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A study of epitaxy of non-polar a-plane ZnO formation on
r-plane sapphire by pulsed laser deposition

- Evolution of morphology, strain, and crystallinity
Student: Chun-Yen Peng Advisor: Dr. Li Chang

Department of Materials Science and Engineering

National Chiao Tung University

Abstract

As a wide direct bandgap wurtzite semiconductor, zinc oxide (ZnO)
Is an attractive material for potential applications in optoelectronic
devices. However, the built-in electrostatic field due to piezoelectric
polarization in wurtzite structure makes the lower efficiency of carrier
recombination which degrades the optical emitting properties. In order to
avoid the so-called quantum confined Stark effect, nonpolar films without
polarity along the growth direction is required. Hence, nonpolar ZnO film
growth in a-plane and m-plane has been intensively studied in recent

years.

A systematic study of pulse laser deposited (PLD) a-plane ZnO

grown on r-plane sapphire at different temperature has been done by



using in-situ reflection high-energy electron diffraction (RHEED), atomic
force microscopy (AFM), high-resolution x-ray diffraction (HRXRD) and
transmission electron microscopy (TEM). The significant effects of
growth temperature and Al-doping on the growth characteristics were
observed. The misfit accommodation including strain evolution and
interface structure at various growth stagehave been carefully

characterized.

For initial growth in PLD, ZnO grown at 750°C (HT-ZnO) shows
step morphology, while ZnO grown at 450°C (LT-ZnO) exhibits island
growth mode. For thick films, both HT- and LT-ZnO surfaces develop
into stripe morphology. The crystallinity is shown to be improved with

film thickness for both HT-ZnO and LT-ZnO.

Along [1100],,, of large lattice mismatch, TEM examination shows
that a-type misfit dislocations are spaced in a distance of 1.3 - 2.2 nm on
HT-ZnO/sapphire interface, whereas dislocation pairs in spacing of 2.8 -
3.5 nm are observed for the LT-ZnO/sapphire one. Also, tensile strains are

present in LT-ZnO films in [1100],,,, but residual compressive strains are



observed for 10 nm and 50 nm HT-ZnO films.

For smaller lattice mismatch along ZnO c-axis direction, reciprocal
space maps of XRD show that HT-ZnO is nearly fully strained without
much relaxation and has a highly coherent interface with sapphire, in

contrast with partial relaxation in LT-ZnO.

Finally, it is observed that the streaky RHEED patterns obtained at
growth temperature may evolve to spotty RHEED patterns during cooling.
It may be related with the thermal mismatch between ZnO and sapphire.
High cooling rate can result in crystallinity deterioration, which is

apparent for Al-doped ZnO epitaxial films.
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£ 3 Zn0 e~ B 2 H B TR RERT ¥
oA ANELSEFTEOMNEZINO ¥ G HAEE HELM G

¥ ;rs:lék%?jv;;i;af%ﬁé; °

2.1 § i* £ (Zinc oxide, Zn0)
2.1.1 #p

ZnO £ 4 P & (Zincblende, B3, F43m) - 4 4% 7 (Wurtzite, B4,
P6,mc) ~ ¥ # B (Rocksalt, B1, Fmém); B doB) 2-1 477 o 2 ¥

~ IR ETHF B (WZ-ZnO)E 5 K R -

%Y > ZB-Zn0O & WZ-ZnO fie izdcy 5 4> 2 & £ B A

44

HR3 3y N3 oo ho@] 2-1 %57 > ZB-ZnO 5 AaBbCcAa...:h
s~ 58> @ WZ-ZnO i AaBbAa...esadp = 58 st a iz it £
AT R AP e I RT[2.1] 0 XA - HIRBE T > ZnO A & 1
WZ-ZnO chig i 5t Wi i A 2B T &% 1 5 § % 1 ZB-ZnO ;

¥ A P60 ZnO Pl 5 RS B 0 f W it B

RS-ZnO 3 F { /] e Riff > e d BB 4 %3 > WZ-ZnO #-¢ 4p %



% RS-ZnO > ;gtt MR E o E2 PR B 2SR
G487 ZnO(B4)-# @ ZnO(BL)=ip % it & 4 + 4 & 6-8 GPa[2.1 - 2.5] -
% aenz B 0 feivdick 8 chi (4 (CsCl B2, Fmdn) ik
ZnO i F A AARE B > @ AT T A § kB R (>243 GPa)

