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Abstract

In this study, epitaxial .ZnO filins were grown by metalorganic
chemical vapor deposition (MOCVD) and pulsed laser deposition (PLD).
ZnO films were deposited on Si(111) and yttria-stabilized zirconia
(YSZ(111)) single crystal substrates using the buffer layer of Y,Os.
Furthermore, epitaxial ZnO films on GaN/c-sapphire were deposited by
atomic layer deposition (ALD) with various experimental conditions.

This dissertation is divided into three parts. In the first part, the
growth of Y,0O; films on Si(111) and YSZ(111) by PLD was investigated.
Deposition of Y,0; of the optimum crystalline quality on Si and YSZ
substrates has been tried by varying various processing parameters. Such
deposited Y,0; films can serve as a good buffer layer for ZnO deposition.
In the second part, ZnO films were grown on Y,05/Si(111) and
Y,05/YSZ(111) with MOCVD and PLD. We discussed the changes of
ZnO morphology and crystal quality in the stages of nucleation and

growth which was achieved by varying growth time and laser pulsed
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numbers. In the last part, we attempted to find the ALD process window
of the growth of epitaxial ZnO films. The film structure was characterized
by transmission electron microscopy (TEM) and x-ray diffraction (XRD).
In the first part of the dissertation, high quality Y,O; films as a
good buffer layer were successfully deposited on Si and YSZ single
crystal substrates. The grown Y,O; films on YSZ have better crystallinity
with smooth surface than those on Si, as revealed by XRD and atomic
force microscopy (AFM).
In the second part of dissertation, we discuss the growth modes of
Zn0O grown on Y,0O; buffer layer using MOCVD and PLD methods. It
was found that the growth mode in the initial stage is different between
MOCVD and PLD characterized by the growth and laser pulsed numbers.
The growth morphology of ZnO formed in the early stage is low aspect
ratio islands with 10 nm height-and-30, nmr length, suggesting that the
growth mode is 2D-like for MOEVD. The ZnO grains exhibit 3D island
morphology for PLD. All ZnO formed in later stages show columnar
morphology for both MOCVD and PLD. From high-resolution TEM of
7/n0/Y,0; interface, the ZnO/Y,0; interface is shown to be smooth
without the formation of any interlayers, which represents that ZnO and
Y,0; have no reaction below the growth temperatures of 1000 °C. From
the selected area diffraction (SAD) patterns, the orientation relationship
between ZnO and Y,0; was determined as {0002}z.0 //{222}v203,
{ 1120 Yzno /{440 yr03, < 0110 >z,0 //<112>y203, and < 2110 >zn0
//<110>y203.
In the last part of dissertation, we deposited epitaxial ZnO films at

the growth temperature of 300 °C and analyzed structural and optical

A\



properties of ZnO films. From the results of TEM and High-resolution
XRD, epitaxial ZnO films on GaN were grown by ALD. The growth rate
of ZnO films is about one monolayer of ZnO(0002) basal plane,
reflecting that Zn-O bonds form in the self-limiting characteristics of
ALD. Observation of the threading dislocations in the ZnO films was
performed using the weak-beam dark field TEM imaging technique. The
total threading dislocation density in the ZnO layer was found to be about
10" ¢cm™ and the main dislocation type is edge-type. Besides, it is
identified that the polarity of ZnO and GaN is Zn-polar and Ga-polar
without inversion using the convergent beam electron diffraction
technique. Compared with MOCVD, epitaxial ZnO films can be
deposited by ALD at lower growth temperatures. The thickness of
deposited thin films was accurately centrolled by number of cycles in

ALD.
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At 2B R BRI BT V.0, 6k 6 SiH & AR

2 YSZ B LA nE £ ApE L PLD A Y,0;

-

ekt Si 2 YSZ A 0 ARiSE A u® % MOCVD i# 22 PLD 2
& EF A Y,05/Si(111)2 Y05/ YSZ(1 1) b oo tos 45 550
= > % XRD % TEM &% § Mt &F % a7 @ * AFME%

EAaE A m A s 8 PL A7 E R R -

S

I e 3 VB - YSZ A2 GaN #Hl ahdd e
Fh% 4 45T MOCVD ~ PLD#? ALD % g ftfiv £ § 1
BB R L T IR R B (S DS R R R ]
b R (7 m n ik o
KEZRIF - Fhp 3o B3P A9 Sha- (o %

2R Y A PERES TR Y0, 8 Bk & Si e YSZ

)
=t

Y,03/Si A4+ > i * MOCVD
EAEF CBE B D A ROSEERTARREF P H L Y0,
AP AE R A% T ¢ 0 A Y,0:/Si At o FREig ¥ PLD
EANEF L eEN, ¥ F 3% AFM £ TEM HispL i L4 2

Fme®23? > PR ERAY,0,/YSZEF % PLD 2 £ %



it 425> F1% HRXRD ~ TEM & {7 § 4 55 45 o 516 % = 3 B
F_i# * ALD j# % epi-GaN/sapphire sA 47 + & £ & * @ $F 45 v

BETLMET  FEBTET A ¥ AR5 AP %R 5% -
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2-1 § &4

2-1-1 ¥ i“%f_kzl\'}i??’

FUHERTO-VDEFREFPEIEREFE - 2HALTR 22 5
% #- 9 zincblende 2 &_rocksalt £ —ﬁ 7 de B wurtzite A 2
o % WG > 1 484 (meta-stable phase) » — & k3 F i & enfE T A

wurtzite 4 0 ¥ Y S5 T & B4R 2-1 21 o R+ K E

)
P

ERFEEE T 3 TG s cihS w11 ABABAB:-- e JV e dp o
¥t Ba=3249 A>c=5206A % B #(space group) = P6smc (C?) >
Ay CHELBRYPERFZTE Z x:033330:0.66670z:0° D-W:
031>0cc:1.0; ¥ h+2 =% 5 x:0.3333°y:0.6667 > z:0.3826 »

D-W :0.55>0Occ: 1.0 % 4% 8. 1975°C» 4 T % # 8.656 » # &
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WOH % 80.54 Wem 'K > #0898 #cay i 6.5x 10°K ! v ¢0:3.0x10°
K'> T R%##8455GPa> A A& 4 Mohs» *hLi v ¢ » & BB
EHAE F[1]° * % GaN > 2 inch.ehg £ H & v ud k#2
(hydrothermal)= & tF# 3|[2] » P v e 5 £ A 1t ey V& H KA > F
AEER - BEPE R RAFRDETF PRI S o F LR

4 RBEA BETE S SR BN HKG3eV 0 300K F g

&

& & it (exciton binding energy * 60 meV)[3] o ¥ * 42 3 5 & i &
His Fa HHAlip (GaN 28 meV > ZnS t 19 meV) » § 1 g ejgr+
BLEEA L ATE PRI RE L iR RS R A
BER - AR - HEFORERET XL D kenf L 415
n Al E M > T LA R FEIGE L F T A A4 R S (zine
interstitials) g iﬂ” & 3 R+ 73 (oxygen vacancies)erE 4 o F|pL ¥ U %%

dEeE e A (Al Ga) TR EED FEE 5 ST R

g T B8 ITO 607 G0 o

a=3.2495A

o] c=5.2069A g] 2-1(3) ‘i; L f;‘:“‘é}‘f#ﬁ %@[48]
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-c=5.204 A
g 5 a=3.gsoA
-] 5 @ @
N N o

