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a b s t r a c t 

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 (N eff) 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 (N eff,0 ) 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 eff,0 is associated to the inhomogeneity of damage 

for low N eff,0 and the formation of B-interstitial clusters with several B atoms for high N eff,0 . The presence 

of O and C modifies B deactivation mechanisms due to the key role of B i O defects and the trapping of 

vacancies and Si self-interstitials, but for the impurity concentrations analyzed in this work ([O] >> [C]) 

it has little effect on the overall amount of removed acceptors. At high irradiation fluences, the reported 

increase of N eff 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 N eff 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/ ) 
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. Introduction 

Si sensors fabricated on lowly doped p -type substrates are a 

echnological solution adopted for the next generation of parti- 

le detectors. P -type sensors show an improved radiation hard- 

ess that makes them suitable to withstand the harsh radiation 

elds expected in high energy physics experiments [1] . One of the 

ain effects of irradiation in Si devices is the so-called displace- 

ent damage. It arises from the generation of Si self-interstitials 

I’s) and vacancies (V’s) when Si atoms are moved from their lat- 

ice positions. Radiation-induced defects have a strong impact on 

he detector electrical behavior due to an effective dopant concen- 

ration (N eff) whose value may notably differ from that before ir- 

adiation [2] . As a consequence, the resistivity of the detector de- 

leted region changes and the net space charge is modified, affect- 

ng the electric field profile and the full depletion voltage (V FD ). 

adiation-induced changes on N eff represent a serious challenge 
∗ Corresponding author. 
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or the fabrication of radiation-hard p -type Si detectors, especially 

or novel architectures built on low resistivity Si, such as Low Gain 

valanche Detectors (LGAD) [3–5] and High-Voltage CMOS detec- 

ors (HV-CMOS) [6–9] . 

Recent works have addressed the experimental characterization 

f N eff upon hadron irradiation in p -type sensors by measuring the 

ariations on resistivity and V FD with fluence [ 3 , 5 , 7–9 ]. As many

etectors are expected to operate in cooled conditions for a life- 

ime of several years, accelerated annealing tests are used to ana- 

yze system dynamics. It is commonly assumed that a stable space 

harge, i.e. a constant value of N eff over time, can be obtained af- 

er annealing for 80 min at 60 °C [10] . In these conditions, N eff is

trongly dependent on irradiation fluence. At low fluences, N eff fol- 

ows an exponential decay with fluence attributed to an acceptor 

emoval process [ 2 , 10 ], i.e. the deactivation of dopants (usually B 

toms) by displacement damage. The fast decay of N eff is charac- 

erized by the so-called “acceptor removal constant” that reduces 

s the initial dopant concentration (N eff,0 ) increases [4] . The mech- 

nisms behind this dependence are still unknown, and it remains 

s one of the most intriguing features of acceptor removal. At high 

uences, N eff increases linearly with irradiation fluence, which is 
nc. This is an open access article under the CC BY license 
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ssociated to the formation of defect-related deep acceptor levels 

 10 , 11 ]. Electrically active defects can be experimentally character- 

zed to some extent by Deep Level Transient Spectroscopy (DLTS) 

nd Thermally Stimulated Current (TSC) techniques [12] . However, 

he large variety of defect sizes and topologies hinders the identi- 

cation of the defects responsible for the spectra peaks, and their 

sually small size prevents the direct observation by microscopy. 

The modeling of radiation-induced changes on N eff is compli- 

ated because of the large amount of defect-related energy levels 

bserved after irradiation, and the difficulty in linking macroscopic 

ffects with microscopic defects [ 12 , 13 ]. Most models attempt to 

imulate the electrical behavior of irradiated devices by posing a 

henomenological description of the process. The acceptor removal 

s usually modeled with a few first order equations for defect reac- 

ions with dopants and impurities, and the use of several parame- 

ers to account for the generation of displacement damage and the 

ormation of B defects [ 3 , 14 , 15 ]. The increase of N eff at moderate

uences is simplified by assuming that the effects of displacement 

amage can be effectively represented by a few donor/acceptor 

nergy levels in the Si bandgap, with parameters fitted to repro- 

uce the macroscopic degradation of the detector electrical prop- 

rties [ 16 , 17 ]. Although available empirical models could be fitted 

o reproduce the macroscopic behavior of devices to some extent, 

hey do not provide insight on the physical mechanisms underlying 

he changes of N eff with fluence. Detailed multi-scale simulation 

chemes have been proposed to analyze the effects of irradiation 

nduced defects on the device electrical and optical characteristics. 

evertheless, previous works focused on residual intrinsic defects 

nd did not include dopants [18–20] . We presented a preceding 

tomistic model to analyze B deactivation in irradiated Si [21] , but 

 comprehensive understanding of the acceptor removal process is 

till lacking. 

In this work, we address the acceptor removal process by atom- 

stic simulations of the generation of displacement damage un- 

er neutron irradiation, and the interactions between defects and 

opants. We analyze the microscopic origin of the acceptor re- 

oval mechanism, provide an explanation for the dependence of 

he acceptor removal constant on initial resistivity, and give some 

lues to identify those intrinsic defects that could act as deep ac- 

eptors. 

