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Progress in the research on radiation-induced defects in nanomaterials
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ABSTRACT Radiation-induced defects in nanomaterials are an important aspect of the research on the effects of
radiation on materials. Recently, the research on radiation-induced defects in semiconductor materials, low-
dimensional materials, and high-specific-surface porous materials has become a new application of radiation
technology. Radiation-induced nanomaterial defect engineering has the potential to be used to improve the
electromagnetic, catalytic, adsorption, and mechanical properties of nanomaterials and will play an important role in
materials science, electronic-device development, catalysis, and environmental science. Therefore, this review
presents the recent progress and state-of-art in the formation and tuning mechanism of radiation-induced defects in
nanomaterials and provides a direction for future development.
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Fig.1 TID-induced changes at the interface layer: (a) optical absorption spectra of the pristine and irradiated a-SiO,/Si interface,
together with those of bulk SiO, Si and SiO, for comparison; (b) the changes of band gaps of the ultra-thin films at different doses;
(c) H distributions of samples irradiated at different doses obtained from sims (the r0, 13, r6, r12 and r24 labels mean that the films
were irradiated to 0, 3, 6, 12 and 24 kGy; the original text using r0, r0.3, r0.6, r1.2, and 12.4 labels mean the films were irradiated to
0, 0.3, 0.6, 1.2 and 2.4 Mrad before sims measurements); (d) the O/Si ratios increase and H/Si ratios decrease with the increasing
doses; (e) changes in the percentages of different chemical states of Si at different doses; (f) the distribution of O atom across the
interface (green line), and gamma-ray irradiation-induced changes™ (color online)
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the number of sputtered C atoms; (b, ¢) schematic illustration of defects before and after annealing

22  AEGBHESTEA

5 AR EC , B0 s AR AR AR
QNN T BEIR AR BR A ST T N A A A
BRI B 52 SCTE B TR SN TE 7 o W FTN B AE 5 A
B S 2R AR LB 1 A S AR AR B0 B T
R H AER] 2 A EE RIS AE P 2 L A4

[20]

Aly S5 IR R B R A y S 48 R 2 T KRR A
TR0 S 791 B ) 8 S R A SRR o 5 SRR T«
E F 0 AR TR S PR 771 T B AT A A R I AR A
B AE RERIR B, I B R AR 2 .
b2 e ol L 1 T 9 B )] A R AL SR Y S Bl
ST Ty RS R AL R RN =R A 50

050101-4



HPPEE . GORMORE N7 T R R AT 70 it

o S B B R B, TEAS R 2 B A S0
HR T D= A SR AN AR SCI fm A% AR T (B 5 2 5
W5 A0 = )2 0 SR 0 AH EL , XUZ 88 0 52 48 51 5
/N R BIUZ A SR AE 2 () S AR i R B R
(1) IR FH T 5% o SER A, K B J2 A 38 0 2 1R 1Y) L S Tk
M2 B, i RECBR B mT DUASE FE 00 1 %6 FE 3 0« B
AR SR YL IS N = R | N U O A
SR XA A A BRI T AT (GOQDSs) 13 i 4 5t , 4l
B AE RN G B 5 B 1R 52 0 o 75 0~200 kGy (1) y 5 2%
IR, GOQDs 1% 4k ) B Af GOQDs B %5 7 5 4R
TE—id o 1X — R B &1 md PR B S SR AR
TERRE y BT TE I~ SR Bk 3 254
B, 2 W YR — 28 G N 2 300~400 kGy B
GOQDs M| 2>k e, 3 Jif o PRI 1T 5 i o5 W% WA 7] 4 f1 34
T S g 2 P AN 2 THT B B [ 50 5 2 00 S 188 o i ik
AT EES

JR T B B A S0 P AR Y A S B o 22N
27 (6] 52 AR 0 BRI 8 A A ek 1] A2 36 ot A5 40 = ]
I FL 1 500 keV 57 14 HEOGE Ik 5L 48 A0 A SR A 4%
(rGOP) &5 #4 FIPE RE I 52 ) o 45 SRR B, 4w BB 5 1)
rGOP JZ [ FE 3 K, 4540 B 68 [ b - XPS Fily 2%
2 R, sp’ BRI e 250 H 90, s ) B A
Bl HF R T e 45 A6 3 T o b, B 5 T R 5 R )
SEE FEUT rGOP # A g PEFN HLPE BRI R B o 1 [
FE S5 A S SRR AT B8 0 4K (GOP) E 474 IR ) 45 1
Ee LI G A T N SR S RPN
(K G AR M 2.40 38 03 4.3 1, sp> 2 Ak Bk B S 184 11 . XPS
Sy MTR B T R R, T2k AR TR
T BRI I 77 AR TR S B 5 A o I A R AR =
GOP [f1' 3R HUE T B Ja PAas D, i Egeth 2
L BB AT TR IR R, BT BE AN 4R
AR L, 85 7 145 SRR FEUR 0k
AT AR, HETT S 5T GOP [ #4422 AT E 24 1 BB 11
Ak

e LET R0 T4 J8 505 5 76 0 88 0 v 7= A e
JEE LR o Bissa 2527 FH obr 1 IR SEL A0 A S8 0 R
R o B0 T2 10 B AT BRI RE b A 7= A A6, S8
TEHE RERBI RE BE PR AR, I e PR IRE 2 18]
(R 18] o r 2 0t Tl 5 XS 2 T S Il R S, SR A A
ST DLFIAE 11.22~479.90 Gy 71 &7 BBl Y 1 5 1) o
WL RS AR T R B SR 5.4 ke V A [RIF
1 He' B 140 I8 B 2 0 380 R T, 4 71 = ) 34
IS R A7 S5 0 1) S 5 5 B 3K 38 5 4 7R B 4k
LEHA R 1.6x10° He'/om® I, f7 880 R AE T W6 32 B

