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Abstract

In this thesis, hetero-epitaxial growth of non-pddaO on LaAIQ
substrate by pulsed laser deposition method (Plel3)deen investigated.
LaAlO; (LAQ) single crystal has a pseudocubic structuteram
temperature with lattice parameter of 3.791 A, @ndas been widely
used to grow _various dielectric oxide  and high-temafure
superconductor oxide films in the past. In thidgia-plane ZnO growth
on (001)LaAlQ has been demonstrated. In addition, the concept of
substrate engineering has been applied to desigh) @nd (112) planes
of LaAlO; as substrates for growth of nonpolar ZnO, which kbave a
miscut angle of 19.47° and 35.26°, respectivelypmfr(001) LAO.
Thereafter, PLD was used to realize the growth ohpolar ZnO.
Furthermore, the results support the feasibilityttué design from the

concept of substrate engineering.



The thesis is mainly composed of three topics:

In the first topic, the study of non-polar ZnO gtbwon
(001)LaAlGsis presented. In the range of growth temperatuna 800 to
850°C, pure a-plane ZnO can be successfully growentd small lattice
mismatch (3~5%), while growth at 150°C resultsamfation of c-plane
ZnO co-existed with a-plane ZnO. As analyzed byayx-diffraction
(XRD) 6-20 and wy-scan, reflection high-energy electron diffraction
(RHEED) and atomic force microscopy. (AFM), the rogtructure of the
a-plane ZnO films-actually consists of L-shaped| dioemains due to the
cubic symmetry. of atomic: configuration of LAO" sulase surface.
Cross-sectional = transmission electron microscopyEMY with
selected-area diffraction (SAD) reveals that th@aame ZnO film consists
of two types of growth domains that are perpendictd one another.
The in- plane growth relationships of a-plane Zn@hwL,AO (001)
substrate are: [0001]ZnO // J@)LAO and [1100]ZnO // [110]LAO.
Besides, a near band edge emission (NBE) of 3.30a&% measured by
room temperature photoluminescence (PL) on this pamAs no
evidence of green line emission was observed,{plaree ZnO grown on
LaAlO3 (001) has good optical characteristics, etrerugh there are the
dual- domain structure with boundaries.

The second topic starts with the issue how to elata the dual

domain structure of nonpolar ZnO on cubic symmeduiostrate surface.



It can be shown, from the concept of substratere®ying by enlarging
the lattice distance of substrate along one dwoacthat (114) plane of
LaAlO; with a miscut angle of 19.47° from (001) is a mopne for
nonpolar ZnO growth. The lattice mismatch of (10LdNIO; with
a-plane ZnO is as small as 3 % in the directiop,§@nd 1.02%1 Czo.
After growth on this substrate by PLD, the ZnO thiim as examined by
AFM as well as by RHEED exhibits a stripe-like mioopogy and
two-fold symmetry, suggesting that it has a sirgienain structure on
(114)LaAlO;. Examination of the RHEED pattern along [0001]ZnO
azimuth, it is found that the c-axis lies on thbsttate but the a-axis is
tilted with an angle to the substrate normal. Tbiga&ial relationships of
ZnO with substrate can be determined by X&R0 scan as
(001)LAO//(1120)Zn0O and (112)LAO//(100)Zn0O. In fact,
cross-sectional TEM and SAD reveal that the grguiéime of ZnO on
(114) LaAlO3 is (130) which is an unconventional nonpolar plane
observed for the first time. The room temperaturesjpectrum of the
ZnO film exhibits NBE at 3.29eV with FWHM of 87.5Mesuggesting
that the (130)Zn0O has good optical characteristics.

In the last topic, the growth of m-plane ZnO on l@Asubstrate
has been explored. Based on atomic arrangemené ¢i12) LAO which
has a miscut angle of 35.26° from (001), it is shdtat (112) LAO has

better fit with m-plane ZnO by the same concepgudfstrate engineering

\Y



as presented for (114) LAO with (48)Zn0O. The lattice mismatch of
(112) LAO with m-plane ZnO is small as 2.9 % in theection //Go
and 0.9%l Cz,0. Structural characterization by AFM, RHEED and XRD
20 andy-scan shows that the growth of m-plane ZnO on (142)0; by
PLD is in epitaxy with good crystallinity. The rooimmperature PL data
also illustrate NBE at 3.28 eV. Therefore, it iggested that (112)

LaAlO; can be a promising substrate fot@@) ZnO growth.