. Simulation scheme 

We perform atomistic simulations to analyze the displacement 

amage resulting from neutron irradiation on p -type Si substrates, 

nd its effect on the dopant profile. The energy spectrum of reactor 

eutrons typically spans from 10 −8 to 10 MeV [22] but, in our sim- 

lations, we consider monoenergetic neutrons of 1 MeV as it is the 

tandard reference for the Non-Ionizing Energy Loss (NIEL) scaling, 

nd it is close to the NIEL weighted mean energy of the Jožef Ste- 

an Institute (JSI) reactor (1.7 MeV) [13] . A flux of 10 12 n cm 

−2 s −1 

s assumed, which is in the range of those commonly used at the 

SI reactor [22] . P -type substrate doping is simulated by consider- 

ng B atoms randomly distributed, with five different concentra- 

ions ranging from 10 13 to 10 17 cm 

−3 . Cubic simulation cells of at 

east 3 × 3 × 3 μm 

3 are used to get enough statistics for all B

oncentrations. Si recoils are generated at random within the sim- 

lation volume, and periodic boundary conditions are applied in 

ll directions to analyze the kinetics in the bulk. Irradiation is per- 

ormed at RT (25 °C), covering 1-MeV neutron equivalent (n eq ) flu- 

nces from 10 12 to 10 16 cm 

−2 for a time ranging from 1 to 10 4 s,

espectively. After each irradiation step the sample is annealed at 

0 °C for 80 min, following the so-called CERN scenario measure- 

ent technique [23] . 

Several tools are combined in a multi-scale scheme so that the 

ffects of neutron irradiation on p -type Si can be analyzed at an 
2 
tomic level and, at the same time, macroscopic dimensions and 

ime scales can be reached. The energy distribution of primary 

nock-on atoms (PKA) due to the neutron irradiation is calculated 

ith the SPECTRA-PKA code [24] using the TENDL-2017 nuclear 

ata library. Monoenergetic 1 MeV neutrons result in a total recoil 

atrix with a PKA energy spectrum that spans up to 150 keV with 

n average energy of 48.5 keV. Simulated neutron fluences corre- 

pond to PKA fluences from 6 × 10 7 to 6 × 10 11 cm 

−2 , which im-

lies that in our simulation cell and for the highest fluence more 

han 54,0 0 0 PKAs are simulated. Following the PKA energy spec- 

rum, the corresponding number of recoils for each PKA energy is 

imulated with MARLOWE, a tool based on the binary collision ap- 

roximation that provides the coordinates of the Si I’s and V’s [25] . 

he positions of Si I’s and V’s are transferred to the object kinetic 

onte Carlo (kMC) process simulator DADOS, which only simulates 

he kinetics of defects and dopants during annealing and ignores 

he lattice [26] . In the kMC technique, system dynamics is modeled 

y performing random events whose probability is determined by 

he energetics of the defects and dopants involved in the process. 

The insight gained into the mechanisms of B deactivation by 

mplantation damage and their implementation in kMC models as 

he result of an extensive research on junction formation in Si de- 

ices [27] , can be applied to the system analyzed in this work. 

owever, while the fabrication of B-doped junctions often involves 

igh local concentrations of defects and dopants and intense ther- 

al budgets, in this study damage is diluted, B concentration is 

ow and the annealing is reduced. Under the low thermal budget 

sed in the aging annealing of detectors, system dynamics is gov- 

rned by low activation energy events, mainly related to the dif- 

usion of mobile species. The main interactions between defects, 

opants and impurities considered in the simulations of this work 

re summarized in Table 1 , and their energetics are provided in Ta- 

les S1–S5 in Supplementary Material. The interaction of mobile Si 

’s and V’s is assumed to cause their mutual annihilation. When de- 

ects of the same type interact they form agglomerates of Si I’s or 

’s (called clusters) that are mostly considered as immobile (only 

he di-interstitial (I 2 ) and tri-interstitial (I 3 ) defects can diffuse). 

A boron-interstitial (B i ) is formed when a Si interstitial interacts 

ith a substitutional B atom. B i can also diffuse and interact with 

ther defects and dopants resulting in the formation of boron- 

nterstitial clusters. They are referred as B n I m 

, where n and m de- 

ote the number of Si I’s and B atoms, respectively, and can grow 

n size by incorporating additional Si I’s or B atoms [28] . We as-

ume that substitutional B atoms are electrically active, contribut- 

ng as shallow acceptors, while B i and B n I m 

are considered elec- 

rically inactive and cause B deactivation. In a previous work, we 

xplored the capabilities of our multi-scale approach to describe 

he damage induced by neutron irradiation, and analyzed the ac- 

eptor removal for a unique B concentration [21] . We showed that 

he diffusion of the I 2 and I 3 defects, which is ignored in B junc- 

ion formation, plays a role on B deactivation at room or slightly 

levated temperatures. 

C and O impurities are incorporated in a basic model through 

rst-order reactions. They act as traps for Si I’s, V’s and B i lead- 

ng to the formation of C i , VO and B i O defects, but higher order

eactions are not included. We assume that B i O complexes also 

eactivate B atoms, but they are not assigned any explicit carrier 

ontribution. Therefore, in our code B i , B i O and B n I m 

are consid-

red electrically inactive defects and they all contribute to B de- 

ctivation. Simulations were done considering 10 17 O cm 

−3 and 

 × 10 15 C cm 

−3 , in the range of impurity concentration in stan- 

ard Si wafers [ 11 , 13 ], for all B concentrations and neutron flu-

nces indicated above. Although more detailed models for the in- 

eractions of C and O with intrinsic defects have been proposed, 

or the conditions analyzed in this work our simplified model cor- 

ectly describes the amount of Si I’s and V’s immobilized by C and 
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Table 1 

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 n I m . Mobile species are written in bold. 

