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A Study on Transmuted Impurity Atoms Formed in Neutron—irradiated ZnO Thin Films

B MR ew R RN F A BT E AT 8 kTR P R g
(Sangsig Kim - Kyu Tae Sun - Kwangsue Park - Ki-Ju Im - Boo Hyoung Lee - Man Young Sung -
Woon Kap Cho - Hyon Soo Han)

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. The ZnQO films consist of eight constituent (Zn and
O) isotropes, of which four are transmutable by neutron-irradiation: 7n, ¥Zn, ™Zn and O were expected to transmute
into ®Cu, f"‘3(321, Ga, and “F, respectively. The concentrations of these transmuted atoms were estimated in this study
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 the ZnO thin films, the Cu-related PL peaks were seen, but the Ga- or
F-associated PL peaks were absent. This observation confirmed the existence of ®Cu in the ZnO, but it could not do
the formation of the other two. In this paper, the emission mechanism of Cu impurities is described and the reason for
the absence of the Ga- or F-associated PL peaks is discussed as well.

Key Words : transmutation, neutron-irradiation, ZnO, cross section, photoluminescence
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S0 FAY THYAE o dASA FS Y RS AAEE F Uch o) NTD ¥y 3 o} #dg 2
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T U °olF o]&F Aol FTAHA-HUHE EdH(neutron- &, YHFHoZ ol AIF EH(in-situ doping) Bt 10
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g To B EFE FA P (annealing);EH. ol F d  time)e FHFoRYN Y ELEEEY IS HEHA =

B 5 AUk o] 3 NTD 714 239 SAd g 4+
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P B SEAE R LSRN FHE-TH InSe, GaP, GaS 5 %& dxA] E3e ds)s NTD7 &0
*+  F & B SEAS BER LB HLiEE Agso] i3] oE o] InSed E$, Inol HHgdHo
*  F @ R GBEAR ERLBH ELEME 24 Sn YAEe] NTDel 9siA vEgolxith. FHId+=
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At o] W AR¥ A4 plasma?) UL 400W, 35 scem
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gFARE AT a0 FAHA Wineutron beam)E ZnO
ubate] ZAMirradiation) 3o B AT A= 8 A B(trans-
mutation)oll F2 F4lo] glojA, dFA4A M &H MEFTA
2 wlgo]l 673 190 4 A (neutron beam)& Ab&3}o
Az A4S Zn0 PEAA 673x10%em s flux®  ZA}
(irradiation) 8t A k(M 22 A 2ke]  fluxy  1.0x10"em *s'o}
o}y, RAAIZFS 30%, 19, 792 9, ZnOel 7t A&
%4 2+9] fluenceE thEA 3t

Z 4217} ZAFE ZnO ¥Hehe 300~600C = Ata #9179
A 308 £ @A (thermal annealing) stATh og A £4
ZnO et "lF’r‘-* 8K 2xoA PL( photolummescence)
gatgar, o He-Cd
(3201’11'0)" *}%’5‘}5{1@.

41)1- i

9 (ight source)E laser

3. 83 o @

3.1 #EE M HMEEH AXNE
B dATE 9std 4709 AlgE e FAAUE
ZA3HA @€e ZnO dEre ARIZE WHIn, FA42
fluence® i A A FARYE RAHE 3719 ZnO dpubg
AlR2, AlE3, AlE4Etn gdgEgder. 2 A7l A8E olE
= o

Agol g dFAAY fluencedt wWEFA =9 fluenced

#1914 AeEste

E: 3 12t MEo st S8 =AF =
Table 1 The classified neutron irradiation condition for each
sample.
Alg1 0 0 0
AlR2 308 1.21x10" 1.80x10™
Al&3 = 581x10" 8.64x10"
AlE4 74 4.07x10"™ 6.05x10"
ZMR ZAFSE ZnO Htatol MME X 2800 e A7
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Zn0 BEAE FASE Zndze 09AE 77 948 F
9 4z ZA%0 #29 H3AAM HoFREo] ol FH
AiE A4 ¥ (natural abundance)2 FA38F3 At} Zn
Aol ALE 486%7F ¥Znol 3, O Ate]l A$E 99.78%7F
oolth, FA4AME Zn0 Wte] ZALE i, AFARE)
Zn09 T4 JREH} FEA ﬂ“‘gf’] dojba A
(nuclear transmutation)®] o]xtr} é‘l‘l’ Aatoll o3 A
A Hgo] ol HEL H20A E'_@T‘ dFdA4e g
A (cross section)o] #l &gtk AFAze] GAALE barn @
92 ®AIEE=H, 1 bame 10 Ycm’] sgdch A EP

