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A Study on Transmuted Impurity Atoms Formed
in Neutron-Irradiated ZnO Thin Films

Kyu Tae Sun*, Kwang Soo Park®, Hyon Soo HAN*, Sangsig Kim,*
Department of Electrical Engineering, Korea University, Seoul 136-701*, ** HANARO Center, Korea Atomic Energy Research Institute, Deajeon

Abstract - Transmuted impurity atoms formed
in neutron-irradiated ZnO thin films were
theoretically identified first and then
experimentally confirmed by photoluminescence
(PL). ZnO thin films grown by plasma-assisted
molecular beam epitaxy were irradiated by
neutron beam at room temperature. Among eight
1sotropes naturely exiting in ZnO films, only

S7n. *®zZn, “Zn and 0 were expected to
transmute into  %°Cu, *Ga. "'Ga, and F,
respectively. The concentrations of these
transmuted atoms were estimated by considering
natural abundance, neutron fluence, and neutron
cross section. The neutron-irradiated ZnQ thin
films were characterized by PL. In the PL
spectra of these ZnO thin film, the Cu-related
PL peaks were seen, but the Ga- or F-associated
PL peaks were absent. This observation
demonstrates the existence of “Cu in the ZnO.
In this paper, emission mechanism of Cu
impurities will be described and the reason for
the absence of the Ga~ or F-associated PL peaks
will be discussed.
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2.1 Ag
2 AFo] AMg® ZnO #HZE  plasma- assisted
molecular-beam epitaxy (PAMBE)Wge=z 34
8l93t}. Sapphire 719 GaN$€ buffer layer® A
A Zof, AbA plasma$t solid zinc source® Ab
e £ ZnO s AFAHT o] o AHEE A4
piasmaﬂ Z7AL 400W, 3.5 sccmelil, ZnO layer
o BAe 0.3 mo]h.
gxdag AL F44 UE Zn0 WEAd] x
AEtAch B Aol e SRRl 2 fale] glolA,
g7 v & wEFAR v&o] 6730 191 FHA
ug 4%5}‘33}. AEHAE ZnO #EA] 6.73X%
108%cm %37l ﬂuxi ZAEIY Y (EFAgate]  flux
1.0x10%em %7 eln}) . 2AAIZEE 308, 19, 7Y
4, Znool ElAlE 454949 fluenced &
=
%*éz]’ ZAME ZnO 2HEe 300~600T=E ArA: B9
dAx 308 B¢ Exgsdnt. oFA #4]9 ZnO
Alfi:%-g 8K £%0lA photoluminescence(PL)E &
A&ttt PLO #YE He-0d laserd AM&3 i)
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A= 48.6%7F 6"Znoh, 097 HLE 99.78%
7t Boojt}, AL ZnO ¥hetd ZA}"‘ st 4
F4AHE0] Zn0O9 ?“3 HAET FEd 5o
doji}a] o) dojdet, § 5 %JM 1 oiaiA] o8
H3lo] dojd BE L H20M RAFE 584 &
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et 2. #29 H3M FojF @A gL EF
AA7E 42(20.43 C)ol D Doz (0.0253
eV)E 712 we] Floltp dutAoz FPAE &
YA g 7HIA4E A2 dd3E Zed. wadA, 0.1
MeV o132 7He wEFPAE Zns O €A B+
o A9 0 Mgt}

E 1
EAMZH EEAA} fluence | BHESA X fluence
- (BAX Ffemd (BMA £/om?)
AlR1 0 0 0
AlB2 0 1.21x10" 1.80x10"
ANR3 19 5.81x10"™ 864x10"
A =4 7d 4.07x10" 6.05x10"
Z® 2
xed EXfu] —
(Natural Abundance) g } H
) (Cross section) (barns)
%Zn 486 074
Zn - 66
*Zn 279 09
%Zn 4.1 6.9
*7n 18.8 0.87
“Zn 06 9.11x10™
® 3
XA EXfu] HA=MA CIOE
(Natural Abundance) 234 } b
) (Cross section) (barns))
0 99.78 1.9x10™
he] 0.038 5.4x10™
*0 0.205 1.6x10™

R4 B55 4R FEIA dojves BH494
o gt HAFR Q). o]F & HWE, ZnO W
Ao ZAse 89 T YIE FdA *zn,
87n, Zn, ®ovte] Z4zt ®cu, *°Ga. "'Ga, ¥Foz
HHAPo] g} F49lA4 ne thermal neutron, 72
Zobd (gamma  ray), el& Az, v & 2Aua
_(neutrino), £°2& ®lEtHd (beta ray)< vttt

I 4.
1R A kg, 2471 (half life),
22X AKX HES 2ol X|(decay energy)
; B Zntn—5Zn+
4. il
n nse ' —BCU ¥ 24426 1.35? MeV
; OZnn—Zn+ ¥
B )
Zn ¥Zn stable
SZnn—"Zn+y
b/ ’
Zn ®Zn stable
BZnn—SZn+ y
Y- 1 =
Zn 70 >8Ga+ 8- 56.4%, 0.906 MeV
"z JZmnzney, 2458, 2813 MeV
n "Zn—"'Ga+ 8~ I, & e