I + V → 0 ( I,I 2 ,I 3 ) + B ↔ B i , BI (2,3) B i + I m ↔ BI m + 1 
( I,I 2 ,I 3 ) + I m ↔ I m + (1,2,3) B i + B ↔ B 2 I ( I,I 2 ,I 3 ) + B n I m ↔ B n I m + (1,2,3) 

V + V m ↔ V m + 1 B i + B i ↔ B 2 I 2 B i + B n I m ↔ B n + 1 I m + 1 

V + O ↔ VO C + I ↔ C i B i + O ↔ B i O 

VO + ( I,I 2 ,I 3 ) ↔ O + (0, I,I 2 ) C i + V ↔ C B i O + V ↔ B + O 
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Fig. 1. Experimental and simulated N eff as a function of 1-MeV n eq fluence for 

N eff,0 in the range of 10 14 B cm 

−3 . Experimental N eff was extracted from full de- 

pletion voltage (V FD ) (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 

−1 . Simulation results correspond to 

N eff (open diamonds) and N eff plus the deep acceptor concentration calculated as 

0.02 cm 

−1 × φeq (solid diamonds). 
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. Interstitial-rich C complexes, such as CI 2 or CI 3 , are shown to be

nergetically unfavorable [29] , and C-rich complexes are unlikely 

o form for the low C concentration simulated. Ab initio calcula- 

ions suggest that O can bind to vacancy clusters leading to stable 

 n O m 

complexes [30] . However, this will not alter the overall num- 

er of immobilized vacancies, as V’s clusters are already stable for 

he temperature range of our simulations. 

As a benchmark for our model, we compare the experimental 

ntroduction rates for VO derived from DLTS with those in our sim- 

lations. Depending on experimental conditions, introduction rates 

f 0.1, 0.63 and 3.4 cm 

−1 have been reported [31–33] , usually for 

ow fluence irradiation. In our simulations with O and C (10 15 B 

m 

−3 , 10 17 O cm 

−3 , 2 ×10 15 C cm 

−3 ) irradiated with 10 12 n eq cm 

−2 

e obtain a VO concentration of 1.3 × 10 12 cm 

−3 , which corre- 

ponds to an introduction rate of ∼1.3 cm 

−1 . This value is con- 

istent with experimental results, although the amount of VO in 

imulations may be overestimated, as some of them may evolve 

o higher order V n O m 

complexes that are not considered in our 

odel. 

Unlike empirical models that use first order equations for 

efect-dopant reactions and fitting parameters for the amount of 

isplacement damage and the probability of defect-dopant inter- 

ctions, in our simulation scheme, the amount, distribution and 

opology of damage and defect-dopant interactions are naturally 

erived from atomistic simulations, with no previous assumptions. 

ur model takes into account the complex interactions between Si 

’s and B atoms, including higher order reactions, which allows a 

etailed analysis of B deactivation processes. However, our simula- 

ion scheme has some limitations. The kMC simulator does not ex- 

licitly include the charge state of dopants and defects. For the dis- 

ussion on the electrical activity of defects we assume those states 

btained by ab initio calculations reported in literature. Impurities 

C, O) are described with a simplified model that captures their 

ole as traps but not the complex scenario that may arise from 

he interactions between intrinsic defects, dopants and impurities 

C n I m 

, V n O m 

, C-O, B-O, B-C complexes). 

. Results and discussion 

We have analyzed the acceptor removal process by simulating B 

eactivation under neutron irradiation. We use experimental data 

vailable in literature [ 7 , 8 , 34 ] and our own experimental results

or a radiation-hard power switch described elsewhere [ 21 , 35 ] to 

alidate our model [21] . Estimated N eff values from the measured 

rain currents in our switch, along with other experimental N eff

btained from V FD measurements of irradiated devices [ 7 , 8 , 34 ] are

lotted in Fig. 1 . At first, N eff significantly reduces with fluence, 

ut at high fluences a linear increase is observed. This increase has 

een associated with the contribution to space charge of electri- 

ally active defects, which have a net acceptor behavior, increasing 

 FD . The evolution of the experimental N eff in our switch is slightly 

ifferent. It presents a small plateau at low fluences, then a steeper 

ecay with fluence and a final saturation at high fluences, but no 

ncrease is observed. In our case, N eff is not derived from V FD mea- 

urements that detect the amount of space charge, but from bulk 
3 
esistivity values, which is actually a measure of the concentration 

f free carriers. At low fluences, the concentration of free carri- 

rs equals the space charge concentration (since space charge is 

ostly due to ionized dopants), but at high fluences the contri- 

ution of electrical active defects to space charge exceeds that of 

opants. The simulated N eff (open diamonds in Fig. 1 ) corresponds 

o the concentration of substitutional B atoms, i.e. B atoms that 

re still active and can contribute as acceptors. At low fluences, 

ur simulated data follow the same trend as experimental N eff val- 

es. To get a global picture of the evolution of N eff with fluence, 

e have added to the simulated N eff values the contribution of 

eep acceptors (dashed line) (calculated as the experimental intro- 

uction rate 0.02 cm 

−1 × fluence [ 10 , 11 ]). The resulting N eff curve

plotted as solid diamonds) provides a consistent description of the 

rocess in the whole fluence range. 

The dependence of N eff on fluence is usually parametrized fol- 

owing the so-called “Hamburg model” [36] as 

 eff

(
φeq 

)
= N eff, 0 − N C 

(
φeq 

)
+ g c φeq with 

N C 

(
φeq 

)
= N C, 0 

[
1 − exp 

(
−c A φeq 

)]
(1) 

here φeq is the 1-MeV NIEL equivalent fluence, N eff,0 the initial 

cceptor concentration, N C and N C,0 the concentration of removed 

cceptors and removable acceptors (N C,0 ≤ N eff,0 ), respectively, c A 
he acceptor removal constant, and g c the introduction rate of sta- 

le defect-related deep acceptors. The Hamburg model takes into 

ccount both the sharp reduction of N eff with fluence at low flu- 

nces, and its linear raise at higher fluences. The acceptor removal 

rocess can be better analyzed by defining the parameter φA as the 

nverse of the removal constant ( φA = 1/c A ). φA represents the flu- 

nce at which N C has reached 63% of its final value (N C,0 ) and iden-

ifies the steep-decay region in N eff curves. It can be envisioned as 

 figure of merit of the detector radiation hardness as it refers to 

he fluence that the detector can endure before significant dopant 

eactivation occurs. In the following sections, we present simu- 
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Fig. 2. Simulated N eff/N eff,0 as a function 1 -MeV n eq fluence for N eff,0 from 10 13 

to 10 17 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 10 17 O cm 

−3 and 2 × 10 15 C cm 

−3 . 