Zn0[1010]

ZnO[1010]

B 2-1(b) § 1 &% H(Wurtzite)2 7 B o = B 5 [1120]> » > £ B 3

[0001]% & RIARB - ~F1 5 3% B+ > [ Fla&h+ o [49]

(© .
[1270)
Zinc 6-fold symmetry _ ¥

o
Zn [1120]
a
[211‘0]‘

top of view

Bl 2-1(c) ¥ 4% & $H4L2 AR FI[S0]
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2-1-2 & i &% k#4

F iU &g F (emission band) ¥ A 5 T A B4 L KRR
(UV emission > 3.3 eV) ~ 4% & % (green emission ° 2.34 eV) ~ = & % (red
emission » 1.62 eV)[4] » — #& % UV emission ¥_2 3R 0% T3 &
p ¥ (intrinsic) s £ 445 > @ % k¥ % (green emission) E_% F| § it 4%

S S e AR R Tt P o A A e F R R

T B kA W AT

(1) UV emission

% v & UV emission 2 &ygiudifdi - — f8 5 band-to-band emission
[5]> RIL L ¢hieic ER-BA ¢ R b T K+ > A d Sog i v
T F AR TR S A AR oo & o ka3t
o ¥ — fAR 5 - 4 K (exciton emission) [6] > d 3T F b &k e+
BEREF P FETaOEFIVAETGT A 2 5 A 3 exciton
emission Kff’ﬁ d e B i Pk g o Kf e g %2%‘3;‘;&@‘ Sk
o RS RMEETE NIV 2¢ B UV emission 5 K [5]

(2) Green emission

A

Green emission * # deep-level emission » H 4 £ F] % 2. £ 7 R
CESFAEIV MR FIS M ATk R e T F 0 Bl 3
(Vo' Vo)~ &R %4 (Vzo) ~ BB A 84 1(Zn) ~ BRI % 1

(0y) ~ B~ X A4k FaF 4 KH(Ogz,) © Vanheusden [7]% (58 102 B - § 1 &
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BB RBLERF IV 45 & frgreen emission 3 B £ F A as EREE A D
VR T IR E R AER A G AP M e 4o B 2-2 #7T 5 green

Whaz B2 MRl em X X I F a6 it

-M

emission % & ¥7 3

FAA-FEAWHETFTL % B2-3 5% ¥4 2 green emission

oo ka2 - BERT SR MaF o 2SRRI R e
q% ,:_T A F”'Jé VZn\Oi\OZnOET: E} @2-4 'ff,’ff‘r'j“ﬁ’";?vlo);‘;
£ (2.36~2.38eV)Ap 1T Op(2:38eV)2.0;(2.28eV) > © F1§ i+ i

LR A AL O F Ehd i B o AL O el X

— '10
£ 16
5 18
=
12 e -E
F—y 16 =
g -l S
s 08 1. 3
. -
%‘o,a % e ED
g N e s . . PN R
~ 00 0 Bl 2-2 % i 4% green emission 53 & £7
N —@—fres camers {b}-
,‘:E 3v0"'.,(.'_}--nxyuan vacancias .9 Y .%‘" %
= L 6 : H-§ 5%V dlcfiopd §£5
E-e.n 18 = ¥ = 0 ﬁit,_‘f p d
8 44 £ . L w B
R 'y krwmaecMam-m
7] >
£ o0

0
o] 200 400 600 BOD 1000
forming gas anneal temperature (*C}
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parficle |<— paramagnetic (bulk) particle
boundary boundary

diamagnetic layers

B 23 §F &R AFFET Bl@Epd F3EE bL)F pd P

TER - MBS H S el RS T F e fox k¥

% o [7]

Zn; Ec

UV

3.1B eV 1.62 eV 238eV  E,=3.36eV

3.06 eV | 2286V (ireen)
29eV Vg
V| o EPE.
\4 Oz,
Ey

Bl 2-4 5 Gt F LAER T a4 Ka2 i B RIS
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2-1-3 § 1 &8 S (9]

W g i BEN ERE s BHY & F @ 35 # F 482 (thermal
evaporation)~#t ¥ i ;% (thermal oxidation)~ % + & % & (Molecular beam
epitaxial, MBE) ~ #% =5 % fi (plused laser deposition, PLD) ~ /% 5%

% (sol-gel) ~ £ B 7 1 F § 40w # (MOCVD) ~ & 47 & 4%

2-2YSZ #+3#L

YSZ(yttria-stabilized zirconia) » * i Fianite » 5 Y,0;3 4t » ZrO,
AR EB AR R E Y 0s5h 7 B o AF R TR T Y05
€ 5 13% > & % (fluorite) % #(CaF, » Cl1) » Z B ¥ (space group)
Fm3m: S H 22 & S S0 R 2-5 9770 > S i ¥ 85 5.14
A>3 8.2780°C> % & 5.9 g/lem’ > A B 8.7 Mohs > 4a %+ 4 T ¥ # 27 >
NG5 5V AWIEGEI2Zx 10K s AR E 48 1.8 Wm 'K >

754 Gl 2.15 0 B . F 04-65 pmo g FP[10]0 bk %
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AP r YSZH LAFESEF w%‘rmYz(h B F1 5 YSZ 22 Y,0;
a2 dhletE @t aH a<ll>> w b 1 £ R (lattice mismatch)
5 315% - F Y2053 £ 430 4-59% 5 & 2 J S (tetragonal ) &2 B &L
¢u (monoclinic) i 348 5 6-6.5% * LMW 5 L > Hh FHHpy 2
WE 3 Y02 283 7% % 22 f[11] 0 2 & £ % BT F 42 7 3 4

Mm%~ o YSZ ¥ r2d skull melting /2 %% c YSZ v B # >t %L %

5 MRIES ABHT o

1 2-5 YSZ (Fluorite) &7 A M« + FIr 4 Zi' & Y > [ {4 %
B3 FCC B3+ 5 Zr2 Y- 5 H = 2 5 . (simple crystal ,SC)

BF 5 O H B 24 o [5]1]

2-3 GaN #3

|

GaN & 4. ;.”f#'—ai i B - & 5 wurtzite ,.%;.”fi’ R FTHE: a=
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3.189 A c=52066A > & GaN H # 7 Ga 5+ 2 =% % x:0.3333 >
y:0.6667°z:0>D-W:03>0cc:1.0;NRF+2 =% 5 x:03333>y:

0.6667z:0.377°D-W :0.5>Occ : 1.0 # % ta#c a,:5.17x 10 ° K

—\

01455 x 10K e3P 4 XK B8 F L& ¥ & cplane 0
sapphire ¥ fs g4 + & £ - 7 i§d >+ § {“ £ sapphire 2 B3  § ¥

i L B (95 18%) e ik thdieenZ B > @ {F & sapphire &

gF BN G LR L B A - B R R
%E d 2 GaN b": szF #Bk.ﬁqaﬂa é‘l‘z—l--fﬁ_ F]E%jBEB*%';L"g‘
R4 18968 M| chinBUE BIE R 2] I g b BB S en

