availability of mobile Si I's (Inob) plays a key role on B
deactivation, we explore models that include the diffusion of I, and I3
defects. Being I and I3 highly mobile at RT, their interactions with other
defects and dopants (reported in Table 1) have an impact on system
evolution and in particular on Ng We show in Fig. 3 the relative
effective dopant concentration (Nes/Nefr 0), i.e. the ratio of the effective
dopant concentration to the value before irradiation (Ne,), as a func-
tion of neutron fluence. In our simulations, Neg represents the concen-
tration of substitutional B atoms, which are assumed to be electrically
active. Simulation results correspond to damage models including the
diffusion of only the single Si self-interstitial (I) (I and I3 being immo-
bile), the diffusion of both single and di-interstitial (I-I3) and the diffu-
sion of all single, di- and tri-interstitial (I-I-I3). The experimental Neg/
Neft,0 is also depicted in the figure, calculated from Neg values reported
in Fig. 1. Compared to the I-diffusion model, the inclusion of I and I3 as
mobile defects results in higher B deactivation and Nes/Nefro values
closer to the experimental ones, as the diffusion of I, and I3 opens new
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Fig. 3. Dependence of Nef/Nero on the accumulated 1-MeV neq fluence.
Experimental Neg was extracted from Fig. 1. Simulated values correspond to
active B resulting from damage models including the diffusion of the single self-
interstitial (I), the I and I, defects (I-I), and all the I, I, and I3 defects (I-I5-13). A
solid line shows the fitting of the I-I5-I3 model data to equation (1). Dotted lines
are guides to the eye.
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pathways for B deactivation (egs. (9)-(10) in Table 1). For the highest
fluence, 19% of B atoms still remain active for the I-I5-I5 diffusion model,
a value slightly higher than the experimental one (9%). These results
evidence that the mobility of small interstitials defects (I and I3) plays a
significant role in B deactivation in irradiated devices around RT.
Therefore, all the subsequent simulations will consider the diffusion of
all three mobile species.

Simulation results for the I-I5-I3 diffusion model shown in Fig. 3 were
fitted to an exponential decay equation in the so called “Hamburg
model” [26],

Neg (¢og) = Negro — Ne[1 — exp(—cadb,,)] @
in which ¢eq is the 1-MeV neutron NIEL equivalent fluence, Nefro the
initial acceptor concentration, N¢ the concentration of removed accep-
tors and ca the acceptor removal constant. The extracted cp value 1.18
x 1071 em? is in the range of those reported in literature for a similar
Net,0 [7].

Particle detectors must withstand radiation for a lifetime of several
years, which may lead to large accumulated fluences. Detector radiation
hardness is commonly tested in accelerated experiments that combine
neutron irradiation and aging annealings, but irradiation fluxes are
much higher than those for detector operational conditions [27]. Irra-
diation in neutron reactors unavoidably results in wafer heating espe-
cially for high fluxes and fluences, which can be mitigated to some
extent with proper cooling systems. Experiments of neutron irradiation
at RT at the JSI TRIGA reactor report a sample temperature that may
reach 45-65 °C, depending on reactor power and the channel at which
the sample is located [27,28]. This temperature fluctuation adds un-
certainty to experimental results and may play a role in acceptor
removal, as system dynamics is controlled by thermally activated pro-
cesses. In a recent study, a wide range of neutron irradiation fluxes was
used, which resulted in different wafer temperatures, but detector per-
formance was not significantly altered [27].