Fig. 3. Acceptor removal parameter φA as a function of N eff,0 . 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 17 O cm 

−3 and 2 × 10 15 

C cm 

−3 . 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] . 
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−3 (open symbols). 
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a  
ations of acceptor removal under neutron irradiation for a wide 

ange of substrate resistivities. We use experimental data from lit- 

rature to analyze the physical mechanisms that explain the values 

f φA and g c , and the dependence of φA on N eff,0 , as these are the

ey parameters that determine the evolution of N eff with fluence. 

.1. Acceptor removal parameter φA 

The acceptor removal constant c A has been systematically re- 

orted to decrease with N eff,0 (i.e. φA increases with N eff,0 ) [ 3–

 , 9 , 37 ]. To analyze this dependence, we have performed a total

umber of 90 simulations, including 9 neutron fluences and 5 N eff,0 

alues, with and without impurities (O, C). Dopant concentration 

anges between 10 13 and 10 17 B cm 

−3 , covering the high- and low- 

esistivity substrates of standard Si sensors and novel detectors 

LGAD, HV-CMOS), respectively. In Fig. 2 we show the simulated 

elative effective dopant concentration, i.e. the ratio N eff/N eff,0 , as 

 function of 1-MeV n eq fluence for the doping range mentioned 

efore. Our results reveal that as N eff,0 increases the sharp decay 

egion is shifted to larger fluences, consistently with experimen- 

al observations. For instance, for 10 13 B cm 

−3 N eff is reduced to a 

0% of its original value after a fluence of 5 × 10 13 n eq cm 

−2 , while

or 10 17 B cm 

−3 a fluence of 10 16 n eq cm 

−2 is required to achieve

he same reduction in N eff/N eff,0 . Simulated N eff curves are fitted 

o Eq. (1) using N C,0 and φA as fitting parameters (solid lines in 

ig. 2 ). The extracted values of φA as a function of N eff,0 are com-

ared in Fig. 3 to those obtained from the experimental removal 

onstants c A ( φA = 1/c A ) available in literature. Experimental data 

orrespond to the analysis of N obtained from V measure- 
eff FD 

4 
ents, and include different detector architectures as HV-CMOS 

ensors [ 6–9 , 38 , 39 ], LGAD [ 3 , 37 ], sensors made from EPI Si [ 34 , 37 ]

nd Pad diodes [39] . φA values obtained from simulations are com- 

arable to the experimental ones and follow a sublinear trend with 

 eff,0 according to equation φA = 2 × 10 6 N eff,0 
0.56 cm 

−2 . 

.2. Role of O and C on acceptor removal 

The presence of O and C in Si wafers in concentrations com- 

arable or higher than N eff,0 [ 11 , 13 ] may play a role on acceptor

emoval since they interact with defects and dopants. It is well es- 

ablished that the existence of O leads to the formation of VO and 

igher order V-O complexes by capturing V’s [40] , while C atoms 

eact mainly with Si I’s via the formation of C i and C-I complexes 

41] . Several studies indicate that B i has a strong affinity for pair- 

ng with O, resulting in B i O complexes [ 42 , 43 ]. Traditionally, B i O is

ssumed to behave as a donor in the upper part of the Si bandgap

nd is assigned a key role on acceptor removal [ 42 , 43 ]. However,

ecent studies attribute tentatively this donor level to B-I defects 

44] , and the large scattering of B i O electrical characterization sug- 

ests a more complex scenario in which higher order defects in- 

olving B, O and Si I’s may exist [45] . To analyze the role of impu-

ities on the removal process new simulations were done assuming 

0 17 O cm 

−3 and 2 ×10 15 C cm 

−3 , consistent with impurity concen- 

rations in standard Si substrates. The resulting N eff/N eff,0 and φA 

alues are also depicted in Fig. 2 and Fig. 3 (open symbols), respec- 

ively. The introduction of these concentrations of O and C has a 

mall effect on the amount of removed acceptors, and simulations 

ith and without impurities lead to similar removal parameters. 

In order to elucidate B deactivation mechanisms, we have quan- 

ified in Fig. 4 the fraction of B ([B]/N eff,0 ) that remains substitu- 

ional (i.e. active B), in samples with and without impurities af- 

er 10 15 n eq cm 

−2 . We also show the relative weight on the to- 

al amount of deactivated B ([B]/N C ) of B i , B n I m 

and B i O com-

lexes. For low N eff,0 , in the sample without impurities, deacti- 

ated B is almost equally distributed between B i and B n I m 

. How- 

ver, in the sample with O and C, most deactivated B belongs to 

 i O complexes, the amount of B n I m 

has notably reduced and there 

s almost no B i . At high N eff,0 , the large amount of B atoms en-

ances B n I m 

formation becoming the main mechanism of acceptor 

emoval in both samples. 