WA ke FARe dulAe wet vizvl H29 #3004
Foj @ ge dFAAVE 42043 Tl sgEe
A 20,0253 eV)E 71 wleo] gholw] UwtH o= FAA
Eoxe dUAE MES5E FE duAHg etk gk,
0.1 MeV o} 71 wEF 42 Znek OURS 7 9o
A9 0o 7H3tot

i3 2 Zn gXle] 59 ChHx EEXE
Table 2 The isotope and cross section of Zn atom.

fa o

Aol EX| HBEHX A
(Natural Abundance) (%} | (Cross section) (barns)
*“Zn 48.6 0.74
©Zn - 66
©Zn 279 0.9
~Zn 4.1 6.9
®Zn 18.8 0.87
“Zn 06 9.11x10°*

k3 3 O #Xxte
Table 3 The isotope and cross section of O atom.

S ¥ odHY Fx g,

Xpod Z=XHu|
(Natural Abundance) (%)

HAEMX chHy
(Cross section) (barns))

°0 99.78 1.9x10™*

"0 0.038 5.4x10™

"0 0.205 1.6x107*
F 49 E 5F gAY 28 doluE FH9AE
°l kg o 90:1%‘«' AlrJr. ol HE B, ZnO k= ) of]
CEREE 8 59 9AE ZAA ¥z, Bzn, “Zn, YOl
zm %Cu, "’(m, Ga ‘Fog gz gte] ok HA A ne

dF A, v 7ohd(gamma ray), e & AR vE FARA

(neutrino), B & #EtA(beta ray)& 2wt}
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k3 4 7n AL dESMXRte Mot E,
Table 4 The classified transmuted reaction between Zn
isotope and thermal neutron.

1XF XpeH BHS gr2t 7| (half life),
2XF /XY eLE Z 2ol 1 X|(decay energy)
o4 o4 oo
Z Zn+n—>Zn+y, o
P =i 2442621, 1.352 MeV
7 ©Zn+n—°'Zn+v,
n | ¥zn stable
4 Y Zntn—"Zn+v,
n | ®zn stable
bY- by by
Z Zntn—>Zn+y, -
n sgzn_Jngaﬂ}- 56.4%, 0.906 MeV
"z Zn+n—"Zn+y, o
n 7IZn—>7'Ga+B‘ 2.45'.:, 2.813 MgV

ki3 50 SdL2 A MRt Yut2HE,
Table 5 The classified transmuted reaction between O
isotope and thermal neutron.

1X |IXIs ke,
2% YXIsdrs
)bo+n|_~)1lo+v’
"0 staple
”O+n]~*"’O+Y,
80 stable

'uO"'n'—’wO*'Y, .
90— 9F4p" 2691 = 4821 MeV

HrZE2 | (half life),
Z2toll L X{{decay energy)

IUO

32 AHEH HAXNES =5 HM

ZnO ¥rEA] dol A AAgE Y2E9 ¥ X(concentra-
tion)E ol&F oz ALY 5 sl Idfdd dAEY =
ArE A, ¢4 ZnO wtEA EAYe Zn 43 =9
O 9& F=& Yolokdrl ol A9 rEx =

Zn 949 F= (BF, 0 9249 %)

_ Zn0 V%
Zn0 2AY = Az

3 23

XolR7lE R 4

o2 HA FHAG A% dA PCud ¥ AN B4
A o F Qo] OCut YzndlA HAFHY & 9ot ZnO
A Wl E218E %Zne wEE

¥7nel FE = (Zn 929 FE)x(AA EAH)
= 4.19x10%/cm® *x 0486 = 2.04x10%/cm’

ojch, d¢, E AF g ARE FIM NE49 Y u
HE o, *Zn 9AE FAA AAZ Wwe Hojq 44d
®7nel FE:

Cndl F%) x (FFAA )
x (BF43A} fluence)
204x10%/cm® x 0.74x10 *em’
x 4,07x10° %4 2/cm?
6.14x10"/cm®

