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Motivation

• Low Gain Avalanche Detectors(LGAD) with  carbon implantation by IHEP have excellent irradiation 

resistance.

• Its irradiation resistance originates from the protective effect of doped carbon on the acceptor boron.

• To provide an atomic-level explanation of how carbon-doping mitigates acceptor removal.
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1. MC Simulation

Outline

2. MD Simulation

Lindhard Funtion[2]: to 

calculate Non-Ionizing 

Energy Loss (NIEL).

NRT Model[3-4]: to 

calculate the number of 

displacement atoms (Nd).

PKA Energy Spectrum: to obtain typical PKAs 

as incident particles for MD simulation.

Parameter L[1]: 

L is the number 

of vacancies 

generated per 

unit length by 

each incident 

neutron.

2.1 B-doping 

in Si: Bs

2.2 C-doping 

in Si: Cs

2.3 O-doping 

in Si: Oi

Cascade Collisions:

Bs→Bi+VB

Bs+I→Bi

Cascade Collisions:

Cs→Ci+VC

Cs+I→Ci

Cascade Collisions:

Oi+V→Os

Number of Defects and 

Evolution over Time:

VSi, Sii, VB, Bi,

Number of Defects and 

Evolution over Time:

VSi, Sii, VC, Ci,

Number of Defects and 

Evolution over Time:

VSi, Sii, Os

Parameter K, 

M[1]: K (M) is 

the ratio of 

possibilities of 

carbon (vacancy)

to boron to 

capture an 

interstitial .

Parameters from Experiments (SIMS and CV Test) [1].
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• Actual doping concentration (data obtained through SIMS[1]):

B-doping: 1E17 cm-3; C-doping: 2E17 cm-3; O-doping: 2E17 cm-3; 

• Doping concentration in this MD simulation:

B/C/O-doping: 2.8E22 cm-3 (One dopant atom per 2×2×2 silicon supercell (64 atoms). 

• Actual dimensions of the supercell that should be simulated in MD:

150×150×150 supercell, i.e., 814.7×814.7×814.7 Å3 (Considering the projectile range of PKA);

• Dimensions in this MD simulation:

50×50×50 supercell, i.e., 271.99×271.99×271.99 Å3 ; 1E6 atoms.

• Actual initial existence form of B/C/O doping in Si lattice:

B-doping: Bs (Substitution); C-doping: Cs+Ci; O-doping: Oi;

• Initial existence form of B/C/O doping in this MD simulation:

B: Bs; C:Cs; O:Oi

Three assumptions to be considered in simulation:

Carbon Density Profile[1]

Boron Density Profile [1]
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Monte Carlo (MC) Simulations1

1MeV neutron

Al, 0.3μm

Si_Base，48μm

0-0.5μm，Si+C(2E17)

0.5-0.75μm，Si+B(5E15)+C(2E17)

0.75-1.25μm，Si+B(5E16)+C(2E17)

1.25-1.5μm，Si+B(5E15)+C(2E17)

1.5-2μm，Si+C(2E17)

• Physics List: QGSP_BIC; 

G4ScreenedNuclearRecoil[5-6]

Average Nd per neutron L in Experiments /cm-1 L in Simulation /cm-1 Discrepancy of L / %

0.295234899 52.5 59.047 12.5

PKA Energy Spectrum (1MeV Neutron)

Thus, 72.6 keV Si-PKA will be used as 

the input parameter for MD simulation.

• Particle Source: Point Source (1MeV 

Neutron); Perpendicular Incidence; 1E9

• Theoretical Model: Lindhard Funtion; Norgett-Robinson-Torrens (NRT) Model

L =
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝑑 𝑝𝑒𝑟 𝑛𝑒𝑢𝑡𝑟𝑜𝑛

ℎ
 

=
0.2952

50μm
= 59.047 cm-1
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2 Molecular Dynamics (MD) Simulations

z

x

y[001]

[100]

[010]

Thermostat

Cascade collision zone

PKA

7°

MD Modeling of Cascade Collision Systems in Silicon

• Supercell: 50×50×50, i.e., 271.99*271.99*271.99 Å3

• Doping Concentration: One dopant atom per 2×2×2 

silicon supercell (64 atoms). 

Duplicate

2×2×2

50×50×50

Defect Evolution Over Time (Different Supercells)

Thus, We proved 

that a 50×50×50 

supercell can be 

used to replace a 

150×150×150 

supercell.
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0ps 0.02ps 0.04ps 0.06ps 0.08ps

0.1ps 0.2ps 0.4ps 2.4ps 12.4ps

(1) B-Doping in Si  (Interatomic Potential : Stillinger-Weber (SW) [7-10]))

2 Molecular Dynamics (MD) Simulations

Spatial Distribution of All Vacancies and Interstitial Defects (B-Doping in Si)
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(1) B-Doping in Si  (Interatomic Potential : Stillinger-Weber (SW) )

2 Molecular Dynamics (MD) Simulations

Parameter K is the ratio of possibilities of carbon to boron to capture an 

interstitial, which is 0.65.