GaN E.E‘tl; Pk ,gﬁaaa § (-4

£

» FIB A &k o AR RAR S T T B R

-~

% GaN fAfF = £ § 1“4 5 % HW[13-15] 7 L # * GaN £ = &

Z2-1 #AAEF LA HBT

Thermal-
expansion
Lattice coefficient,
parameters  Lattice a (K1)
Crystal a (&) mismateh a, (1075
Material structure c (A) (%) a (1075)
ZnCy Hexagonal 3252 29
5213 4.75
GaN Hexagonal 3189 18 517
5185 455
AIN Hexagonal 3112 4.5 5.3
4980 42
a-AlL0, Hexagonal — 4.757 (18.4% after 7.3
12983 307 in-plane 8.1
rotation)
6H-5iC Hexagonal 3.080 35 42
15117 4.68
51 Cubic 5430 40.1 359
ScAlMgO, Hexagonal 3246 0.09
25.195
GaAs Cubic 5.652 424 6.0
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222 F v e i gad X ER R R

Band gap Exciton
energy Cohesive Melting binding
Crystal Lattice constants at RT energy pount energy  Dielectric constants
Material  structure aldA) () E. (eV) E.n(eV) T, (K) Ep(meV) £(0) £(=)
Zn0O Wurtzie 3249 5.207 337 1.89 2248 60 875 375
ZnS Wurtzie 3823 6.261 38 1.59 2103 39 9.6 5.7
ZnSe Zinc blende 5.668 270 1.29 1793 20 91 63

GalN Wurtzie 3.189 5.185 3.39 224 1973 21 8.9 5.35
6H-51C  Wurtzie 3.081 15117 2.86(1nd.) 3.17 =2100 9.66 6.52

2-4MOCVD 2 = £ § i &

MOCVD (Metal-organic chemical vapor deposition)* # MOVPE
(Metal-organic vapor phase.epitaxy)7= /53 CVD - & > £ & A3t e7
#* kR A {E%”ﬁ B 1VE s gp3t MBE 2 PLD % = 2

MOCVD £ 3 7 * 6 4 {7 4 SRS 3 50 g o i il (vt

>
%
s

B2 ELEASER @ @ARKARS A4 MOCVD = &

el
‘ém
ooy
i
pid

p>=1
SX
o
ot
o

‘1\{

2-4-1CVD RrZ
CE AR (CVD) ALK& 4 10 5 483503 » & et &

BFLAANLER R F R4 Ao

«

GAE 2 T TR A

B P ded i Smfiar L o A~ CVD & os 5 1810

BB CFF R B 6 2687 A FF 4w



AT 7 pd] o LA CVD F BT 1A LT BH 3 (a)
PR iy WA TR R F i WELF DR EF MG
A & Jn(main stream) 5 (b)2 F i ® Gk B F B R F U IFEC N iE R
7 & (boundary layer)3|i:& 5 % & 5 (c)F J&# % & & » 't(adsorbed)

42w s ()i peend o F RiBAR ¢ 3 F P (Y 2 A fE(chemical

g dlom MOCVD £ - 4 EVD 3 X 87 F 2_ i3t MOCVD sk

Rt L & B 10 s o9 o -

2-4-2 MOCVD = £ ¥ i &3 E 22 45 %

% MOCVD 2 E § "4 R* PRk EAT LA XS BHF
Bo et H1964-199 P FALE R Ba T EP TR -RLT S
4N SAW bk Bo 1998 2 15 kT A2 B Lt o ® EFH A
S R R RAPE R F 0 2 MOCVD =+ & § 1 ek < #ch
B 1998 i 15 BEE i 4e o HT & SRS hiE R/ 2 & 0 DEZn
((C;Hs)2Zn) ~ DMZn (Zn(CHs;),) ~ zinc propionate (Zn(CH3COO),) ~ zinc

acetate (Zn(CH;COQ),) ~ zinc acetylacetonate (Zn(acac),, Zn(CsH;0,),) °
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¥ XAERF Oy~ CO; ~ HyO ~ alcohols ~ acetone ~ H,O, ~ N,O ~ NO, »
NO ~ CH,0 ~ C4H;0 ~ CsHyoO ~ BuOH ~ i-PrOH % (9] = % 3 2. # »
0, H,0 £ &% Sp 4 £ st dihl 2]+ o fi(alcohols)F ftif ¥ % #ids
£ 4% > [ pr(acetone) F i M o 2 DEZn i 52 O, ~ H,O ~ CO, 1
FRETE G

21 0,[16]:

(CoH3)Zn + 705 = ZnO + 4CO, + SH,0 -
2 H,O [17]:

(C2H5)Zl’l + 2H20 = ZI’l(Ol‘[)z i 2C2H6

Zn(OH)2=ZnO +H20 °

2 CO,[17]:
(C2H5)QZI’I + 2C02 = (CgHjCOO)ZZI’Z

(C,Hs;COO),Zn = ZnO + gaseous products °
A% - BREEEHA999 £z wm )R A FE LR L EBRRT
c-sapphire 2 r-sapphire’ % % & ¥ 3| 90%> T ek 107 3 10° Q-cm>
%gé BBAl-GaEAZFTREF7TE2x10"2 6x10° Q-cm » ¥
- BREEHA998 E2 (8)E 0 A E FE&HEN > % GaN/c-ALO; -
GaN/(111)Si ~ ZnO ~ ZnO/Si ~ ZnO/a-Al,O; ~ a-sapphire ~ c-sapphire -
r-sapphire % > L IFERF £ & f 0% 0 @ rocking curve ghE B R

(FWHM) =~ | 5 & s cn#T > 2 21999 £ 28 » 3 L F 40 F A48
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B iy o #FulEiga ¥ 3 %ad g 5 (band edge emission, donor
bound exciton transition, D°X) [9] -
%Bﬁ%%HNME’\W%Umﬁ&%%*kﬁﬁ&$%*§
fCeH A SR 2 F i 4(0002)rocking curve FWHM 5 100
arcsec’ R B F 5o 78 4 3t c-sapphire + FWHM % 255 arcsec ** GaN
+ FWHM =270 arcsec> 1 + ¢ 52 —=t = & > ;422004 & > Smith [19]
FA 2t H B F L 40001)RH 0 £ G FWHM A & €] % 50
arcsec I * 3% 1050 arcsec ° 2005 & > Wang [20]% A ™ B E ¥ (- &4
fie ks $ >t c-sapphire ac 7 20112 aresec - 2005 & > Dai [21]% % 1y

AP-MOCVD *t+ GaN _} s3] 182 arcsec ©

A J

@) RIEVEST g g g
J A - i
(b) Pultesy
ol o8

W26 “FEFipmfFT BLEHB () FrFBFLFIR(D) F
Bedr P ARAT O (0) B3 st (d) 5 FHF o (o) 2 A4 iR

§C2 % o [52]
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2-5PLD ;2 & £ § i* &

