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Wide-bandgap semiconductor ZnO potentially exhibits high radiation hardness since large displacement threshold
energy of constituent atoms can be expected due to the small lattice constant and large bandgap energy. To study the
radiation hardness, the effect of proton irradiation on single-crystalline n-type ZnO films was examined. These films
were grown by molecular beam epitaxy, and irradiated by 8 MeV protons with fluences of 1.4 x 105, 2.8 x 10%°,
5.6 x 10*° and 1.4 x 106 p/cmz. A rapid increase of electrical resistance by a decrease of carrier density was observed
with a threshold fluence of about 1 x 10'® p/cm?. This change in electrical properties was associated with a steep
deterioration of the near-bandedge emission intensity in cathodoluminescence. These radiation damages were found
to recover after a thermal annealing over 600°C. Such high radiation hardness of ZnO exceeds that of GaN, indicating
promising application of this material to space- and nuclear-electronics.
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Table 1 Electrical properties of a single-crystalline ZnO film.
Resistivity  Hall mobility — Carrier density

) cm2Vs) om-) PEVEEE, FHTHEHAL, MESSX v
300K 0.107 103 56410 17 TarbFHTECL WS HENDD £7. i
700 K 0.273 302 7.57x10716 z213
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Fig. 2 Schematic diagram of an experimental setup of 8§ MeV Fig.1 Example

proton beam irradiation.

}
d
3 ZRAAILT 71l jsms2014vl.sty IKDWT \end{center}
MHO 74 —<y Mcf5 k51, UTF okl - LRBT B LI kD, RUBHEAICHEIIYIC K
ceEs ADET. 2L, ZoHBEGRe*yT¥arD

B R =B A>T LE-D, RIO@EHFIZK
R=TEPRGEITE T D EVREHN A -
TROR=—J P EDLoTLEI REDHED
HHFEFT (figure BEEMEZIE, To50oZ X
EXFERA). £/, HEZRICIDROFS %
MRZeNTERIRD ET.

s BHID T —Y VRE (KY ¥ I VORI
(Windows7, WinShell) T, Web {B# D T#f ﬂ%x
Word 7> 7L — b Verl.0) IFIERICECETH A
XNBEICHBEL TS, BEIC LD MFA%ED
RBY 2 BZ2VOTHRHEN U L CHEER
BLTTFIWV)

7 v « ZE XKL, thebibliography BRIE Tl % &

r WEE Goomote) DRI 1L THH E7. ;@uELX&/f/I/"CCi, B2 L

B, HOT Y FOEE FIEFRICHEINIC 1 225 HFCREDTINET.

e X, ROF¥Fvaro7r—vy b EEE (R . BRIZ, equation B UL X 447 jsmseq B

\ref{tablet}] & ECAXITIIHT 5.) e moR LT ET. Chu, AB S0

s XEEFEEN 1) L WVIBE D LI ITHEE ([\citel BIOTORPLEAE ANS /2D TT. equation
TAT LY TAXHTEIATS.) BRBECIFIERIC LS IMES 2 e B TEET.

« E HORHBLOZ+—<v MEE s AVANRANEITIE, TV MY A RCHETEE

ERIEH I AR E Y. WRLERD T

X, 7xY bR BRVEAETHRE 7> bTIEIE

HBEDHAXDOXFEREZ XS5 ChoTVWBE A
© XD T+ > b A R RARTE bNET. Hirlc 7+ A YA —LT 3%
o ZOMDR XA NHEEZ, KPS LT L, 2oHhoBEHEEIHRZTVWESIZTE
HFTiToTW3, Z0TEEVWREEDRET.

s BENMD XA MV E, XFHREEI TR X
VY LTHAT 2 X5 E



1)

2)

3)

4)

5)

6)

7)

Main System I

| Sub System 1 |

Sub System 2

F— Sub Sub System 1

| Sub System 2

Interface

| Sub System N |

Fig. 3 Very long sideways figure using two columns.

2 £ X ®
Ohnishi K, Matsuda S. Radiation effects on semi-
conductor devices: Recent trends of research
works. J Inst Electron Inform Communi Engnr Jpn
2002;85:662-669.
Gonda S, Tsutsumi H, Ito Y, Mukai T, Nagahama S.
Proton radiation effects in nitride lasers and light
emitting diodes. Phys Status Solidi (a) 2006;204:231-
235.
Corbett JW, Bourgoin J C. Point defects in solids. Eds.
Crawford JH, Slifkin LM, 1975;136, Plenum Press.
Warner JH, Walters RJ, Messenger SR, Summers GP,
Khanna SM, Estan D, Erhardt LS, Houdayer A. High-
energy proton irradiation effects in GaAs devices.
IEEE Trans Nucl Sci 2004;51:2887-2895.
Gonda S. Radiation hardness of InGaAsP semicon-
ductor lasers. International conference on InP and
Related Materials IPRM) 2008;WeP29.
Hallen A, Nawaz M, Zaring C, Usman M, Domeij M,
Ostling M. Low-temperature annealing of radiation-
induced degradation 4H-SiC bipolar junction transis-
tors. IEEE Electron Device Lett 2010;31:707-709.
Khanna SM, Estan D, Erhardt LS, Houdayer A, Car-
lone C, Nedelcescu AI, Messenger SR, Walters RJ,
Summers GP, Warner JH, Jun 1. Proton energy de-
pendence of the light output in gallium nitride light-
emitting diodes. IEEE Trans Nucl Sci 2004;51:2729-
2735.

8)

10)

11)

12

~

13)

14)

Nakano M, Makino T, Tsukazaki A, Ueno K, Ohtomo
A, Fukumura T, Yuji H, Nishimoto Y, Akasaka S,
Takamizu D, Nakahara K, Tanabe T, Kamisawa A,
Kawasaki M. MgxZn1-xO-based schottky photodiode
for highly color-selective ultraviolet light detection.
Appl Phys Express 2008;1:121201-1-121201-3.
Nakahara K, Akasaka S, Yuji H, Tamura K, Fu-
jii T, Nishimoto Y, Takamizu D, Sasaki A, Tan-
abe T, Takasu H, Amaike H, Onuma T, Chichibu
SF, Tsukazaki A, Ohtomo A, Kawasaki M. Nitrogen
doped Mg,Zn1-,0/ZnO single heterostructure ultra-
violet light-emitting diodes on ZnO substrates. Appl
Phys Lett 2010;97:013501-1-013501-3.

Sasa S, Hayafuji T, Kawasaki M, Koike K, Yano
M, Inoue M. Improved stability of high-performance
Zn0O/ZnMgO hetero-MISFETSs. IEEE Electron Device
Lett 2007;28:543-545.

E.g., Recent development of thin film compound semi-
conductor photovoltaic cells. Ed. Wada T, 2007; CMC
Press.

Kucheyev SO, Deenapanray PNK, Jagadish C,
Williams JS, Yano M, Koike K, Sasa S, Inoue M.
Electrical isolation of ZnO by ion bombardment. Appl
Phys Lett 2002;81:3350-3352.

Khanna SM, Webb J, Tang H, Houdayer AJ, Carlone
C. 2 MeV proton radiation damage studies of gallium
nitride films through low temperature photolumines-
cence spectroscopy measurement. IEEE Trans Nucl
Sci 2000;47:2322-2328.

SRIM simulation, http://www.srim.org/