A detailed analysis of our simulations indicates that in the sam- 

le without O and C, B deactivation starts with the formation of 

 i and small B n I m 

(BI 2 , BI 3 ) through the interaction of mobile Si

’s defects (I, I 2 , I 3 ) with B (see Table 1 ). As N eff,0 increases, dif-

using B i defects are likely to interact with other B atoms (sub- 

titutional B, B i , B n I m 

). Thus, the fraction of B in B n I m 

increases

t the expense of B i . In the presence of O and C, for low N eff,0 ,
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Fig. 5. Simulated concentration of removed acceptors (diamonds) as a function of 

1 MeV n eq fluence, for N eff,0 from 10 13 to 10 17 B cm 

−3 . Triangles show the removal 

parameter φA obtained for each N eff,0 . The concentration of generated damage is 

plotted as a dashed line, and the concentration of I mob and defect clusters after 

irradiation as circles and squares, respectively, while solid and dotted lines are the 

best fit to a power equation. 
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xygen concentration is significantly higher than that of B, which 

nhances the interaction of B i with O forming immobile B i O com- 

lexes. This notably reduces B i population and limits the growth 

ath for larger B n I m 

, as in our model the interaction of Si I’s or B i 

ith B i O complexes is not considered. Besides, a high concentra- 

ion of VO defects is also formed that can annihilate mobile Si I’s 

I mob ), hindering the formation of small B n I m 

through the diffusion 

f I 2 and I 3 . Regarding C atoms, their main role is the trapping of

i I’s in C i reducing B diffusion and clustering [3] . However, in our

ample the effect of C is mitigated by the relatively low C con- 

entration and a much higher O concentration (usual in standard 

i wafers). As many V’s are immobilized at VO defects, I-V anni- 

ilation is reduced. This increases the amount of available mobile 

i I’s and compensates the trapping of Si I’s in C i . Therefore, the

resence of O and C results in different complexes that deactivate 

 atoms, reducing the concentration of B i and B n I m 

in favor of B i O

omplexes for high O concentrations. However, for the conditions 

nalyzed ([O] >> [C]) and within the simplified model used in this 

ork, O and C have little effect on the overall amount of substitu- 

ional B atoms, electrically active in the model. For this reason, the 

nalysis of acceptor removal in the following sections is based on 

imulations with no impurities, although the effect of O and C will 

e occasionally addressed. 

.3. Dependence of removal parameter on substrate resistivity 

Experimental and simulated results reported in Fig. 3 show that 

s N eff,0 increases larger neutron fluences (higher values of φA ) are 

equired to deactivate the dopants. Previous attempts to explain 

he acceptor removal process based on defect kinetics did not pro- 

ide a fully satisfactory description of experimental data [ 14 , 15 ], 

nd this dependence stills remains a riddle. In order to shed light 

n this issue we have studied the atomistic mechanisms behind 

opant deactivation. 

From our simulations, we analyze the damage resulting from 

 MeV neutron irradiation and the effect of N eff,0 and fluence on 

he deactivation process. In Fig. 5 we show the concentration of 

isplacement damage (Si I’s and V’s) generated in irradiation cas- 

ades (dashed line) as provided by Marlowe before any annealing 

s done. The concentration of I mob (circles and solid line) and Si 

’s and V’s clusters (squares and dotted line) as a function of flu- 

nce is also plotted. I mob and cluster concentrations are computed 

fter irradiation steps and are averaged values from simulations 

ith 10 13 to 10 17 B cm 

−3 , although standard deviation (error bars 

n the figure) is negligible. The generated displacement damage in- 

reases linearly with fluence as it is only determined by the num- 
5 
er and energy of PKAs. The great difference between the num- 

er of generated defects and those remaining (I mob or clusters) is 

 clear indication that during RT irradiation intense I-V annihila- 

ion has occurred. The amount of I mob and clusters is similar and 

oth increase sublinearly with fluence ([I mob ] = 8227 φeq 
0.77 cm 

−3 ; 

Clusters] = 145 φeq 
0.88 cm 

−3 ) due to an enhanced annihilation at 

igh fluences as generated defects are in close proximity. The con- 

entration of removed acceptors N C (diamonds) and the acceptor 

emoval parameter φA obtained for each N eff,0 (open triangles) are 

lso plotted in the figure. We can see that N C initially increases 

ith fluence but it saturates at high fluences when most dopants 

ave already been deactivated (as reported in Fig. 2 ). The satura- 

ion onset is shifted to higher fluences as N eff,0 increases and is 

onsistent with the extracted φA values. 

The acceptor removal is caused by the interaction of I mob with 

ubstitutional B atoms but V’s and Si I’s clusters formed along the 

ascade can annihilate or trap I mob , respectively, hindering them 

rom reaching B atoms. Consequently, the efficiency of the removal 

rocess relies on two parameters: the concentration of mobile Si I’s 

emaining after irradiation ([I mob ] ), and the probability of these Si 

’s interacting with B atoms ( ρ I-B ), instead of being annihilated or 

rapped. Thus, we can estimate the amount of Si I’s that can effec- 

ively reach and potentially deactivate B atoms (“effective” mobile 

i I’s, I mob,eff) as indicated in Eq. (2) . The probability ρ I-B is calcu-

ated as the ratio of the dopant concentration to the total concen- 

ration of traps for Si I’s (dopants, V’s (V cl ) and Si I’s (I cl ) clusters)

ccording to Eq. (3) . 

I mob , eff

]
≈ [ I mob ] ρI−B (2) 

I−B ≈ [ B ] 

[ B ] + [ V cl ] + [ I cl ] 
(3) 

