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Fig. 1. Energy spectrum: (a) Cosmic ray energy spectrum; (b) 100 mil Al shielded cosmic ray energy spectrum.
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Table 1.  Geant4 Simulated parameters and NIEL.

FiFfEi/MeV SR /mm  SiERE/mm  NIEL/(MeV-cm?g!)  InPH#/mm InPERE/mm  NIEL/(MeV-cm2gt)
1 0.016 0.0018 0.07004 0.013 0.0015 0.0558
2 0.048 0.0050 0.03763 0.038 0.0040 0.0302
5 0.216 0.0220 0.01519 0.164 0.0180 0.0135
10 0.709 0.0750 0.00968 0.518 0.0550 0.0079
20 2.390 0.2400 0.00759 1.680 0.2000 0.0051
50 12.180 1.2200 0.00483 8.320 1.0000 0.0037
100 41.620 4.1800 0.00265 27.530 3.0000 0.0034
200 138.630 14.0000 0.00148 90.270 9.5000 0.0032
300 273.570 28.0000 0.00138 176.860 18.0000 0.0033

0-08F (a) SRR 0.056 (b) SRR
A k{9 R —e— 5
T 006F = A HEAH 7 .
& & 0.042}
& g
S o
> 0.04 >
c \ 2 o028t .
m 0.02F 5
= a 2 0.014f
Z . Z I\
0 S—a—a T—a—a-a
0 L
1 10 100 1 10 100
figiE/ MeV A&/ MeV

E 2 1—300 MeV Jii 7 A4t (a) Si #1 (b) InP ) NIEL 35 {4
Fig. 2. 1-300 MeV proton NIEL for (a) Si and (b) InP.
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Table 2. Design scheme of heavy ion incident on InP.

RFFZE R HHE InP#RHERE /pm

Jrik— H 10 500

He 106 500

C 106 500

N 106 500

0 106 500

Fe 106 500
Tk H 12728631 500

He 1187039 500

C 30045 500

N 8389 500

o} 20305 500

Fe 3200 500
k= C 10 500, 1000, 5000

N 106 500, 1000, 5000

0 106 500, 1000, 5000

Fe 106 500, 1000, 5000
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D3 PE RIS 1 PTG, B R 420t 10 Ut S
BOF- R 2.
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Y SKA EE R BB RS 2. ik 3 iR,
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102 590, B 10 YO EdE B R REE U, 13
(EHEATARME.

* 3 FTHNLR T & H PKA 7E 500 pm JE InP

P NIEL it
Table 3. NIEL of cosmic ray particles and their PKA
produced in 500 pm InP.

K St NIEL/ NIEL 7 S
R R (MeV-cm?g!) di b/ % £ e
H H 0.004316 98.365  0.03953
PKA 7.1739x10° 1.635  0.08716
He He 0.00861 96.443  0.02208
PKA 3.17556x 104 3.557  0.04532
C ¢ 0.0165 99.906  0.01073
PKA 1.54785x10° 0.094  0.20895
N N 0.01798 99.928  0.01309
PKA 1.2888x10°° 0.072  0.30657
0 0 0.02132 99.936  0.01548
PKA 1.3566x10°° 0.064  0.20082
Fe Fe 0.11922 99.976  0.00507
PKA 2.9332x10° 0.024  0.15543

ST 3B AT, AHEL T H, He, EE 1Y
NIEL {f /i lL B K, 3k 99% LA |, T HE B 1 PKA
77 A %) NIEL {8 7 AR 0.024%—0.094%. 5 A
T EET PKA fEM BN =1 SKA 2 H > H
HAR s B DR AE /)N, AT LA ZU0S T B T SKA 78
PRk = A WAL RS B, 5T B 1 PKA FE
InP Mk = A i RS B 4.