Bnel 55 =

i

i

ojth, ®zn7t wizbzl 244269 % ®Cuc g WM Ho
®Cus) = Aol FARN FA} Fo] HpE Alzto]
ssig, B A7 Agd A 2AS 2090 A
Aol A PL A8e 3tdu wehA, o] AjdoA AP
®cug BxE

fu

o ol

®euel Fx= ®zne] FEx[1-(1/2) R
= 6.14x10"/em®*[1-(1/2)274*] = 34x10"%/cm’

2 AAE £ ok olsh e whyom Aastd, Ag29)
N3¢l A" PCudl FEE FAA W 2ALFE 2090
A3e ¥ 2z 1.0x10%em’s 48x10%cm’s e F )

S22 Aadgdl dsdM ¥Ga, "Ga, Fo xE Ty
ot ®zns}t “Zne g2 RE 4z A48 PGaw "Gad FTEx
HollM Ned Aoz 78 5 AU “Zngt "Zne) wizh
71= 2h7b 56483 24580]01A, PL && A @A ¥zne}
TZnel 2E QA= PGan "Gaom A7 SAFH. wa
A, ®Gast "Gadl ¥E FL 7tz

®Ga ¥ = = ZnFE(4.19x10%cm)
x2} el E ] (0.188)xE 54 Aehd A (08710 ¥em?)
xQ% 42} fluence(4.07x10"/cm?)
= 28x10""/cm’ 3

"Ga FE= Zns %= (4.19x10%/cm®) x 2 2 = 1] (0.006)
xd % QA H(91.1x10 ¥em?)
x4 2 fluence (4.07x10"%cm?
= 9.3x10"/cm?

2 A ooz Ry #A%E YFo yxx HA A
@ & qth PR yEi

BFel ¥X - 0% E(4.19x10%/em®)x 2 & A 1] (0.002)
x 4344 gdAd (016x107° x 10 %cm?)
x A%A A fluence(4.07x10" neutrons/cm?)
= 55%10"/cm®

olt}.

33 MFEH AX =A gols s PL

FARE AR @2 AE19 PL A9ERI FA4x
ZALE T AlR2~49 PL AHMEHSE Bl@3lgdot. 1 18
350~700nm T} 449 PL ~2HERS RoFT I9 19
PL 2HEYJEL 5425 ZAE AR FAHRE ZALE

T 22 #e9 7% 9d2E(bound exciton)
PL 939 42 BE4E &4 @33 (deep level emssion) S H
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Fig. 1 not annealed ZnO PL data
(@) not irradiated (sample 1), thermal fluence,

(o) 1.12x10"7

(sample 2), (c) 5.81x10" (sample 3), (d)

4.07x10"° (sample 4)

e
g (d)
&
=
@ (c)
L
£
(b)
(a)
L 1 1 L
400 450 500 550 600 650

Waveiength [nm)]

a8 2 gX4el™ ZnO PL Xim

(a) BEHXIL =ALK|

(b) 308 (A& 2), (©
Fig. 2 not annealed ZnO PL data

(a) not irradiated (sample 1), irradiated, (b} for 30 min
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% 33 4= Algle g 9 X2 (annealing) %8 PL
2¥9EY HIE BAFE Holn 1Y 58 62 A H4o o
3 dxg 2%d PL 29EY ¥WHE HAFa vt 1Y

604 HaA S 450~550 nm G A9 PL 2 EZHGA, dX

2 255 ¥9d 4, FHAHoE wEEHE PL Jasd
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39 PL ~HEJS WA 4& F ded ofF 28 59 o
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Fig. 3 not irradiated ZnO PL data (sample 1)

(a) not annealed, (b) annealed at 300C, (¢} annealed
at 500, (d) annealed at 600°C

(d)

Intensity (arb. u.)
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1 1 L 1 L
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Wavelength [nm}

a8 4 SHAIL =AEX] & Zn0 PL XR(AE 1)
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Fig. 4 not irradiated ZnO PL data (sample 1)

(@) not annealed, (b) annealed at 300C, (¢) annealed
at 500C, (d) annealed at 600°C
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Fig. 5 neutron-irradiated ZnO PL data, thermal fluence
4x10"%cm? (sample 4)

(a) not annealed, (b) annealed at 300C, (c) annealed
at 500T, (d) annealed at 600TC,

inset- net intensity caused by neutron irradiation
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Fig. 6 neutron-irradiated ZnO PL data, thermal fluence
4x10'%cm? (sample 4)
(@) not annealed, (b)annealed at 300C, (c) annealed
at 500C, (d} annealed at 600T
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