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EN e R VA R I VAR L S SR B S he AN R & R G R A Z Al k7S SR e st
AL HRE; FET Shockley-Read-Hall BEARTHEL 1 BRI N SR 51 AL A7 A% 453477 R e T S50 ) D P e 84 Jom B
AR RE, P T SR FEIR K T 5 R AR K B T IR R 22 57, RIS A RS SRIR (B AT T XS b S5 R
FW, TR FR A5 R AR R RIS 0 T SR PR K R T L R LR K R T AR [, 2 R e S Y
UL —HAEBE _EA PO, (HBREE IR KT REAE — B RE L b S itk H R IR KAT . 70 73l g e
K H Stillinger-Weber %% i £{0F Tersoff #5 b £ i B3R ) PR -7 F0 it Js F AR K DR 7 15 S e 25 SR — 3, &
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A g1 L 22 P SR RN, P B S R A ) ]
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B 10U T PG AL I g% 2] e AR N S 31 35 1F
I RBURK X A % fof Yt I F AL N 21 AN W] 252 RS
TCOPIG 7 1 2 4 IR R R BN R NI AR Y H
M RRIR A AR Bk AL B 4545 (single particle
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NIEL (non-ionizing energy loss) fr 18 Tl #5 14
Z BN B, SR NIEL Ax ROANE H TR &
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JFEAE A 5 5 ] B AR 2 TR AR BAE A, R
&R T #8100 eV LA R SR PERE 2. 2
PRAR HAE FHEARRE R 3 FE R ARSI, X 3
BCA J7 275 4 18 G IRl i 5| 2 (1) 5k fa =2 18] 73 A1 7
T AN AL 4 40750 112 (molecular dynamics,
MD) J7 i G % ¥ 1 4 18 2 K 22 18] B AH BLAE L Y
3t A 0 ICAE JRE A0, T TH AR #A . 20 tH20 90 4
5, W2 I8 E K MD J7 V55 RE A B 2% B Ailf 42
AEFEREAT T R EAFAE 5T 1910 {3 MD J7 vk HiE
FHT nm 75 (8] ]RBE AN ps B (8] R0 B0, LA 45
T UL 5 I S 5 45 R AT L. IR AR, A
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Carlo, KMC) J7 i R AU B 11 N 5] A2 45747 1R
KATRUTEL BEE R AR R R R R, KA
MD 1 KMC 45 & 1) 2 R B 580 7 45475 RN
{10 7 V2 A R 52 1) o v 190 (B N b i R L
¥ MD F1 KMC J7 V5 A0 25 A A 400 ik 1) e A A B 4 1
I F AL 7% 453 O A A 45 SR A THRE B AR () B 22 2
ORI AH AR IE.

A LU PG 3R AL B8 (active pixel sensor,
APS) I AR E NI RN R, R 2 R R
WITER I T iR BRI R X 2 AR 1) PKA 5
E K SPDD MR KAT . B RH 181 11507
E50F ps I 8] & 2% 1) R IChlE 4 i R AT TSR AR
J&, ¥ MD 54 RAE AN S E T N KMC AL,
, WEFL LR A A R B A Ak v R R I TR A S
T, W MO IE 454, 55T Shockley-Read-Hall
(SRH) HE 0 £ 4t Hb 53 A1 1 AL 451 43 S B 1 7= A2
TS 2 MRS PR AL PR A R A R ) 5 s A
Ja X APS M E Hh I BT 67 B8 B 405 FL AL PR K
AT AT THIEFE. R, A SR 4R S 3 it e
HILL A 48 TE G IR 26 A T St — B8 el T4 R ) i
%) J2 1) FEL 38 264 0 ) 47 0.