% T3 %43 #2(Pulsed Laser Deposition » PLD)* F£7 &4 4| i %
(laser ablation) ** 7 2§ A i ff e~ FE-PLD &4 #* =32 5 vpal ¢}
B E PR ERETG Bk RS AR e A e b o e o
Toel 24 m infh A+ - B 2-7 5 - 4L PLD ik Suvpi2 B4R -
% PLD 27 &£ B 5 faamentfl > bldo: 2 BT 4~ 2§
s T E A o o 20 PLD £ F 4% A e0id e
it FRTOS L B GiEEE > F]P PLD 2 i £ | iF= &

132 8

gs\

it & R RS § A BER D % SR

=hg
[

—
-~
FI

-~

ORIk IR T R R AR (T R T 2
e £ % & (excimer laser energy density) ~ Z&4EFF ¥ § A B (Ppy)

T BFenE 4 & (repetition rate) ~ 12 3 A HE FH L AR o

() AFRBAM)  AFDRAR LT FHEE PRI DB HF
(mobility) s * 25 7 EARII A P ke a B P EE g i
EUREAF LG EATEINIIE Y 2E A BTG DLBEHE -

(2) " =g &2 5 £ % & (excimer laser energy density) : T &2 it £ %
BP0 e iR s A B At bl - BUnfEF Y
Ko F ARG ERAFR 1]/ om’ 2 5T/ cm’

Z_ & o
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(3) Z4BPEF § » R (Poy) t ¥l 5 iBegEaniEiz® > FUENIRE 8 F 0
e FRBEN R NI FFEATAH A BRI DF - 8

Fud § et 613 B0 T F AR AT B ) e

S

Ve r 2
JR e o

I
7

(4) & BtenE 4F & (repetition rate) : 7 AR PE Y% BFF S endE AF X P g S
S HEF MUY REFBEEFUEHEBE o RBDEAH
SoRaED ke 3 B S o @ RILNE A SR D ki S B o
Flt i€ b g g AR S R ¢ WG P S o
A R R E R o

() AP & Fofiy : AFESEFOEs B Ls FFAY £8 0 A
o PR T T S AR R IR & e 30 A fE A iE
BRI EGER LRV B B WS FUUR Rl B T A
Bk REBETHRDEFI Ao

i PLD s @ > d 0@ stk et b R B > i3 2 - k5 en
F 842 ¢ 354445 48 (ablation) ~ 3 1t (melting) ~ 7% it (evaporation)
22 %05 (excitation) ~ &3 i (ionization) & 4 7 ;“TI%(plasma) » B fs 4 B
BAm b A2 F o PLD 4] & 7 4 5 T A S BREE
(D2 e 23t Bt @A 2B IR NT LA 3

H ek B R & (damage threshold) s ¥= 44 & & F]sxjek+ @ & 4 3
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fL gL o

2)= ’]\é’r_i PRI B e G sk T A 4 ER T 2 R
+ o &2 A3 F ¥ (plasma) o

G)RFH D A2 DT R HPT G F e L wrfd o A H Lk
(plume) °

(4 TR - 87 - RIERDOT ER T o2 e b oo

G)Ew A i IR RFRAF LA A3 B a i haidFdiew o

N
1:,\,/_@1)3;:0

& AT

Rl

PLD f 1980 & ik B hoghh B ¥ ff 3 BACH T d 202
* PLD ;2 & & e o s iddm B g gt By s Flpts BAn
R TP SN Ry
%% PLD 2 =& I ® S5 i (4] o A * sapphire H & R F
= 5 > Kaidashev [22]% 4 #.(0001)sapphire ¥ & #£4= + & * PLD ¥ 3|
B 4% e11(0002) % 1+ 4% rocking curve FWHM 5 256 arcsec; @ Ohkubo [23]
% A 7(0001)sapphire ¥ § 2k + ¢ * laser MBE #F 3](0002)% i 4
rocking curve FWHM 7% 14 arcsec » # LiGaO, ¥ & A4 = & » Liu [24]
# 4 f LiGaO, ¥ & A4 + & * PLD ¥ 3/(0002)% i* 4% rocking curve
FWHM % 768.8 arcsec » 7 ScAIMgO, z£ 4% * & > Tamura [25]% 4 ¥

"B 3§ i 4% rocking curve FWHM 5 39 arcsec & GaN &4 = o
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Vispute [26]% A ¥ 12 {8 3] % 1* 4 rocking curve FWHM % 180 arcsec °
¥ Ai* PLD + 488 % ¢ “hsapphire + 4 it = £ F & hE
BB S E > 2B P A Kawasaki #3273 BE7 L AL £ B
SCAIMgO, A f F F L B S Fhg P& EW > S EBH SR AFREY

— B E R

Rotating
Target Holder

Gas Inlet

Pump

a K. —

#
B 1

Heated Sample Holder

rd
Focusing ¢/
Lens

" 4

,Iélser Beam

B 2-7 - 4 PLD /% 32 vpd8 % Tﬁ.l’%}p]
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2-6 ALD /= = & % i“ 4

2-6-1 ALD R 32

ALD (atomic layer deposition)* #- ALE (atomic layer epitaxy) = 4

3 CVD en- fa > ALD K )’@*g T O~ DB MF R F R AR
RGBT ERY L AL VEERE R F A ALD # * ohh SRde
F M #vv — 3 CVD kehg > Flpb & £ 573 & e 1L g it > #f
" Sk dez ALD enil 4208 B - 45 CVD el 4208 B ko enig o 430
S At e AB R L o BB RY RAEE SRS AN TR F
8 (purging gas) ~ # 5t By K f WMo SHR TR 3 - 8 %R -
RS G TP I S A it E O a2 L CRR S 8 TG
Foogtd s t A F 2 LR BRI F RASE - K aty T$ﬁ&;
K o & ALD 4% window i 2T » 700 1T G fF A B ]
Baa 2 hited T @u 3880w h W8 F i f%k = i)
B o ALD ¢ Z 45 d £ 4 7 Suntola £ L& H 7 B f 5 L4k
0 X 1970 # SR SRR G F TR R4FE > T 1980
#®d suntolatf LF LB A % 0BT B o2 {8 ALD * § fli%
Je* 3T B B2 5 g ZnS:Mn 3 kR & 2R 5 BT ALO; B s
BT E KAMTE AR P F Ol e LA S B R

Bt g fsi e 0 ALD e £ SR A E L4480 T2 ALD i



BEIX 4o L1V U B ERER 2.V X @ # N E T ==K

RIS 6V AMET AL BEFTOER T T AR R
PR REH - § ALD & s 5 Hib R EE L s ¥R
fekk > FlE A LS AR & 3 S PR EsE 3t - 4 CVD e £
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Material Transmittance Range (nm)
Magnesium fluoride 140~7500
Sapphire 150~5000
Calcium fluoride 150~8000
UV-grade fused silica 190~2500
Borosilicate crown glass 315~2350
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B 3 #re PLD k5t & 8 1F Y,05/YSZ(111)iE 5 o ¥edt £ *
Y0 M (R 99.999%) fe i ®m A L 859 o § kiR A
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PLD Y,0; & Si f45 } 2. F % #

i#* PLD % Sl(lll)é‘b; 13 }beh Y203 B ”3_‘@\]% * Gk ';r: Fo 17
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>

