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ABSTRACT

The improved radiation hardness of p-type Si detectors is hindered by the radiation-induced acceptor re-
moval process, which is not fully understood yet. Through atomistic modeling of displacement damage
and dopant interactions, we analyze the acceptor removal under neutron irradiation, providing physical
insight into its microscopic origin. Our results show that the fast decay of the effective dopant concentra-
tion (Neg) at low irradiation fluences is due to B deactivation caused by Si self-interstitials. The intriguing
increase of the acceptor removal parameter with the initial dopant concentration (Ngo) is explained by
the limited number of mobile Si self-interstitials that survive annihilation and clustering processes. The
sublinear dependence of the removal parameter on N is associated to the inhomogeneity of damage
for low Negrg and the formation of B-interstitial clusters with several B atoms for high N.o. The presence
of O and C modifies B deactivation mechanisms due to the key role of B;O defects and the trapping of
vacancies and Si self-interstitials, but for the impurity concentrations analyzed in this work ([0] >> [C])
it has little effect on the overall amount of removed acceptors. At high irradiation fluences, the reported
increase of N is attributed to the formation of defect-related deep acceptors. From the analysis of the
defect concentrations resulting from neutron irradiation and the occupancy of small clusters with accep-
tor levels reported in literature, we point out the tetra-vacancy cluster as one of the main contributors

to Neg with negative space charge.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Si sensors fabricated on lowly doped p-type substrates are a
technological solution adopted for the next generation of parti-
cle detectors. P-type sensors show an improved radiation hard-
ness that makes them suitable to withstand the harsh radiation
fields expected in high energy physics experiments [1]. One of the
main effects of irradiation in Si devices is the so-called displace-
ment damage. It arises from the generation of Si self-interstitials
(I's) and vacancies (V’'s) when Si atoms are moved from their lat-
tice positions. Radiation-induced defects have a strong impact on
the detector electrical behavior due to an effective dopant concen-
tration (Neg) whose value may notably differ from that before ir-
radiation [2]. As a consequence, the resistivity of the detector de-
pleted region changes and the net space charge is modified, affect-
ing the electric field profile and the full depletion voltage (Vgp).
Radiation-induced changes on Ngg represent a serious challenge
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for the fabrication of radiation-hard p-type Si detectors, especially
for novel architectures built on low resistivity Si, such as Low Gain
Avalanche Detectors (LGAD) [3-5] and High-Voltage CMOS detec-
tors (HV-CMOS) [6-9].

Recent works have addressed the experimental characterization
of Negr upon hadron irradiation in p-type sensors by measuring the
variations on resistivity and Vgp with fluence [3,5,7-9]. As many
detectors are expected to operate in cooled conditions for a life-
time of several years, accelerated annealing tests are used to ana-
lyze system dynamics. It is commonly assumed that a stable space
charge, i.e. a constant value of N.¢ over time, can be obtained af-
ter annealing for 80 min at 60 °C [10]. In these conditions, N is
strongly dependent on irradiation fluence. At low fluences, N fol-
lows an exponential decay with fluence attributed to an acceptor
removal process [2,10], i.e. the deactivation of dopants (usually B
atoms) by displacement damage. The fast decay of N is charac-
terized by the so-called “acceptor removal constant” that reduces
as the initial dopant concentration (Nefrg) increases [4]. The mech-
anisms behind this dependence are still unknown, and it remains
as one of the most intriguing features of acceptor removal. At high
fluences, N increases linearly with irradiation fluence, which is
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associated to the formation of defect-related deep acceptor levels
[10,11]. Electrically active defects can be experimentally character-
ized to some extent by Deep Level Transient Spectroscopy (DLTS)
and Thermally Stimulated Current (TSC) techniques [12]. However,
the large variety of defect sizes and topologies hinders the identi-
fication of the defects responsible for the spectra peaks, and their
usually small size prevents the direct observation by microscopy.

The modeling of radiation-induced changes on Ngg is compli-
cated because of the large amount of defect-related energy levels
observed after irradiation, and the difficulty in linking macroscopic
effects with microscopic defects [12,13]. Most models attempt to
simulate the electrical behavior of irradiated devices by posing a
phenomenological description of the process. The acceptor removal
is usually modeled with a few first order equations for defect reac-
tions with dopants and impurities, and the use of several parame-
ters to account for the generation of displacement damage and the
formation of B defects [3,14,15]. The increase of N at moderate
fluences is simplified by assuming that the effects of displacement
damage can be effectively represented by a few donor/acceptor
energy levels in the Si bandgap, with parameters fitted to repro-
duce the macroscopic degradation of the detector electrical prop-
erties [16,17]. Although available empirical models could be fitted
to reproduce the macroscopic behavior of devices to some extent,
they do not provide insight on the physical mechanisms underlying
the changes of Neg with fluence. Detailed multi-scale simulation
schemes have been proposed to analyze the effects of irradiation
induced defects on the device electrical and optical characteristics.
Nevertheless, previous works focused on residual intrinsic defects
and did not include dopants [18-20]. We presented a preceding
atomistic model to analyze B deactivation in irradiated Si [21], but
a comprehensive understanding of the acceptor removal process is
still lacking.

In this work, we address the acceptor removal process by atom-
istic simulations of the generation of displacement damage un-
der neutron irradiation, and the interactions between defects and
dopants. We analyze the microscopic origin of the acceptor re-
moval mechanism, provide an explanation for the dependence of
the acceptor removal constant on initial resistivity, and give some
clues to identify those intrinsic defects that could act as deep ac-
ceptors.