2 BB ESENTEN S
REAED,
2.1 REAEHEERIEHRE

K 2% [ Sandia B 5% 52 56 % K 15> 7 3)
71 % 72 LAMMPS 200 %o % B¢ filf 4 5o 72 3 47 4
b, el R T 22 D) AR AH HLAE FH SR FH Tersoff 35 gk %5 (21
AT R IR, FFEAE B AE A R H Ziegler-Biersack-
Littmark % o8 % P2 47 #i b, LT = ARk
= A K $E R T (primary knock-on atom,
PKA)E NN KT, 43082, 5 A10 keV, Xf
JSL [ A58 UL A R KN 43 5l 2R 28ag < 28ag % 25aq,
40ap x 40ag x 28ag, 50ag x 50aq x 40ag, X A&
A R B 3R (ED (001) 1) PLAMK B A dag R
(1) JR T~ K FH Langevin #8350, P 0 2% 16 AlE 4 [X
KA IENREE AR EREAHEBRME, o, y M2
7 1) 35 R R J AP 3 5 Sk A DA RSP RO, AR
SCRE G A i o R ) BAUR H Be AR P K B F
2231 1) Wb R Y B, B 0.3 ps, BRI KON
0.01 fs; 2) HE]sh P B, K 5 ps, B E2EKA 0.1
fs; 3) & FMTI B, B+ 200 ps, BB KA1 fs.

DRI, AR S 398 B PR 4 BB Al 4 S v AL RSO () e B KAy
205.3 ps. X THR—/ & m PKA NS, EENIK
AL

K B¢ 1 A0 )5 148 (nearest neighbor crite-
rion, NN 3 4f&) 15151 $EH 8] B 7 (T) F1 2347 (V)
b AL E A R, T NN HE K H FORTRAN
Y AR ST DUER B AL BRAE B S, X A5 BAE N KMC B
PN A N S HO0S BB A B TR) VSR A A T AT AR .

2.2 KMCHEEXHITE

K F KMC 3 A% MMonCa 124 S B i 4 if
[B) V5 Ak AT D AT B RLTE A, BERIR R ORI
100 nm x 100 nm x 100 nm, Xz, y Flz J5 [y
KRR AV 5% At T DALV B FR SR AL R,
B AT B 6 RIS, Frf 4
()8 A A2 8 M Arrhenius J7 F2 [18):

vij =g - exp | — Ei;/(ksT)], (1)
Horb, vy AFRETE T, By AERF IIRES i AR
W& jAITFR BT AL S5rE SRS EUL
56 0E L SCHiR [18].

3 BAEFHMIRERAELERKATH

DU T AR T EMBRTEREGZ
HUAFAERSF SIS TA]. A SRH B, BB 77
R IR ] (2) A7 D

Tn,p = (Vtho'n,pNt)ily (2)

SO, vy BRI TAIEE L, o, , FRORKRT
LT (A7) RERITE, N, RO, ¥ %%
RSB OL RGN 0 £ . (AR T
B Ay ROFERIK 1 17 46 Ny NI, IR 7%
R (3) 2 (4) RAEATH L

_ Ng
Tl’l 1 = VthO'nTxd, (3)
Nq
-1 _
! = Ve, (®)

FEFEJ DX H = A= R R B hg AE AR K IS A A R AR ds Ak
] I sk B 1 5 A A2 ] e A, T A2 Bl B 1] A2 AL 1Y)
2, DRI ER T 75 o a5 N TR) R A AR Ak 2 ek
Rl By 18] B3 A, 5 B[] & ¢, DDk 1 NS5 ¢ I
Z)/b1FHar R (5) AL (6) b T

Na + N/, ()

T (5)

-1
7' (t) = venon
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b, By NE; 53 5 7R Gk B RE M A AE REZR; ks
Eﬁd\éfix%i, T T E R, 0 Eact,n(p) 27N
H137) 51 762 ) 80IR T AN SR B R 5 P 5 3 22 1R B A
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g RoRFEAR AT, e KON, eqi RonfEM B
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X4 BRI BRI AR B R, BT R IXAE
TEHLY, KT AEM B SRR S, fERER X T
52 18 5 8 0 I R IAE 180 BT RS KT R X e £
Bea (¥ DTk (1) RTINS HE S DX AT ) e s ot v s
HIR A BTk, TR A=
qniAxq

Ir = 9)