Rig* §F FBRicEY 5 3. F P EENHF ¥ 5 o454 @7
di-water #7525 2 48> RS * § F HRicE T 5 =isiE~ HF 3%
P30 @S AR AURE RIS ALY o N0 B
ZoRFETT ko BRI EFEGRS T IR B
3 10°torr > B F K FELE T 800°C £ AL 3 800°C 215 >

800 °C # 8 30 4 481138 (7385 & o ol K o Ui Y03 &R & S8k

W

%1 JAEIE AR 750 °C3800°Cs 27§ A BEF 1x 10"~ 1x 10"
torr; 3. Z kIR EAT S LaSHzZ: 4. & 5% fhr=c e 1500 = 3 5.
¢ power density 5 2.5~3 J/em® o F4Eux 2 > A E R T 3R 0 #

B AT

-~

PLD Y,0; & YSZ(AID) A } 2. § %% 3

i@ * PLD & YSZ(111) 4 ¢ i f Y,0; g ig » 7 L8y
e 95 PLD k3o @ % 1x1cem? = ] én YSZ(111)4 4 > YSZ 3 %
R AL LE N E MY P AZT LR 10 48528 F R

3EWTEY FRFART 10 A48 4% F ki R FER L

49
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<> (d)TEM weak-beam =5 4R 2% B i
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L E s R A A ZnO/Y,04/Si F fRAp e o A A W] 44 R
BT F Y8k 2 Y05 k TRk i 2 i3 (FFT) ¢ FFT & SAD
Bl v 175 Y,05(422)5 T 730 % L 42(0110)% 0 Y,05(422)% & &

L 40110)% 2 d @4 % 5 0216 nm ¥ 0.284 nm > & ¥

d &t b

)

}E 304 FPART e Y505 211]% # 5 ¥ £ in-plane
fo b % o @ ¥ d B G ¢ HRTEM £ %® 2 1 &r & LT-buffer ¥ i 4
KL Rs ekt B HT-F 18 4 i s b o Fp i@ v

LT-buffer & 7 114 »ceh® ML %A 1 107 cm”

Bl 6-7 % Y1793 % [011] zone % 7 % HRTEM - i}2? B | FFT 8% ffo
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6-3 PLD § i* 4 % Y,05/YSZ 2. %3

B* B PEE LG ENY,05/YSZ R PR F iV eE H
FEFRAFES L HHMET R - PR & w2k 3 e & XRD
AR %E 2 G 0§ 1Y 4:(0002)% rocking curve FWHM 5 670 arcsec °
§ 1“4:(1013)5 phi HFp %k T 3§ C&FWT Fraor £HAE

Mo B AFM 2% 2 & > & PE A & L 44 5 25% 5 3Disland e

—

*E 3N AadekEAR(ms): 0916 nm B A RS E T ED

ﬁ’“t

ko B TEM A 472 5 > F P&l £ 6 )R 5 kol
H(columnar structure) » ¥ “ & ER G 5 595 nm - X H §F it 42
A % 4 9 5 0.076 nisad B & SADBEET 2 i § 822 Y,0;
o bt H B8R % 5 [2110]2,0/1100y203, (0002)2,0//(222)y203 © ©
weak-beam MESTEC B G T N EroF LEFEPRRIPDZE L YL

2x10°ecm?> @ ¥ L3258 o d % 5 HRTEM £ 47 FFT Bl:#
#are & Y505 [211]7 » A 4 % 5 in-plane f & 0B & o SCXRD -
AFM~TEM 4 3 ¢ + b Y,05 8 ek b T LS E A F 8 g

B Y503 77"}3 '}EE“’! wor
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o
ETINS
B
=
ey
-
i
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P,
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E
e
o
-
l
s

* PLD 2 & w2 £ F 144820 Y,05/YSZ £ Y,04/Si F 2 %% F A
o EPAENTIE 2T > d TEM 8RB F] Y,0; % £ 3 YSZ 1 g pl

BB b d tPEamh YSZAF I P NS E DA TR
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of growth temperature ‘on the characteristics of ZnO epitaxial films
deposited by metalorganic chemical vapor deposition”, Thin Solid
Films 449 (2004) 12.
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i
ALD #lAaa %% 2%

B ALD 1§ 2% ® > i * 7 GaN/c-sapphire # 3 iff § - 4878

ik o i * GaN/c-sapphire§ 1T a0 F] > 3t %

W Rt RS At oSpuGaN Ak Findh E it ér2 > AR * Si

/

H 5 A F 5 & & ALD 8/ 5 2 a5 F 37§

window) o % ! & & 8] 47 S B2

{w

& 37384 12 XRD ~ HRXRD # % e

g TR R PLAHATE 4

&

,ﬂﬂg—m’j%r}%‘r’f‘é?’rﬁ-@ TEM

PR IPREe I REA G~ FTF AT GaN A

Z2_4& 4 (polarity) » HRTEM 22 k| &% k247 Ew e A o 2 M

o AT MAP I e o * v BT ﬁ’ SLRBRIF L
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7-1 R+ Kk iTH(ALD)Z ® 2K &

ALD 7 # % ALCVD(atomic layer chemical vapor deposition) > £
—4 CVD e B & F B4R Y JI* £ 0 P 238 0 F A
BT r o B F BUNE - B RS A O TtV R R
B2 JEET iy & o oo &8 SRde dnE H ¢ 42 Diethyl Zine (DEZn) ~
Dimethyl Zinc (DMZn) ~ ZnCl, ~ Zn(thd), & - & §F %3 * théEw SHdr
L% R 99.98% DEZn(#li# 7% Rohm) > 38 2 il » 5§ Xk 5 4 43
ko F SR R F(99.999%, Ny) © 74 DEZn ~ Hy,O & f& % 5g47
EEF R L HyO» @8 Y 2l OH A& > B ¥d ~ § §
Fr - Rer b in S #eHO e 5 s 4l DEZn 82 % - K et en
OH & 7 J&& > )= = K ZnOp #F L~ 5 5 % 41 DEZn > 4oyt
2nlH - RFEDFBAY o FI AP 20 B0 Sy F BT 1]
surface— OH + C,H; — Zn— C,H; — surface— O —Zn—-C,H, + C,H ’
surface — O — Zn— C,H, + H,0 —> surface — O — Zn— OH + C,H,

ALD § % 5> 57 £% ALD i 2(ASM, F-120)[2]4-®] 7-1 77 &

M A kT rEFE ¥ b SERE B F BEAT I 650

[¢]

Co@Pizad zafdt b svrddiFl F kA%
B F e g 2R TEREY O ERIAREC X

R A g MR EAT o nESRp R R SR ERL > e d MFC

|
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4] &% 7t E 1000 sccm » 1 (/& 4 6-7 torr °