2. Simulation scheme

We perform atomistic simulations to analyze the displacement
damage resulting from neutron irradiation on p-type Si substrates,
and its effect on the dopant profile. The energy spectrum of reactor
neutrons typically spans from 10~8 to 10 MeV [22] but, in our sim-
ulations, we consider monoenergetic neutrons of 1 MeV as it is the
standard reference for the Non-lonizing Energy Loss (NIEL) scaling,
and it is close to the NIEL weighted mean energy of the JoZef Ste-
fan Institute (JSI) reactor (1.7 MeV) [13]. A flux of 102 n cm—2s~!
is assumed, which is in the range of those commonly used at the
JSI reactor [22]. P-type substrate doping is simulated by consider-
ing B atoms randomly distributed, with five different concentra-
tions ranging from 103 to 107 cm~3. Cubic simulation cells of at
least 3 x 3 x 3 pm3 are used to get enough statistics for all B
concentrations. Si recoils are generated at random within the sim-
ulation volume, and periodic boundary conditions are applied in
all directions to analyze the kinetics in the bulk. Irradiation is per-
formed at RT (25 °C), covering 1-MeV neutron equivalent (neq) flu-
ences from 10’2 to 10'® ¢m~2 for a time ranging from 1 to 10% s,
respectively. After each irradiation step the sample is annealed at
60 °C for 80 min, following the so-called CERN scenario measure-
ment technique [23].

Several tools are combined in a multi-scale scheme so that the
effects of neutron irradiation on p-type Si can be analyzed at an
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atomic level and, at the same time, macroscopic dimensions and
time scales can be reached. The energy distribution of primary
knock-on atoms (PKA) due to the neutron irradiation is calculated
with the SPECTRA-PKA code [24] using the TENDL-2017 nuclear
data library. Monoenergetic 1 MeV neutrons result in a total recoil
matrix with a PKA energy spectrum that spans up to 150 keV with
an average energy of 48.5 keV. Simulated neutron fluences corre-
spond to PKA fluences from 6 x 107 to 6 x 10! cm~2, which im-
plies that in our simulation cell and for the highest fluence more
than 54,000 PKAs are simulated. Following the PKA energy spec-
trum, the corresponding number of recoils for each PKA energy is
simulated with MARLOWE, a tool based on the binary collision ap-
proximation that provides the coordinates of the Si I's and V’s [25].
The positions of Si I's and V’s are transferred to the object kinetic
Monte Carlo (kMC) process simulator DADOS, which only simulates
the kinetics of defects and dopants during annealing and ignores
the lattice [26]. In the kMC technique, system dynamics is modeled
by performing random events whose probability is determined by
the energetics of the defects and dopants involved in the process.

The insight gained into the mechanisms of B deactivation by
implantation damage and their implementation in kMC models as
the result of an extensive research on junction formation in Si de-
vices [27], can be applied to the system analyzed in this work.
However, while the fabrication of B-doped junctions often involves
high local concentrations of defects and dopants and intense ther-
mal budgets, in this study damage is diluted, B concentration is
low and the annealing is reduced. Under the low thermal budget
used in the aging annealing of detectors, system dynamics is gov-
erned by low activation energy events, mainly related to the dif-
fusion of mobile species. The main interactions between defects,
dopants and impurities considered in the simulations of this work
are summarized in Table 1, and their energetics are provided in Ta-
bles S1-S5 in Supplementary Material. The interaction of mobile Si
I's and V’s is assumed to cause their mutual annihilation. When de-
fects of the same type interact they form agglomerates of Si I's or
V’s (called clusters) that are mostly considered as immobile (only
the di-interstitial (I;) and tri-interstitial (I3) defects can diffuse).

A boron-interstitial (B;) is formed when a Si interstitial interacts
with a substitutional B atom. B; can also diffuse and interact with
other defects and dopants resulting in the formation of boron-
interstitial clusters. They are referred as Bply,, where n and m de-
note the number of Si I's and B atoms, respectively, and can grow
in size by incorporating additional Si I's or B atoms [28]. We as-
sume that substitutional B atoms are electrically active, contribut-
ing as shallow acceptors, while B; and Byl are considered elec-
trically inactive and cause B deactivation. In a previous work, we
explored the capabilities of our multi-scale approach to describe
the damage induced by neutron irradiation, and analyzed the ac-
ceptor removal for a unique B concentration [21]. We showed that
the diffusion of the I, and I3 defects, which is ignored in B junc-
tion formation, plays a role on B deactivation at room or slightly
elevated temperatures.

C and O impurities are incorporated in a basic model through
first-order reactions. They act as traps for Si I's, V’'s and B; lead-
ing to the formation of C;, VO and B;O defects, but higher order
reactions are not included. We assume that B;O complexes also
deactivate B atoms, but they are not assigned any explicit carrier
contribution. Therefore, in our code B;, B;O and Bl are consid-
ered electrically inactive defects and they all contribute to B de-
activation. Simulations were done considering 107 O cm~3 and
2 x 1015 C cm™3, in the range of impurity concentration in stan-
dard Si wafers [11,13], for all B concentrations and neutron flu-
ences indicated above. Although more detailed models for the in-
teractions of C and O with intrinsic defects have been proposed,
for the conditions analyzed in this work our simplified model cor-
rectly describes the amount of Si I's and V’s immobilized by C and
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Table 1
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Main equations describing defect interactions with dopants and impurities (O, C). The sub-
script m represents the number of Si I's or V’s belonging to a cluster and n the number of B
atoms in B,l,. Mobile species are written in bold.