SR NS R (0 I L 9T SR 2 B R B B AR
TN 51 RIS B 5 LR n &, #}2 SPDD H
i, A (10) &R 0

Tg

Isppp(t) = AIr(t) = qniAzq [Tél(t) — :J . (10)

B SC E F MD 7 VM KMC J7 58 SR 1 Bk
Fea ) = A A A AR, 456 (10) 2UAT DUIRAS AN A I
Z| ) SPDD Hit, KT R %115 SPDD Hi it b A 1]
st R RA (11) H 5 SPDD HLR 1) —
PEIB K A7 02

AFgsppp(t) =

I1(t) — 1(0)

I(tn) - I(O)

B AI(t) B ISPDD(t)
- AI(tn)  Isppp(ts)’

(11)

Forp, Isppp (t) R b7 NI ¢ B 26k 6 5] 21
SPDD HLit, Isppp (tn) 7N t, B ZIH) SPDD HLIA.
R (11) A X, ¥ SPDD HL A — 1k B ¢, i
Z, BT DL R OB T NG S SPDD HLL IR
KAT . Al & SRR I —f a8 K R
Ng(t) = Na(0)  Ng(t)
N:i(tn) _Nd(()) B N:i(tn).

(2) X —(10) R RAX T 1&—Fh ik [ R AL fir 4
MIHES. SR, NSPRCF NS 51 R m A B 4145 3 22
y3 bR iy Z VA S TN NP N AR RPN SRt
FEAE PRI, BRI IE) RS 5 R A, 3 R R
FURLF AL B B A R ) R, 7ETHE SPDD
HL YL AN 32 5 R X P R R B R SR RIVE 0 (3) =K
(4) A5 (13) 2R (14) K

AF4(t) = (12)

N
— vac int
Th  — vthgn,vacA +Uthan,intA ) (13)
Ld Ld
N;
—1 int
Ty, = UthOpvac— 5y — S VO int —— 14
P p,vac ASCd p,in A.’Ed’ ( )

ForP, o vac(ing 278 AL (18] BT 5L 57) R e ) HL 5
FIAE SR B, 0 vac(ing) 28 AL (18] B 5L T°) G B
S(T /\E’Jﬁ%’j’%é‘iﬁ Nyac, Ning 739037558 B HTAE

25 S e g AN 1) B2 S B B 0 % H . SR (15)
iﬁ (16) SR T NS 5 B 1A 0

7N = Uthgn,vacw

i Uthan’i“twa (15)
T’;l(t) = vthap,vacw

! Uthg"’i“tw’ (16)

For, N (b), Ni (6) 70 sk N5 )5 ¢ B %)
FEIR X r 188 10 0 22 A S o A0 ) Bt S kB H . 7
FIEPIF RGO, BT AR A AR
S5 N (17) R

1 1 1

— = + , (17)
Tg Tg,int Tg,vac

o, & A5 3 1 4 BEIURS 23 9] S kR A (7) 2K %
(8) RHATTHE, By 43 AR AN BRI Eyae A B AR

AR BT IR, & Ja, K (10) it 5 SPDD
T, VSR TR S RO I WA 1 RO R,
E., B, 73 A3 30 S RE A0 T e =
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#1 5 SPDD HiiS 5
Table 1. Parameters used in the calculations of SPDD

currents.

ZH {1 ZH {1
€si 11.8 On,vac/cm? 9 x 10716 [26]
eo/F-em™1 8.85x 107 oy yac/cm? 9 x 10716 [26]
q/C 1.6 x 10719 o, /cm2 2 x 10~15 [20]
kg/J K1  138x 1072 oping/em? 1 x 10713 [26]
vep/emes—1 1 x 107 Eing/eV Ec—0.44[26]
T 3.1416 FEyac/eV Ey+0.47[26]
n;/cm ™3 1.45 x 1010 E;/eV E.—0.56

4 HERBIT®

B 1R T —110 keV PKA A S22 (1)

FEASFRIS ZI 2 () o0 A B2 45T 2 keV PKA
N SR 77 AR ) BB 5 B I ) (AR 4K (RS RE R
HEAT 6 RATED), 58110 keV PKA NS 15 it 2%
R, RO RIEEE B T2 A, DR SO R R .