BRI 45 R B A, AN T3 22 (1) Sl B S0 S 0 F 5 %6
PRSP o A DL b, SR P A SR 1) 2% 6 e e,
A1 SR 1) N AR A S T AR RS M R 2
R AR A o R R B AR BT T T I
SR I, F AR E B T (1.79 GeV Ta) & A
SR 1) RN AR (GFETs) I, 78 Bl & R 5t AT
DA 04K GFET (A1 B8 5 1 75 ¢ oy i o U 5 2%
P P EELE B U e A S 2 SR A BRI 6 I K
FE T8 B 45 2 RV I 7 2B 25 55 b IR 3R 2 T ) 3 4
F 53T GFET B8 AF 78 N SN , 56 HE S50 (1) ik
FA BT8R 3% GFET WLtk RS 0 e B 2 4, I 7T
SN T SR I 1 A R B A S R T A ) )
AL T HENSBHIE.

HET B TS R B, e S ) R R AT DA o
SR M L A AR S - Gawlik 250 F g
100 keV IFEA SR TG R BT (AL AR B0 56
R AL AR DU ) 4% 0 A B8 0 , RILES Ty N T
DIAE Ay —FhAg T, 18 A SR o P AR m] P e
TR A R BIT P A TR S B T M AR AV IS TR S AR
M AR AR AH S PR A7 B HE TRl B RS 3R, 8 19
BRG] B T 2 5 UK I 5 o 1% T AR R
B, BTN AT DUE v — o 5808 2 oot H R i
FH o A S 05 1) 52 A AR S L 23 1 52 31 85 7 A4 R
(RIREIA o 1 IRF K S ik SC AR S0 R FH 88 7 A SR 0/
] R A R Cf S0 JE A8 AN 2 2 TRDD 5 5
B TR AR A SR R P R A B R 2 T3
SR TR B HRE R AT JE A SR A7 A K i s I
B, P AR Z A S A BRI IE T 2 81
T BB A IR L (E A SR 70 77 A BB S T AR 3 ik
TR I H LA BE o RN VR R LT A T
R I HE S J7 S0 526 2R S M AR TRAT NI R & 7
FEAA Ak HR B g A s ML A (RS2 ) o A R 41 T
— RO AL RAT R AR SRR S Re T
AR T A SR F T A S AR N

SR HUAR S 5 10 2 A 45 5 A SR R AT 2
P 7 vt B ) R 2 T o 5 T B 4 S o AR
EU 88 S0 2 1 D7 35 T LAAE 2 o 5 ) Bl 64 10 (R B
TE M B ESINFIE FB 45 B R Fz 1 . &
i, Lukaszewicz PR H T — Rl % & N R 4544
B b A SRR IO BRI SR, HOB BRI 3 s o At
TIHEAR T 30 kGy Iy R ER A FIE T B & & ar ik
5HBGLERE, B THENIREFBRERNA
SR R %7 VR R R AT BN A 2% R, AR
BBl o T 2 B 745 2 10 0 S0 1 R 2 R A A

050101-5



WA A SE S T2 % 2022,40:050101

BE M 25 5, 120 TE 45 AR HESh A7 SR AR 1E FL Ot fiE
A A < - R O R L T T A
JS2 FH o T A 85 s b P2 S o B O 7 5 B K s B

TSN BH % i MS,/MSe, & g-C.N, &% — 44
L IR AR B IR 5 DA gk e 2 B R ' LA AL P
(I 7%

Highly effective methods to produce N-doped graphene

)
9 J9

Ethylamine

Ammonia solution
+ - ’ J Wet method I

=

Dry method

N-doped graphene

3 A E R AT AILEE BT NS
Fig.3 N atom doping in graphene by co-irradiation with precursors™

3 EETHEMRBOERMESIE
3.1 FEEEWERLEYR ERVIRSTERG

BRBHAA B AN, FoAth = 4E AR 0 4 5 5 5 R A
ZR] T RE W, AR R NIz
MS,/MSe, %5 i I & R R AV R 2 BRI
St I 2 2P ek kAT 2 Ak 3 AT DA K e
PRI L P o 6 T 3 T K 2 o b [ A DL A 2 —
BRAGAR W 706 4, B 500 keV ) Au ZEAN[H] 251
WE TR S8 TR E ARG S, O
L3 B e o K 22 S s i 2R P 23 7 5N TR S
1 Mo, FI 6 SR 6K PR AT LA A 4T R AE AR K AR
1 o B8 25 i B 25 38 00 MoS, IR AE Y6 80K e g
SR WL ARG LLRE 5 IR, B 6 1) 77 A th B W K 3
P 55 Mo, AT U N TG 1 o [ AF S WK S 4 22 4
TG ZH P vy S 2 A R P A T SR 1) 3 T B, DA
P WSe, [0 5  BEBE AN #5 s, JF38 1 47 20
UK G (PL A B S HL 7 RS (TEMD L /)
JBE 152 32 sk 85 (FFVD AN 7R SCER % 77 B 38 (KPFMD
WEFE T AR 4R S R T i B2 RO 2P Re . 45 R 3R
B« B 5 48 5 P AR A A3 6, WSe, B0y TR R LN —
Bl 8445 22 20 T, LA 7 U B 5 4 O 7R
BT, 15 WSe, FLJZ M B2 R 21 5 U AR Ay [ 22
H B2 544 . Bushmaker Z575% H 100 keV )i T-%F