I1+V—->0

(LIz,I3) + B < Bj, Bz 3

Bi + Im < Bl

(LI2,]3) + Im < Iny123) B; + B < Byl (LI2,I3) + Balm < Bulpi(123)
V + Vi < Vi B; + B; < Byl B; + Balm < Bny1lmit
V10 o V0 C+loC B, + 0 < B0

VO + (Llls) < O + (OLL) G +V < C BO+VoB+0

0. Interstitial-rich C complexes, such as CI, or Cl3, are shown to be
energetically unfavorable [29], and C-rich complexes are unlikely
to form for the low C concentration simulated. Ab initio calcula-
tions suggest that O can bind to vacancy clusters leading to stable
VnOm complexes [30]. However, this will not alter the overall num-
ber of immobilized vacancies, as V’s clusters are already stable for
the temperature range of our simulations.

As a benchmark for our model, we compare the experimental
introduction rates for VO derived from DLTS with those in our sim-
ulations. Depending on experimental conditions, introduction rates
of 0.1, 0.63 and 3.4 cm~! have been reported [31-33], usually for
low fluence irradiation. In our simulations with O and C (10" B
cm~3, 107 0 cm~3, 2x10" C cm~3) irradiated with 10'? neq cm=2
we obtain a VO concentration of 1.3 x 10'2 ¢cm~3, which corre-
sponds to an introduction rate of ~1.3 cm~!. This value is con-
sistent with experimental results, although the amount of VO in
simulations may be overestimated, as some of them may evolve
to higher order V,0n complexes that are not considered in our
model.

Unlike empirical models that use first order equations for
defect-dopant reactions and fitting parameters for the amount of
displacement damage and the probability of defect-dopant inter-
actions, in our simulation scheme, the amount, distribution and
topology of damage and defect-dopant interactions are naturally
derived from atomistic simulations, with no previous assumptions.
Our model takes into account the complex interactions between Si
I's and B atoms, including higher order reactions, which allows a
detailed analysis of B deactivation processes. However, our simula-
tion scheme has some limitations. The kMC simulator does not ex-
plicitly include the charge state of dopants and defects. For the dis-
cussion on the electrical activity of defects we assume those states
obtained by ab initio calculations reported in literature. Impurities
(C, 0) are described with a simplified model that captures their
role as traps but not the complex scenario that may arise from
the interactions between intrinsic defects, dopants and impurities
(Calm, VnOm, C-0, B-0, B-C complexes).

3. Results and discussion

We have analyzed the acceptor removal process by simulating B
deactivation under neutron irradiation. We use experimental data
available in literature [7,8,34] and our own experimental results
for a radiation-hard power switch described elsewhere [21,35] to
validate our model [21]. Estimated Neg values from the measured
drain currents in our switch, along with other experimental Neg
obtained from Vyp measurements of irradiated devices [7,8,34] are
plotted in Fig. 1. At first, Neg significantly reduces with fluence,
but at high fluences a linear increase is observed. This increase has
been associated with the contribution to space charge of electri-
cally active defects, which have a net acceptor behavior, increasing
Vip. The evolution of the experimental N in our switch is slightly
different. It presents a small plateau at low fluences, then a steeper
decay with fluence and a final saturation at high fluences, but no
increase is observed. In our case, N is not derived from Vgp mea-
surements that detect the amount of space charge, but from bulk
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Fig. 1. Experimental and simulated Nes as a function of 1-MeV neq fluence for
Nefro in the range of 10 B cm~3. Experimental Ny was extracted from full de-
pletion voltage (Vgp) (circles) [7,8,34] and resistivity (squares) [21] measurements.
The dashed line represents the formation of deep acceptors estimated from the
experimental introduction rate of 0.02 cm~'. Simulation results correspond to
Nefr (open diamonds) and Neg plus the deep acceptor concentration calculated as
0.02 cm™' x ¢eq (solid diamonds).

resistivity values, which is actually a measure of the concentration
of free carriers. At low fluences, the concentration of free carri-
ers equals the space charge concentration (since space charge is
mostly due to ionized dopants), but at high fluences the contri-
bution of electrical active defects to space charge exceeds that of
dopants. The simulated Ng (open diamonds in Fig. 1) corresponds
to the concentration of substitutional B atoms, i.e. B atoms that
are still active and can contribute as acceptors. At low fluences,
our simulated data follow the same trend as experimental Neg val-
ues. To get a global picture of the evolution of N.g; with fluence,
we have added to the simulated Ny values the contribution of
deep acceptors (dashed line) (calculated as the experimental intro-
duction rate 0.02 cm~! x fluence [10,11]). The resulting N curve
(plotted as solid diamonds) provides a consistent description of the
process in the whole fluence range.