B 1A 2 ¢ < 205.3 ps IEEE RIS T MD 4
S5, t > 205.3 ps WA R T KMC iF5H 45 1.
] 1AL, A MID BEAUL A 2 28 KMC DL, R
PR IR KA RN, HE 25 MDA KMC
BEFAT B2 AL (205.3 ps) SR FEEH IR R R A AR, Ui
B MDD AU KMC B0 e a5 SR e . AP 2 ]
51, MD G Al e 7 R Sk A A H 7R 0.2 ps /2
FIB BIEAA, 5 IR, 2492 ps Rl THE,
iX 5 Nordlund ZE B3 G 285 T AR 101, 256 i i Gk
FE KB )AL, SR FE AL H 2978 10 ms JE KA B3
TR, X RREEH T ERTR. B3alT
£ T MD I KMC #4845 5 1) SPDD HL i (1) 77 A= Al
AR SR, R 2 AE 3 AT LLE H, SPDD
HL Y 5 50 B i I A T 3 1 1) it 2 B A AR AU
AR, AEAT GG B m] R B, 2R IR I 58 4 A I,
M EMMZER. N T #— 5 SPDD H
TR KAT R FAERBE IR KAT 92 18] DX FIEK &R,
BT (1) LA (12) Ko mitE 7 SPDD A —
B KPR T R VA — IR KR, U — AL
t, = 100 s, FHGFIFIIR KR 74T E A

(a) 15 fs

(b) 240 fs

(c) 205.3 ps

(d) 100 ps

(e) 10's

(£) 1000 s

El1 —A 10 keV PKA NHHEEFEA IR R BB EETES IR E (a)—(c): MD iHH 4R, (d)—(f): KMC il H4R
Fig. 1. Topviews of displacement defects induced by a PKA with energy of 10 keV: Results extracted from (a)—(c):
MD simulation; (d)—(f): KMC simulation.

B 475 H 7 10 ms—1000 s A 2 keV PKA

NI A e 3 — 018 K R (S5 2k) A1 SPDD
B — 1B KR 7 (B 2R). M4l |, W
B KR FAAE— s Z 0. M, 57110 keV

PKA A 2 1 B W FRSE KB Tt LA UM
S, FHSCR R TR ALER R (0)R
e B T AU 8 B R K I 3] 2 SPDD
O AT, BT A U S 0T DL AR 0L R
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300
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ks H
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0 : L
10-% 10~ 107° 10°6¢ 10°3 100 103

i) /s

K2 (MTIRE) SiaEE R e
Fig. 2. (color online) The number of defects evolves

with time.

MD KMC

60 -

50

40

30F

SPDDHL/fA

20

10+

0 4
10-1% 10-'2 109 106 1032 100 102
B i) /s

3 (MTIFE) SPDD HLIHER 8] #4381k
Fig. 3. (color online) The SPDD currents evolve with

time.
0 Sk WA —LR AT
HE2: IR K T
5 -
—---1
— ---2
4 i
.,
X — -4 ]
gég! —---5
T —---6
|
1+ — =
0 1 1 1 1
0.01 0.1 1 10 100 1000

i) /s

B4 (MTI#T) 2 keV PKA N4 F 5L R SPDD
R —HaB KB 7

Fig. 4. (color online) Normalized annealing factors of
defects and SPDD currents for the case of 2 keV PKA.

AFsppp(t) = AFq(t). F I, %5 & —Fh ok G R,
SPDD HLi iR kAT A 5 BB IR kAT Mg — B,
SPDD Hiji g s Skfa s H IEE R, HF &
Pk K R DA BB R R el T AS (R i

AIEH B 17 3R AT AN B B RE X AN A [, T
SPDD WL AN 58 FEEH A %, i 580 117
SRA AN ERRE BE LA OC, PRIt SPDD HLJi 5wk £k
HARMHRMIERKR, H AFsppp(t) # AF,(t).
B 545 T X2, 5A110 keV PKA A5 B A
—ALIE K [H T F1 SPDD HL i U — 1R KK 73R °F
BIfE g A, BT WL, PR R KT AR —
SE ZE 00, AR AR 22 AR/, DRI R PR IR K R T RE A 4G
-1 Jz it SPDD Hi i AR kAT M.