K = 2 ∗
𝐶𝑖−𝑉𝐶

𝐵𝑖−𝑉𝐵
 = 2 ∗

𝐶𝑖−𝑉𝐶

159

• Actual doping concentration (data obtained through SIMS[1]):

B-doping: 1E17 cm-3; C-doping: 2E17 cm-3; O-doping: 2E17 cm-3; 

• Doping concentration in this MD simulation:

B/C/O-doping: 2.8E22 cm-3 (One dopant atom per 2×2×2 silicon supercell 

(64 atoms). 

Evolution of the Number of Defects Over Time
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(2) C-Doping in Si (Interatomic Potential : Tersoff/ZBL [11-12]))

2 Molecular Dynamics (MD) Simulations

0ps 0.02ps 0.04ps 0.06ps 0.08ps

0.1ps 0.2ps 0.4ps 2.4ps 12.4ps

Spatial Distribution of All Vacancies and Interstitial Defects (C-Doping in Si)
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(2) C-Doping in Si (Interatomic Potential : Tersoff/ZBL )

2 Molecular Dynamics (MD) Simulations

K = 2 ∗
𝐶𝑖−𝑉𝐶

𝐵𝑖−𝑉𝐵
 = 2 ∗

𝐶𝑖−𝑉𝐶

159
= 2 ∗

27

159
= 0.34

Evolution of the Number of Defects Over Time

Parameter K is the ratio of possibilities of carbon to boron to capture an 

interstitial, which is 0.65.

Parameters From 

Experiments[1] 

From this 

simulation

Discrepancy / %

L 52.5 /cm 59.047 /cm 12.5

K 0.65 0.34 47.7

M 9.5 —— ——

• Actual initial existence form of B/C/O doping in Si lattice: B-doping: Bs

(Substitution); C-doping: Cs+Ci; O-doping: Oi;

• Initial existence form of B/C/O doping in this MD simulation: B: Bs; C:Cs; O:Oi
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3 Summary & Outlook

Completed:

• We have calculated Lsimulation = 59.047 /cm through MC simulations, which corresponds to 59.047 vacancies generated per unit length 

per incident neutron. Lsimulation = 59.047 /cm shows a very high degree of consistency with Lexperiment = 52.5 /cm.

• We have also calculated Ksimulation = 0.34 through MD simulations, meaning the ratio of probabilities for carbon to boron to capture an 

interstitial is 0.34, while Kexperiment = 0.65. The discrepancy may arise because the types of carbon defects capable of capturing 

interstitials are not limited to substitutional carbon defects.

• We explained how doped carbon protects the acceptor boron with parameter L, K and M: carbon competes to capture silicon defects,

thereby "clearing" or "reducing" the silicon defects around the boron acceptor, thereby protecting the acceptor boron. That is to say, 

carbon indirectly protects boron by reducing silicon defects, rather than directly acting on boron.

To be completed:

• In MD simulation work, the types and numbers of irradiation-induced defects in O-doping conditions are being calculated. For C-

doping, possibilities of Ci to capture defects needs to be considered.

• KMC simulation work has been initiated. Based on the results of MD simulations, the defect numbers and spatial distributions 

obtained from MD are used as input parameters for KMC simulation. This enables the study of larger systems and longer time scales to 

determine the probabilities of different doping atoms to capture defects.



Thank you for your 
attention!
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4 Backup

Formula mentioned
• QGSP_BIC physical model simulation includes electromagnetic 

interactions (multiple scattering, ionization, photoelectric effect, 

and bremsstrahlung) and hadronic interactions (elastic scattering, 

inelastic scattering, and nuclear reactions). 

• G4_ScreenedNuclearRecoil class has been added to 

electromagnetic interactions to simulate the nuclear stopping 

power of recoiling atoms. This class, developed by Weller et al. [13], 

is suitable for calculating the Non-Ionizing Energy Loss(NIEL) 

produced by proton and neutron incidence on materials such as Si 

and GaAs. [14]

• Lindhard Funtion [2]: to calculate NIEL.

Q 𝑇 =
1

1 + 𝑘𝐿𝑔 𝜀

𝜀 =
𝑇

30.724𝑍𝑍𝐿 𝑍
2
3 + 𝑍𝐿

2
3

1
2

1 +
𝐴
𝐴𝐿

𝑘𝐿 =
0.794𝑍

2
3𝑍𝐿

1
2 𝐴+𝐴𝐿

3
2

𝑍
2
3+𝑍𝐿

2
3

3
4

𝐴
3
2𝐴𝐿

1
2

𝑔 𝜀 = 𝜀 + 0.40244𝜀
3

4 + 3.4008𝜀
1

6

• NRT Model[3-4]: to calculate the number of displacement atoms.

For Si, Ed=28eV.

𝑁𝑑 𝑇 =

0 𝑇 > 𝐸𝑑
1 𝐸𝑑 ≤ 𝑇 ≤ 2.5𝐸𝑑
0.8 𝑇

2𝐸𝑑
𝑇 ≥ 2.5𝐸𝑑

1) MC Section
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4 Backup

Formula mentioned
• Interatomic Potential Function: Tersoff/ZBL for Si-C  [11-12]

• Interatomic Potential Function: Stillinger-Weber (SW) for Si-B [7-10]

[10]

2) MD Section
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