To quantify the effect of the wafer temperature rise on dopant
deactivation, we have simulated neutron irradiation at different tem-
peratures. After each irradiation step, the sample is annealed at 60 °C for
80 min as described before. We have depicted in Fig. 4 the relative
effective dopant concentration as a function of fluence in samples irra-
diated at 25 °C, 50 °C and 75 °C, covering the temperature fluctuation of
experiments. Temperature increase results in a slightly lower Neg just
after irradiation steps, but similar N values are observed after irradi-
ation and annealing. The temperature rise enhances Si I's diffusion and
therefore dopant deactivation, resulting in a lower Neg when irradiation
is over. However, wafer temperatures reported in irradiation experi-
ments are similar to the aging annealing temperature and, consequently,
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Fig. 4. Simulated Nefi/Nefr,o as a function of 1-MeV neq fluence, after irradiation
steps (open symbols) and after irradiation and anneal steps (solid symbols).
Irradiation was done at 25 °C (blue), 50 °C (orange) and 75 °C (red). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5. Distribution of Si I's (solid circles), V’s (open circles) and B atoms (crosses) after irradiation steps in samples with 7.65 x 103 B cm 2 irradiated with 102 (a),
10" (b) and 10™ (c) 1-MeV neq cm™2 The plots are projections over 100 nm of depth (2).

the effect of the temperature rise during irradiation is overcome by the
intensity of the subsequent annealing.

4. Neutron irradiation damage

The atomistic description of damage in our simulations allows us to
explore the defect distribution resulting from neutron irradiation, which
is key to understand the dependence of Ne¢r on fluence. In Fig. 5 we plot
the positions of Si I's, V’s and B atoms in a sample with 7.65 x 1013 B
cm ™3 after irradiation with 1012, 10'%and 10'* 1-MeV TNeq cm 2. B atoms
are randomly distributed while SiI’s and V’s are mainly concentrated in
regions along the recoil track. 1 MeV neutron interaction with Si is
characterized by head-on collisions resulting in 50 keV PKAs on average
that produce dense damaged regions [29,30]. As PKA fluence is several
orders of magnitude lower than the neutron irradiation fluence, collision
cascades may be quite distant to each other, especially at low fluences.
Note that defects and dopants may be more distant than they appear in
the figure as plots are 2D projections over 100 nm of depth. Defects are
more abundant and cascades are closer to each other as fluence in-
creases. Because of the inhomogeneity of damage distribution, SiI's are
more likely to interact with intra-cascade defects (being recombined
with V’s or trapped in Si I's clusters), and only a small fraction escape
and interact with B atoms.

We have quantified the damage resulting from 1 MeV neutron irra-
diation, for the sample doped with 7.65 x 10'3 B cm ™ and for a blank
sample with no dopants, as shown in Fig. 6. In these simulations, the
sample was irradiated up to an accumulated fluence of 10*° DNeg cm 2,
but no aging annealing was done. The generation rate of displacement
damage, defined as the ratio of defect concentration to irradiation flu-
ence, has a constant value of 184 cm™!. This accounts for the amount of
Si I's and V’s resulting directly from irradiation cascades and depends
only on the number and energy of PKAs. We have included in the figure
the generation rate of mobile Si I's (g;,mob) and that of clusters of Si I's
and V’s (8v,clusters) calculated for the blank and B-doped samples after
irradiation. The amount of remaining defects after irradiation is notably
smaller than that of generated defects. This evidences that intense I-V
recombination within the collision cascade has occurred during the
dynamic annealing of RT irradiation. The survival rate of Si I's to
recombination, calculated as the fraction of Si Is still remaining (as PDs
or in clusters) after each irradiation step, is also depicted. The survival
rate decreases with fluence because the existence of more damage and
the closeness of cascades favor defect recombination. Both g mop and g,
V,clusters also reduce with fluence, which means that defect concentration
undergoes a sublinear growth with fluence, caused by the enhanced I-V
recombination at large fluences. gpv,clusters decreases at a slower pace
than grmob as the progressive damage accumulation with fluence
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increases the probability of Si I's being trapped in clusters.

The generation rate of interstitial PDs in irradiated p-type Si has been
experimentally reported in the range of 1-3 cm™! [31,32]. However,
according to a recent analysis of acceptor removal based on defect ki-
netic equations, generation rates over one order of magnitude higher
were needed to explain the removal process [9]. Besides, there is an
open question on whether these rates depend on substrate resistivity.
Our results show that g mep strongly depends on irradiation fluence. For
the highest fluence, a value in the range of the experimental ones is
obtained (~1.8 cm™1), but for the lowest fluence g1,mob iS almost 10
times higher (~17 cm™!). Data reported in Fig. 6 for the blank sample
and that doped with 7.65 x 10'® B cm 3 show the same trend, which
suggests that g mop does not depend on substrate resistivity.