T T T T
4 Defects b
— SPDD currents
3k
M
X
o oot
=)
|
g
1k
0 1 1 1 1
0.01 0.1 1 10 100 1000

Bifi) /s
K5 (MTIEMR) SaM SPDD Hi-F8 I3 —1kiE K K ¥

Fig. 5. (color online) The mean normalized annealing
factors of defects and SPDD currents.

Sensor 2, 75 msl12
4+ Sensor 2, 90 ms[2
Sensor 2, 150 ms/12
Sensor 2, 1 s[12
Sensor 1, 500 ms[12
S currents, mean annealing,
" 3 SPDD li SW
= — — defects, mean annealing, SW
< — — defects, mean annealing, Tersoff
o]
T
o
1+ —— SPDD currents, -
mean annealing, Tersoff
1 1
0.1 1 10 100 1000

i) /s

6 (MFPEM) 2T Tersoff A %S SW HA Rk H it
HEUR 5580 45 R LA

Fig. 6. (color online) The normalized annealing factors
based on MD simulations with Tersoff potential and

SW potential compared with experimental results.

WA SR HE 1) AFsppp (t) F1 AF4 (t) “F31{E
55 Ranie % 12 R A o748 B APS 78 #3551 ke
{10 BRI A% 450 5 FRLUARL ST B 4 R AT LA, RN
Z i % T Stillinger-Weber (SW) 3% b8 £ 1) 2% X Ailf
8 MD R 45 A KMC B 545 5 27 5 2 0
L, Gl 6 fros. MBI R]EL AR SIS A T )
SPDD HLjfit 5 — iR K K F IR E N T 2532
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[7], 3& T Tersoff # pf FL AN HE T SW 8 H 11 5 1)
SRS BB A, HELZ T, T SW
AR A RS s A R OB, /N
10%; #&F Tersoff # R ETHH AR KR FHIIG1E L)
N 3.5, T J BB AT SPDD HL it B G B 5 s 06 45
BAELE R, £70.5 s 53T Tersoff R HI 1T H
SR 5Si0 gt FAH AR/, 52T SW S R # it
e Rgn. W 6IET AL BT SW e it
A R R KR 5 SRR S AR, /N1 s
55206 45 BARONHEIE, T 110 s 76 [ P9 IE KGR
FRIGEE R, HMHZEA K. T I T Tersoff H bk
g R, JE T SW B SR B S 4 R
BRI FAAHZEA K.

Oy AT E B R S S A ) B O 2= R R TR
wr.

1) HHE BB R X N H 0 A 23 51, 2
AR FARE R X N 1 I A R B A, fER
A AN B 37 B RE R IX PR e 6T HL I B ST R AN R, A
IF) [X 355 B4 B B P T A VB AL TT BEAS [ b, Fdg vl
RS 08 4 R B R0V A0 AT A= AR s T AR SCITE B
2T FIZ BRI AL IR .

2) v e T 3 FE A R B AAEAE LRIV 7 sl
K, T & A 2% REBE 4 1) SR B 6 SPDD HL Uit 1) 52
M. HH TR R B A BEALIE, BRI RN S
72 AR R R B R T A5 AN 23 18] 23 A R AN R 1D, 3% Rl
SR H SRS — 5T, AL RS IR i
FAN] 5 A R A A ps I ) B 2, S BOR H S2 56
T BOME DLOLIN 20 B 1 T2 ORI R A0 AT 5 55—
J5 T8, B 5 BB 2 TR] B B NI 2 R AR A ELA
M, Bk N4 TGS EAZ, Xii—2
BN T SR A S8 T BOR BCEURL T 57 #4374 SR T
S B, Rk, A5 SPDD H iR
K R ST AR B B IR, X AT R OB AU 45 SR 5
6 45 SR H B 2