1& fXjeferg, 2%t
A g

I&O_’_nl_)HO_‘_r' IIO

stable

”O+n‘—>wO+7, 150

stable

IUO+nl_>1HO+ r ,

‘90""19F+ B -

8t24 7| (half life),
2t 2ol i Xl (decay energy)

lb'o

Ilo

e} 2691 =, 4821 MeV
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= (Zn 939 )X (AA EA4])
= 4.19x10%/cm® x 0.486

= 2.04x10%/cm®

ot} NRE ZoM AE49 A n2AT o, Yy
s Hola ARE %Znd FEE
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= (%Zp2l F2)x (A @)
X (&4 A fluence)

= 2.04%10%/cm® X 0.74x10 *cm?
X 4.07%10"° A4 2/em?

= 6.14x10"/cm®

olt}. %5znst wzt7l 244 2622 %Cuoz YA §
22, ¥cus % AN FARY A Fol A
g Azto] Zedtch B A7el Ao AW 24
Z 20¥0] A#AE AAM PL H4¥E At oA,
o] AN Bouy FEE
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Cu? %
‘%;n;] =g X (1-(1/92) BRI,
6.14x 10" /cm®x (1-(1/2) ¥24425))
3.4x10"%/cm®
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Z AAE 4 gt olet 2 wgoz ASA, A
229 AlB3%dA APE Bcud BEx 47 4.8x
10%/cm®% 1.0x10"/cm*2 73141},
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28 4 2. ®znst "'Znel WwAV)E 47 56 4%
7} 2.45%0]0)A, PL 24 ANAdA %zZnst "'Zne B
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¥Ga ¥% =

Zn¥E(4.19%10%%/cm®) x A4 2 A9 (0.188) x A =
A A (0.87x 10 *cm?)

X D247 fluence (4.07x10%/cm?)

= 2.8%x10'/cm®

"Ga 5 =
Zn¥%(4.19%10%/cm®) x A4
AR @EA(91.1x10%em?)
X9E442 fluence (4.07%10'%/cm?)
= 9.3%x10"/cm?

EAH1(0.006) X E 5

2 Axg, Bozry dagy Ypo rre
IQFQ %E -

0% %(4.19%10%/cm®) x AA Z A1 (0.002) x G 2
A gEA (0.16x10 %10 %em?)

X9 Z42 fluence (4.07x 10" neutrons/cm?)
= 55x10'"/cm®
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2.2.3 9389 A4 =4 AL 9% PL
FAAE 2AEHA & AlE19 PL 29 E"S 24
2 Z2ALE 3 AlE49] PL *3-*]&‘?.33 LI EnAciS'
Band edge 33 oA o] F PL ~HEHL
W, FA 24 A8 T ARE 4 PL s}3E°] ¥4
g 7 YRA velvdm otk ol 24, 450
nm%H 550 nm 999 PL A9EASL ARG,
AL 2AF AT Fo] PL ~HEZY e a2
AV S & & 9. SAAE 24T A 849 PL ~H
EfdA wIFR oz wELE PL ¥WAEo] @A L
Qr}. olo WM FAPAAE ZAHA & AF31Y
PL 2HAEHJME o] & PL Folagoe] AE LASA
93 gtk dAE 255 mYddd wE, FAR 24"
AlF4904 TAE olE PL HAES =77 AAH ©
AZE & F U olF TH AMHEL #5E A
Aoz ZAste o5 PL A3 Zo] dASY AAS
o 93lA A7 FHEo|m FAge wlalr WAZE
AR IF BE&AJo] ¥ FolF L HAF1 T}
450 nm~550 nm PL 2HEZ gddi #A2dH=
PL Zl2ge 948 Agd oy, *°Ga, "Ga, VF
BAE F dhtel 7198 Hol}. Cu, Ga, F E4ES
A7 ZnOE ?61 FuFAES AyEd FHA
ZAE A 84014 #EE PL ¥ 25 e 5cue) At
#3849 PL g3 #3sln, ¥Ga, "Ga, 'Fe B
PL peakE3 #Ho] %1%% & ¢ 9. £ ui=
A, “°Gad® "'Gaol AAY PLE 369 nmol EAE I,
Aol 9Jatd Fo] #AE PL peak®E 510 nmolA
“‘Zﬂ%ﬂ} melx, B PL FFo2RE, 43 Ao
A Znool A" Pcu B2 YT Fold 4
A},
Zn0O 9tz Ao Yxla) Aol @Ad Poye W
A E (emitting center) &L UH:}_ 65Cu7]- ZnOd
ZAste e LFets AL e 2o Scurst
SznzRE @ AP o, SOcydM WA= s5=y
AUA 7 83 ZAk. wabd, Bcu: Zn siteslA] o
2g3A] &AL, 7Zn sited] 2UlE o Bt} Zn sited] S{l
£ Bous Cuz*(adgu gz =g cu? (349
7} deolAe] gax d7ixd, Boue Mebadd 9
A Cu'"(3d")he] Felsl "k cu't(3d0)hE Bt
A dAEY e JAL wA"T. = Cu? (34"
B el ARz AEHAM culT (3497 =z, Add
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AAe 25 dol AN @ Ao Pge F&I. 2
AHo2, Cul (3dD)hi CuP’ (3d9) o)eo] AAE
(exciton, AA-A T #)o] &5 ot} o TLa