The dependence of N on fluence is usually parametrized fol-
lowing the so-called “Hamburg model” [36] as

Nefi(¢eq) = Negro — Ne(eq) + &epeq with
() = Mool 1 - exp (-] 0

where ¢eq is the 1-MeV NIEL equivalent fluence, Neg( the initial
acceptor concentration, N¢ and N¢g the concentration of removed
acceptors and removable acceptors (Ncg < Negrg), respectively, ca
the acceptor removal constant, and g. the introduction rate of sta-
ble defect-related deep acceptors. The Hamburg model takes into
account both the sharp reduction of Ngg with fluence at low flu-
ences, and its linear raise at higher fluences. The acceptor removal
process can be better analyzed by defining the parameter ¢, as the
inverse of the removal constant (¢4 = 1/ca). ¢4 represents the flu-
ence at which N¢ has reached 63% of its final value (N¢() and iden-
tifies the steep-decay region in N curves. It can be envisioned as
a figure of merit of the detector radiation hardness as it refers to
the fluence that the detector can endure before significant dopant
deactivation occurs. In the following sections, we present simu-
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Fig. 2. Simulated Neg/Negro as a function 1 -MeV neq fluence for Nego from 1013
to 107 B cm~3. Lines show the fitting of data to Eq. (1). Solid symbols and lines
correspond to simulations with no impurities, while open symbols and dashed lines
represent simulations with 107 O cm=3 and 2 x 10> C cm™3.
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Fig. 3. Acceptor removal parameter ¢ as a function of Ngo. Simulation results
with no impurities are plotted as solid crosses and fitted to a power equation (solid
line), while open crosses correspond to simulations with 10”7 O cm~3 and 2 x 10%
C cm3. Solid symbols show experimental data from literature for HV-CMOS sensors
[6-9,38,39], LGAD [3,37], sensors made from EPI Si [34,37] and Pad diodes [39].

lations of acceptor removal under neutron irradiation for a wide
range of substrate resistivities. We use experimental data from lit-
erature to analyze the physical mechanisms that explain the values
of ¢ and gc, and the dependence of ¢4 on Ngg, as these are the
key parameters that determine the evolution of Ngg with fluence.

3.1. Acceptor removal parameter ¢4

The acceptor removal constant ¢, has been systematically re-
ported to decrease with Nggq (i.e. ¢p increases with Negg) [3-
5,9,37]. To analyze this dependence, we have performed a total
number of 90 simulations, including 9 neutron fluences and 5 N
values, with and without impurities (O, C). Dopant concentration
ranges between 103 and 10" B cm~3, covering the high- and low-
resistivity substrates of standard Si sensors and novel detectors
(LGAD, HV-CMOS), respectively. In Fig. 2 we show the simulated
relative effective dopant concentration, i.e. the ratio Neg/Negg, as
a function of 1-MeV neq fluence for the doping range mentioned
before. Our results reveal that as N increases the sharp decay
region is shifted to larger fluences, consistently with experimen-
tal observations. For instance, for 10’3 B cm~3 N, is reduced to a
50% of its original value after a fluence of 5 x 10’ neq cm=2, while
for 107 B cm—3 a fluence of 10'6 neq cm=2 is required to achieve
the same reduction in Ngg/Nefro. Simulated Ngg curves are fitted
to Eq. (1) using N¢o and ¢, as fitting parameters (solid lines in
Fig. 2). The extracted values of ¢, as a function of N are com-
pared in Fig. 3 to those obtained from the experimental removal
constants cp (¢pa = 1/ca) available in literature. Experimental data
correspond to the analysis of N obtained from Vgp measure-
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Fig. 4. Simulated fraction of active B ([B]/Neso) (triangles), and fraction of deacti-
vated B ([B]/N¢) in Byly (circles), B; (squares) and B;O complexes (diamonds) af-
ter 10" neq cm~2 as a function of Nego. Simulations were done without impurities
(solid symbols), and with 10" O cm~3 and 2x10" C cm~3 (open symbols).

ments, and include different detector architectures as HV-CMOS
sensors [6-9,38,39], LGAD [3,37], sensors made from EPI Si [34,37]
and Pad diodes [39]. ¢4 values obtained from simulations are com-
parable to the experimental ones and follow a sublinear trend with
Nefro according to equation ¢p = 2 x 108 Nego®® cm—2.

3.2. Role of O and C on acceptor removal

The presence of O and C in Si wafers in concentrations com-
parable or higher than Nggo [11,13] may play a role on acceptor
removal since they interact with defects and dopants. It is well es-
tablished that the existence of O leads to the formation of VO and
higher order V-O complexes by capturing V’s [40], while C atoms
react mainly with Si I's via the formation of C; and C-I complexes
[41]. Several studies indicate that B; has a strong affinity for pair-
ing with O, resulting in B;O complexes [42,43]. Traditionally, B;O is
assumed to behave as a donor in the upper part of the Si bandgap
and is assigned a key role on acceptor removal [42,43]. However,
recent studies attribute tentatively this donor level to B-I defects
[44], and the large scattering of B;O electrical characterization sug-
gests a more complex scenario in which higher order defects in-
volving B, O and Si I's may exist [45]. To analyze the role of impu-
rities on the removal process new simulations were done assuming
107 0 cm~3 and 2x 10" C cm—3, consistent with impurity concen-
trations in standard Si substrates. The resulting Neg/Negrg and ¢p
values are also depicted in Fig. 2 and Fig. 3 (open symbols), respec-
tively. The introduction of these concentrations of O and C has a
small effect on the amount of removed acceptors, and simulations
with and without impurities lead to similar removal parameters.

In order to elucidate B deactivation mechanisms, we have quan-
tified in Fig. 4 the fraction of B ([B]/Nefo) that remains substitu-
tional (i.e. active B), in samples with and without impurities af-
ter 10" neq cm~2. We also show the relative weight on the to-
tal amount of deactivated B ([B]/N¢) of B;, Bylm and B;O com-
plexes. For low Nggp, in the sample without impurities, deacti-
vated B is almost equally distributed between B; and Bly. How-
ever, in the sample with O and C, most deactivated B belongs to
B;O complexes, the amount of By, has notably reduced and there
is almost no B;. At high Ngg, the large amount of B atoms en-
hances Byl formation becoming the main mechanism of acceptor
removal in both samples.

