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Growth and characterization of zinc oxide thin films on Ge

substrate by radio frequency sputtering

student : Chia-Hao Yu Advisors : Dr. Li Chang

ABSTRACT

In this study, highly oriented crystalline ZnO thin films were deposited by
radio-frequency (rf) sputtering. The thesis is divided three parts. In the first part,
ZnO films were deposited on Si substrate by rf sputtering at various deposition
conditions including different temperature,;power, working pressure, and
oxygen concentration. Secofidly, ZnO films were deposited on Ge(111) substrate.
Thirdly, Ga-doped ZnO (ZnO:Ga) films were deposited on Ge(111) substrate.
The surface morphology was characterized by scanning electron microscopy
(SEM) and atomic force microscopy (AFM); the microstructres of ZnO thin
films were characterized by x-ray diffraction (XRD) and transmission electron
microscopy (TEM); the Ga distribution was determined by secondary ion mass
spectrometry (SIMS); and the electrical properties were measured by the 4-point

probe.

For the ZnO deposited on Si substrate by rf sputtering, it is found that the
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sputtering parameters of temperature, Ar/O, ratio and working pressure have
tremendous influence on crystallinity. With oxygen concentration higher than
23%, the ZnO films have better quality as seen in XRD pattern that the

full —width at half maximum of ZnO(0002) peak becomes narrower. However,

when oxygen concentration is higher than 33%, the crystallinity is degraded.

For the ZnO deposited on Ge substrate, it is found that the Ge oxide surface
layer plays an influential role on the ZnO film quality. To reduce the effect of
the Ge oxide layer, we used wet:ichemical cleaning (H,O,, HCI/H,O,
NH,;OH/H,0,/H,0) followed by desorption by-heating at 600°C for 2hr. XRD
patterns show only ZnO c-plane reflections.in"addition to reflections of ZnGeO
related oxides. For deposition of ZnO:Ga films on Ge substrate , targets of 1%
and 2% Ga in ZnO were used. Sputtering of the 2% Ga target on Ge substrate
can result in a smooth surface with resistivity of 1.25 x 10° Q'cm. The depth
profile of SIMS analysis shows that Ga is distributed evenly in the ZnO film.
For deposition of ZnO and ZnO:Ga on Ge, all the films have the c-axis preferred
orientation with a grain size in 18~38 nm as shown by XRD. Cross-sectional
TEM reveals that ZnO film structure is columnar with the c-axis orientation, and

the interface between films and substrate is smooth. As shown by TEM
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diffraction pattern, there are two orientation relationships between ZnO and Ge:
(1) (0002)z00// (111)ge [1100] 240 // [112]Ge, and (2) (0002)z,0// (111)6e

[2110 ]zn0// [112]ge. Plan-view diffraction pattern proves that almost all the
grains are grown in the c-axis orientation. From the experimental results, it can
be concluded that rf sputtering of ZnO on Ge substrate can deposit a good

crystalline quality film with strongly c-axis oriented grains.
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Venables #-j# %= £ #5538 1 & % 4 5 = §8[24] > 4-B] 2-10 > (a)Volmer-Weber
growth (b)Frank-van der Merwe growth (c)Stranski-Krastanov mode or mixed
growth » % - fiehgd 2 Zd 2t Rh 3 (HF)F B E4 A i (AF)EAEFED
BEA @I EA e RFREN L LR - F o FERF(AF)F DL
SRR (AT )R AR B LS 0 A2 K RPEE . %?37f§:% TS P
Bk uis o o TR e B A LRSS LB AER-£F £
P-4 fAp-£ BT TR

2-4-4 FER
Thornton[25,26] 4+ ¥+ & " Bhige (8 & 211 1P/ 4 e e fEdRK Sif
TR 0 4o @) 2-11

(1)Zone 1 : 4+ % F P i svlm VLR St i > A R 295 26 R34 6
4 MArid A A MR R R E j_f@a!;])_,gh—r*;gl .LLzJ-*#‘