BT I B1OB2 4p % 4 [2.4,2.5] -

(a) (b) (c)

[001] [111] [0001] [001]  [111]
¥

A om TN N>
orXr o®m® g oW

W NoT PN @ow N

B |—[112] ‘\aB — [1070] B |—[112]
™A A

Bl 2-1 () F* & 7 (ZB) ~ (b)# & 7 (WZ) £ (c) # 3 (RS) 5 #[2.6]



2.1.2 B
WZ-ZnO 2. % B3 % pe,mec * H %12 %#icay? ¢ 5 3.25+0.005A
#1 5.209+0.005A[2.7 -2.12]°Zn 2 O p 3+ 3+ H = 3 B X, y,Z ¢ iz
B 5 1/3,2/3,0 % 1/3,2/3,u > H u(internal parameter) = Zn £ O =+
3 CPh o AR SR R (Ao @) 2-2 #73%) 0 WZ-ZnO hu + 5 5
0.3817[2.10] » & ** WZ-ZnO 2 cla ~ 5 5 1.6 > % u %4 0.3798 »
EERZN-Or o M- F chhA 2 ¥ &0 FREM - WZ-ZnO 2

&+ 9 5 -0.057 ~-0.05 C/m* [2.13, 2.14] -

Bl 2-2 WZ-ZnO %4+ & B -



d 3 WZ-ZnO Bzt 2 o R H BB F 5 aF R
Mo dagc w2 HRREFERK)DM A w5 [2.15]
a-axis

AL/Ly=-0.125+2.979x107*T+4.648x107"T%-9.453x 10T,
c-axis

AL/Ly=-0.612+7.495x10°T+5.207x10 'T-2.155x101°T3,

FHRAFY AL 2 QWARANE R FF 0 3 25°C T 750°C 2 st

FOLIE A BT a2 €2 p A B 5 454x10°K ! & 7.57x10°K T L B

Bh- i F e v Mt R X ARARE Kd o 2Bl AR
R DR ot ale S B R e R S0 R R M AR -



2.1.3 & "g%‘ﬁ-# &
AEEH WZ-ZnO ¥ Lenf M e TR E AL o ¢ % Ben

AR Lo Uz BT Rzl VAT AR Ao
2.1.3.1 &# Fa

ﬁsﬂaﬂd\; —@%E—d ’/{j——»(igrd]ﬂga*éqhﬁa\§%r}?ﬁ’\z\‘ig‘;_%ﬁé-f’j
FULELR A FaRboRd ot B N3
I R BRI T S RTINS e

B & f A Preant 4w E (Burgers vector, b))y  HE B e 0 T

*eE R AR RE BB RE A KR 3 WZ-ZnO
TR 3 e Ak SLEEIEAY 4 2-1 ¢ [2.16, 2.17]

He¢ o, # o § (Burgers vectors, b) 3 1<1120>¢h a 4] £ # (a-type)
FFE s e EGB25A) FREH SRS RY Lendp T
*HeE b i<0001>hcA A BRFEG atcAhE > FReED
523> R EN N LR - BRI G B & R T

#E T nEm o e <00>s0x g, g v d 200555 B oad



E I R A N A i“:’l"*ﬁ‘ﬁ CEOR

% 2-1Zn0 Bip? ¥ 3 L 254

# Burgers vectorB |5| ERCE S i /b Slip plane
1 1<1120 > 3.25A <1120 > 0° -
2 <0001> 5205 A <0001> 0° (screw dislocation)
3 <2110 > 60°
4 1<1210 > 3.25 A <1100 > 30° {0001}
5 <1010 > 90°
6 L 1130 . <0001> 90°
7 R . ' <1123> 58.04°
8 5 90°
<0001> 5,205 A < LI20% )
9 <1123> 31.96° {1100}
10 <0001> 31.96°
11 1< 1123 > 6.136 A <1123> 63.93°
12 <1120 > 58.04°
13 1 1011 50.53°
$<2110> 3.25A <?91:L>
14 <1123> 74.65°
15 1 24.12° -
> < 1(_)_]1> (o1}
_ 65°
$<1123> 6.136 A <_21%O> i
17 <1213 > 30.7°
18 <1101> 54.82°
19 7 90°
2 <0001> 5.205 A < ]_100 > -
<1101> 47.22 120}
21 _ 620 A <0001> 90°
22 <1100> ' < i’LOO > 42.78°
23 1<1123> 6.136 A <1100 > 90° {122}