A detailed analysis of our simulations indicates that in the sam-
ple without O and C, B deactivation starts with the formation of
B; and small Byl (Bly, Bl3) through the interaction of mobile Si
I's defects (I, I, I3) with B (see Table 1). As N increases, dif-
fusing B; defects are likely to interact with other B atoms (sub-
stitutional B, B;, Bnlm). Thus, the fraction of B in Byly, increases
at the expense of B;. In the presence of O and C, for low Ny,
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Fig. 5. Simulated concentration of removed acceptors (diamonds) as a function of
1 MeV neq fluence, for Negro from 10" to 107 B cm~3. Triangles show the removal
parameter ¢, obtained for each Nego. The concentration of generated damage is
plotted as a dashed line, and the concentration of I, and defect clusters after
irradiation as circles and squares, respectively, while solid and dotted lines are the
best fit to a power equation.

oxygen concentration is significantly higher than that of B, which
enhances the interaction of B; with O forming immobile B;O com-
plexes. This notably reduces B; population and limits the growth
path for larger By, as in our model the interaction of Si I's or B;
with B;O complexes is not considered. Besides, a high concentra-
tion of VO defects is also formed that can annihilate mobile Si I's
(Imop)» hindering the formation of small Byl through the diffusion
of I, and I5. Regarding C atoms, their main role is the trapping of
Si I's in C; reducing B diffusion and clustering [3]. However, in our
sample the effect of C is mitigated by the relatively low C con-
centration and a much higher O concentration (usual in standard
Si wafers). As many V’s are immobilized at VO defects, I-V anni-
hilation is reduced. This increases the amount of available mobile
Si I's and compensates the trapping of Si I's in C;. Therefore, the
presence of O and C results in different complexes that deactivate
B atoms, reducing the concentration of B; and Byl in favor of B;O
complexes for high O concentrations. However, for the conditions
analyzed (|O] >> [C]) and within the simplified model used in this
work, O and C have little effect on the overall amount of substitu-
tional B atoms, electrically active in the model. For this reason, the
analysis of acceptor removal in the following sections is based on
simulations with no impurities, although the effect of O and C will
be occasionally addressed.

3.3. Dependence of removal parameter on substrate resistivity

Experimental and simulated results reported in Fig. 3 show that
as Negro increases larger neutron fluences (higher values of ¢,) are
required to deactivate the dopants. Previous attempts to explain
the acceptor removal process based on defect kinetics did not pro-
vide a fully satisfactory description of experimental data [14,15],
and this dependence stills remains a riddle. In order to shed light
on this issue we have studied the atomistic mechanisms behind
dopant deactivation.

From our simulations, we analyze the damage resulting from
1 MeV neutron irradiation and the effect of N and fluence on
the deactivation process. In Fig. 5 we show the concentration of
displacement damage (Si I's and V’s) generated in irradiation cas-
cades (dashed line) as provided by Marlowe before any annealing
is done. The concentration of I, (circles and solid line) and Si
I's and V’s clusters (squares and dotted line) as a function of flu-
ence is also plotted. I;;,,, and cluster concentrations are computed
after irradiation steps and are averaged values from simulations
with 1013 to 107 B cm3, although standard deviation (error bars
in the figure) is negligible. The generated displacement damage in-
creases linearly with fluence as it is only determined by the num-

Acta Materialia 241 (2022) 118375

ber and energy of PKAs. The great difference between the num-
ber of generated defects and those remaining (I,,, or clusters) is
a clear indication that during RT irradiation intense I-V annihila-
tion has occurred. The amount of I, and clusters is similar and
both increase sublinearly with fluence ([I0p] = 8227¢eq®77 cm=3;
[Clusters] = 145 ¢¢q*38 cm~3) due to an enhanced annihilation at
high fluences as generated defects are in close proximity. The con-
centration of removed acceptors N¢ (diamonds) and the acceptor
removal parameter ¢, obtained for each Neg( (open triangles) are
also plotted in the figure. We can see that N initially increases
with fluence but it saturates at high fluences when most dopants
have already been deactivated (as reported in Fig. 2). The satura-
tion onset is shifted to higher fluences as Nggq increases and is
consistent with the extracted ¢, values.

The acceptor removal is caused by the interaction of I, with
substitutional B atoms but V’s and Si I's clusters formed along the
cascade can annihilate or trap I, respectively, hindering them
from reaching B atoms. Consequently, the efficiency of the removal
process relies on two parameters: the concentration of mobile Si I's
remaining after irradiation ([I,;,o5]), and the probability of these Si
I's interacting with B atoms (p|.g), instead of being annihilated or
trapped. Thus, we can estimate the amount of Si I's that can effec-
tively reach and potentially deactivate B atoms (“effective” mobile
Si I's, Inobeff) as indicated in Eq. (2). The probability pg is calcu-
lated as the ratio of the dopant concentration to the total concen-
tration of traps for Si I's (dopants, V's (V) and Si I's (I)) clusters)
according to Eq. (3).