Y SR MoS, TR IR, R I T RO EUR
JEIG RN G IX BT R B, 2 M ] DL T
SRR &Y R E RO AL e 7
FOMLH DGR B fl b, my DU T3 e b R PE R
ik

MAESE L&, W7 E X 2 MR AT IR
7, Bi7 1k B 9 e S R B PR AR B, 3 MoS, 45
FSC IR A5 A R MRt A B 2 . Zan SR I, A
MoS, 35 2575 W J2 A1 58 45 2 [B] e 8 2 25 32 & ' I 58
S RSOE 1 o 8 I R E S T 2 BB (STEMD ML ¢
FLZ MoS, fE LTI N AT 9, RIMAEA LAY 9256 2%
PR BT S0 2 2 18] (1) MoS, FF i PR i A 14 B8
151> HANTR 55 T8 BB o BRI 2 Ak, BE sl 4k 22 55 Rl
AJ LLXT MoS, 1% S SR T B2 1, 451 11 Samor 5527
IR TR I 43 1 I U ] B K Ar BT
R R LK Mo, 37 B80S it AR TR 1 B o T 8 R TG
FE T S A R R e R A i 2 R AR ) PR R SR T
BHEER .

KA FBBER I (-C,N,) RS ERIE

g-CN, & —F R A /T 5% 106« s 1k &% it
AL B AE g-C N, H 51 NGE 24 1) C 3N 2547, 7 LA
B AIK g-C,N, IR AR 56 P 39 00 @-C,N, (R AT OBl
PE T g-C N, I AT 1 B F 22 1k R . 5 08 3 7 Ars
N, AINH, SR T8 K, 78 il s 2 F AR &

3.2

050101-6



HPPEE . GORMORE N7 T R R AT 70 it

FFBOR SO A BT B AR AR
IR AT DL AR A B AN b S w4 R i B, 1 AN B T
B PP BRI S BN 8L C) o BRIUK AT e [ A
FIFH He & FHEIBAE g-C N, 5 N T CFIN 247 . F
FH B 3 N P 3 T 2 i AR, T DA S I R B R
FE i i g AL, LAIRAS e fE B el MO 45 R R
B : He' B T 58 I8 g-C N, 1 51 N C RN 2= 07, i S 98
/NT g-C N, AR B8 B, 7 2538 1 o mT I Ml ik
R8s N LA E A R 3E T A B T 155
AN B e T A = A B o 7 SR A A I SR A
T, 48 B 1 g-CON, IR 6 i 40 BT &L % 2 R 4R R
g-CN, [ 2.7 £ , JE IR CN, 1 19 1% o 24 MR i 751 | 4k
SEBEIN, E 2 N B0 R 2 SFEOCE R T
TG AR A R B N 58 K 52 1 2R e
LR T — MR RS S B TR AR S — D
AT AR T — RPN GG E A S A
YI(CN,_,4-x RRNJFEF T, W R 7 A
B FEUEEED , T T WoGIR S 17K i) & 72 55 B
TR SO a1 e A ) 2 o R () R
RINF AL CN,_ M A7 1 Uk [ 15 5 BB iy 45
FREAT % - B T4m B Ok /5 e ft N, MRk I 72
SRIER) T A A CN, 4.5 1% . g-CN, 148 5t
SV A P SR i T M AR PR R AR R OR
S R IR R A R e AL S TR & A
TEBRRATHL(C/N=2.52D) /) g-CN,, HETSH 7
SEAE N H AR AR o &5 SR B, BT ) 4 1 FRL AR A

KHG: HPERE KR, ZHAS A I TE 0.1 A/g I 2% 1
B 400 X A EA L F) 647 mAh/g: 7E 1 Alg
(1) 2% A N AEFR 5 000 X5, 75 232.8 mAh/g [ FR E
AE PG R 32 R T 6 BB 3 B B ek
/N R AT R 77 388 58 LA % b 2 T RN R 67 3 o
B AZTARUEN] 1 555 3 10 5 o 74 70 2 o
1] K W SF T K T 1) R AR A R AT A R ) 9 AE S

3.3 h-BN _#4#RIAViE SRR

S5 BESEmE SR MR, BT
h-BN [ 3 MR 22, 70 L 700 T 5025 5 B R FL A
IR T 7E L AR R N b SRR B 5 5 P AR 00
Krasheninnikov 55K Fil 73 31 ) S840 5 i 7 %
HIFE ST A S A A5 A TR S R N T
ZALT (h-BND A8 FE SR AT T VRGN 90 8 26
— 1t SR BB, B € T h-BN HI R RUR T A
BRI fE B, 25 R, B/N ALRS IRME SR s R
YRR, AHEGT 5 B I 5 545 e = AR 6L, N
3 ity {4 B X5k Eb B s iy 14 G o DX 3 TR AR L X
MR TR FAE R h-BN I = AL
2SI s T AEAR Z2 P 51N H A 3f o 0] £ B A B/N
(RIS BRI o W 3 & B, SUZ h-BN R E 1 AR
T HZEM=)Z . Cretu ZE" W 7 T #.JZ h-BN F HL T
5 R PP AR 20N T SR PR 49, T P 4 BT

El 4 h-BN YR AR fE
Fig.4 Vacancy defects in h-BN™!