10




2.1.3.2 & # k&

4 5 WZ-ZnO B4 @ F Niag S i - o $#3REH
BHkwod L 93 ko L&A G A £ (basal plane stacking
fault, BSF)£ 4 4+ % & £ (prismatic stacking fault, PSF)= #& » H ¢ x 1y

{0001} & 7 BSF £ % % 2 o

BSF 4 % Intrinsic £2 EXtrinsic &% = 3 %f##k |4 8] 2-3 #57F o

M-z g g a5 0 dtdrs 4 2H o AaBbAaBbAaBD -
LAl £ % AaBbAaCcAaCe H 75— B 1<2023> i £ o 2
# w8 5 - B1<1000> % 7 I8 > £ £ (Shockley partial dislocation)
¥7— 1B £ <0001> 7% F 538 > £ # (Frank partial dislocation) i, e > @

A X & EAfp £ enpt 7R 5 AaBbAaCcBbCce &2 AaBbAaCcBbAa -

Au LG - B1i<1010># % 8- B1<0001> 4w B o S
LA AL G R B S EEFHEHEY B ¥ Lonfp 2 [218
2.19]
BSFH &ffoi WAL » Ka »d R G B2 2ER G 555 &
L7563 o BRIED G 2 AENG fh ¢ IBSF R ¥4

CE R AEEG ESHF LY o d HH AL 5 LF 3 BSF(T i

11



BSFiz % £)> =~ 5 8 BSF ¢ e KiEARY L3 8% > @A F

w8 5 1<l123>chf § AP bk #[2.20]0 e R4t 2RI G E &

Woood S H B8 A E S % BSE T (7 > BSF #7415 f ehd £ iE AR

et > W BSFAY R F LY pAa s 100 10°em™

M R[221-2.23) 53 b Y B f K SuBARSH & ]

et

3k & BSF 3 2 4Gfd B & B d & gk 4Ez - o

12



»Oo W

T
(0001) ™ a
B
T b
A
T g
[1210] [1010] B
T b
A

' 1 i
1 2 3

Wu rtz3ite structure

- -

[1210]  [1010] B -
b b a
A c ¢
a < [+
B B B
b b b
-1 a A
a a a
c c C
Lo C C
a A a
a a a

Intrinsic(l1)  Intrinsic(l,)  Extrinsic

B 2-3 Gh4rdh 4 2 &5 4 £ (BSFs)[2.24] -

13



hicFpooadiis % 0 Hioe & £ (Prismatic stacking fault,

PSF)RI L& $ 1<10l> = # w & > [2.25] 0 & F & R+ # 7|4c @] 2-4(a) %7
mod LB LG N ERFCHAAE ARSI B LA AR E

4o B 2-4(b-c)#7 -

prismatic stacking fault

@) o .0 o | (c)
ovo% e e e . |
o‘o’oﬂoooooo "}
®5%:%Ce e e® e
O.O.O.EO.O.O. vy ; 4o ‘:, 3 g'n
[1070] .0.0.0i 0.0.0 A ." o
LA ﬂo.o.o. o ]
[1210] x .
[0001] (1210) 2
P I 1

g
.

[0001]

P lmes '

Bl 2-4 &Sty 2 Hie L (PSF) (a) Hirs r 42 7+ %4
TR (D) Hiie pE g LA A G p 2 2 & [2.18] 0 (¢) Hiie g