() Zone T : % & RIALA * Zonel # Zone2 2 [ e ¥ » 2 4 F 2
Flied 3 A DG o B ER B

(3)Zone2: $ AFERLF RFEFRFI IR E > KB TARRF LAF
Sifica 4 o Tt A SR T AR RS

(4) Zone 3 & T/Tu(Tum © 45K %5 BE)* 2+ 0.45 > o - F RN 03 4ca 4 # £ %
£ % F 0 A) =+ X #hd (equiaxed grains) F g o
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2-5 184 ZnO & W E LR
P53 X5 THEEHE N ZnO 8T 7 > @ i * RS 2 0
B ptHFETT Zn0 EFoy WARE R G 600°C 4 o &% % Si Sapphire
glass 4% > 3,53?’ NER 2 Cihs £ Zn0 &% H ¥ 12 Sapphire £ 5 £2
ZnO EsEenE B R v ER] B LM o R E51 410 > AR B AlE
Ga (el E R T Harca s B Al T ET EF T ks 1.5x107 Q
m[46] > 4% Ga ¥ & 7] 3.9x10° Q cm[44] - B % 4% 3 Ga 9 ZnO % 5(GZO)
© & ¥ 11 Sapphire £ 7| F & cf2 R 0 2 XRD £ 8 % 5 380 arcsec > PL £ 3

B s 150meV(2 E)[47] > & AT 8 A FH TR g4 o

2-6 F7 5 48
d 5> Ge - AR IVA SR 42881 & Sn2 BFena% > S840 4¢ Ll %
2 937.4°C » 8- 2830°C » & & 5.35g/km’ » % F 4 5 (Ar)3d4s’4p’ o §
fi s +2>+4°Ge & Sij pleenfy »‘E%Z‘.“:éf#‘ ) Ta’fi EY Cubic(Face—center)fééﬁ » o
B 2-12> St s 5.657A- 3 ¥R Ge E H o™ 2 o £ WG HLHEfro &
RN ERPY G T F BB F T REBI P L, FHNRLFE
HHBEM TR - DA S kR Ge - 5 F D B e s B ik
i B %‘;&E(Egz 0.12 V)b 8 & ac F cnd HR L s B o] e
FRFHNF PR L PRI EERGFERE FOTF B F 5%
[27] > § 3% 577 7 # R4 ZnO 4832 Ge » F 4 W% k& & s iy
[27,28,29] © F]pt & 54 7 1% RF jR4% % 510 31 Ge A1 £ & ZnO & d
~mEM S F ;ﬁ-:} PR T R BEERT A EF BB R c AFHRILE R
A EZ VA B AR S8 ZnO E T enB s 17 Si A EE R
R ST L Ge A RENRY 0 ¥ £ Zn0 i ¥ % Ge(111) A4
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b FZ A2 Ga e ZnO(GZO)E - H f Ge(11D) A ¢+ - 45 d %5 ¢
FoE® Ge(11DAE R T L (1116 chd FFEESG 5 3.266 Ao 4 & #3173 ZnO
a%maa’fé#’&?’zSA’ FlpLHp g Wi ﬁ*mﬁsaafﬁf—‘°
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2215 S

Characteristic
Application filed Application Characteristic
quality (R, T%)
Electron . . Large area -
10°-10" {1/sq |Projection slide - filmstrip -
photomicrography - flexible ~ high
=80% microfiche
electrostatic copy transparency
Low weight
=5x10°(}/sq EL display thin » endurable
Immohbile display o .
=585% Electrophoresis display attacking ~ easy
processing
Large area ~
=10°Qisq Thermal plastic recorder - . )
Light storage flexible ~ high
=80% rubber-ferroelectric-storage

framsparency

Terminal equipment

Transparent plane

Large area

=50% flexible
=5x 1070 /sq easy processing
Solar cell Solar cell
=80% high transparency
=35x10%(}/sq eAsy processing
Optoelectronic device Light amplifier
=80% high transparency
Large area -
10°-10" ©/sq  |Anti-frost window - camera Endurable
Parallel heater
aratiel heater =80% lens « cooking heater board| attacking -~ high
transparency~ cheap|
Appearance indicating
Low weight
window - electron
N thin ~ endurable
10"-10° €2 fsq microscope window - .
Static electricity screen _ attacking ~ easy
=85% integrated circuit .
processing -~ Large
package ~ EMF field
area
shielding
Building window- ohserving
Thermal radiation 2 . ) . endurable
=100 /=g window ~ illuminating lamp
interdicting film - energy attacking -
=80% tube - low voltage sodium

saving film

tube

Large area

Selective optical film

Solar energy collector »

parallel glass - spotlight tube

Large area -
flexible ~ high

framnsparency
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1 T 10

— 1 |
:E 1.6 L[~@photoiuminescence ()
& |_{ == oxygen vacancles 418 ‘%‘
L 12} 7] -
= | 18 =
E ] -
E DaB‘ - - 4 %‘
= . @
§ 0.4 - Po
2 e - T3
o ?'- .
0.0 L - - ' 0
L] I ] 1]
3.0 L =@-free camiers o) (b}—
2 == oxygen vacanciss .t 48