At low fluences and high N eff,0 the amount of B atoms notably 

xceeds that of annihilating or trapping defects ([B] >> [V cl + I cl ]) 

nd ρ I-B approaches unity. Consequently, the number of I mob,eff, 

nd therefore the amount of B that can be potentially deacti- 

ated, is determined by the number of available mobile Si I’s (N C 

I mob,eff ∼ I mob ). This corresponds in our simulations ( Fig. 5 ) to 

he region where N C curves (for different N eff,0 ) grow with flu- 

nce with a similar slope as I mob , and the values of N C and I mob 

re comparable. In this regime, the number of I mob is low due to 

he intense intracascade I-V annihilation, and dopant deactivation 

s limited by the availability of diffusing Si I’s. On the contrary, at 

arge fluences and low N eff,0 , the amount of defect clusters is much 

arger than that of B ([B] << [V cl + I cl ]) and ρ I-B ∼ [B]/[V cl + I cl ]

ccording to Eq. (3) . Since the population of I mob and defect clus- 

ers is similar ([V cl + I cl ] ∼ I mob ), the number of I mob,eff that de-

ctivate B atoms becomes proportional to B concentration (N C ∼
 mob,eff ∝ [B]). This corresponds to the saturated region in Fig. 5 in 

hich N C is described by horizontal lines whose value is deter- 

ined by N eff,0 . In this situation, there are enough I mob but the 

resence of a large amount of defect clusters reduces the probabil- 

ty of their interaction with B. The onset of the saturation regime 

ccurs when the amount of I mob and defect clusters is compara- 

le to that of B ([B] ∼ I mob ∼ [V cl + I cl ]). The acceptor removal

arameter φA can be regarded as the fluence required to produce 

 number of I mob similar to N eff,0 , resulting in significant dopant 

eactivation and the onset of saturation. Thus, φA increases with 

 eff,0 because more I mob are required to deactivate the dopants. 

In Fig. 5 we observe some deviation from the previous simpli- 

ed description. On one hand, for low fluences and dopant con- 

entrations, N C lies below the I mob line and the curves approach 

 mob as N eff,0 increases. This is mainly due to the inhomogeneity of 

eutron irradiation damage: defects are close to each other along 

he cascade trajectory but there is a large distance between neigh- 

oring cascades, especially at low fluences. Within 50 keV recoils, 
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a  
ach defect (Si interstitial or vacancy) has on average 4.6 neigh- 

oring defects within a radius of 2 nm, which is much shorter 

han the mean inter-cascade distance (403 nm for 10 13 n cm 

−2 

orresponding to a PKA fluence of 6 × 10 8 cm 

−2 ). As a result, in-

racascade defect annihilation and clustering is favored, compared 

o what it would be obtained if the same V’s and Si I’s concen- 

ration were homogeneously distributed [46] . It reduces the actual 

robability of I mob reaching B atoms and, therefore, the efficiency 

f the removal process. This effect is made up by increasing the 

mount of I mob required to deactivate the dopants, which shifts 

A to higher fluences than expected. On the other hand, at high 

uences and dopant concentrations N C values slightly exceed the 

umber of I mob . It indicates the existence of more efficient deac- 

ivation mechanisms in which each I mob can deactivate several B 

toms (I + B → B i ; B i + B → B 2 I). In this case, the high B concen-

ration favors the formation of B n I m 

with more than one B atom 

hich boosts the removal process. This mechanism reduces the 

umber of required I mob and shifts φA to lower fluences. As a con- 

equence, although φA was expected to follow a similar trend as 

 mob , the inhomogeneity of damage at low fluences and the forma- 

ion of B-rich B n I m 

at high N eff,0 result in the sublinear dependence 

f φA on N eff,0 obtained in our atomistic simulations and reported 

n the experiments gathered in Fig. 3 . 

Although the overall effect of the simulated concentrations of 

 and C (when [O] >> [C]) on acceptor removal is limited, they 

re responsible for slight modifications on defect dynamics. In our 

imulated samples enriched with O and C, the formation of VO and 

 i by trapping some V’s and Si I’s initially prevents them from an- 

ihilating and increases the amount of mobile V’s and Si I’s after 

rradiation. However, during annealing VO and C atoms can anni- 

ilate or trap I mob , limiting its probability of interacting with B. 

hese two effects compensate to a large extent since there are ini- 

ially more I mob but they are more likely to annihilate in a later 

tage. It explains why in our model, and for the impurity concen- 

rations used in this work, the amount of deactived B is hardly af- 

ected by the presence of O and C. 

.4. Microscopic origin of deep acceptors 

Experiments reveal that at large irradiation fluences N eff in- 

reases almost linearly with fluence, following an acceptor genera- 

ion rate of g c ∼ 0.02 cm 

−1 [ 10 , 11 ], as indicated in Eq. (1) . N eff may

ven exceed N eff,0 , which suggests that other defects in addition to 

opants are contributing with negative space charge. Besides, simi- 

ar values of g c have been reported under neutron irradiation inde- 

endently of substrate resistivity, in both p - and n -type substrates, 

nd for materials with different O contents [47] . Consequently, the 

ncrease of N eff with fluence has been attributed to the forma- 

ion of radiation-induced electrically active intrinsic defects, with 

 joint contribution of several donor and deep acceptor levels, the 

atter ones being predominant [ 12 , 13 ]. This supports the idea that

n neutron-irradiated p -type Si N eff is determined by two compet- 

ng mechanisms: an initial acceptor removal at low and medium 

uences caused by B deactivation by Si I’s, and the formation of 

eep acceptors at large fluences associated to the accumulation of 

ntrinsic defects. Extensive research has been devoted to identify 

he defects most plausible candidates to behave as deep acceptors. 

efects proposed from experimental and theoretical studies are in 

eneral vacancy-like, and include small vacancy defects or oxygen- 

elated defects [ 33 , 48 ], clustered or extended defects [ 12 , 13 ] and

mall amorphous regions [49] . The linking between microscopic 

efects and macroscopic effects is difficult because a large variety 

f irradiation-induced defects with different sizes and configura- 

ions simultaneously coexists, and they may even contain dopants 

nd impurities. We combine the information obtained from the 

xperimental characterization, ab initio calculations and our kMC 
6

imulations to get insight into the main contributors to N eff as 

eep acceptors. 