£ Al ke L TEM £, [2.24] -

K,ért 7 ofp £ b s B (twin boundary)[2.26] ~ & ## & 7 (inversion

domain boundary, IDB*)[2-27]12 % 3& & 45 & B @ (stacking mismatch

14



boundary, SMB)[2.18, 2.24] 7 & ¥ it 3 S i e 4k e

HeY oG 2 Re (102 » irF R & & ) 0 &84 B 2-5(0)%7 7
N m F S BRF LM (1100) 0 HEF 5 RS Rl4cR
2-5(b)#77m » EMAEMARF Z M G S MR E HFE &G S R
fHFicon R oA e B A E > AT A
% (1120) » e §_H E 4 1[2023] 2 =4 v & (4o 2-5(C)#7m) 0 d 3 H 7
HLN RPN e e A g REF A LT b

e 5’2 féil h N %??t’fﬁ'fiﬁaaa g ’;flf'u » K —;El ":EIL$ fﬁElBH ’;3;:1"% é—_’}? 2

£ o] b A4 [228]

(b) ©) 1210)
i e 0. 0.0 0 0
B o0 0°e7e°
S 0®0®0® 9 9
.0 0 0 0 ¢
g e .o 0" e®
OTOTO™ & 5
|10T0|.O.O.OI8 8 8
S (10-10) plane e o 00

[1210]
10001

B 2-5 #4dh 2 () B & 5 [2.26] - (b)F # & A [2.27]2 (C)sadpss

&% w[2.18] -

15



2.1.4 $2PEF
ZnO i WE Hea L EH o A @ st W B B 1

2 H ks FHTREANE

21415 it 42 T

F iR B4 o d 30 Zn0 p 3% A L Fe(native defects) sy A 0 A 4B
3k H ZnO % n-type s B AFRIFEAE < H 5 10°-10" cm® oy £
@4 %+ % 5 130300 cm’/Vs[2.29, 2.30] - £ @ o d R A her )

F 3 E AR P EF UL R E TR AL B & ntypeZnO

mfﬁ?;‘gd BrAlS Ga~ In% <% > - Hforaf T T
mé{j—?—,tue}a ﬁ ;}%ﬁﬁgg ,{:},3_- _l[j!_l_ i‘a%“'—ﬁ,/}?/}%&
¥R e R R AT & 2-3 0 o

16



423 ¥ 2 ZnO #B3ed 0 & B3t [2.31]

Element |Ecs-E(meV) Element E-Evg(me\/)|

Alz 53~ 65 No 110

Gaz 54.5 Po

Inz 63.2 ASz

Vo 300 acceptor Cuzm 190 ~ 380
donor Zni 46 Liz 800

Hi 37/46 Naz 110

Lii Aan/Agi 200

Crz

Bz

Ecs : % 7 (conduction banc, CB)  Eyg :# 7 (valence band, VB)

‘\4

B

R ood 3 Zn0O 5 35 548 :}7@3%"% EREH R oA
{ €:t— B F g B8 il 1nd = i (defect formation enthalpy) > & @
R AT TR R > A A2 p A o [2.32 -2.34] 5 0

n-type 337 % o FUHI B B30k B et A R & 5 85 (Va0 @

tae [2.37] @ p-type L » >+ F1 5 ZnO B4 @ 3 techdd [ i@ 2 % 2%
WF BT Y T RRAE WK OTFokE kdpin § 4

HH[2.38] -

17



2.1.4.2Zn0 2 % §

N

ZnO chsk B 5= G o 3 i ¥ B HAe B 2-6(2) 7 0 5 B it

-

g 5 H-(crystal field)sr & + p »2ad = H i F 4 (4o Bl 2-6(b)) » @
BNz fEp S BB E 5 (free-exciton) » 4 %) & &3] FXa, FXg
2 FXc 7w &% B 2-5(c) ©

(a) (b) (c)

=1 =g G
5 SNV NN . h—

-10f ] Y. B ®
B4 ZnO

p=0 N 2 T ®)

crystal field spin-orbit splitting (9
— splitting
) &

_Elc

T
|
) g
H
H
|
|
>
=
0

1FXa

.\
3 (

A b——

FX

Energy (eV)

FXc

j
%

Bl 2-6 (2)ZnO 2 s & BHE[2.5] (D) & T S FIH H 11 2 T 5 p o

Bk~ AT L B[2.39 (c)ZnO T B2 i 4 7+ & B -

H v M=~ -] (energy gap, Eg) 5 3.37eV (FXa) ° %’%ﬁfg} ot IEJRL 2
(ZnO)# 5 1+ 4£(MgO)~ 5 i 45(CdO) e = v B » H 3 ¥ 33 %75 4.0
eV I 29eV o H izt b e b U i el (R e Aok 2-2 975 o

