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Oxidation Process of Epitaxial Ni(111) Thin Films Deposited
on GaN/Sapphire(0001) Substrates
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Abstract This paper reports the oxidation mechanism of epitaxial Ni thin films grown on GaN/sapphire(0001)
substrates, investigated by real-time x-ray diffraction and scanning electron microscopy. At the initial stage of oxi-
dation process, a thin NiO layer with a thickness of ~50 A was formed on top of the Ni films. The growth of such
NiO layer was saturated and then served as a passive oxide layer for the further oxidation process. For the sec-
ond oxidation stage, host Ni atoms diffused out to the surfaces of initially formed NiO layer through the defects
running vertically to form NiO grains, while the sites that were occupied by host Ni, became voids. The crystallo-
graphic properties of resultant NiO films, such as grain size and mosaic distribution, rely highly on the oxidation

temperatures.
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Fig. 1. Xray reflectivity curve of as-grown Ni/GaN/
sapphire thin film. The simulation result was also
displayed by the line. The film thickness can be obtained
from the period of modulation using the relation, d =
2n /Aq,.

3.1 Ni gjgto| &t5t 7|5

E-beam evaporation "'HO & =235l Ni Hhke]
9 2 AEeY 24 s flske] 4 X-
A HEALS(reflectivity) 3F41S Fig. 10 YERAITE
AR XL e SA4S TR EE vido ¢
slo] 23 WKL ofu] WiAlE X9 A=
XS AHE XA Akl diste] SAskA
Fig. 13 28 agj=z= 5X40],7] | =}, tﬂ]—uk,] /‘\70
Weko 2 X419 momentum transfer g7} 0.05 A
A, XA RARES A9 Y-S 3hs fAlska
o|F A4g ez A4S} = ZdkAK(total
external reflection)’} dojul= 1to|at HARE
o] H}& A Z}(critical angle)o]t}. YA B4
FHAET AV} Jorg Ni vhbe) deg =43
I Ao}, T3 A5 FER Thashe dYelxs,
Ni #hete] 93} Ni/GaN Aldolx whAkEE XA
o] AZ TMARS oA THTFHE qﬁ}lﬁb
], old 7HITEHe] F7)(Aq )= FAIQ Froltt,
(d=2n/Aq) $8E A= <F 463 Aok XA vk
AHg ©]2& Born approximations ©]-83f] the-
7} o] TP = UrH14, 15].

ILA 2 2 2 2 2
= 2[pyexp{-q,01} +(p1—py) exp{-q,o;} +

q,



356 A8 -

20? + 0;

2C05(qzd)01(01 Pz)eXP{qz ) }:|
o7]o| M, F= Ni/GaN/sapphire BF2FO ZHE] WAL
H XA A7, I AR 27] XAde) A7), A
© AFA aRlel| 7IRIsk= 3, ¢ 3EH 54
kO 290 XA momentum transfer24 32
T RS ZE= py(p)= Ni(GaN)9] 2t 2
o1(c)= Ni EHNYGaN A)e] A2, 12
de= BfEte] FAlolnt, o] RES o]83dle] 4
b dataZ fittingdt 2¥E Fig. 19 Axo=z e}
WSt S8k ol&gte] & GAIgRS & =
Fitting® %€ 4 o,(c,)= 217 148 A+06 A
(3.6 A+04 At AW Az 2~AIYE & HE
=o] a1, Ni vfeke] e AR L 718
AR 28] 2 HEE] s ¢ AUk

Ni 2P AkAs 2917104 Exje]shd st AR
B 2k3lE 7] Al Fig. 2+ 380°C, 495°C,
560°C, 605°Collx Ni Bfete] Alslabdat Azt
©2 =43 Ni(111) Bragg peak®] ¥3}E Jehd
T} Bragg peak FHe Z AHH HHFYH
(interference fringes)= BHre] A} Al A 3
e XA 74 @l ©Jg Zloldt. = Ni Hhet
o FHeAsko® (111) 2FWo R dRHow
Z AEE]o] a1, GaN, sapphire9} ¥ Weko g
AR Wskido] UX|Sh= epitaxial BFEFO 2 A
3} 9 Chepitaxial W& ¥ A& in-plane Ni(111)
Bragg peaks A3l f53131aL, 17104 data
© HolA] ¢kg) 54 Ni BlEe] T 250
’Fglo] oF 410 ASEA XA RRAEEHE A
463 ARTH 22 7hs YeRISI) o= ksl
Z7124ol A7 gk NiO 3 Tute] FA7}
°F 50 A A% e Z1E ov|gict

TR 559 sk BAI/] g4 o]o] 4t
20} Agsto] AL s Akslaeke] =7t
Ao g Frksle Aew AWE 4 UrH16,17].
gy £ AelA] sk NioHeke] Alslabge
o]¢}= th=t} Fig. 2004 ®.<2l Ni(111) Bragg
peake] THIFHS] F7l= Alzte] At wakA) o
= ¥hH, XA Bragg peakd e HzF 724
th XA Aee e Aslago] e v

% kI M1 1R oZ T

¢

A
10°—— : : : 10°
(a)380°C 1\ (b) 495 °C
= |
o
E 10° 110°
w
k)
2
£ |
S 10% 4h iF 110°?
£ 4h
-4 N . N ) . X . g
107300 3.05 310 315 3.00 3.05 3.10 3180
q, (A7) q, (A")
10° r———r 10°
(c) 560 °C (d) 605 °C
= ]
Q
E 10 1 110°
Q
2
3-‘ 1
@
g 107 1r {10
t '
= 3h 10 iy
-4 2h -4
10300 3.05 3107315 300 305 3.10 3150
a, (A") a, (A"

Fig. 2. In-situ x-ray diffraction profiles around Ni(111)
Bragg peak. The Ni thin films were oxidized at (a)
380°C, (b) 495°C, (c) 560°C, (d) 605°C. The period of
interference fringes was preserved during the entire
oxidation process, while the peak intensity was

decreased gradually.
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Fig. 3. Variations of the thickness of host Ni film as a
function of the oxidation time.
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Fig. 4. Cross-sectional SEM images of (a) as-grown Ni
film, (b) oxidized sample at 495°C for 4 hr, (¢) oxidized
sample at 605°C for 2 hr. Voids indicated by an arrow
were observed clearly.
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Fig. 5. Top-view SEM images of oxidized samples at (a) 380°C, (b) 495°C, (c) 560°C, (d) 605°C. Inset of (a) shows the
SEM image of as-grown Ni film wherein many nano-meter sized pores that provide the route for the diffusion of Ni

atoms in the later stage of oxidation, were observed.
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Fig. 6. (a) NiO(111) Bragg peaks measured at room
temperature. (b) Out-of-plane and in-plane domain size
of NiO thin film. The domain size was estimated using
the Scherrer's equation.
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Fig. 7. (a) 6-rocking curves measured across the
NiO(111) Bragg peak. (b) FWHM of 0-rocking curves as
a function of the oxidation temperature.
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