TRER

F v

N, carrier gas

R

Pump out

Mechanical

Pump

DEZn
cooler cooler
Manual

purge

B 7-1 % % ALD(F-120)4 /% 11 -

72 ALD 2 3 % # 2

A ALD 3% & 12 GaN/c-AlLO3 17 5 7 % 2. ## > GaN/c-ALO; z %

#4741 x2cm’ HE A5 %] °€$Hﬁj‘;§;‘;§’ﬁqﬁ'%g:1' Eorpme

PRFARFT IO 2. F FHRic3. ENTRHBYFRIARYT

04484 % F BrRis o FEF HRHIIc™: L FFBad Y L2

oA A },_H;E‘BB_B_P,%;;)\F)@E rgé‘?l]\ 2. F’a—ﬁr,rjikb‘t;g( ?Sﬁ/”—}\

FRER i TREME MR 3 R i 2 R
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4 6-8torr; 4 BREm PR FFRBIFHERINEFRET ) B E
A S MW A FE A D BRI SR B 6. Mo
FLE 2 B R R A o 29 %4 DEZn 2 HO n B2
SRR F TS B AT Bopulse PR A.0.5-1.5 s 172 £ > purge PF R £1.5-2

s ¥4 % > DEZn £ H,0 s pulse ~ purge FF & % —#& - DEZn % H,0

BECE R 5 22°C e § £ 7R 500 scom -

7-3 ALD = £ § i 43" GaN/c-sapphire % % 1%

7-3-1 XRD ¥2 HRXRD 4.7
B 7-2(a) 5 N6-1 & 5 2.70-20 XRD Se& B % o j£_0-20 XRD SE5+
B+ > 2 IR E 42 GaN 1(0002) ~ (0004):% 8 (peaks) > ¥
bEp ek aig B 5 A+ ALO; (0006)%# @ih’ﬂﬁ}}% cipkEor 1 v AR
¢ basal planes ¥ {73t GaN &4 hZ 6 - § 1 &2 GaN A % (0002) %
thd B R oo gd Bl Rl 20 B H 218 0 A 4 (0002)% d
BenZ R L 00072A ) £ B ERITHS Hd B E L B E i
RANP AR CEERE LY o d 5 0 45(0002)% B hE R
B %] o3 i@ * Scherrer’s formula ¥ 1246 5 41 F (Y 4 Bk ihk o] X
9% 90 nme i * MOCVD ;2 & GaN + = £ & i“ &8 hp~ |
f£— @i > Hou % A [5]i¢ * % & MOCVD = & ¥ 1 £ & %3 GaN
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& 100 nm > pt s & * ALD 2 %7

W

Flend S 4pagin o B 7-2(b) 5 ¥ 1 4% %(0002)® 1 w-rocking-curve
MR HE Eend 3 5% L 324 arcsec 0 & B#ciEek o) 3t K

Saito % A L# 4% A GaN F 2% ALD * £ B & F F4enid %

Blrie R4 AP & GaN A+ 2 £ IS F{ HFehf L4 Ewe Ra
AR pe e F S B CeERFE Y PR A E D S B
L g iE o B 7-2(c) 5 ¥ 1Y £(1012)%® 9 o-rocking-curve Yt B)¥ o
HuE @ X 3 %+ ) 5 720 arcsec © %] 3 (0002) & rocking
curve(out-of-plane) e § FHF I E R fo £ Pl 5 arp 0 @ P 2h
T @ 0 rocking curve £ B TR AT E Y v L P b)Y
besrig & e F b d (0002)22(1012) % rocking-curve X F R4 | o
T e F CEENN DL AN LR L PR L
Hi 4t o A g Ba TEM i 7 { smepnsr 247 o § 7-2(d)
% % 1“4(1013)% 7 phi-scan - f£_0 ¥| 360 & ¢ phi-scan B3 ¢ -
BP9 1 A(1013) 5 AR DR 0 B I E s LB

60 & > & A AF LS G F R i o

(a) Zn0(0002)
Zn0(0002) R
GaN(0002)
= g
< ~ §
- GaN(0002)
a‘g 34.0 345 35.0 35.5
c 2 theta, degrees
S
o
O
A1,0, (0006) GaN(0004)
Jk / Zno(0004)|
2'0 3'0 4'0 5'0 6'0 7'0 80

2 theta, degrees
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(b)

FWHM= 324 arcsec

—» |—

Counts (a.u.)

3000 -2000 -1000 O 1000 2000 3000
Omaga (arcsec)

(©)

FWHM= 720 arcsec

Counts (a.u.)

-S(I)OO I -2600 I -1600I (I) I 1OI00 I 20IOO I SOIOO
Omaga (arcsec)

(d)

Counts (a.u.)

o 100 200 300 380
Phi (degrees)

B 7-2 5 N6-1:2 5 2 XRD Bz (a) 020152 P JER 4 5 1+ 4

GaN(0002)m 2_*x ~ % {& > (b)F i 4%(0002)% -rocking-curve
B3 0 (o) Y 4:(1012)® o-rocking-curve $53% 0 (d)F 1 4:(1013)

phi-scan -3¢ o
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7-3-2 AFM % & 35304 7

B 7-3(a) 5 300 °C / purge 0.5 s/ pulse 1.5 s N6-1 35 * 4 & AFM §°
oo B 4 6 ok (RMS)4 % 4.6nm - @ GaN A e s & (RMS)
Al% 1.8nm> 3 AFM % B 7-3(b)*F7 « & * ALD & £ § 1t &2
2 t8 0 § e oG ek R o L E GaN AR hd G oe kbR AP %}
H4v o 295 - L BT ALD 6% frdg i @ % ALD 2 2 Uff ehg i
By, H i G kR (RMS) 72 4= [ j4_ sub-nanometer I|#ic+ i
nanometers * g4t FRB AT A e MRSl 0 BldosE T & G SR
Fm B2 A5 i E S PEE S 7r—7r3(c),r:f;\ 250 °C / purge 1.5 s / pulse
25 NG AFM Bl £ 5B < 4 5 2nmo AR
A ALD & GaN A4 ¥E Flgho iR LB R %
ST o APET O A ow j‘\m‘%};{%‘—bj\ g L 4R o KB 7-3(a)
FOUREE A L L 90 nm o % B A PR XRD ik
Bip B kendhdare £ o A 0 4250 °C T & £ chi it A4t

4 v% ] 3t 300 °C #r K o
3. 00
40.0 nm




20.0 nm

10.0 nm

0.0 nm

1 20.0 nm

10.0 nm

0.0 nm

0
0 1.00 Z.00
i

B 7-3 % 2D AFM ¥ ff (Q)N6-Ts (b) GaN & 47 » (C)N6-2 3% ¥ -

733 TEM B H#A 4

Bl 7-4(a) 5 N6-1 35§ L &%y GaN AH#H £ 6 TEM P %
(Bright-Field)# if o /& TEM P ALTF 2 7 L2 D975 e f2 8 T
"’K{— RO o Sk 3 (% F hE Y& SR & in-plane B w
BEFE o F b KRB R HT foo § LB E T I B A 4
5 170+6nm > 485 H @ F 5 0.25+0.01 nm/cycle > p#t it ff ik
#TF CHEE R c- B RCEFRNAT PSR ERY &

fef gt # & ALD p 2 B £ 1235484 o Kaiya % X 3 S48
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K eh g shids B2 % 2% % ALD 2 A8 B 450-550°C &7 &
FEEHF MaEeniERT > Bt F 5 026nm[4] - B 7-4(b) 5 F
it 427 GaN @ < /i & 2 & T S5 (SAD)RI3¥ » 15 § i 42 GaN %
B RIA) AP § 423 0 ¥ e E 5 B £%(0002)200//(0002)G,y and
[2110]700/[2110]Gax © #* #F > £5 1t 4227 GaN ¢ $h= B chiEbd BE A%
EE G- BAF AE 0 AR 0220 HES A F NSESEET Bk o
ol —‘ﬁ 0220 ¥e6+8EA B epfe B v 12385 ) 4 in-plane = » ¥ (- 4%
¥ GaN ﬂaﬂé 28 X995 1.65% 823 -4 -~GaN = ﬂmaﬂaﬁgﬁf
#eA R (1.8%)p 42T -