Al & (bound exciton)®] XH@?}% ol ZnO ¥rEH A
gREE 932 #2d £ gl

29 79 AP 2% 864, 450 nmAA ol 9l
t_‘ PL 33 F&dA B0 AZFT o WEHe 44

ofgia] A7 Zolth, o] PL WA Rt} B YA
°§°§1(450 nm~520 nm)olA 2L dux tHFo=
dolxd 2 Jj¢ PL HAFe] #2Hr} o] PL peak
Aol TA 7+AL 12 nmelth o ¥R E Zn09
LO E=ouAlo) sidect oabd, 238 79 49y
(inset)dlA] EAE PL HAEL 450 nm PL =9
T A5 dEdctn #g %E}.

o] Al “783&% 69Ga Ao} 71Ga Azt EHSIW ’%ﬁ
Bz} olE LAE ZnO ‘?}Eiﬂ"ﬂ/‘i =Y ETE
qATg 1‘5&5}. UJrEW. Ga &9 =L 7Zn0 A S
nd YrEAE HEY. of Ga BEE %f?ﬂ =3H9A

a YRfo] A Eo] ?*5401 o] dAlEe] MAFHL
24 PL 932E ¥ & 3t B3 BIAM, o] PL ¥
A7F 369 nmIAoA #E2E = e 488 A E
BojF 3 gitd. o] PL #Ae FAHANE ZABIA &2
ANgldaE B2 5 g2 FHR™E ZARE A 8449
A #2328 4 9E PL FAot. AB1¥ A8549)
PL 2" E#JA band edge FA 449 PL HIAE
S vlwstd, A BLdEdE ¢ 5 U oA “‘o}
H AARFY Ga BB 461 PL Hag #=2¢ ¢
°i?114 PL Ai«} EAE Ga B¢EY &7 88

°‘°W H7 #@aolgtn AtR"EY BN Ga B

2 #¥ PL A3E AxEE7} 10‘8/cm3°1 Aol A
51914 A g0 e AR EEE BE Ga ETEY)
7‘“}2 dolstd e s Fogse Aex zo o
A, AABH Ga BEEE =S 1018~1019/cm3 A5
7t g9, Ga £ #d PL H3e ¥ =
gtk 2}

18 AAzxe SHE Ppd BAgy pL Hax
510 nm 3 Gy Qe Aeg LA Y. B
AP de PL 2dEHAM o PL 37}l #E
2] gl BEHA g olFe PL #Hol 4"5471

ZE
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7] @&olgtn Bk AMd, = U E¢EE 3Rt

el A o2& 7t 55x10'/cm® FEolW duwtHoz
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2 ApdME FHAE Z2AIA ZnO wxAld #@d

gd 9AEe ARG 448 & de 94T 94
9 FRE Aoz dZda o] YAEY F5E A
A 5 gt
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¥ 1. 9494 Zn0 PL A&

(a) A7 2492 &2 AR (N8 1), 954894
fluence, (b) 1.12x10Y (A& 2). (¢) 5.81x10!8
(N& 3), (d) 4.07x10"° (N& 4)
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238 5. F427F 249 ZnO PL A&
4F44 fluence 4x10%cm? (A2 4)

(a) €484, (b) €A 3007T,

(c) €43 500C, (d) €43 600TC
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400 450
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Wavelength [rm]

a9 6. 497 =AM ZnO PL A8
A2 A fluence 4X10'%/cm? (A& 4)

(a) H3A, (b) ¥x2) 300T,

(c) 84138 500C, (d) @x=& 600T

Intansity (arb. u.)

380 £
Wavetength [om]|

a9 7. 9484 ZnO PL A&

(&8t 200m) (a) FAHAARALE 1A &2 AR(AE
1), (b)) F4&A7 2A" A2(AE 4 943544
fluence 4x10'%/cm?)

Intensity (arb. u.)

380 390 400
Wavelength fnm]

a9 8. 600CA €AY Zn02 PL A& (£ 200m)

(a) THAZAE A &2 A8 (A8’ 1),

(b) #4828 ZAIR AR (AR 4: E2A4A fluence
4x10%/cm?)

=2 g #)
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