3) SPDD HLii KB [al AL ) TH s R EH %
FIKMC £ R 52 m, KMC 251 A 24
AIRE T B R SR g5 R w2, KMC it
(250 Bk YR T S0 AN 88— R A5 R T
— AL AR SRR HROE A AR Fln, fE
T 5 J5 1 B T e B A T 2.5—5.6 eV 128] 22 ],
LI RERE AN T 24 oV P8 2 ] SR UAN )
EATTHE R4 RN, B KMC i E S50
HERAE—AEE

5 %

AT MD A KMC J7 L T ki FArf%
14 R Be AR R AL 22 REERAU T, S T 5
WAL A 453 4 I L T B A 5K, IR 3T MD AN
KMC 2 REBIZ R H T keV B PKA 74
FUDX A 72 AR PR A 8 45343 P s 5 A 1) B KL - A 4%
Pt F. B TR S SRR, HIE PR A LA
SR FE AT SPDD ML R I, SPDD HLLIR K
DRl - AR B IR K R AEH(l B, (A —E X
. BB KR TR AE— e R A E R SPDD HL
WIHIB KAT N, R ASCHH 5 SPDD HLifE K A
T 596l —8, FT SW AR BT 45 R &
T Tersoff % bR BT 50 1) 45 5 23 S0 18

B VG PE S IMDEA #1858 T 1. Martin-Bragado
TC AE KMC BT TR 48 S AN B, B v PEF Al-
icante X% M. J. Caturla #(4% X 3 H Los Alamos [ 5 5k
5o 25 R 8 - #E MID ASH0U07 T AT 61818

SE 3k

[1] Zhang Z G, Liu J, Hou M D, Sun Y M, Zhao F Z, Liu
G, Han Z S, Geng C, Liu J D, Xi K, Duan J L, Yao H
J, Mo D, Luo J, Gu S, Liu T Q 2013 Chin. Phys. B 22
096103

[2] Yu J T, Chen S M, Chen J J, Huang P C 2015 Chin.
Phys. B 24 119401

[3] Bogaerts J, Dierickx B, Mertens R 2002 IEEE Trans.
Nucl. Sci. 49 1513

[4] Goiffon V, Magnan P, Saint-Pé O, Bernard F, Rolland
G 2009 Nucl. Instrum. Methods Phys. Res. A 610 225

[5] Battaglia M, Bisello D, Contarato D, Denes P, Doering
D, Giubilato P, Kim T S, Mattiazzoc S, Radmilovicb V,
Zaluskya S 2010 Nucl. Instrum. Methods Phys. Res. A
624 425

[6] Virmontois C, Goiffon V, Magnan P, Girard S, Inguim-
bert C, Petit S, Rolland G, Saint-Pe O 2010 IEEFE Trans.
Nucl. Sci. 57 3101

[7] Doeringa D, Deveauxa M, Domachowskia M, Dritsaa
C, Froehlicha I, Koziela M, Muentza C, Ottersbacha S,
Wagnerc F' M, Strotha J 2011 Nucl. Instrum. Methods
Phys. Res. A 658 133

[8] Wang Z J, Tang B Q, Xiao Z G, Liu M B, Huang S Y,
Zhang Y 2010 Acta Phys. Sin. 59 4136 (in Chinese) [T
M, AT, HEN, X80, HAE, K5 2010 W
i 59 4136]

084209-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1088/1674-1056/22/9/096103
http://dx.doi.org/10.1088/1674-1056/22/9/096103
http://dx.doi.org/10.1088/1674-1056/24/11/119401
http://dx.doi.org/10.1088/1674-1056/24/11/119401
http://dx.doi.org/10.1109/TNS.2002.1039695
http://dx.doi.org/10.1109/TNS.2002.1039695
http://dx.doi.org/10.1016/j.nima.2009.05.078
http://dx.doi.org/10.1016/j.nima.2010.03.156
http://dx.doi.org/10.1016/j.nima.2010.03.156
http://dx.doi.org/10.1016/j.nima.2011.05.079
http://dx.doi.org/10.1016/j.nima.2011.05.079
http://wulixb.iphy.ac.cn//CN/abstract/abstract17079.shtml

) I % R Acta Phys. Sin.