FFC R I X Tl 43475 5 B2 T 78 OB 34 i
(17, I FLe I oA 2 HE A 2% A2 AR BR 5% AT L4 i sl
(T B ANE AL o 76 h-BN [ HL T 2 RCE 0 72, h-BN
285 TR R LA ()RR SR AR 5 BIUE w3 43 R R (3R ALE
RETE 2 AT 2 M AT S SRR A R R AR AR, 3B
X LG RAE I H G O HE LS« Cretu S (R L 3R

B, % h-BN 55 2 A S84 BESW Ik RS de
77 AT DAFE 1% 6 A [ 3 2 H 35 A 3l 0 4 R SR 11
TE R, 3%y — 46 FH 21 vy fL T 7 SR SR AR SR AL T —Fob
PEAE

Kim Z57F B 8% N JEAZ 0 7 h-BN £ 80 kV
FL 1 SR R S T 2 IR AR AR T, R IRAE TSP R

050101-7



WA A SE S T2 % 2022,40:050101

S h-BN R B 48 T 8RR AR AL, B
TR, XFERME R EEEN, XS
Krasheninnikov 252 ] B %% #H %5 - Simos 2™ H
140 MeV (g B85 6x10™ em™, & MB 15 5 9 200 °C)
JRFHE IR N T BALHH (h-BND , 3 F0H [F) 464 T B0 A
ST T R TSR L, 24 5 T R BT T (B
T dm 0 ¢ D RESR B, RS AR 4R = 77 2= R, h-BN
AT AR 22 o 3 i 4 5, AR 4R R R AR
TEPEELT A S0 X 2R AT S SR UG R I, 7ERE 3R
T PR A T A s B A3 B 1) v 77 2 11 R S ARL T
25| 2 h-BN ] w-BN #6745,

YRR MR R B4, h-BN A8 K& 1
JLE, H B R & T S R , BRI AR R TR
BN RIS A 4R 1R KX ) - Cataldo
ST TR R R R R RN 2.40x10™ em s D E
BN 7 BALTH (h-BND [ 4 S 12 445 « 38 3 20 A F iz
BRI, E T TR T h-BNFE A T sp
Bl sp’ AL R AL, TR T 3207 BAGH (c-BND
ZERY o T ORI A A A TR T A T R T
B I 25 K IO T A%, h-BN A BT 35840 1 3R d Ak B
% ESRAFF 7L 25 RL W, E I A0 FF i R A7 2/
Fh LB R R H O 8 NGRS B o BT T R I,
IR K AL B f5 FEESR 45 SR K AR B R AR AL, Ui B 1
I AR AR — R R AT

3.4 Eih ZHEMRBYIRSTEREE

B & R} A Wk 2D, B R BT 4R A R
VIS N TR R TRiCRe’ i p S0 (5 Ntk (s  E i S
R RN AR A B 3 il s 5 — i L 4
MR JZE (BP) 1R JR A 3 73 H R B i il T B 7
e 2 S R T A 7R RS TR R T BB B0
SRR AU SR TR AT R o TR 2 AT 0 [ A R
Ar B 758 I NiO/NiFe,0, 49K F 2 , £ Z AL 7] A
FIIF 51N T TR R 45 F1 8 25 0, TR %A Ak 77
T K, R ILE I SO 1) NiO/NiFe,0, K 31
H AL 5 1) OER 14 g A1 fb F2 € 4 - BE 41, Renault
SV BT AN A R RE R S K S (C-S-HD , K
LT AR BRI R S SR T E S
B0 BE A HTE AR S W TR I, 4R R
SRBE (PIRIF T AT A A K AN BT SiE A