Only those mobile Si I's that have survived recombination and
trapping could potentially scape from irradiation cascades and eventu-
ally reach and interact with B atoms. The concentration of Iy, after
irradiation and that of removed acceptors (N¢) after irradiation and
annealing is plotted in Fig. 7 as a function of fluence. The ratio N¢/Neft,0
is also shown (right axis). At low fluences, the concentration of Ijop is
comparable of even smaller than Nefo (dashed line) and the amount of
removed acceptors is small. For higher fluences, the concentration of
Imob clearly exceeds Neft,g resulting in a fast increase in N¢. For fluences
above 10%° Neg em~2 N saturates at approximately 80% of Netr,0. The
relative amount of In,o, compared to Negro provides the clues to under-
stand Negr dependence with fluence. When the irradiation fluence is low,
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Fig. 6. Generation rate of Iyop (81,mob), and Si I's and V’s clusters (gyv,clusters)
after irradiation as a function of fluence. Solid symbols correspond to the
sample with 7.65 x 10'® B cm™> and empty symbols to a blank sample. Solid
lines are the best fit of the B-doped sample data to a power equation. The
generation rate of displacement damage (Si I's and V’s) is plotted as crosses,
and the survival rate of Si I's after irradiation in the blank sample as open di-
amonds (right axis).
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the small number of mobile Si I's limits the removal process. For higher
fluences, mobile Si I's are abundant and B deactivation is greatly
enhanced resulting in a fast decay of Neg with fluence. The incomplete
removal observed at the highest fluences indicates a reduced efficiency
on the removal process, as some B atoms remain substitutional despite
the large population of In,op. As shown in Fig. 6, at high fluences the
concentration of Si I's and V’s clusters exceeds that of mobile Si I's and is
much higher than Nego, which makes that Ine, are more likely to
interact with clusters instead of reaching B atoms.

5. B deactivation mechanisms and the role of O and C

Acceptor removal may occur through different pathways that lead to
the formation of B; and BICs, which may include B;I5, B1I3 and poten-
tially higher order BICs through reactions of preexisting BICs with mo-
bile Si I's or B;. Thermal stability of deactivated B is determined by the
predominance of B; or BICs, and by the stoichiometry of BICs, i.e. the
number of B atoms and Si I's they contain. The availability and distri-
bution of Inop together with the dopant concentration will define the
dominant reactions. In Fig. 8 we report the fraction of deactivated B (N¢)
that corresponds to B; and BICs, and the relative weight on N¢ of BICs
with 1 (B1l) or 2 (Baly,) B atoms, for the sample with 7.65 x 103 B
em ™3 after 101° Neg em ™2 irradiation. The average ratio of Si I's/B atoms
contained in BICs is also depicted (right axis). At low fluences, deacti-
vated B corresponds mainly to B;I,, while B; represents only 24% of N¢.
At high fluences, N¢ is equally distributed between B; and BICs that are
mostly Bilp,.

B deactivation is initiated with the interaction of a mobile Si inter-
stitial (I, I, I3) with a substitutional B atom and the formation of B;, B1I
and B;I3, respectively. At low fluences, when there is a limited number
of Imob, the fastest diffusers (I3 and I3) are more likely to leave irradiation
cascades and interact with B resulting in B;I;;, clusters. As the number of
Imob increases with fluence, the diffusion of the single Si interstitial and
the formation of B; significantly contributes to acceptor removal. The
predominance of B1I,, and the average ratio of ~2.4 Si I's per B atom in
BICs indicate that BICs mostly correspond to B;I; and BI3. The relative
population of B; and BICs, and BIC stoichiometry, may differ for other
Nefr,o values. It must be remarked that, contrary to the phenomenolog-
ical description of acceptor removal, our model considers all reactions
leading to the formation and growth of B; and BICs with any stoichi-
ometry, providing a full atomistic description of defect-dopant
interactions.