[2.40 — 2.43]

18



022 F VR F LGS FB L ULE R FI[244]

ZnaxMg:O Zna»Cd:O
E: range (V) 3.37-4 2.9-3.37
Xmax 43% 70%
E: (eV) 3.37+2.51x 3.29-4.4x+5.93x’

Ra o pd T3FEAd R 2pd R E > AZnO ¢
TAEREFEL 7 PR pd ROk iR & kiE A2 (neutral
donor bound excitons, D°X)4 £.Zn0O H#:#2¢ » §43 4 &% L i &
Flo s s FFd hil s B RIEAEN 2 BB P 5 i 4p B [2.45,
246] > B S Bl £k R E X 95 336V e st pd TR
¢ 1% BB aR & 3 % (free electron-to-neutral acceptor, eA°) 7% & 4k 3 . »

Hk3 g ® 495 331eVs 2 Zn0 ¢ chdp £ B[2.47 - 2.49] -

K,ért 1 F et M (near band edge) g sk b o d AN EEAL FEdrA
= R A At FE (deep level)s# & - 7= g AL IR o Janotti 22 Erhart % 4
MR- RIZAEFEE S L EF A TS ek Fait FE Ao )
2-6(a), 2-6(b) #7177 [2.50 —2.62] » #Am o o IF EHRL Y T a3 ik

FaiT 5 W IBRIEEAAR O REEASFEFERRIGDILE T 2 >



T e o Ahn e g BRI Y F sk 02 o el il eng Y aflamis i
SRF RS L auER i FE G 54 (deep level emission) £ 4 fi

B 4o ) 2-6(C) o [2.53] ¢

(a)

. Vo Zng Ofoct) Ofsplit) Oy,

Conduction band Conduction band _Conduction band +|J
- | B
—_— +2
- s +1 A -1
- 2 0 = 4 5, T -1 2 =
o o 2 u ) s 0 o W -l
0 e 2 3 5 z — i . 3
0 0 = 2. L 0 i — 0
— --=— 0 +1 41 0 +1 +1
+1 41+l +1 1
Valence band Valence band Valence band
Oidb Opyot-db Oioct Vo Vzn ZMiect Oigy Oiortt Ouoer Vo Van Zhign Oidb Ojor-db Oioct Vo  Vzn ZMioct

extrapolation

GGA GGA+U formula

@] 2-6 (a)Janotti 3+ & 2_ 4 K=t F#[2.50] (b)Erhart 3+ & 2_ 3% Kot F4[2.51

—2.52] » (C)ANN & 2 2 4% i FE[2.53] =

20



F T S 6 0 8 3 WZ-ZnO 55 ¥ ¢ b= » H £ $ -0.057 C/m?
g FARE o A FRER MR ZN0 rFH e s - PET
Bt pETHHER- 405 (0001)8 F BH2 it ¥ A2 FA R

FREERA T g S B

2-T ¥ ) im A4 ko fh ~ kI 2k ME R

g 35 5. i (Quantum Confined Stark Effect, QCSE)[2.54 — 2.56] -

valence

Bl 2-7 £ + & ¢ 3% 5 i (Quantum Confined Stark Effect, QCSE)

21



22 %83 &
Fede 2 LHMY LenflAr - o d 2 B & EWE § R Mk e
BV ELLE MY PR LR BRI RO Y - 26

Fod WEAREHECL AR 0 LB FRa - 25

ks

ﬁ;‘ 7RO

AR Gl AR LR S F Pk e X ER T s 3

,ﬂ.

3

=
o

CH A

-En\‘

3t -

F_

%o B = £ (epitaxial growh)#? — G @@l 7 B x X B > 3 & A0

)
o
3
pzad
£
&)
=
4
N
A
e
Im’g

] Bi‘g'%*#ﬁjaas L E e R R Kfﬁ o

S

BAedrtlnfyraod EFi R E agEFEFHLE IR FIE

\?92*5 ﬁ‘i%t‘\‘ ﬂkﬁ’“iﬁﬁ h" f)@aa @lﬁiéf%“ 4 % =3 i "% ZJ%’}}; 1 = A7

03B & RHF AR AL 0 F I H S A
B as R AR F AL KT e & & (lattice matching epitaxy, LME)
25 1B 7 fe 3% & & (domain matching epitaxy, DME)[ 2.57] « % #& %
S EAREEY B ELHE LR BRI PAFRESE AR
HR G GERF DR 2 A EhF L FPLL AT RN Bk Ra o