Fe#z 6 B ASPRL 71 NIEL {8, % ¥l NIEL {6
SR E00 5 BOE e, 13X — 35 S0k [35] 45
ARST. T RIAE Tt i ki 5 A SR 7
BTy BAE . AR R R AR, SRR
SR, 7E InP MRk AN RS0 5 1 e T B
i, B NIEL B K. b F [ — R A InP 4K
C, N, O, Fe /) NIEL {H [t H, He 15 1—2 &2k,
VULAHZS (A 8 25 F-7F InP AR ™= A 3R f 25 RE DT
PO A RS0 RIS KT H, He, A2 X
23 AR S PREE T B 1 2 AU InP L8 F %
EXGUEEE ZinLGE Y R

32 FHFEANHBETHARFERNF
NG InP F=4RAERBEREETTIR

M4 CREMEOG B 2 $2 {1k i e 3 Al T i,
H, He, C, N, O, Fe Fi 8 HAE TR P 5 H
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4 99.7%, AT LI R T AR L A AR L
RERLUTRUE L4 T3X 6 Rk FIF i RE R DI Z
Fl. A NZSIER H, He, C, N, O, Fe fE Wt FEHL
THRIE— A T e InP Aok ™A 1 SR
HLERE R DU, 6 FIURLF7E 500 pm x 500 pm -
T —4FE N EA RS ECH Sy 13987508 4>, 7E3K 4
g AR R ASTEE AR BB L AR
BRe S e (SRR B RIRE S 6 ARk
HLE B RE 2 AN LA LA R AR S R 8. A8 53 R L
FE 102 2%, UL 10 W0 EE s B 35 g~ 1Y
HEAERNE.

%4 ARRPRCTLE 0.125 mm?® InP 25 B9 9L B B DiRE

Gtk

Table 4. Total non-ionization damage energy produced

by cosmic particles in 0.125 mm? InP.

ki A AR FErE B A 5

e BE  BLEE/MeV MifEditk/% REL
H 12728631  12380.55 82.14 0.01366
He 1187039  2312.76 15.34 0.02426
C 30945 116.995 0.78 0.07564
N 8389 33.99 0.23 0.01548
0] 29304 142.74 0.95 0.05274
Fe 3200 86.27 0.56 0.01301

M2 4 AT%0, 76 0.125 mm? InP #RF IR
e B RE R 2 RS H, Gl 82.14%, S5 k£
BB TSI 45 AT, He B9E L B BT RE 5 Lb
KFNT 15.34%, C, N, O, Fe H 5 7 HAEr B 4045
AEA 7 o 2.56%. RIfE 2/ NIEL {65 T H,
He, {H 28 B 7625 AR ST IAEE T 8 H 2D, R
7 InP = ) B AR L BT RE  ELE IR

C 1 O % H L K NIEL {22305, Kk
B ine b R, 435 0.78% F1 0.95%, 1M
N ) NIEL {8 )& H B H 8>, HAR B Hidine
LAkl 0.23%. Fe (9%5 H /{0 NIEL f Lt C,
N, OK 1/ # %%, It 32004~ Fe & 7 A 4t
0.125 mm?® InP 77 A= B9 ={E L 25 4 43 BE 7E 25 8] 5 25
TFHARTZM, & isF] 0.56%. LA _EGEiHAT 300
LU T 25 [ R S R PR R 7™ A= i A i 25 46040
AE, A InP ARHEZS (B A9 I RS 5 5080

3.3 AREBTFAHAFEEHR InP #F1}
FHER NIEL RERES %

W 5 N, 483t T C, N, O, Fe fEA[A] & )&

(500, 1000, 5000 um) B InP #1 R 7= A4 ) NIEL
S B R R, AR R 102 A, vl
PR RE BN, NIEL P A A UK.
# 5 EETFE 500, 1000, 5000 pm InP 7=4E i) NIEL
Gtk
Table 5. NIEL of heavy ion produced in 500, 1000, 5000 pm
InP.