[Imob,eff] ~ [Imob 01— (2)

B
P8 ™ BT Val + Tl ®)

At low fluences and high Ng¢o the amount of B atoms notably
exceeds that of annihilating or trapping defects ([B] >> [Vq + I4])
and ppp approaches unity. Consequently, the number of I eff.
and therefore the amount of B that can be potentially deacti-
vated, is determined by the number of available mobile Si I's (N¢
~ Imopbeff ~ Imop)- This corresponds in our simulations (Fig. 5) to
the region where N¢ curves (for different Negg) grow with flu-
ence with a similar slope as Ij,op, and the values of N¢ and I,
are comparable. In this regime, the number of I, is low due to
the intense intracascade I-V annihilation, and dopant deactivation
is limited by the availability of diffusing Si I's. On the contrary, at
large fluences and low N, the amount of defect clusters is much
larger than that of B ([B] << [Vq + Iy]) and prp ~ [Bl/[Vyq + I4]
according to Eq. (3). Since the population of I, and defect clus-
ters is similar ([Vgq + Iq] ~ Inop), the number of Iy that de-
activate B atoms becomes proportional to B concentration (N¢c ~
Imobefr & [B]). This corresponds to the saturated region in Fig. 5 in
which N¢ is described by horizontal lines whose value is deter-
mined by Negrg. In this situation, there are enough I,o, but the
presence of a large amount of defect clusters reduces the probabil-
ity of their interaction with B. The onset of the saturation regime
occurs when the amount of I, and defect clusters is compara-
ble to that of B ([B] ~ Iyop ~ [Va + Igl). The acceptor removal
parameter ¢, can be regarded as the fluence required to produce
a number of I, similar to Nggg, resulting in significant dopant
deactivation and the onset of saturation. Thus, ¢, increases with
Nefro because more Iy, are required to deactivate the dopants.

In Fig. 5 we observe some deviation from the previous simpli-
fied description. On one hand, for low fluences and dopant con-
centrations, Nc¢ lies below the I, line and the curves approach
Imob @S Nefro increases. This is mainly due to the inhomogeneity of
neutron irradiation damage: defects are close to each other along
the cascade trajectory but there is a large distance between neigh-
boring cascades, especially at low fluences. Within 50 keV recoils,
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each defect (Si interstitial or vacancy) has on average 4.6 neigh-
boring defects within a radius of 2 nm, which is much shorter
than the mean inter-cascade distance (403 nm for 1013 n cm=2
corresponding to a PKA fluence of 6 x 108 cm~2). As a result, in-
tracascade defect annihilation and clustering is favored, compared
to what it would be obtained if the same V’s and Si I's concen-
tration were homogeneously distributed [46]. It reduces the actual
probability of I, reaching B atoms and, therefore, the efficiency
of the removal process. This effect is made up by increasing the
amount of I, required to deactivate the dopants, which shifts
¢a to higher fluences than expected. On the other hand, at high
fluences and dopant concentrations N¢ values slightly exceed the
number of I,q. It indicates the existence of more efficient deac-
tivation mechanisms in which each I, can deactivate several B
atoms (I + B — B;; B; + B — B,I). In this case, the high B concen-
tration favors the formation of Byl with more than one B atom
which boosts the removal process. This mechanism reduces the
number of required I, and shifts ¢ to lower fluences. As a con-
sequence, although ¢, was expected to follow a similar trend as
Imob, the inhomogeneity of damage at low fluences and the forma-
tion of B-rich Byl at high N result in the sublinear dependence
of ¢ on Negrg obtained in our atomistic simulations and reported
in the experiments gathered in Fig. 3.

Although the overall effect of the simulated concentrations of
0 and C (when [O] >> [C]) on acceptor removal is limited, they
are responsible for slight modifications on defect dynamics. In our
simulated samples enriched with O and C, the formation of VO and
C; by trapping some V’s and Si I's initially prevents them from an-
nihilating and increases the amount of mobile V's and Si I's after
irradiation. However, during annealing VO and C atoms can anni-
hilate or trap I,qp, limiting its probability of interacting with B.
These two effects compensate to a large extent since there are ini-
tially more I, but they are more likely to annihilate in a later
stage. It explains why in our model, and for the impurity concen-
trations used in this work, the amount of deactived B is hardly af-
fected by the presence of O and C.

3.4. Microscopic origin of deep acceptors

Experiments reveal that at large irradiation fluences Ngg in-
creases almost linearly with fluence, following an acceptor genera-
tion rate of gc ~ 0.02 cm~! [10,11], as indicated in Eq. (1). Nog may
even exceed Ngrg, which suggests that other defects in addition to
dopants are contributing with negative space charge. Besides, simi-
lar values of g. have been reported under neutron irradiation inde-
pendently of substrate resistivity, in both p- and n-type substrates,
and for materials with different O contents [47]. Consequently, the
increase of Nggi with fluence has been attributed to the forma-
tion of radiation-induced electrically active intrinsic defects, with
a joint contribution of several donor and deep acceptor levels, the
latter ones being predominant [12,13]. This supports the idea that
in neutron-irradiated p-type Si N is determined by two compet-
ing mechanisms: an initial acceptor removal at low and medium
fluences caused by B deactivation by Si I's, and the formation of
deep acceptors at large fluences associated to the accumulation of
intrinsic defects. Extensive research has been devoted to identify
the defects most plausible candidates to behave as deep acceptors.
Defects proposed from experimental and theoretical studies are in
general vacancy-like, and include small vacancy defects or oxygen-
related defects [33,48], clustered or extended defects [12,13] and
small amorphous regions [49]. The linking between microscopic
defects and macroscopic effects is difficult because a large variety
of irradiation-induced defects with different sizes and configura-
tions simultaneously coexists, and they may even contain dopants
and impurities. We combine the information obtained from the
experimental characterization, ab initio calculations and our kMC
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simulations to get insight into the main contributors to Neg as
deep acceptors.