BAFS BRIV  BEL RIS SRS S AR R

22



BELFHR LM R LLOLR N EERY S ZTFER
Fobh M ERAFRE g Fhitl b 2 RHE g A5 -
s fp iy gy 4 = — B 45 A £ (misfit dislocation, MD) » &4 & & =
£ TiN >t Si(001) A4+ > d > TINeh & ¥4 #ica 5 4.24A > & Sieh
& 1 #ic s 5.43A b pF TIN #-12 Bapyidag & dany:3ag ik B iE {7
Mg erput 2 o AT T a2 WM GRS -
ThRA AL 4R L b Zn0 F £ EF £ (0001) 44 0 H 5 &
B ¥e S#ca A wl i 3.25A 22 476A - FE E 04 [1120],,0// [1120].0 e
Oy > HudpirHp € 0 320 N EFRA S Fla A4 EE A
s A L 0 F Zn0 HEF F Fenf R (i 3000 i H R

B A 5 [1000],0 M L120], e > B2 42 5 5 Hp 467 3 40 3 6[100],,0:7

sapphire

L[1120],;0 e 2 5[1100]5,6:6 4[1120]. 0 pive °
M B fede > & {7 5 > Bauer XL % Frank~ Volmer 12 2 Stranski
FARBIDZHF b L BFI[258 - 261 BB b 75 RBE KK
THRE~F G Ao MESEERPLR > BERFTIRALAORLS G
Frank-van Merwe = £ (FM)#£5¢ ~ Volmer-Weber = £ (VW)#i58 12 2

Stranski-Krastonov (SK)#-3¢ » @ Scheelm * i&— # 4c » FEfFin = &

23



(step-flow) 2 2 H ji=4 ek 45 B _& (step bunching) ~ 2% = &
(spiral-island) =3¢ » & 4c F VW 8@ =0 & {8 74 enfask =0 K
(columnar)fi=;¢ » & & Eﬁfﬁp\ D@ 2-8 T Nz AN FH T 5 M E

gt ehe B £ 7 5 [2.62] ¢

Bauer #- Frank et al ~ Bolmer et al 12 2 Stranski et al & 4 4 %)%
RS T R SR R G R (Yry) » AR R (vsv) 8 R
2R o oae (Yes) e T R 1218 > B i £ (0)E & 5 /o oA 2

BMiavwd TR

Ysv= Yrs + Yrv COSO
Fysv> Yrs + Yy FEF 0 HOIRFE £ ABITS 00 L pE IR 3 F-M BN &
£[259]; @ F ysv<Yes+ Vev FF > B ot MR 2500 VW 2. 3D § Kk 2
PR [260] 0 0 3D Gk EE SN F A GBI L2 g
feREREFSESE B¢ S 5tk (columnar) & £ HE5
[262]: §vsv> s +yev B AR A HA S AP T F ¥ - LR
o 1o TR o R H A~ Hp K- € FF 00T FM RO AR 0 v o S e et =

EoRETRREAGEL HRSE o AN L SKER[2.60] -

24



Frank-
Van der Merwe, F-VM
(layer by layer)

Stranski-
Krastanov, SK

Volmer-Weber, VW

columnar growth

dislocation &
anti-phase boundaries

step-flow

step-bunching

spiral island

@] 2-8 Scheelm §7 4 2 F & 84122 + £ 7 5 7 1. H[2.62] -

Ba o F R E R R AR R R 6 R e

BAFDp i & AR PRI ET AR FE

25



EIIE S LA BiER(e ZEAE SBRB 4 U ER S E R
B oo LR R~ R RS R g il £ (flux) o p T oo e
E g BT oo BBl E PR A L RN 0 @ w B G 2% FM s VW
2 SK B8 5 7 B8 U R~ BEPEE Y & i Kl £ 0 RIIF B
#-4 ¥ i B & (bunching) » @ L3 R A hpg 4525 32 [2.63] - B E - Heh

