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Motivation

« Low Gain Avalanche Detectors(LGAD) with carbon implantation by IHEP have excellent irradiation
resistance.

« lts 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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Outline

1. MC Simulation —>

!

Lindhard Funtionl?: to
calculate Non-lonizing
Energy Loss (NIEL).

PKA Energy Spectrum: to obtain typical PKAS
as incident particles for MD simulation.

\ 4
2. MD Simulation

—>

o

—>

2.1 B-doping |
in Si: Bs >

2.2 C-doping
in Si: Cs >

2.3 O-doping
in Si: Oi

Parameters from Experiments (SIMS and CV Test) [1.

Cascade Collisions:
B.—B;+Vg
B.+1—B;

Cascade Collisions:
Cs_)Ci-I_VC
C.t+1—-C,

Cascade Collisions:
O,+V—0q

—> calculate the number of
displacement atoms (Nd).

NRT Model3-4: to

v

Parameter L[

Number of Defects and
=>» Evolution over Time:
Vi, SI;, Vg, B,

Number of Defects and
=» Evolution over Time:
Vi, Si;, Vo, G,

Number of Defects and
=>» Evolution over Time:

> L is the number
of vacancies
generated per
unit length by
each incident
neutron.

Parameter K,
MI: K (M) is
the ratio of
=»  possibilities of
carbon (vacancy)
to boron to
capture an

Interstitial .
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Actual doping concentration (data obtained through SIMSIH): >
B-doping: 1E17 cm3; C-doping: 2E17 cm3; O-doping: 2E17 cm3; I

dcpth1 (Lm)
Carbon Density Profilel!]

Doping concentration in this MD simulation:

B/C/O-doping: 2.8E22 cm (One dopant atom per 2x2x 2 silicon supercell (64 atoms). HEP_IMEV2 sty ]

— W4 |
— W4 _lll
ol —— W7 |
i — W7l

Actual dimensions of the supercell that should be simulated in MD: *E'
150% 150x 150 supercell, i.e., 814.7x814.7x814.7 A3 (Considering the projectile range of PKA); E

Dimensions in this MD simulation: Ll |
50x50x50 supercell, i.e., 271.99x271.99x271.99 A3 : 1E6 atoms. ST

Boron Density Profile [

Actual initial existence form of B/C/O doping in Si lattice:
B-doping: B, (Substitution); C-doping: C.+C;; O-doping: O;;

Initial existence form of B/C/O doping in this MD simulation:
B: B; C:C; O:0;
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m Monte Carlo (MC) Simulations

1MeV neutron
carbon implantation ; ‘ . -

£ r Cathode Al, 03Hm 0. U"]U'_L I | l+ IMeV Nclquon'_
8:- aluminum 0-05}1111, S|+C(2E17) ‘ 0. 035 'lll.'..' 1
0.5-0.75um, Si+B(5E15)+C(2E17) 0,030 '“'--..“l .
.1‘3 ': Active range = 1200 um 0.75-1.25um, Si+B(5E16)+C(2E17) 002 "-.__ ]
.E § 0. 020 | 7
: 1.25-1.5um, Si+B(5E15)+C(2E17) = = “0%1 | -_
a : 0. 005 ]
Si Base, 48 ] -
Pt — ’ Hm 0. 000 -

-0. 005 | T T T T T T T

80 100 120 140

« Physics List: QGSP_BIC; « Particle Source: Point Source (1MeV Energy of PKAs/keV

G4ScreenedNuclearRecoill®8l  Neutron); Perpendicular Incidence; 1E9 PKA Energy Spectrum (1MeV Neutron)

Thus, 72.6 keV Si-PKA will be used as
« Theoretical Model: Lindhard Funtion; Norgett-Robinson-Torrens (NRT) Model the input parameter for MD simulation.

__ Average Nd per neutron

Average Nd per neutron | L in Experiments /cm-! | L in Simulation /cm-?! Discrepancy of L / % L ;2952 h

— — -1
0.295234899 52.5 50.047 125 ~Soum O O e s




g Molecular Dynamics (MD) Simulations

Duplicate

Thermostat I_)

Cascade collision zone

[001] y 3000 ————rrrry e — -
2500 ;‘Q 4
[010] . "¢
5 2000 ey 1 Thus, We proved
[100] 2 M that a 50x50x50
o, 1500 .
MD Modeling of Cascade Collision Systems in Silicon ° ;i supercell can be
£ - s f | used to replace a
: s 1 ] 150x150x150
‘ 500 - —4— 50%50450 V. si 1 supercell.
« Supercell: 50x50x50, i.e.,, 271.99*271.99*271.99 A3 o= SO0 1B
0-¢ o
. Doping Concentration: One dopant atom per 2x2x2 oo o1 '/' o 10
. Time/ps
silicon supercell (64 atoms). Defect Evolution Over Time (Different Supercells)
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E Molecular Dynamics (MD) Simulations

(1) B-Doping in Si (Interatomic Potential : Stillinger-Weber (SW) (Z*

Ops 0.02ps 0.04ps 0.06ps

0.1ps 0.2ps 0.4ps 2.4ps
Spatial Distribution of All Vacancies and Interstitial Defects (B-Doping in Si)




E Molecular Dynamics (MD) Simulations

(1) B-Doping in Si (Interatomic Potential : Stillinger-Weber (SW))

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

B-Doping in Si e [ 5i

2501 ] interstitial, which is 0.65.

|
2000 '..‘h.h'.. E
1500 ..H
J
»

0

S

Number of Defect

Ci—V Ci—V
umni i ]%{ — ;Z * l C — ;Z * l C
500 s - ‘l' lgif_'bflg ].E;€9
0.01 0.1 S 1 10

T R « Actual doping concentration (data obtained through SIMSI):

) e B-doping: 1E17 cm3; C-doping: 2E17 cm3; O-doping: 2E17 cm3,;
5 ;-"' _ *  Doping concentration in this MD simulation:
: /' B/C/O-doping: 2.8E22 cm (One dopant atom per 2x2x2 silicon supercell

| .‘#‘j’ '..__.__.,‘;‘-___”‘H (64 atoms).