TR TR MRERE/um  NIELMHE BREK
C 500 0.0165 0.01073
1000 0.01639 0.00631
5000 0.01539 0.00664
N 500 0.01798 0.01309
1000 0.01755 0.01031
5000 0.01628 0.00723
0 500 0.02132 0.01548
1000 0.02087 0.00724
5000 0.01878 0.00349
Fe 500 0.11922 0.00507
1000 0.11591 0.00382
5000 0.09486 0.00303

HH 3% 5 AT, BEE A RHE B 93, NIEL {8
AR N, (B BUE AR K. TR
500 pum A1 1000 pm Y InP 7§ NIEL {E 40 22 A
K, FHEEHBIM 500 pm £ 1000 um 254 0.6%—
2.7%; 7 7F 1000 pm Fl 5000 pm InP 71
NIEL {EAZ2E1% 2, NIEL {EM 1000 pm £ 5000 pm
TREBZ R 6%—18%. F5 I IR AR T 24 41k 5
FERS IS, ReIE Y s BB BT Y 5 R KT
5000 pm, 7E InP AR A 3504500, THRAERE
TFETEp R RTIG  A: 2 2 UUR, SR R A
BT REARXT A, (45 NIEL B/, {5225 (A
RETE T IRRERL A H 7 Lo/, B AR 2 A RHE RS 1)
B8R, AR RE KL 7E B RE (8 A X5 5 450 % 451 47 %t
NIEL {HASZ A B 2, B NIEL (B8 Mg K.

B (3) AT, 7E MR RN 2B B LT
NIEL 358 5 VP2 HE B 68 Toan FIARHE
FER I, T HUE kAR, Tt — e A A
B FAE InP MR A ) T, BETRBE /3 A 15 L.
M FHE & F7E 500 pm A1 1000 pm InP 1Y Ty
BE IR BE /3 A 55 5000 pm InP R s 43 A6 AH 5, PRt
H 8 B T4F 5000 pm InP MR T, FEIREE
AT

mE 3 Fizs, SO 10 WA TEAEI T
SERIE, B R 10 YO TR R bR, BT
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Fig. 3. Distribution average non-ionization damage energy of different heavy ions (a) C, (b) N, (c) O, (d) Fe with depth in 5000 pm InP.

BT 5P BAE & AR 3, TR —hE
SR PIRTT ARTEL, &A= 3E fL S B 1407 B 1] fig
SR, HASSCf B NGB 3 e R B 1) 7 AL
AGHRLFBh 8, B T B vk B BEALYE , § 3L
Totomn FEZREE 94340 23 BUBCIR KT, D shie ke, 5
WK AR RN BT AL InP 72250 Ty, BEGREE
(R 53 A R HA B T, B A SRR B 1) 88 KT 06/
TEARAAT LT SC. bR i 25 4 48 1072, H &
T Fe 1Y Ty, WK, 78 2.5 keV JU NS,
M HABE T Ty AFE 0.2 keV Y5 RINBES0, K
Fe 1 B 52 DX AR H T HoAh 2 19 91 52 IX B2/,
EMHERET S, C, N, O, Fe MFREZEIER—
. RN, KA Fe W0 56, $4&l 1(b) fisk
brafell 56, 152 B EE R 5.6—5600000 MeV,
AT C, N, O WAL, Fe 158 & LT H
HJ, LA Fe 1 Ty WEHE K.

H& 3 AT, C, N, O, Fe A InP ALY
Totamn FETRBE SN2, ASHREE /N 1000 pm
B, Ty BT RS NBA 5, WISE 5 b NIEL {H
TIEEABI/N. ASHREERT 1000 pm/iF, Ty, 3T
IR T R, MARHG AR fL 2 B D UB U T

AR AR 22, W% 5 NIEL {5 T R e 3 K.
L5 LT, Bt AT RHERE A 3G (IRAE E B TR
JE A R R 2 A S A UURL, B RHE AR (1) 57 7% 454
i AR 5], B Ty TEMOR R B BEAS O
HE{E NIEL {E38/).

SYMTIEL 3 YABFR T AL, Bl R AU R,
C, N, O, Fe AGf InP #1 B =41 Ty, BI5AE IX
B M 0.63—0.77 keV Z i L F+A 3.5—5 keV, ¥t
WIBERE T BRI K, T, WG, TSR
BB i R K. 53¢ 3 b NIEL {HBE R 7 P50
BRG] I R RO R T
16 InP pARH AR B RE R VTR Z, P B B
B J75m. AL, 25 (R 9 PR rh A5 EE OGN AR L
F AL InP B F 254 A B 4.