Experimental defect characterization relies on the use of differ-
ent irradiation particles to bias damage towards the predominance
of point defects or clusters, the controlled introduction of impu-
rities (mainly C and 0O), and the annealing of irradiated samples
to determine the thermal stability of defects. DLTS and TSC tech-
niques characterize electrically active defects, providing parameters
such as the associated energy level in the Si bandgap, the donor-
or acceptor-like behavior, the capture cross-section for carriers and
the estimated concentration. However, the identification of specific
defects responsible for the peaks of the DLTS/TSC spectrum is not
straightforward. Three main acceptor levels were detected, labeled
as H116K, H140K y H152K, with energy levels in the lower part of
the Si bandgap and a generation rate of ~ 0.04 cm~! [13]. These
acceptor levels were associated to bistable defect clusters, present-
ing two configurations with different electrical activity. As their be-
havior resembled that of small V’s clusters these levels were ten-
tatively attributed to clusters with more than 3 V’s [12].

Ab initio simulations allow the characterization of small de-
fect clusters with a previously defined configuration, providing
their formation energy and the energy levels introduced in the Si
bandgap. Nevertheless, the underestimation of the Si bandgap re-
sults in some uncertainty on the calculated energy levels [50], and
the high computational cost limits the electrical behavior studies
to small sizes: up to the tetra-interstitial and the hexa-vacancy.
Usually, donor levels are obtained for Si I's clusters [51,52], and
acceptors levels in the upper part of the Si bandgap (some close to
mid-gap) for V’s clusters [50]. To our knowledge, there is no the-
oretical evidence of specific defects with deep acceptor levels con-
sistent with those of H116K, H140K and H152K peaks. The energy
levels of small V’s clusters derived from ab initio calculations are
compiled in Table 2 [50,53,54]. Vacancy clusters larger than V, are
known to be bistable defects existing in two configurations: Part-
of-Hexagonal-Ring (PHR) and Four-Fold Coordinated (FFC), FFC be-
ing the most stable one [50]. For V3 both configurations have been
observed: PHR V3 is detected at RT, while FFC V3 is formed after
annealing and presents an acceptor level at 75 meV below conduc-
tion band edge (E.) [54]. The deepest acceptor levels for V’s clus-
ters reported from ab initio calculations are 0.46 eV (PHR V5~/0),
0.54 eV (FFC V4= and V,~/°), 0.47 eV (FFC V5=/-) and 0.45 eV (FFC
V5~10) below E.. Note that an acceptor level at E - 0.7 eV was ob-
tained for PHR V,=/° in Ref. [50], which lies within the lower part
of the bandgap, but the authors point out that it may be overesti-
mated in their calculations.

Our kKMC simulations provide the concentration and size distri-
bution of Si I's and V’s clusters as the result of defects diffusion
and interactions in neutron-irradiated p-type Si. Electrically active
defects that can significantly contribute to Neg should be present
in a concentration similar or higher than that corresponding to the
experimental factor gc. In Fig. 6 we report the concentration versus
fluence of the most abundant V’s and Si I's clusters in a simula-
tion with Negrg = 10" B cm~3, and the corresponding fitted power
equations as dashed lines (fitting parameters are compiled in Ta-
ble S6 and Fig. S1 in Supplementary Material). The solid black line
corresponds to the effective deep acceptor concentration estimated
from the experimental generation rate gc ~ 0.02 cm™!. It repre-
sents the net contribution of donor and deep acceptor levels, while
a higher introduction rate of ~ 0.04 cm~! was obtained for the
main acceptor levels reported in DLTS/TSC [13]. The figure shows
that small clusters are predominant and as cluster size increases
their concentration is notably reduced. To estimate whether the
amount of clusters we get agrees with experiments, we compare
our simulation results against the V, concentration obtained from
DLTS measurements. Introduction rates of 4.7 cm~! for V, [33],
and 0.3 and 1.4 cm~! for V,(=") and V,(-9), respectively [55], have
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Table 2
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Energy level (E, below the conduction band edge), occupancy (1) and associated introduction rate of negative space charge (g.) of small vacancy clusters considering
0e =2 x 107 cm? and oo, ratios of 10 and 100. Energy levels are extracted from ab initio calculations available in literature [50,53,54]. n lower than 0.01% and g
lower than 0.001 cm~' are denoted by “—*.

V,=I- v, 0 V3=I(PHR) V3~ 1°(PHR) V,4=(FFC) V4 /°(FFC) V5=/-(FFC) V5 ~°(FFC) Vs °(FFC)
Ec - E (eV) 0.23 0.42 0.36 0.46 0.54 0.54 0.47 0.45 0.36
o /oe- 10 n (%) - 0.02 - 0.34 50.98 30.63 - 0.16 -
ga (cm™) - - - 0.002 0.229 0.069 - - .
on[oe- n (%) - 0.15 - 3.30 94.01 5.65 0.11 1.55 -
100 gq (cm™1) - 0.001 - 0.016 0.422 0.013 - 0.010 -

1018 V37/9) [12]. In Table 2 we show the energy levels (E, below E.)
= V’s clusters reported in literature for small vacancy clusters (V,-Vg) with dif-
;E 1075L ferent charge states, and the calculated occupancy (n) assuming
O, 0e = 2 x 107 cm? and using two different o /o ratios of 10
c 10™, and 100. For each cluster size, the total defect concentration is dis-
-8 " tributed among the different charge states including the neutral
g 10" state (not shown in Table 2). FFC V4 clusters show a high occu-
g i pancy as their energy levels are close to mid-gap (E; - 0.54 eV).
8 102 Considering cluster concentrations reported in Fig. 6 and the ob-
o 10M L tained occupancy, we determine the introduction rate of negative
O 10" space charge associated to each cluster (g.) (singly and doubly