Vi
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%02-15 B H 2 &b ]

slillEa.

Parameter  Unit Zn0O

Mineral Zincite
Abundance  ppm 40

E. eV 3.4 (d)
Lattice Hexagonal
structure Wurtzite
Space group P6ame
(number) 186

a, ¢ nm 0.325, 0.5207
Density gem 5.67

K Wm PK! 69", 60,

o 107°/K 2.92), 4.75,
a3, €31, €15 Cm~? 1.32, -0.57, -0.48
daz. d31, dis 1072CN~' 11.7, -5.43, -11.3
k33, ka1, k1s 0.47, 0.18, 0.2
€(0) 8.75, 781
€(20) 3.75), 3.70 .
T °C 1,975

Tw (metal) °C 420

Tvp °C 208

AHg eV 3.6
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LR e 73]

Band gap Exciton
energy Cohesive Melting binding
Crystal Lattice constants at RT energy point energy  Dielectric constants
Material  structure a(Ad) c(A) E, (V) Egu(eV) T, (K) Ep (meV) £(0) g(o)
Wurtzie 3.249 5207 337 189 2248 60 8.75 3.75
Wurtzie 3.823 6.261 38 1.59 2103 39 9.6 57
Zinc blende 5.668 2.70 129 1793 20 91 6.3
Wurtzie 3.189 5.185 339 224 1973 21 89 535
8 H-S1C Whurtzie 3.081 15117 2.86(1nd.) 3.17 =2100 - 9.66 6.52
+ 2z H 4] > % fL A2 5 B J% - E2
= 2-3.;—- EHE—':*— mwm % it &2 57 ]ﬁ"-‘)igt;%’»

Lattice Mismatch | MgO(001) | m-sapphire | v -LiAIO2(100)
(with m=ZnO)

A(1LCzn0) [9.13% -0.18% 3.18%

A(// Czno) [-1249% |8.39% 0.52%
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@ electrons
O holes

Eg’ (np) e T

B 2-2. ZnOx: FL BT 7, B
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12.0r Zn-rich

10.0

Formation energy (eV)

" 1 M | M 1
0.0 1.0 2.0 3.0
Fermi level (eV)

Bl 2-3.5 432 % 44158 formation energy Fermi levelz B 4

FI[10] -

1st layer

2nd layer

)
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BEICH § 4R Gas NAK S b -
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MR 2002 5 1000)4 & B § w¥sf R B rc > 2B e f #
# R > #e# needlevaler »pi8 & 5 20mTorre
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7THNET S KRS (TEM) B v 2 & % 3 5 B (selected area
diffraction pattern SAD B))~ 7 2 2 E% - as ZnOp & (in-plane)

LR BB 4 oo Bofs KR kAT (PL)A 1 E MR kB B o

4-3 % 5% 213tk
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AE L 4 E W (001)LaAIO; A B 5 S R BHEF A
1734 o S RE B iE £ 5 Ts= 750C »

0-20 XRD 4 1%

% By 12 ZNO +: LaAlO (001)5 A48 8 2 0, 5 2 &8 B BE 40 28 o 1
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FHREF CHETRAEGZEE ] Ll LA I B SRR
% a-m § vz H 5 faj»}’f); °

Q & 3#Fm2 XRD

PR G F MBS ARL FEASEM G T X LR
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(001)LaAlG; 47 B X Sk ¥E5F R 2. @ & 4 o Bl 3 o 3% 0~360 #1ip] {8 2
(1013)ZnO % (202)LAO M4 » 394 w 55 > Bn as § 4
I e & $4(4-fold symmetryy ¢ & aw ¥ it 4 = & 3¢ r-sapphirez
BEERT R EHA) KA (00)LaAIG At £ 2§ M 4
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\\\?’;r