4 % w

A Geantd #1411 25 [A] & F (C, N, O,
Fe) ASf InP P A i B4 f, FEG50A: 1) 178
500 um InP H1, L% H, He, C, N, O, Fel
NIEL {f, & ¥ NIEL {6 5 J5 755007 J7 e [,
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Fe NIEL fAfz K. R AR T 6 Fioki 7 & H: PKA
f) NIEL { , H, He NIEL {f tt PKA Ay K 12
A, T EE T NIEL {1 PKA K 3—4 45
%%, B2 HH B A InP MR A 10 B 40
FEHEEFAEMN PKA R L, EE 1AM
SKA 7£ InP #EH AL ES 1514005 7T 208 5 2) 7E55BR
N, A R EEECE 5 e, —4F T,
He 7£ 0.125 mm? InP ™A YR B e fE =5
T) 4 B PR b o Beak 97.44%, EE T AU
2.56%, {HHE 2+ NIEL {5292 H, He /% 230 1,
BAANZS (8] 5L B F7E InP oL P2 F P B A 055K
NANT]Z % 3) 8iit T C, N, O, Fe 7£ 500, 1000,
5000 pm InP H1 i NIEL {8 K Ty, W6 IR B 43 A
&I NIEL {1 B JE B 58 R/, AH 80/ R A
K, JEHTE T SRR & /N T InP AORHEE
i, FE R AT I A&AE SE 2T, S BUR AR B R
EPUBEXTAS /I, FETAT NIEL {5 BE G 3 K
AN T T BEEREE AT AT, Ty, BERE
T SRS B BG AN/, Sk 1 F R Uik ) TE A
P, TRl AR 2 [A) 5 B 78 InP AR =4 i RS
0™ B X3 A AR R .

ZE TN, A5 [A) AR S PR rh A A R e
FIFEE T InP fF- a4 b= A i A B 4 4L
N ARSCH TAEX T InP B PR 7E 2 MR i
N A B S, S InP B PR E b RE T AN
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Abstract

Indium phosphide (InP) has the characteristics of high electron mobility, large band gap, high temperature
resistance, and radiation resistance. It is an important material of electronic devices in the space radiation
environment. With the miniaturization of electronic devices, the displacement damage (DD) effect caused by a
single heavy ion in the device may give rise to permanent failure. Therefore, this paper uses Monte Carlo
software Geant4 to simulate the transportation process of space heavy ions(C, N, O, Fe) in InP. The non-
ionizing energy loss (NIEL) of heavy ions is calculated for getting the information about displacement damage.
Some conclusions are drawn as follows. 1) NIEL is proportional to the square of the atomic number, which
means that single Fe can make severe displacement damage in InP. 2) The heavy ions NIEL is 3 to 4 orders of
magnitude larger than PKA NIEL. The NIEL is proportional to the non-ionizing damage energy of recoil atoms
produced by nuclear elastic collision, which indicates that the primary recoil atoms produced by heavy ions are
the main cause of InP DD. 3) The number of heavy ions in space is small, so the proportion of total non-
ionizing damage energy produced by heavy ions in 0.0125 mm? InP is only 2.56% in one year. But the NIEL of
heavy ions NIEL is 2—-30 times that of protons and « particles, so the DD effect caused by single heavy ion
incident on InP electronic device still needs to be considered. 4) NIEL decreases slightly with the increase of
material thickness. The reason is that low-energy heavy ions are completely deposited in the front of InP,
resulting in a non-uniform distribution of non-ionizing energy deposited in the material. Analyzing the
dependence of mean DD energy with depth, we find that mean DD energy decreases with incident depth

increasing, which means that the most severe DD region of heavy ions in InP is in the front of material.

Keywords: indium phosphide, displacement damage, Geant4, non-ionizing energy loss
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