4 StExREMHILE

ey LU SR AR B AL e P 5 B 208 L A1 32 3
WA R Z—, e e @ A HLHESR (MOFs) W3k

W B HIAEZE (COFs) A A o & . Z AN FLR B, 7
A S R B LA R 2 T RE SR AT TR 3 4
Tt o Ingle Z5R H # 5 7 (CPO 4R B4R L & R A AL
HELR , 253 Pk 8 55 1 (SHD 4R I8 Ji5 , 7E A K] P 38 7
AT BRI B EHEEFIES -, AT -5 BB 2 MOFs [ fig
G BRI o e AL, K G5l B i 2 W B 4R, 77 AR A
T, AT BELAS L7 25 U A T % IR S R oK §8
WiESH kR R ERAILEBNE
(ChemFET) f& J& 2% B 41 XF SO, S A4 1y A I 2R #5025
Al Lafi %R H Z 4E A OG5 2 R B S50 F y
S22 AR I MIL-101 (Cr) (30 kGy) , & Bl H 451 5%
TSR R T A8, 32 BRI PR /K R 28 R
B o R R T ONRRE ST, O R I B A
1 1 30%, UF ARG 2 — P A 08 MOFs i& b 72
5 b [F I, MOFs P4 37 Az 1) il b 2% B L 45 0 Fa
E T IR R % o LaVerne 253 ik o} 48 B AT J5 UiO-66-
MOFs LA & NU-403-MOF [ &5 #) R AE K& B, 75 2 It
T L i 7 e P A 3 300 L B vy %) 6 S A 1 AT 5
g R W, 8 W5 e IE 4K JE B I¥) MOFs 75 8 18 4.2~
6.2 MGy 7 & J& , MOFs N # 7= 48 7 8Lies, S 80T
MOFs [JANFRIE o %45 RAE— E 1L L REWS ik %
7 A TR B 1) ] IR DR AF — 1 19 % S A 2 1 MOFs 13
W5 & tiE TR o

Olsbye %R B 14 I8 J5 1) H-SSZ-13 4
TR AL 7, R I 2 (MTOD 2 B R A vt 1
CEp T S CEV VA NN P R G T
BERF 1) S/AL L , %8 #8519 i H-SSZ-13 AL TG
PEFE 15 2 - 3R 5 AU S 1 3R AE 2 7 Bronsted B2 50
Je A B 5 i B 35 OR AR AN AR, 1 3 b 2 T A LA AR
WS AR /N . EPR 1 28 3 SR T 4g IR A b B i 3
T Ao 1% 48 1 b A% 0w PR, TR 58 BRI AF J T 48
AT RURS I 2] AR AN B e R Rl e 48 8 B2 (S
-0-0%) FIIE#r 4 2 FL H 0> (NBOHC: =Si—-0*) 4
Jif, FLEE 155 5 0 285 AL R A2 H-SSZ-13 W A R At
REFE w10 L IR o 1 BB S 2R 78 A 1 A S5 R 1 I 2
] DLIE BI85 4 o 75 M K 2 T A8 T T AR
FH 1= B8 FEL T AR R, SRR R T R ] & T SR
(03 A 53975 o L 5 B s » FLF SRAE W A T i 78
ARS8 5 R0 TRRONE AT = A= o A SR B A LR
- L 5 R0 AL 5+ T D e R AR R 4% o T
BEE AR, 58 5 A B Na-A ik A 5 CO, K Sr 4%
HE 8 51 B P R B h 7 5 R0 5 v ) B

RE=N
FE.

050101-8



HPPEE . GORMORE N7 T R R AT 70 it

Ijlé'fect side 2

Electron be: g2 |
400 |

QA OO0 ©Osi H

500
m Surface area / (m*g™") 440.8

= CO, uptake / (m*-g")

350 f
300 f
250
200 f
150 |
100 |

302.8

50 1

Hydro- Commer- 500 kGy 750kGy 1 000 kGy
thermal cial

B5  AE ] & B 20 0 v (i e A LI B ™

Fig.5 Defects and adsorption performance of zeolite prepared by radiation™

5 HFRERE

AR BRI 8 5 RN A A R B AR S N
P8, UAME QAR AR S A 1 3k B A 34
T SO R S R R A A T A L EE A A
F AR AR 2 (M FEN RAE S AR GK A R IR
YERRATRE B 7 —HERDRLAUET R 2 FLA R A A sk
B A LB S R SRR BEAT TR BT I . Bl R
TR, HHUEA R AN T A A A5 8 TG
K&, I Bm ST sk TR HIMES .

B R % 2 SO, X8 S50
FEOT LR BB PR R GRS DA
5 S VR R R R (1 7 R AT AT R A e R AR
K2 P8 70 o 55 A 2 D iR A B AR IR AE 4K
FOBE, JEH A ZYERRLS 2 ALARE B BT A B
ZE N IR FE T Ik B 2 X DAIE B KPS ix e
MR EE R T S RE AR AL 1S o JE AR R
FEG  FELAEAL , TR B DA R H it H AR 5 5T B A L 7
(RIPERE o 75 O AT OB T, H 0 A% B B HE AT R 3
iy 5 R BRI PP 75 5K 5 o T R A op R SRR AR
MR TR Z 0T TR LET B 26
TR o LT, R SN T AR
FUANS 25 50 AR QR e b = A s, DR T 32 381 1
B2 B RUE 5 T SE N S 5 1 M7 OR 5 y S 2™ AR
BRIE I+ LA A B2 BIRETE « SR T, 5 1 A 5
ZALE XSS LET 0 B8 B A8 IR 1 WAL
i 15 He A L (R R, B T B T AT e A
BRE T, UL S AL A B AT T RE 0, L
B S S RN R 832 B FEAL o 5 220 L
KA A8 S e o L A e R 1 VYAl IR T 5 72 2

e 1k BE B AR 1) 25, O 4 S 3L HH AN R4l S 2k
BAR IR [ R A 2 SRR AT M B 45 5 1 5 L
RT3 TR i7 AT 3L W A SR o T REAE S R A
(MOS8 DEHEALTR] L FLE AL 77 FIB AT RL
ISR S I 2 T ] B L P 5, A T AR R
K 2 K DA DR AR S AT 7 M A7 A 1) S B ) LG
BB B

ETBMAER HIF HREEZARAEAXRE
F oA i i XA E 1 28 X552 XHBK
EE Y ; TERRERAEEE K AFTA,H
S EXMB AN EEE L XWEE BR; BRY
XEHATT REGCHAE T 2B FEFHTHRHF
[B] & A 45 0 SO

S5 3CH

1 Sickafus K E, Kotomin E A, Uberuaga B P. Radiation
Effects in Solids[M]. Dordrecht: Springer Netherlands,
2007. DOI: 10.1007/978-1-4020-5295-8.