PR bt @ b EUERAS P b 5 5% e o B 4-4(a) B
4-4(cH T F & » St & 4 5] 5 [110]a0 2 [110]a0 » W 4-4(D)RI 2 T +

k>33 w5 [010] a0 F mEL % B 4-4(a)f Bl 4-4(C)7 # R ¥

)
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pattern(®) 4-4(a))H s ik4g e T 2LH N L chhF (Y A2 BEEL e
¥ CZ om dhzZ st R RHEED Bl % & = ¢ 2 m$he (Zone axis)
B EMERREA R 2B ot F YR afh £ 0 FIRK
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57 Y LaAlOz (0014 = £ ZnO 2 & & A543V P g * &
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21§ i &30 r-sapphirel M EH fdf S R HT R IR IR SR F oo BT A
EFIAF 20 BV o FRad § L HLFS Bie
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% f217 5 4L (Dark Field) TEMP. s 177 FE T 225 B cfh2 & &
% 45 R (4o B 4-7 %757 )[5] - Bl 4-6(b)% B 4-6(a)r 1250 F 2 i+ ] -

ot L A2 R chd £ 98 A5 R o ¥ b PlH LGk 2
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22 RERMS) 5 3.5NME A L BlT ) ot rkiERT AR
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TEM sS4 15
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T BT o F wl FT o Bl ® ?l P F VAR Mk c ik 3
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T2 AP e L& H 0 Mg fEfTE e TEM R s 37 (4 R
4-8(c))> ¥ P &g 17 LaAIO; A B 5 At 2T 6 T E R G 2
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[0001}no// [110]iao "2 % [1100]zno// [110]ia0 © & M+ A 457 i
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B ANy k¥ kR R(PL 2R TR R E B kBN o 4R
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TR G2 R P ok PERA-92 a0 @ E L g 5 (FWHM)
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Gl T AR 2 BEE AT T L T AR 2 3R A
M ZNO TRt > K E G FONRMER LA HH SR 2B 0 5
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300~ 450~ 7502 850°C % 5 # k- F & o b P& 5 B A7 £ 238 %
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FEZRFIIE M abh F L4 m CphZ 3 (LRI ST w1
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2 (1120)ZNO Sesd3U B » v 2 F B35 C-dh2 § L 5 fo 57 it £
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LFEFRIDIL > @ WAL HIG SRR o T 2
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XEdadF o ins i}u{g‘; AP > &7 &> 300~750C 327 =
Edidpan i t 42 iR FE o5 g 2 EEAE L 1I50°C - L pF AL
FAo s 4E-3 (AFO)E 7] > § B 5 R EERC] - FIUH A A5 4 T fira
(Co)s i*&f - ¥ i To=750C L2 H5FH ofFmz X
% rocking curve g 4-12)> H X 3 § 5% 5 048 ¥ H T (3 C fhy
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% 4-1~ >t LAO(001) A 4% = £ ZnO #& &-i% %

5 * R R (T ¥ » & (Po) % do 14
A 150 20 mTorr poly
B 300 20 mTorr a-plane
C 450 20 mTorr a-plane
D 750 20 mTorr a-plane
E 850 20 mTorr a-plane
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0.0 nm
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Bl 4-6.(a) 5 § it 452 £ 3T 4PMAR(001) & 47 2 AFM i if o B 4 5 fu ik
B2 35> 3B (RMS) & 5 3.5nme gt 52 & £ 5 % 5 K S h & 1 o (b)
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[0001]z0,

7|

[0001]z10

Bl 4-7. ZnO/LAO(001) dark field plan-view HRTEM 1§ [6]
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B 4-8. K& & TEM 4 47 <(a) BF# ifor (D)/E 922 i 4r 2 38 T SE5+ ] -

C)F e A R 6 B2 £ 6 HRTEM # -

89



e ¢ ¢ O ¢ @ €

/ LAO(001)

Czno

LAO(110)

Bl 4-9 »+(001)LaAlO3 A 4+ & £ a-plnae ZnOx f & 3 FHM % 5 (a)

R 2 P ARBI()= & #058 t & R

90



Photon energy(eV)
35 30 25 2.

I ! [

12000000

10000000

000000

GO00000

4000000

intensity (a. u.)