Vol. 65, No. 8 (2016) 084209

[9]

Zeng J Z,LiY D, Wen L, He C F, Guo Q, Wang B, Ma
LY, WeiY, Wang HJ, WuD Y, Wang F, Zhou H 2015
Acta Phys. Sin. 64 194208 (in Chinese) [$ 3847, Z2¥%,
SCRK, AR, SR, EE, HENME, BREE, EilELr, sUKER,
EM, L 2015 PIE A 64 194208]

Auden E C, Weller R A, Mendenhall M H, Reed R A,
Schrimpf R D, Hooten N C, King M P 2012 IEEE Trans.
Nucl. Sci. 59 3054

Auden E C, Weller R A, Schrimpf R D, Mendenhall M
H, Reed R A, Hooten N C, Bennett W G, King M P
2013 IEEE Trans. Nucl. Sci. 60 4094

Raine M, Goiffon V, Paillet P, Duhamel O, Girard S,
Gaillardin M, Virmontois C, Belloir J, Richard N, Mag-
nan P 2014 IEEE Trans. Nucl. Sci. 61 2826

Otto G, Gerhard H, Gartner K 2003 Nucl. Instrum.
Methods Phys. Res. B 202 114

Borodin V A 2012 Nucl. Instrum. Methods Phys. Res.
B 282 33

Nordlund K, Averback M G S, Tarus J 1998 Phys. Rev.
B 57 7556

Delarubia T D, Gilmer G H 1995 Phys. Rev. Lett. 74
2507

Jaraiz M, Rubio E, Castrillo P, Pelaz L, Bailon L, Bar-
bolla J, Gilmer G H, Rafferty C S 2000 Mat. Sci. Semi-
con. Proc. 3 59

(18]

084209-7

Martin-Bragado I, Riverab A, Vallesb G, Gomez-Sellesa
J L, Caturla M J 2013 Comput. Phys. Commun. 184
2703

Nordlund K, Djurabekova F 2014 J. Comput. Electron
13 122

Plimpton S 1995 J. Comput. Phys. 117 1
Tersoff J 1989 Phys. Rev. B 39 5566

Ziegler J F, Biersack J P, Littmark U 1985 The Stop-
ping and Range of Ions in Matter (Vol.1)(New York:
Pergamon Press) p25ff

Farrell D E, Bernstein N, Liu W K 2009 J. Nucl. Mater.
385 572

MMonCa Software Directory, Martin-Bragado I http://
www.materials.imdea.org//MMonCa/[2015-7-7]

Srour J R, Hartmann R A 1989 IEEFE Trans. Nucl. Sci.
36 1825

Lazanu I, Lazanu S 2006 Phys. Scripta 74 201
Tang D, Martin-Bragado I, He C H 2015 International

Conference on Radiation Effects of Electronic Devices
Proceedings Harbin, China, October 19-21, 2015 p6

Aboy M, Santos I, Pelaz L 2015 J. Comput. Electron 13
40


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.194208
http://dx.doi.org/10.7498/aps.64.194208
http://dx.doi.org/10.1109/TNS.2012.2224131
http://dx.doi.org/10.1109/TNS.2012.2224131
http://dx.doi.org/10.1109/TNS.2013.2289737
http://dx.doi.org/10.1109/TNS.2014.2364397
http://dx.doi.org/10.1016/S0168-583X(02)01843-8
http://dx.doi.org/10.1016/S0168-583X(02)01843-8
http://dx.doi.org/10.1016/j.nimb.2011.08.047
http://dx.doi.org/10.1016/j.nimb.2011.08.047
http://dx.doi.org/10.1103/PhysRevB.57.7556
http://dx.doi.org/10.1103/PhysRevB.57.7556
http://dx.doi.org/10.1103/PhysRevLett.74.2507
http://dx.doi.org/10.1103/PhysRevLett.74.2507
http://dx.doi.org/10.1016/S1369-8001(00)00013-5
http://dx.doi.org/10.1016/S1369-8001(00)00013-5
http://dx.doi.org/10.1016/j.cpc.2013.07.011
http://dx.doi.org/10.1016/j.cpc.2013.07.011
http://dx.doi.org/10.1007/s10825-013-0542-z
http://dx.doi.org/10.1007/s10825-013-0542-z
http://dx.doi.org/10.1103/PhysRevB.39.5566
http://dx.doi.org/10.1016/j.jnucmat.2009.01.036
http://dx.doi.org/10.1016/j.jnucmat.2009.01.036
http://dx.doi.org/10.1109/23.45375
http://dx.doi.org/10.1109/23.45375
http://dx.doi.org/10.1088/0031-8949/74/2/009