Experimental defect characterization relies on the use of differ- 

nt irradiation particles to bias damage towards the predominance 

f point defects or clusters, the controlled introduction of impu- 

ities (mainly C and O), and the annealing of irradiated samples 

o determine the thermal stability of defects. DLTS and TSC tech- 

iques characterize electrically active defects, providing parameters 

uch as the associated energy level in the Si bandgap, the donor- 

r acceptor-like behavior, the capture cross-section for carriers and 

he estimated concentration. However, the identification of specific 

efects responsible for the peaks of the DLTS/TSC spectrum is not 

traightforward. Three main acceptor levels were detected, labeled 

s H116K, H140K y H152K, with energy levels in the lower part of 

he Si bandgap and a generation rate of ∼ 0.04 cm 

−1 [13] . These 

cceptor levels were associated to bistable defect clusters, present- 

ng two configurations with different electrical activity. As their be- 

avior resembled that of small V’s clusters these levels were ten- 

atively attributed to clusters with more than 3 V’s [12] . 

Ab initio simulations allow the characterization of small de- 

ect clusters with a previously defined configuration, providing 

heir formation energy and the energy levels introduced in the Si 

andgap. Nevertheless, the underestimation of the Si bandgap re- 

ults in some uncertainty on the calculated energy levels [50] , and 

he high computational cost limits the electrical behavior studies 

o small sizes: up to the tetra-interstitial and the hexa-vacancy. 

sually, donor levels are obtained for Si I’s clusters [ 51 , 52 ], and

cceptors levels in the upper part of the Si bandgap (some close to 

id-gap) for V’s clusters [50] . To our knowledge, there is no the- 

retical evidence of specific defects with deep acceptor levels con- 

istent with those of H116K, H140K and H152K peaks. The energy 

evels of small V’s clusters derived from ab initio calculations are 

ompiled in Table 2 [ 50 , 53 , 54 ]. Vacancy clusters larger than V 2 are

nown to be bistable defects existing in two configurations: Part- 

f-Hexagonal-Ring (PHR) and Four-Fold Coordinated (FFC), FFC be- 

ng the most stable one [50] . For V 3 both configurations have been 

bserved: PHR V 3 is detected at RT, while FFC V 3 is formed after 

nnealing and presents an acceptor level at 75 meV below conduc- 

ion band edge ( E c ) [54] . The deepest acceptor levels for V’s clus-

ers reported from ab initio calculations are 0.46 eV (PHR V 3 
−/0 ), 

.54 eV (FFC V 4 
= /- and V 4 

−/0 ), 0.47 eV (FFC V 5 
= / −) and 0.45 eV (FFC

 5 
−/0 ) below E c . Note that an acceptor level at E c - 0.7 eV was ob-

ained for PHR V 4 
−/0 in Ref. [50] , which lies within the lower part

f the bandgap, but the authors point out that it may be overesti- 

ated in their calculations. 

Our kMC simulations provide the concentration and size distri- 

ution of Si I’s and V’s clusters as the result of defects diffusion 

nd interactions in neutron-irradiated p -type Si. Electrically active 

efects that can significantly contribute to N eff should be present 

n a concentration similar or higher than that corresponding to the 

xperimental factor g c . In Fig. 6 we report the concentration versus 

uence of the most abundant V’s and Si I’s clusters in a simula- 

ion with N eff,0 = 10 15 B cm 

−3 , and the corresponding fitted power 

quations as dashed lines (fitting parameters are compiled in Ta- 

le S6 and Fig. S1 in Supplementary Material). The solid black line 

orresponds to the effective deep acceptor concentration estimated 

rom the experimental generation rate g c ∼ 0.02 cm 

−1 . It repre- 

ents the net contribution of donor and deep acceptor levels, while 

 higher introduction rate of ∼ 0.04 cm 

−1 was obtained for the 

ain acceptor levels reported in DLTS/TSC [13] . The figure shows 

hat small clusters are predominant and as cluster size increases 

heir concentration is notably reduced. To estimate whether the 

mount of clusters we get agrees with experiments, we compare 

ur simulation results against the V 2 concentration obtained from 

LTS measurements. Introduction rates of 4.7 cm 

−1 for V 2 [33] , 

nd 0.3 and 1.4 cm 

−1 for V 2 
( = ,-) and V 2 

(-,0) , respectively [55] , have
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Table 2 

Energy level (E, below the conduction band edge), occupancy ( η) and associated introduction rate of negative space charge (g cl ) of small vacancy clusters considering 

σ e = 2 × 10 −15 cm 

2 and σ h / σ e ratios of 10 and 100. Energy levels are extracted from ab initio calculations available in literature [ 50 , 53 , 54 ]. η lower than 0.01% and g cl 

lower than 0.001 cm 

−1 are denoted by “−“. 

V 2 
= / − V 2 

−/0 V 3 
= /- (PHR) V 3 

−/0 (PHR) V 4 
= /- (FFC) V 4 

−/0 (FFC) V 5 
= /- (FFC) V 5 

−/0 (FFC) V 6 
−/0 (FFC) 

E c - E (eV) 0.23 0.42 0.36 0.46 0.54 0.54 0.47 0.45 0.36 

σ h / σ e = 10 η (%) − 0.02 − 0.34 50.98 30.63 − 0.16 −
g cl (cm 

−1 ) − − − 0.002 0.229 0.069 − − −
σ h / σ e = 
100 

η (%) − 0.15 − 3.30 94.01 5.65 0.11 1.55 −
g cl (cm 

−1 ) − 0.001 − 0.016 0.422 0.013 − 0.010 −

Fig. 6. Simulated concentration of V’s (a) and Si I’s (b) clusters with different sizes 

as a function of 1 MeV n eq fluence in a simulation with N eff,0 = 10 15 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. 
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een reported. The V 2 concentration shown in Fig. 6 after 10 12 n 

m 

−2 is 1.8 × 10 12 cm 

−3 , which corresponds to an introduction 

ate of 1.8 cm 

−1 , in the order of those derived from DLTS at low

rradiation fluences. According to our simulations, only small clus- 

ers with a size up to 5-6 defects are abundant enough compared 

o the deep acceptor concentration deduced from the experimental 

eneration rates. 