Bl 7-4(c) & 3 % No6-Lzuhk & HRTEM ¥ 5 2 Zone #h 5 [1120]°

%ZfﬁﬂiéiiL%’T‘%éGaN’ﬁiﬂ’L/‘ },.’g,\;tt,ﬁr’ﬁ,ﬁﬁqu_;;gaig,

\4

Rexs Ewd s mfioghid prgkiipes

=

2w
MOCVD i# # GaN } it ft § 1 4% 5 HRTEM ¥ ffdp 02[5] o o ¢
<2 d @ MBE 2 & GaN Fifs 3 1 40k & Ap g (6, 7]°
Flpt AR e K F S EEARY GaN hd g X AR LS
Gaehg it v " HpBR - 25 - >3 »Hong &A% &7 &

GatelehGaN i+ 2 * MBE s st £ § (L 4:en %[6] 0 H 2%

i

B Bk F BTt AR ANEF DT RRAIE E L

254 - K Gaehi it $(Ga0s) » FI & F L 42 GaN éh /i & + ¢ 5
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kA RV EEEARHRDEEIRPECHY RTFIE AT 6 Y
F ¢ RGEetis o Pl A PR A 48 GaN hf g 3 £ sty

¥ o

(a)

B=[2170]

0001

—

B 7-4 ()% &2 F#A 5 TEM PRI E o (b)F 42 GaN 2
% & % YE5T B 0 (¢) & [2110] Zone b > ¥ 1 427 GaN F & 2

HRTEM ¥ f§
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0 ORPLETIF VGNP g A R BR8] two
beam i i* > 34 1 weak beam SRS E L B it o B] 7-5(a) ~ (b)A B 5
% g=1120 22 PARTFHRERITI G Bl 7-5c)~ ()4 =] 5 i *
g=0003 i 2 2. P ARTF B2 ARTF B (o — R KR 0 fF (CAREER R
TG AZ BN LR E L a Nl B ALY AR TR R
& 1/3[1120]) ~ e 358 e g (x AL > F £+ 2 5 [0001])
ate )N g B(R R L L B B L 1/3[1123])[9] « Fpr 2
1120272 0003 & 2 g s B A 57 E R iR 2R o X pend
Foofeg= 1209 B it I GIR G 7 EEERCL P B LR

e RA[1120]E B At 5 Ocg 23] 5 & g=0003 % £ i 5

i}x’{

ey 3R A PR LR m v L ETF L F e £ 2[0003]E-E
PSR 0 st Mo FI i B REAF IR DI ETRfo L

Pe s AT ARSI R ORH R AR A PR

BRIy CEEEY 3F L I P F oy RITE V&

d half-loop £ £#rie s @ 2 gt £ PEF G 30 F C 45 R 20 nm
WU GER X PR A A 20nm BB T A 3§ A 2 £ R T
= iz half-loop £ £ & = & PpF iz ip e L L € FlAp F 0% o &

GE A AR 4 oA PR R B U] BIFRED i

"-1H-

|:I:l ;
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% AApes £ (10, 11] » 3 ABE > NP ERE T GaN A r L 2 (¥

EETENG By AN IRL P

i

£ 5 B EP T GaN A ek 1
TG BRI EF M o AP E T k¥ hthreading £
EPRREAF CHAERE20nm M X 95 1.5-2x10" em? & GaN p
AR AP BR L 1x100em™ > A FnR LR HR A Gip L - B
£ 5 (1 f order) o i35 2 15> §F 50% 5 7 £ £ 209 5 MR A
30005 RE LA AENP S AT AR I IERS
IRMEa - s e AP HRXRD & 2 #riidheni R pre £ o 8
BT s SFEAF CEEN IR IR B A
BAPSEEpR L o VigubE A @4 MBE 2 0.8 5% L4 2 £
FOOAEN Ak Pand MAEET Y AP LA Rl gt
(85%~90%) > H @ L2 A L 1-4x10"cm?[9] - Cho & 4 1 *
p-MBE 2 teco § 455 § + & * § MgO friz § MgO % firk = &
FOOOEER A LG # % MgO ¥R iR T G 61%5 7 A4
Ba31%5 R E £ B 8% WA P Ra G MgO ¥ ik chif e
TG 98% 5 T AP 2%E R L APBEELE T L MO T LT

YOI B AR YL P E[12] e &A@ o 3

B
2
ppan)
=
i
-

Rt Eie B

* ALD j# & GaN F & E § “ 422 % #Ua\ﬁmv)‘%iﬁ%-’ F AT

HinEE T g @t ALD 2 A GaN F & & B i ¥ 1A

St
Pz
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B 7-5 # % g=1120 i% * 2 (a)TEM weak-beam P’ 4L¥% 8% i} > (b)TEM
weak-beam B ALTF F2 i ; & * g=0003 if ¢ 2_(c)TEM

weak-beam P ARL¥F §2 i > (d)TEM weak-beam =5 4RL¥F 2 if o

Fla A PE ek aGaN F & ¢ 3 g (L4 Flpta i g
Foip AP R Ry AR YT Zn R A O R 0 AT P
convergent beam electron diffraction(CBED);# 3 #x T_§ 1 4% "ok
{2 o CBED A_- féfe T wurtzite 1R IE % * 03 2[13, 14] »
CBED j2 ¥ 1 {x % % ehle ¥ - ZugZnO/epi-GaN/c-sapphire 17 ¥
v 4r2r GaN K et o 30 3 (288 GaN 5 1P endfa WS 2 43T
P 1 ¥ B F) LA —‘F'ff(% 34 7 AR#Eref CBED Bl3# o Vi i@ * 4osg
TR L 200kV (A TEM % Zone #h[1120]1 2™ b PrEB- 5 1L 47 ¢
GaN & 7 CBED ¥ 5% 3% - B 7-6(a)~ (b)~ &] 5 F 5P~ 17 chi (- 44 &8
GaN 7 CBED B3 - sV i 5 7 & BErpend|wldkfd » Flpt Vi@ * 3
PR R 2 2 St ehCBED Bl 3 ¢ * it #5048 5 Mactempas
£2 Web Electron Microscopy Applications Software (WebEMAPS)

[15] = 5 {B M R chim &3 2 B a2« B 7-6(c) ~ (d)A ] 3 4%
Zn &=t % 2 (5E & 5 215n0m)2 Ga &1+ GaN(5E A& 5 246 nm)2.