F G- R ARE RS BTN AF AR o KEF - BAER

=

bR AL a0 U R R R RR S B
SRR S R 0 MG o] 2940 0 3 E - 2 ek 4 A PR s
FlRAFFETOEBLESE T ,T%ﬂﬁ Hobf A K AL s G ATt

= £ (spiral island growth)[ 2.64, 2.65] -

() (d)

B 2-9 % %5\ = £ (spiral island growth) - . B][2.66] °
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FE VT LG yrptg 4 G ch £ 7 5 0 Scheel #-2 £ 7 4 e

St T AR R~ A B K E 2 Rl (IR 4o R 2-10(@) T o H P A4
& 0% i+ 2 supersaturation (o) k % 1 » VAL G H S R g 4 o B2 B
4 (chemical potential, Ap) = i +* [2.66] d *t = £ 2 #14 Figitx &%
BH A riER s a2 P PR EE 0 H X - supersaturation (o)

EAPRR ¢ R O EE R EE Yo B e B 2-10(b)# T

(a) Supersaturation (%) FVM Frank—Van der Merwe

SB  Step Bunching (b)

VW Volmer-Weber

10° SK  Stranski-Krastanov : Yo
PVD SI Spiral Island
CG  Columnar Growth LPE
w0
cvD VPE at high T
10 : VPE at normal/low T
1
! MOCVD
1 MBE
14 1
1
1
LPE Supersaturation G
Growth Modes :
0.1 4
F-VM ; V-W, S-K. Columnar growth
I

Step-flow mode at high substrate misorientation

10 Misfit

(%) Step bunching  at high step density & high o

Flat surfaces.
monosteps
high structural
perfection

Inhomogeneity region,

Screw-island mode  for layer structures
inclusions I

Bl 2-10 (@) = & #i54 & So R di e ~ Eer{o R M TR > (b)= & #7428

Bfok s A PRR < 4 AT ST RM G F[262] -
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35 B A A ET

d N IPFERRZNOE S 02 F % 5 Fla 0 % S #Zn0 £ 5% ?%gé
B B 2 B R NBENAF L REFHELSE o ARl
% (0001) % & = & > ZnO B fh = £ 077 [2.64] ~ EEF 7 [2.68] ~ s 1t 7
[2.69]~4¢ it £3[2.70, 2.71]~ % i 47[2.72]~ SCAIMgO,[2.73] - LiNbO;[2.74]
ERAFTCAFTROBY I NEFE A A PHTE > ¥ EPEE
TobFMEr L GEEFTEE N0 HfH K7 T e B 183% 0 i
EENIEp I E R 0 B ETOERER Zn0 & & E e AL
FIR[2.75] > K@ o FAEMEG 1200 B S AR L E ko B s
IIEAR -

A

T 2 Zn0 A0 ¢ 7 ¥ R e g 1120) ~ o) 0 L E
#u (ki) & » 7 2 HHHEHES & (C p)T HR Y A G T L

:i ”‘*@. M’ ZnO ﬁ;gaa °

FEFEEG s Rk o d T Zn0 S22 S SHREAE OB
xé,gﬁcﬁj_ly-r«; L A1 ,,u»fz‘ggr;é_ e M &HBZ/;EJ’;J,%
B IR0 FF R MR HOE GlE > £ H A 4

G onf T e R e 2R G Zn0 R B EH K& AL F
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SUPREDE & PR o

Pane AR menzbimita ZnO & & e 2 A eng B M G
T 4 245 0 Y SRR R 0 Zn0 ek G B R eht
Ft s R RGE HALL A £ 6 > B4e SITIO; (001)[2.66, 2.77]
£ MgO (001)[2.78,2.79] » #-¢& 5 Az - A K > > A5 f3d >

Flm & ZnO Fde eI A 4§ AAand B [2.80] -

3 2-4 241 ZnO B o A 1E 2 B S B 15

ZnO Plane| Substrate Epitaxial relationship Ref.
(1120) | SrTiOs(001) |[0001],,0// <110 >, » [1100],, o/ <110 > 2.76,2.77
(©00) | MgO (001) ([000,,,// <1540>,, * [1120],,,// <1540 >, |2.78,2.79
(00) | LiAIOz (100) |[0001], //[020] ng » [1120],.0 //[001],rq Py
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