Intrinsic defects that play a major role on the increase of N eff

ith fluence must exist in a concentration high enough, and have 

cceptor energy levels in the lower part of the bandgap or close to 

id-gap to have a significant occupancy. We estimate the contri- 

ution of an electrically active defect to N eff from the concentra- 

ion obtained by kMC simulations and its steady-state occupancy. 

his is calculated from the Shockley-Read-Hall statistics as done in 

ef. [13] , assuming full depletion (zero free carriers). We use en- 

rgy levels in the bandgap reported by ab initio calculations and 

lectron ( σ e ) and hole ( σ h ) capture cross sections derived from 

LTS/TSC. For acceptors in the upper part of the bandgap, σ e in 

he order of 2–4 × 10 −15 cm 

2 has been reported [12] . Continuum 

odels use σ h as a fitting parameter assuming σ h / σ e ≈ 10 [16] as 

ew experimental values are known (only σ / σ e ≈ 100 for PHR 
h 

7 
 3 
−/0 ) [12] . In Table 2 we show the energy levels (E, below E c )

eported in literature for small vacancy clusters (V 2 -V 6 ) with dif- 

erent charge states, and the calculated occupancy ( η) assuming 

e = 2 × 10 −15 cm 

2 and using two different σ h / σ e ratios of 10 

nd 100. For each cluster size, the total defect concentration is dis- 

ributed among the different char ge states including the neutral 

tate (not shown in Table 2 ). FFC V 4 clusters show a high occu- 

ancy as their energy levels are close to mid-gap ( E c - 0.54 eV).

onsidering cluster concentrations reported in Fig. 6 and the ob- 

ained occupancy, we determine the introduction rate of negative 

pace charge associated to each cluster (g cl ) (singly and doubly 

harged defects contribute with one or two charges to N eff, respec- 

ively). Our results indicate that, in full depletion, the contribution 

f FFC V 4 
= / − is dominant and we even overestimate the increase 

f N eff with irradiation fluence. Other small V’s clusters (FFC V 4 
−/0 , 

HR V 3 
−/0 , and FFC V 5 

−/0 ) contribute to a lower extent and some 

ompensation with donor-like defects may also occur. Although we 

ave not found a correspondence with the acceptor levels H116K, 

140K, H152K measured by DLTS/TSC, our analysis is consistent 

ith empirical radiation damage models of irradiated p -type sen- 

ors, which require acceptor levels in the range of 0.42–0.52 eV 

elow E c (similar to the energy levels of V 3 , V 4 , V 5 clusters) to fit

heir experimental electrical behavior [37] . 

. Conclusions 

We present the first TCAD study that addresses the accep- 

or removal process in neutron-irradiated p -type Si by means of 

tomistic simulations of defect-dopant interactions. The acceptor 

emoval can be successfully modeled by simulating B deactiva- 

ion induced by Si I’s generated by irradiation. We combine sev- 

ral simulation techniques to describe neutron irradiation damage 

nd dopant deactivation processes without specific fitting parame- 

ers or previous assumptions. Our defect-dopant atomistic model, 

idely tested in Si process simulation, is extended to include I 2 
nd I 3 as mobile defects as they play a key role on B deactivation 

nder the operational conditions of particle detectors. 

From the analysis of N eff on a wide range of N eff,0 (10 13 –10 17 

 cm 

−3 ) we obtain acceptor removal parameters that are consis- 

ent with those experimentally reported and with the same depen- 

ence on substrate resistivity. Our study reveals that the efficiency 

f the acceptor removal process strongly depends on the relative 

opulation of I mob , defect clusters and B atoms. We show that the 

ncrease of the acceptor removal parameter φA with N eff,0 is due to 

he limited amount of I mob at low fluences and the reduced proba- 

ility of I-B interaction as fluence increases. The shortage of I mob is 

aused by intense I-V annihilation within irradiation cascades, and 

y the trapping of Si I’s in clusters that prevents them from inter- 

cting with dopants. Defect clusters play a key role by annihilating 

nd trapping I mob since, contrary to impurities and other traps for 

i I’s whose number remains constant during irradiation, cluster 

oncentration increases with fluence and may even exceeds that 

f I mob . To provide a detailed description of the acceptor removal 

echanism, B deactivation models must consider the inhomogene- 
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ty of neutron irradiation damage (especially relevant at low flu- 

nces) and the formation of B n I m 

at high N eff,0 through higher or- 

er reactions between defects and dopants (at least B i + B ↔ B 2 I).

hese mechanisms are responsible for the sublinear dependence of 

A on N eff,0, since they affect the efficiency of the removal pro- 

ess and therefore the amount of I mob required to deactivate the 

opants. We have analyzed the role of O and C on acceptor re- 

oval by including for the formation of VO, C i and B i O defects 

n our model. The presence of O and C modifies B deactivation 

echanisms due to the key role of B i O defects and the trapping 

f intrinsic defects by O and C. However, for the impurity concen- 

rations used in this work ([O] >> [C]), it has little effect on the 

verall amount of removed acceptors. 

We provide a comprehensive description of N eff for the overall 

eutron fluences commonly used in high energy physics, by identi- 

ying the mechanisms of B deactivation and the simultaneous gen- 

ration of defect clusters. The analysis at an atomistic level of de- 

ect cluster population, combined with the energy levels provided 

y ab initio and the insight of DLTS/TSC characterization, leads us 

o propose that the FFC V 4 significantly contributes to N eff at high 

eutron irradiation fluences. 
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