1010 . ‘ charged defects contribute with one or two charges to N, respec-

1016 tively). Our results indicate that, in full depletion, the contribution
& 1015t Sil's clusters of FFC V,=/~ is dominant and we even overestimate the increase
e of Ngg with irradiation fluence. Other small Vs clusters (FFC V,~/°,
L 1014 PHR V519, and FFC V5~/0) contribute to a lower extent and some
S compensation with donor-like defects may also occur. Although we
-"(:U 1013t have not found a correspondence with the acceptor levels H116K,
‘E P H140K, H152K measured by DLTS/TSC, our analysis is consistent
8 1012k s e Deep acceptors with empirical radiation damage models of irradiated p-type sen-
c ,, 7 sors, which require acceptor levels in the range of 0.42-0.52 eV
8 101 & Jg f“ below E. (similar to the energy levels of V3, Vg4, V5 clusters) to fit

= P (b) their experimental electrical behavior [37].
10 P s :
01012 1013 1014 1015 1016
¢eq [cm2] 4. Conclusions

Fig. 6. Simulated concentration of V's (a) and Si I's (b) clusters with different sizes
as a function of 1 MeV neq fluence in a simulation with Negrg = 10" B cm~3. Dashed
lines show the fitting of cluster concentrations to power equations, and black solid
lines the deep acceptor concentration estimated from the experimental generation
rate.

been reported. The V, concentration shown in Fig. 6 after 1012 n
cm~2 is 1.8 x 102 cm—3, which corresponds to an introduction
rate of 1.8 cm™!, in the order of those derived from DLTS at low
irradiation fluences. According to our simulations, only small clus-
ters with a size up to 5-6 defects are abundant enough compared
to the deep acceptor concentration deduced from the experimental
generation rates.

Intrinsic defects that play a major role on the increase of N
with fluence must exist in a concentration high enough, and have
acceptor energy levels in the lower part of the bandgap or close to
mid-gap to have a significant occupancy. We estimate the contri-
bution of an electrically active defect to Nog from the concentra-
tion obtained by kMC simulations and its steady-state occupancy.
This is calculated from the Shockley-Read-Hall statistics as done in
Ref. [13], assuming full depletion (zero free carriers). We use en-
ergy levels in the bandgap reported by ab initio calculations and
electron (o) and hole (o},) capture cross sections derived from
DLTS/TSC. For acceptors in the upper part of the bandgap, o. in
the order of 2-4 x 10~ c¢m? has been reported [12]. Continuum
models use oy, as a fitting parameter assuming o/oe ~ 10 [16] as
few experimental values are known (only o/oe. ~ 100 for PHR

We present the first TCAD study that addresses the accep-
tor removal process in neutron-irradiated p-type Si by means of
atomistic simulations of defect-dopant interactions. The acceptor
removal can be successfully modeled by simulating B deactiva-
tion induced by Si I's generated by irradiation. We combine sev-
eral simulation techniques to describe neutron irradiation damage
and dopant deactivation processes without specific fitting parame-
ters or previous assumptions. Our defect-dopant atomistic model,
widely tested in Si process simulation, is extended to include I,
and I3 as mobile defects as they play a key role on B deactivation
under the operational conditions of particle detectors.

From the analysis of N on a wide range of Negq (1013-1077
B cm~3) we obtain acceptor removal parameters that are consis-
tent with those experimentally reported and with the same depen-
dence on substrate resistivity. Our study reveals that the efficiency
of the acceptor removal process strongly depends on the relative
population of I, defect clusters and B atoms. We show that the
increase of the acceptor removal parameter ¢ with Neg is due to
the limited amount of I, at low fluences and the reduced proba-
bility of I-B interaction as fluence increases. The shortage of I,y is
caused by intense I-V annihilation within irradiation cascades, and
by the trapping of Si I's in clusters that prevents them from inter-
acting with dopants. Defect clusters play a key role by annihilating
and trapping I, since, contrary to impurities and other traps for
Si I's whose number remains constant during irradiation, cluster
concentration increases with fluence and may even exceeds that
of I,0p- To provide a detailed description of the acceptor removal
mechanism, B deactivation models must consider the inhomogene-
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ity of neutron irradiation damage (especially relevant at low flu-
ences) and the formation of Bnly at high Nego through higher or-
der reactions between defects and dopants (at least B; + B < B5I).
These mechanisms are responsible for the sublinear dependence of
¢a on Nggro since they affect the efficiency of the removal pro-
cess and therefore the amount of I, required to deactivate the
dopants. We have analyzed the role of O and C on acceptor re-
moval by including for the formation of VO, C; and B;O defects
in our model. The presence of O and C modifies B deactivation
mechanisms due to the key role of B;O defects and the trapping
of intrinsic defects by O and C. However, for the impurity concen-
trations used in this work ([O] >> [C]), it has little effect on the
overall amount of removed acceptors.

We provide a comprehensive description of Ngg for the overall
neutron fluences commonly used in high energy physics, by identi-
fying the mechanisms of B deactivation and the simultaneous gen-
eration of defect clusters. The analysis at an atomistic level of de-
fect cluster population, combined with the energy levels provided
by ab initio and the insight of DLTS/TSC characterization, leads us
to propose that the FFC V, significantly contributes to N at high
neutron irradiation fluences.
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