2000000

o

400 450 500 530 600

o

wavelength (nm)

] 4-107F Ts = 750C & £ 2= ZnO/(001)LAO PL: 2 4 45

91



e
c
™N
(]
(020)LAO <
(0002)Zn0 T 850°C
~| / A
=
]
s
>,
= (020)LAO Kfj Ts=750C
2 L
]
—
£
J\;h Ts= 450°C
A
Ts=300°C
=[elgh s
(0002)Zn0 L Ts=150'C
A ”’
30 40 50 60 70

2-Theta (degree)
B 4-11. § 1 4 £ >5(001)d sefasfiats + 2 7 b 2 LB R 2 XRD

0-20 @] ¥

92



2000 -

1900 A
[100]
%)
g X-ray incident
[&]
5 1800 R
\§’ e \l
I
=
1700 |
1600 ; . ' ' ' ' :
135 180

93

2n [100]LAO(degree)

ing curves #7



Ts=150°C Ts=300°C

Ts=750"C Ts=850"C

Bl 4-13.5 § i“ 45> 7 I & £ & 5 F[110] a0 2 RHEED 54 1) -

94



&l 4-14.

FWHM(XRC) (degree)

0.60

0.55

0.50

0.45

0.40

Po,=20mTorr

T
300

T
400

T
500

95

T
600

T N T N
700 800 900



4 12(1340)F 4% £ 0(114) 5 4FR4PH & AN
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&k IR ARG § GRS AT
iz p % & (polarization) § xR 427 FerH k2 £ 5 A
§ 35 % 5% i (QCSE)> & B g sk (k2o s ks i e 45 TR % [1-2] o
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BEFST BHESERE B AT o
P fEAERT SR A PER I H Y - g SR
oo MHSRRAFZ G HEEM G gAFE ac 3 PEFHEL A
ﬂ%ﬁ#&ﬁwﬁ’%?ﬁﬁﬁ—%éa&§“ﬁ$£’UQW%
do o & AR o mUEEHE J4p(single domainy B E S aw § o1 &
T o
drimat WigkdE H ¥ — $h2 5 ¥ 82 0T B LGE e
d f“ffgf&ﬁﬁ 2 pfi& Fge L rhombohedraf“fﬁ’ Ein¥ 4L 5 &
(pseudocubidyc@] 4c 3t o Ao ® R il > 3 5% (001)5 2 4pfE
WHE ST AP Zag g ez ZREVEATRAES Y 3%(E
7 Czno)% 5 %(LCzo) ° B 5-15 ad 3 i &= & 3T 4rpsfl & A
ZMGF LM B an § a2 AHE 25 CauoX V3amo= 5205
x 5.627A » 4] 5-2(a); @ k ~(001)5 2 4FFL4RE & 2 [110]% & 2
¥~ i+2ax V2a=5.360 x5.360k - F i ut ¥ AFH P~ g f
BoA B 2 2 TR M doB 5-2(b)w 1) S A ALY 0 B ET

£ 2 JEHR-G 4 € 1 H 5 32 (single domaing: £ e

97



B 5-3.()F MAFRARE LA E O LW AR T AR AT EL 0
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$h= )2 RHEED $e5¢ M) o @ 8> St %5 L 452 a phie s ah(4o R
5-7(b)) > % 3% B L B 5-6(bRP-+H 4p 02 - 27 it A F|F L& aphE B
FPELE 3k 0~17%4 > 2 M AFELE 3 w2 k& (M
pher apht 300 ) * RHEEDT F4 » 5+ & 5 2~3° Fpt » 5 &
B R E A mahd b XL 10° Kk RHEED B 252 & ik
T athEH B2 %% cRHEEDZ 3 # » 512 § ' & 0o 2 A0k 7 &

]+ EA4e ] 5-8 477 o

5-3.2 AFM £ 47

L AE A E AT LAO(114)z ZnO sEid £ & 255 > 2 i AFM
ATz o deRIB-9¥ 7T 2 F MBEA G ARERL FR T H chT g
d XRD B2 5 deBp #riE T o B PID Y rm EF A AT
SR 2 ad§ it 02 (def] 8-6)e FIt o 2473 LAO(114) £ 2
ZnO &k 5 E & # (single domain} £ o ¥ #h a3t 2 & o A= RGR

i% » 4 line profiles 472  4-® 5-10° 7 P &5 01 » 4

=K
)~
i
)
)
%

TR 4A0nm> P OAHFE 10~20nm-< | F - 2§ (L ARk £

FHLAEGERLARN o a ZnO EH A 6 kR (RMS)S 5 1.34

101



5-3.3 XRD 4 %
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