2 Duragkar A, Muley A, Pawar N R, et al. Versatility of
thermoluminescence materials and radiation dosimetry —
a review[J]. Luminescence: the Journal of Biological and
Chemical Luminescence, 2019, 34(7): 656-665. DOI:
10.1002/bio.3644.

3 Williams J S. Ion implantation of semiconductors[J].
Materials Science and Engineering: A, 1998, 253(1/2): 8-
15. DOI: 10.1016/S0921-5093(98)00705-9.

4 Yanagida Y, Oishi T, Miyaji T, et al. Nanoporous
structure formation in GaSb, InSb, and Ge by ion beam
irradiation under controlled point defect creation

conditions[J]. Nanomaterials (Basel, Switzerland), 2017,

050101-9



WA A SE S T2 % 2022,40:050101

10

11

12

13

14

7(7): 180. DOI: 10.3390/nan07070180.

Meng D C, Lan M, Yang Z H, et al. Gamma-ray
irradiation-induced oxidation and disproportionation at
the amorphous SiO,/Si interfaces[J]. Journal of Materials
Chemistry C, 2020, 8(47): 17065-17073. DOI: 10.1039/
d0tc03942;.

Sharov F V, Moxim S J, Haase G S, ef al. A comparison
of radiation-induced and high-field electrically stress-
induced interface defects in Si/SiO, MOSFETs via
electrically detected magnetic IEEE
Transactions on Nuclear Science, 2022, 69(3): 208-215.
DOI: 10.1109/TNS.2022.3150979.

Song Y, Zhang Y, Liu Y, et al. Mechanism of synergistic

resonance[J].

effects of neutron- and gamma-ray-radiated PNP bipolar
transistors[J]. ACS Applied Electronic Materials, 2019, 1
(4): 538-547. DOI: 10.1021/acsaelm.9b00005.

Yin Y N, Liu J, Liu T Q, ef al. Heavy-ion induced
radiation effects in 50 nm NAND floating gate flash
memories[J]. Microelectronics Reliability, 2019, 102:
113450. DOTI: 10.1016/j.microrel.2019.113450.

Rybicki G C. Deep level defects in alpha particle
irradiated 6H silicon carbide[J].
1995, 78(5): 2996-3000.

Journal of Applied
Physics, DOI:  10.1063/
1.360048.

Kozlovski V V, Lebedev A A, Bogdanova E V, et al.
Conductivity compensation in CVD-grown n-4H-SiC
under irradiation with 0.9 MeV electrons[J]. Materials
Science Forum, 2015, 821/822/823: 293-296. DOI:
10.4028/www.scientific.net/msf.821-823.293.

Kalinina E V, Kholuyanov G, Strel'chuk A M, et al.
Electrical study of fast neutron irradiated devices based
on 4H-SiC CVD epitaxial layers[J]. Materials Science
Forum, 2004, 457/458/459/460: 705-710. DOIL: 10.4028/
www.scientific.net/msf.457-460.705.

Ivanov A M, Strokan N B, Scherbov N A, et al.
Uniformity of properties of 4H-SiC CVD films under
exposure to radiation[J]. Materials Science Forum, 2011,
679/680: 177-180. DOI:
msf.679-680.177.

Liu M, Yang X M, Gao Y T, ef al. Investigation of the
damage behavior in CVD SiC irradiated with 70 keV He
ions by NEXAFS, Raman and TEM[J]. Journal of the
1253-1259.

10.4028/www. scientific. net/

European Ceramic Society, 2017, 37(4):
DOI: 10.1016/j.jeurceramsoc.2016.11.046.

Aradi E, Lewis-Fell I, Greaves G, et al. In situ TEM
of the microstructural

investigations changes and

15

16

17

18

19

20

21

22

23

24

050101-10

radiation tolerance in SiC nanowhiskers irradiated with
He ions at high temperatures[J]. Acta Materialia, 2021,
210: 116820. DOI: 10.1016/j.actamat.2021.116820.

Pilko V V, Komarov F F, Budzynski P. Structure and
hardness evolution of silicon carbide epitaxial layers
irradiated with He" ions[J]. Acta Physica Polonica A,
2019, 136(2): 351-355. DOI: 10.12693/aphyspola.
136.351.

Xu Z W, Chen L, Zhou B M, et al. Nano-structure and
property transformations of carbon systems under y-ray
irradiation: a review[J]. RSC Advances, 2013, 3(27):
10579. DOI: 10.1039/c3ra00154g.

Banhart F. Irradiation of carbon nanotubes with a focused
electron beam in the electron microscope[J]. Journal of
Science, 2006, 41(14): 4505-4511. DOL:
10.1007/s10853-006-0081-0.