Si wafers are usually contaminated with impurities such as oxygen
and carbon. Impurity concentration strongly depends on the growth
technique but, for standard Si, concentrations of 10'°-10' 0 cm~2 and
10'°-10'® C cm™3 are commonly found [30,33]. These values are
comparable or even higher than typical Neg o in p-type detectors. O and
C can interact with intrinsic defects and dopants: O reacts mainly with
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Fig. 7. Concentration of L}, (circles) after irradiation and N after irradiation
and anneal (triangles) as a function of fluence. The dashed line shows the value
of Nefr0. The ratio N¢/Negr is plotted as diamonds (right axis).
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(dashed line) as a function of fluence. Solid symbols represent the fraction of
deactivated B belonging to B4l (triangles) and Bl (squares). Black crosses
show the average ratio of the number of Si I's to that of B atoms contained
in BICs.

Table 2
Equations describing the main interactions between intrinsic defects and im-
purities (O, C) and the formation of the B;O complex.

(1) V+0+ VO
(VO +1+<0

B)VO +1, 00 +1
AHVO+1360+1,

B)C+1eC
6)Ci+VeC

(7) B; + 0 & B;O
(8)BO+V-B+0

V’s resulting in VO pairs and other V-O complexes [34], while C captures
Si I's forming C; pairs and C-I complexes [35]. Several reports in liter-
ature suggest a strong affinity of B; for O, and point out the B;O complex
as a main actor in acceptor removal [36,37]. The presence of O and C
concentrations comparable to Nef o, and their interactions with defects
and dopants may have an impact on dopant deactivation.

We have included the role of O and C in our model by considering the
formation of VO, C; and B;O defects. All of them are assumed to be
immobile, and they behave as traps by capturing V’s, Si I's and B,
respectively. Table 2 summarizes the main equations that lead to the
formation and dissolution of VO, C; and B;O defects. A new simulation
was done for a sample with 7.65 x 10'® B cm™ enriched with 107 O
em 2 and 2 x 10%° C ecm 3. O concentration is much higher than Nego
and exceeds that of C to appreciate its effect. The fraction of active B and
deactivated B via the formation of B;, BICs and B;O complexes is plotted
in Fig. 9. The presence of O and C hardly modifies the overall amount of
active B, and only at large irradiation fluences a slightly higher B
deactivation is observed. However, the distribution of deactivated B is

1.0
0.8} No impurities .
Active B ActiveB o BO
o —@ BinBICs Vi
o 0.6} Bin B 7
z
=, 10'7 O cm3, 2x10'5 C cm3
m, 04r Active B
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Fig. 9. Fraction of B atoms in substitutional positions (active B) (triangles),
belonging to BICs (circles), B; (squares) and B;O complexes (diamonds) as a
function of fluence. Data correspond to simulations without impurities (solid
symbols and lines), and with 10'7 O cm ™3 and 2 x 10'® C cm™3 (open symbols
and dashed lines).
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significantly altered. B; has almost disappeared because once mobile B;
are formed, they easily interact with the high concentration of O
resulting in B;O complexes. Besides, at high fluences, the enhanced
recombination of Iy and I3 defects at VO pairs hinders the formation of
BICs in favor of B;O complexes.

6. Conclusions

Atomistic simulations are used to analyze the acceptor removal
process in neutron irradiated p-type Si by modeling damage generation
and defect-dopant interactions. Our simulations correctly describe the
reduction of Neg with fluence associated to the interaction of B atoms
with mobile Si I's, which includes the diffusion of I, I and I3 defects.
Acceptor removal is controlled by the availability of mobile Si I's and the
probability of I-B interaction. These factors are limited by the intense I-V
recombination and trapping at defect clusters within irradiation cas-
cades derived from the inhomogeneity of neutron irradiation damage.
The presence of impurities, and in particular a high O concentration,
modifies the composition of B related defects responsible for B deacti-
vation, favoring the formation of B;O complexes, but has little effect on
the overall amount of active B.
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