CBED Bl - 58§ % & -8k CBED Bl ot ¥ - FE TITHR 3
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AR EWL Znil 0 E* hGaN AF L Gatglt o v g e

s
At5
a3

3 % GateltenGaN At i § P42 w4 5 g £33 - &
Ga g it K o it & A&HE > APt 5 HRTEM J 23 o fF
Ay Emahe AL 22 Hong EA B Pk % 3 F[6]cF
* pedp 4 GafRiE e GaN g &% £ 2% > GaN 4 6 H(000D)5 § *

fLente g 0 F 1Y B R F 03— B monolayer [20, 21] o 2N i e F

=i
oy

P o Bt h GaN £ & hF R+ 2 O-HeER s + B s £ 3 52
FHGHE S SLF R E OHEERDS B AL LT DBET 5%
A2 F RA5 S+ Zn-0 4k oy iz sy o ALD @AY ik ¥

i 3[22,23]:

$3 Zn 5 B de il »

Surface-OH + Zn(CH,CH3;), —»Surface-O-Zn(CH,CHj3;) + C,Hg ;

¥Av ke ~
Surface-O-Zn(CH,CH3) + H,O — Surface-O-Zn-OH + C,Hg ©

AP S BRI - 5 AT BT OH ARG

# Gatalte1GaN 46 5B 600 °CH F#4hkBaT > 675
eI g A A[16] A g A~ B MBE ik stehfiura £k ¥

NELBFREBENANEEST AL G0 F 1 & o A P e ALD
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B B 5 EUK A £ R R (K3 300 °C) 2 i F R i 2 F A g i A

LF gl o AP ALD & Ga fii GaN A+ & &

=K

Vg, Hog i AR e ML 5 AL F & (inversion) > v 5 Zn &

ey

. Growth direction

Bl 7-6 7 % & | {¥ 7|2 CBED patterns (a) ¥ - 4% > (b) GaN ; §iF i
# 1 32 CBED patterns (c) Zn &2 % i 4:(5 & 215 nm)>(d)

Ga &+ 2. GaN(5 & 246 nm) ©

7-3-4 PL % k{25 4 45
Bl 7-7(a)~ (b) 5 N6-1 3 % 4 w3 B 11 %2 20K e & 7 8 il eh

k@ (PL)R 3 o 4o @ 7-7(a)#71 > R Eipleh PL R A 2Ly
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2% 11UV emission $Fgcd w > H % B4R Z & 8 & 3.24 eV FHTE B

LF NS 127 meV e Bk T U F s EHTA N AT

F_*

f&;

Y BB R RS F A S R R BT e
N il R }}%};}3 41 NBE emission £ green emission 1+t &
(Inpe/ Tgreen) AR 5 § (g LB HFenify > A3 8 T Riplanit %
INBE/ TGreen 904 & 5 12/1 o 5 7 & { ¥ !wj % near-band edge emission
A NP R 20K R R T 2R R 0 Bl 7-7(b) 5 20K

£ Rl PL k3% o M B3 ar 254 F @ ¥ 3% ¢ neutral donor
bound-exciton(D’X)*# & » H #iiE iy B>t 3.364 eV 2L F BiTE
i Mht ) 337eVo iy D X ¥ @ L 5% 5 28 meVo ind T § i
B gty kAR 2R 43 o SV T ol % NBE emission ® 8 ¥ 1Y
FH DX FACE RN EREG Fr B OS> SEL R
S0t (e £ 5 3.082,3.171,3.232 v 3.308 eV) 2 {¢ » #Rizw
v B FHCE ¥ 4R T) longitudinal optical (LO) phonon replicas of the
free exciton [17] » iz i chgd 4 .k p 3 B 5 L4
MATR 0 ipr LRFF L EES R B S LAF[18] o gt o S

= F R E a2 3.390 eV & | hE_B-free exciton 0 i £ &

ETTRS

3.377 eV ejic3i 4 & H 4R 3] e8_A-free exciton [19] - M8 20 K T

—E.. J j\rnINBE/IGreenrnL '.E'_Fﬁ 23/1 > FT% A R /#@Tg =
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ey B LR S F I ER 3 AL

(&) ZnO/GaN DX

3.24 eV

PL Intensity

green emission

\

20 22 24 26 28 30 32 34 36
Energy (eV)

(b) | ——ZnOon GaN at 20K |

PL intensity

L ” T T T
18 20 2224 26.28 30 32 34 36
PLEnergy (eV)

. 1LO
(c) ZnO on GaN | ALO NP,

_PL intensit

30 31 32 33 34 35
PL energy (eV)
Bl 7-7 & N6-13%%2 PL %3 £ 8% (%8 (0)20K » (c)% ~

NBE emission # 3# °
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7-3-5 ML 5
AR w BLIFS R R L AEER L FLER Y R TR R

i\_g-/k)ip‘%;\ FEPHEF o Lo o gBRIF 4 F P GaN é%}fm“

';EF'ELO

GaN £ * T 1= & ip|

AP T w BEAF A F P GaN R s 7 GaN A F 2 A 43

Fe2 GaN A » Flpt AP R v ghiF 443 ] GaN % IR 0 B A JE
FRPEREE T PR R K_GaNg g JE R Bk 3= 2N ¥ N6-1 R F
BEE CAEwE EooRERPGIN AR L EHE V&R R ko
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| Crystals | Diffraction | Image | Utilities | Help | Home
WebEMAPS FDIT Crystal:

Crystal Name:(filename) G5l reviged
[Lock File {edts can always be saved with new filename)

Allow Future Edits: This feature shotld not be usad until structure is correct, Bspecially useful for verifyinglcarrecting CIF file imports
(See HELP -=CIF import for more Info),

Description; G5abkHexaganal

Select Crystal System: [Heragonal

Select Space Group: [Peame 1261) v

Input Unit Cell Lattice Parameters (Angstroms/degrees):

a:3.1893 ‘ b:?3.1893 C:5_155_

alpha: | beta: gamma: -

Input atom Positions (equivalent positions generated automatically):
Atom Positions: (Note: far CIF file impors, anisatrapic femperature data, D@ may alsa be encoded as D-W)

|1: EL:Ga, x:0.3332333, w:0.6666667, =:0.0, D-:0.30, occ:l.D
2: EL:N, =x:0.3333333, wy:0.6666667, =:0.377, D-U:0.50, occ:l.0

Warning: Ed'i'ting of Atom Position data may be performeci but carefiilly preserve the format!!

S EE R
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| Crystals | Diffraction | Image | Utilities E | Home |
WebEMAPS EDIT Crystal:

Crystal Name: (filename) 40 3249

[Lock File (edts can always be saved with new flename)

Allow Future Edits: This faature should not be used until siructure is correct, Epecially usaful for verifiinglcorrecting CIF file tmports
(Sea HELE -=CIF mport for more Inja).

Description: Ine Onide-Hexagona!

Select Crystal System: Hesagonal |

Select Space Group: PE3me (186-1) |

Input Unit Cell Lattice Parameters (Angstroms/degrees);

a;3.29 b:‘3 243 | c:b2069

.alpha:" heta: | gamma:

Input atom Positions (equivalent positions generated automatically):
Atom Positions; (Nole: for GIF file imporis, anisofropic temperalure dafa, DB“ may alsa be encoded as D-W)

1: EL:2n, =x:0.3333333, y:0.6666667, =:0.0, D-W:0.31, occ:l.0
2: EL:0, x:0.3333333, v:0.6666667, 2:0.3826, D-W:0.55, oce:l.D

Warning; Editing of Atom Position data may be performed but carefully preserve the format!!!
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