Beuneu F, L’ Huillier C, Salvetat J P, et al. Modification

Materials

of multiwall carbon nanotubes by electron irradiation: an
ESR study[J]. Physical Review B, 1999, 59(8): 5945-
5949. DOI: 10.1103/physrevb.59.5945.

Anikeyev V 'V, Kovalchuk B V, Lazorenko V M, et al.
Effect of electron irradiation on the formation and healing
of defects in carbon nanotubes[J]. Inorganic Materials:
Applied Research, 2016, 7(2): 204-209. DOI: 10.1134/
$2075113316020040.

Krasheninnikov A V, Nordlund K, Keinonen .
Production of defects in supported carbon nanotubes
under ion irradiation[J]. Physical Review B, 2002, 65
(16): 165423. DOI: 10.1103/physrevb.65.165423.

Elsehly E M, Chechenin N G, Makunin A V, et al.
Enhancement of CNT-based filters efficiency by ion
beam irradiation[J]. Radiation Physics and Chemistry,
2018, 146: 19-25. DOI: 10.1016/j. radphyschem. 2018.
01.007.

Yasein M, Eissa M F, El-Fayoumi M A K, et al. Studying
the effect of low doses of gamma and beta irradiations on
graphene oxide
Chemistry, 2020, 173:
radphyschem.2020.108941.
Han M X, Ji Z Y, Shang L W, et al. y radiation caused

samples[J].
108941.

Radiation Physics and
DOIL:  10.1016/j.

graphene defects and increased carrier density[J].
Chinese Physics B, 2011, 20(8): 086102. DOI: 10.1088/
1674-1056/20/8/086102.

Lu S K, Liao F, Wang T, et al. Tuning surface properties
of graphene oxide quantum dots by gamma-ray irradiation

[J]. Journal of Luminescence, 2016, 175: 88-93. DOI:



HAP4E . GOKAPRL R 555 S SRR ROWF FC i f

25

26

27

28

29

30

31

32

33

34

35

10.1016/j.jlumin.2016.02.024.

Zhen X J, Huang Y F, Yang S S, et al. The effect of
500 keV proton irradiation on reduced graphene oxide
paper[J]. Materials Letters, 2020, 260: 126880. DOI:
10.1016/j.matlet.2019.126880.

Zhen X J, Huang Y F, Yang S S, et al. The effect of
proton irradiation on the properties of a graphene oxide
paper[J]. RSC Advances, 2019, 9(52): 30519-30525.
DOI: 10.1039/c9ra05389a.

Eissa M F, El Rouby W M A. Effect of alpha particle
irradiations on the structural properties of graphene oxide
[J]. International Journal of Modern Physics B, 2018, 32
(31): 1850343. DOI: 10.1142/s0217979218503435.

TR, R, ARERE . He 15 4 I X A SR SO 45 44 S
=P BE 1 2 W [J]. 9 S 4R, 2020, 69(1): 016101.
DOI: 10.7498/aps.69.20191344.

ZHANG Na, LIU Bo, LIN Liwei. Effect of He ion
irradiation on microstructure and electrical properties of
graphene[J]. Acta Physica Sinica, 2020, 69(1): 016101.
DOI: 10.7498/aps.69.20191344.

Zeng J, Liu J, Zhang S X, et al. Graphene electrical
properties modulated by swift heavy ion irradiation[J].
Carbon, 2019, 154: 244-253. DOI: 10.1016/. carbon.
2019.08.006.

Gawlik G, Ciepielewski P, Baranowski J M, et al. lon
beam induced defects in CVD graphene on glass[J].
Surface and Coatings Technology, 2016, 306: 119-122.
DOI: 10.1016/j.surfcoat.2016.05.041.

Yao W J, Fan L. The effect of ion irradiation induced
defects on mechanical properties of graphene/copper
layered nanocomposites[J]. Metals, 2019, 9(7): 733. DOI:
10.3390/met9070733.

Kamedulski P, Truszkowski S, Lukaszewicz J P. Highly
effective methods of obtaining N-doped graphene by
gamma irradiation[J]. Materials (Basel, Switzerland),
2020, 13(21): 4975. DOL: 10.3390/ma13214975.

He Z Y, Zhao R, Chen X F, et al. Defect engineering in
single-layer MoS, using heavy ion irradiation[J]. ACS
Applied Materials & Interfaces, 2018, 10(49): 42524-
42533. DOI: 10.1021/acsami.8b17145.

Wu X L, Zheng X J, Zhang G B, et al. y-ray irradiation-
induced unprecedent optical, frictional and electrostatic
performances on CVD-prepared monolayer WSe,[J].
RSC Advances, 2021, 11(36): 22088-22094. DOI: 10.
1039/d1ra02310a.

Foran B, Mann C, Peterson M, et al. Effects of proton

36

37

38

39

40

41

42

43

44

45

050101-11

radiation-induced defects on optoelectronic properties of
MoS,[J]. IEEE Transactions on Nuclear Science, 2019, 66
(1): 413-419. DOI: 10.1109/TNS.2018.2886180.

Zan R, Ramasse Q M, Jalil R, et al. Control of radiation
damage in MoS, by graphene encapsulation[J]. ACS
Nano, 2013, 7(11): 10167-10174. DOI: 10.1021/
nn4044035.