T
10

Evolution of the Numb&r*of Defects Over Time Page 8
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ﬂ Molecular Dynamics (MD) Simulations

(2) C-Doping in Si (Interatomic Potential : Tersoff/ZBL [17-74]))

o

Ops 0.02ps

0.1ps 0.2ps 0.4ps 2.4ps 12.4ps
Spatial Distribution of All Vacancies and Interstitial Defects (C-Doping in Si) Page 9



E Molecular Dynamics (MD) Simulations

800
TUU;
600;
500;
400:

3004

Number of Defects

200 -

100

-100

C-Doping in Si '.

/ .“‘\ o vy
i

[ 4

-

0.01

120

M | M T L
0.1 1
Time/ps

100

Number of Defects
- o o]
(=] (=] =
1 1 1

(S
(=]
1

0

C-Doping in Si *

0.01

(2) C-Doping in Si (Interatomic Potential : Tersoff/ZBL )

'

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

interstitial, which is 0.65.

K = 2« 2i2Yc

0.65
M 9.5

B —-Vp
Parameters From
Experimentsl!

52.5 /cm

? %

C.

59.047 /cm

S =252 =034

159

From this Discrepancy / %
simulation

12.5

0.34 47.7

*

. Actual initial existence form of B/C/O doping in Si lattice: B-doping: B,

(Substitution); C-doping: C.+C;; O-doping: O;;
. Initial existence form of B/C/O doping in this MD simulation: B: B; C:C; O:0,
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ﬂ Summary & Outlook

Completed:

. We have calculated L, ation = 99-047 /cm through MC simulations, which corresponds to 59.047 vacancies generated per unit length
per incident neutron. Lgmjaion = 99-047 /cm shows a very high degree of consistency with Ly eriment = 52.5 /cm.

*  We have also calculated K, jation = 0-34 through MD simulations, meaning the ratio of probabilities for carbon to boron to capture an
interstitial is 0.34, while K, ciment = 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. Page 11
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Formula mentioned

1) MC Section

« Lindhard Funtion [2]: to calculate NIEL.

T) = 1+ k. g(e)

T

&= 1

2 2\2 A
30.7247ZZ, <Z§ + Zf) (1 + A—)
L

2 1 3
_0.794Z3Z}(A+AL)2

kL_ 3

( 2 E)Z 3 1
2 3 > A2
Z3+Z;) A2A7

3 1
g(e) = &+ 0.40244¢+ + 3.4008¢6

« 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. [3],
is suitable for calculating the Non-lonizing Energy Loss(NIEL)

produced by proton and neutron incidence on materials such as Si
and GaAs. 4]

« NRT Model3-4: to calculate the number of displacement atoms.
For Si, Ed=28eV.

0 T >E,
1 E; <T<25E
Na(T) = 0.8(T) ’ ‘
: T > 2.5E,
2Eg4
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- Interatomic Potential Function: Tersoff/ZBL for Si-C [11-12

Formula mentioned QJRARYEEeiy E-lyy,
i i

« Interatomic Potential Function: Stillinger-Weber (SW) for Si-B [7-10] Vii = (1 — fr(rij+ 8)VZBE(ri; + 8) + fr(rij + VT (v, 4 8)

1
E= Z Z Pa(riz) + Z Z Z ®3(rijs Tikes Oi k) fr(r) =

1 + E_AF[T_T("]

i gi i gt k>j
Tij s L Tij
Pa(rij) = Aijesj [Bij( )P — [—}q”] =40 (—) 9
Tij Tij Tij — Qij0ij VZBL(y) — 1 Zi1Zse #(r/a)
da(Tij Tiks Oiik) = Aijk€iji[cos @ cos @ ]Qexp Va7 exp Wik R
o B} = Noinss R . L N Lo .
3\ Tijs Tiks Uik ijk€ijk ijk i jik T — a0y T 0.8854 ay

6P =———
Z?,ES+ZS,E3

TABLE VI. Stillinger—Weber parameters for Si—-Si and Si-B interactions. é(z) = 0.1818e 32 4 0.5009¢ %4237 4 .2802¢ 04020z | ( 028]7¢ 0216

Parameters refer to Egs. (4) and (5) shown in the text. The preferred Si-
B-Si bond angle is 114.9°, and the neighbor cutoff i8Iz A

VTer.mf_f — 4+ bi'
Parameter Pure silicon potential Si—B potential (r) = folr) [r(r) Jfﬁ(r.r}]
lir<R-D

A 15.2764 eV 24.2407 eV fe(r)={ 1+ —3isin(3°E) i R-D<r<R+D
B 0.602 224 0.708 769 0{r>R+D
p 4.0 5.996 808 fr(r) = Aexp(—Ar)
q 0.0 4.292 801 fa(r) = —Bexp(—Aar)

i = ij
N 45.5070 eV 40.8000 eV m m
y L 1 866 938 Gij = ,;j fo(rix+ 8)9(0ize) exp s (rij — ria)™]
K 3 0.421 2354 ‘ 2 2

) =vim |1+ — —
o 2.09510 A 2.38 703 A g(0) -r;,k( + 2 Fan {Cﬁsg_msﬂﬂ}g])
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