32 % R  Acta Phys. Sin. Vol. 65, No. 8 (2016) 084209

Multi-scale simulations of single particle displacement
damage in silicon”

Tang Du He Chao-Hui' Zang Hang Li Yong-Hong Xiong Cen
Zhang Jin-Xin Zhang Peng Tan Peng-Kang

(School of Nuclear Science and Technology, Xi’an Jiaotong University, Xi’an 710049, China)
( Received 1 September 2015; revised manuscript received 27 December 2015 )

Abstract

Silicon devices are extensively used in space and other radiation-rich environments. They must withstand radiation
damage processes that occur over wide range of time and length. Ion implantation technique, one of the most important
process in the fabrication of integrated circuits, can also create the displacement damage in silicon lattice. Exposure of
silicon wafer or silicon device to radiation causes the creations of variety of defects and has adverse effects on the electrical
properties of devices. Although phenomenological studies on the radiation effects in silicon have been carried out in the
past decades, the features of multi-scale of displacement damage make it difficult to characterize the defect production
and evolution experimentally or theoretically. Recently, the silicon device with ultra-low leakage current was shown to
be very sensitive to the permanent displacement damage induced by single particles, called single particle displacement
damage (SPDD) event. To the best of our knowledge, the investigation of single particle displacement damage (SPDD)
event in silicon device by the coupling molecular dynamics (MD) and kinetic Monte Carlo (KMC) techniques has not yet
been reported so far. In this paper, MD simulations are combined with KMC simulations to investigate the formation and
evolution of SPDD event in silicon. In MD simulations, Tersoff potential is used to describe the Si-Si atomic interactions.
The potential smoothly joins to Ziegler-Biersack-Littmark potential that describes the energetic short range interactions
well. All atoms in the MD cell are allowed to evolve 0.205 ns to track the damage production and short-term evolution.
A multi-phase simulations are performed to improve the simulation efficiency. Then the nearest neighbor criterion is
employed to identify the configurations and spatial distributions of interstitials and vacancies, which are used as input
in KMC simulations to study the thermal diffusion and interactions of those defects in the time interval from 0.205 ns
to 1000 s. The results show that no defects are missing when transferring from MD to KMC simulation and the whole
damage obtained in MD simulations is reproduced in KMC simulations. Since the production and evolution of defects
are simulated, the SPDD current could be calculated based on Shockley-Read-Hall theory. We derive the formula to
calculate the SPDD current and its annealing factor related to interstitials and vacancies in the depletion region. The
calculated annealing factors of defects are compared with the annealing factors of SPDD currents and also with the
experimental results. The results show that an annealing factor of defects has the same value as the annealing factor
of an SPDD current when only one type of defect is considered in the calculations, while there are some differences
between these two annealing factors when two and more types of defects are considered. The annealing factors of defects
can be used to represent the annealing behaviors of SPDD currents since the divergences between these two annealing
factors are not significant. Finally, SPDD current annealing factor based MD simulation results obtained with Tersoff
potential are compared with the results in our previous study in which the Stillinger-Weber potential is used, and also
compared with experimental results. The comparisons show that the simulation results with considering both Stillinger-
Weber potential and Tersoff potential are in good agreement with experimental results. Compared with the calculated
results with considering the Tersoff potential, the results with considering the Stillinger-Weber potential are closer to
experimental results.

Keywords: displacement damage, defects, annealing factors, leakage current
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