Bertolazzi S, Bonacchi S, Nan G J, et al. Engineering
chemically active defects in monolayer MoS, transistors
via ion-beam irradiation and their healing via vapor
deposition of alkanethiols[J]. Advanced Materials, 2017,
29(18): 1606760. DOI: 10.1002/adma.201606760.

Wang X N, Wu L, Wang Z W, et al. C/N vacancy co-
enhanced visible-light-driven hydrogen evolution of g-
C.N, nanosheets through controlled He" ion irradiation[J].
Solar RRL, 2019, 3(4): 1970043. DOI: 10.1002/solr.
201970043.

Wang D, Gu X J, Liu G W, et al. Employing one-step
coupling cold plasma and thermal polymerization
approach to construct nitrogen defect-rich carbon nitrides
toward efficient visible-light-driven hydrogen generation
[J]. International Journal of Hydrogen Energy, 2021, 46
(7): 5158-5168. DOI: 10.1016/j.ijhydene.2020.11.019.
Sun S Q, Wu Y C, Zhu J F, et al. Stabilizing plasma-
induced highly nitrogen-deficient g-C,N, by heteroatom-
refilling for excellent lithium-ion battery anodes[J].
Chemical Engineering Journal, 2022, 427: 131032. DOI:
10.1016/j.cej.2021.131032.

Kotakoski J, Jin C H, Lehtinen O, et al. Electron knock-
on damage in hexagonal boron nitride monolayers[J].
Physical Review B, 2010, 82(11): 113404. DOI: 10.1103/
physrevb.82.113404.

Cretu O, Lin Y C, Suenaga K. Inelastic electron
irradiation damage in hexagonal boron nitride[J]. Micron,
2015, 72: 21-27. DOI: 10.1016/j.micron.2015.02.002.
Kim J S, Borisenko K B, Nicolosi V, et al. Controlled
radiation damage and edge structures in boron nitride
membranes[J]. ACS Nano, 2011, 5(5): 3977-3986. DOI:
10.1021/nn2005443.

Simos N, Kotsina Z, Sprouster D, et al. Hexagonal boron
nitride (h-BN) irradiated with 140 MeV protons[J].
Nuclear Instruments and Methods in Physics Research
Section B: Beam Interactions With Materials and Atoms,
2020, 479: 110-119. DOI: 10.1016/j.nimb.2020.06.018.
Cataldo F, Iglesias-Groth S. Neutron damage of

hexagonal boron nitride: h-BN[J]. Journal of



WA A SE S T2 % 2022,40:050101

46

47

48

49

50

Radioanalytical and Nuclear Chemistry, 2017, 313(1):
261-271. DOI: 10.1007/s10967-017-5289-8.

Yao F F, Cai Y Q, Xiao Z R, et al. In situ transmission
electron microscopy study of the formation and migration
of vacancy defects in atomically thin black phosphorus
[J]. 2D Materials, 2021, 8(2): 025004. DOI: 10.1088/
2053-1583/abce09.

Gupta S, Periasamy P, Narayanan B. Defect dynamics in
two-dimensional black phosphorus under argon ion
irradiation[J]. Nanoscale, 2021: 13(18): 8575-8590. DOI:
10.1039/d1nr00567g.

Zhong H Z, Gao G P, Wang X N, et al. lon irradiation
NiO/NiFe,0O,

electrocatalytic

inducing oxygen vacancy-rich

heterostructure for enhanced water
splitting[J].  Small
Germany), 2021,

smll.202103501.

(Weinheim an Der
17(40): ¢2103501. DOI:

Bergstrasse,
10.1002/

Yin C, Dannoux-Papin A, Haas J, et al. Investigation of
mechanisms of radiolytic H, production in C - S - H:
influence of water content and radiation induced defects
[7]. Radiation Physics and Chemistry, 2022, 191: 109865.
DOI: 10.1016/j.radphyschem.2021.109865.

Ingle N N, Shirsat S, Sayyad P, et al. Influence of swift

heavy ion irradiation on sensing properties of nickel-

51

52

53

54

050101-12

(NRs-Ni,HHTP,) metal-organic framework[J]. Journal of
Materials Science: Materials in Electronics, 2021, 32(14):
18657-18668. DOI: 10.1007/s10854-021-06353-z.

Al Lafi A G, Assfour B, Assaad T. Spectroscopic
investigations of gamma-ray irradiation effects on metal
organic framework[J]. Journal of Materials Science,
2021, 56(21): 12154-12170. DOI: 10.1007/s10853-021-
06051-5.

Fairley M, Gilson S E, Hanna S L, et al. Linker
contribution ~ toward  stability of  metal-organic
frameworks under ionizing radiation[J]. Chemistry of
Materials, 2021, 33(23): 9285-9294. DOI: 10.1021/acs.
chemmater.1c02999.

Sommer L, Krivokapi¢ A, Svelle S, et al. Enhanced
catalyst performance of zeolite SSZ-13 in the methanol to
olefin reaction after neutron irradiation[J]. The Journal of
Physical Chemistry C, 2011, 115(14): 6521-6530. DOI:
10.1021/jp109696z.

Chen J C, Zhang M X, Shu J, et al. Electron beam
irradiation-induced formation of defect-rich zeolites
under ambient condition within minutes[J]. Angewandte
Chemie (International Ed in English), 2021, 60(27):

14858-14863. DOI: 10.1002/anie.202103766.