2.0

.
density (10" cm™)

1.0

|
(v}
vﬂ

free-carrier density (10'" cm’®)

0.0 L 0]
0O 200 400 600 800 1000
forming gas anneal temperature (°C)

Bl2-2 § 1* 4 green emission 3 & ° Vo so#icB fof d 3 EREER R M &
[15]
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(a)

7

Ev.;w;‘
/,I Ey
(b)
Ef E¢

o

particie paramagnetic (bulk) particle

boundary boundary
diamagnetic layers

] 2-3 ¥ i 4% Green emission % & ~ Vo e#icE fop o 43 B RGP F R Y
T BI[15]
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“onduction Band

-2.16e¥

A6 eV E.=3.36 e\

=
———————H——.———.——_
0o
E
o
3

Valence Band

Bl 2-4 % i 4 green emission i F¥iE 18 7 % BI[40]
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“'"" L * ZI0-A
> 9+ x 210-A-0
7]
2 o
E >
Oo - @
o 5ol
A =2
= - o
= 2
u- X
[ |
En ® Z10—A-H-V
A Zlo=A-H
- ] e Z10=A=0=HY
J1{ o z10-a-0-H
Q P ol 1
3.0 34 3.2 3.3 3.4

B] 2-5.Zn0O #32 In & 3%
ZIO-A 845 ZnO:In & 5%

ZIO-A-O 4% ZnO:In &% > i3V < § 7 2 45
ZIO-A-O-H 248 ZnO:In &% > & 5 4 *3i84 30 » 45
ZIO-A-O-H-V # 4% ZnO:In ##5» B % T30 30 A 46

ZIO-A-H &4% ZnO:In E%- > & 5 5 * 30 » 45
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Magnetron Cathode fall

1 "
|
—>
Watar
cooling - -
<« Q==
N ©
Target Ebﬂmmé R.F. Bias
4 - u
— DC T__{13.56MH:}
T + Power -
@ Arion
_ ® Flectron

(O Sputtered atom

%uéRFaﬁﬁ%@Mu
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m. 8=

(a)
(b) (©)

B 2-10 & %= £ $i25% (a) Volmer-Weber growth(b)Frank-van der Merwe

growth(c)Stranski-Krastanov mode or,mixed growth

| SusSTRATE
gP04  TEMPERATURE (T 1

ARGON
PRESSURE ot )
{mTarrh -

B 2-11 48R Mo’ 1 B[26]
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L = - -

Bl2-12 Gerd 8 % 1 B
ap=235657A
Space group Fd3m
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S
I
el
uff

R
3-1 7 Sz

AR HE IR F AP (PVD)? W RF B4ES £ ZnO F > &F %GR
PR SRS Ge b Flis A TR AFIER A F FEEF B
Tg g3 Ga il ] 59 5% S8 £ ZnO W3 REEARY A HIE S
fo M e B o Zn0 FE A £ 18 0 R 4 HACB(AFM)BL R 4 6 A & > U
FE T HME(SEM)BI R A LR 0 1 X RS R(XRD) » FH ST S A
WB(TEM)A 17 S S S S 0 = + F ¥ R(SIMS) A~ 4943 #& Ga 0
£ TRk > w BREE 45 (4-point probe) » 17 T o F Bk B 4 H el A2 B 4o B
3-1 -

329 A2k A

AR TR RFIRER &0 AcRI3-247T - B3 ke R
(Mechanical pump) % & # 4 +FLf (Turbo pump) » £ * #EFF 424 3|2 x 107 2
torr T o B R SR F 2T BB 5x10°~3x 10 torrz fF -
AER CBRFL g 4§ F# W AERS - IERTR - HFURR (84
BEF) RENF o AR Z /7 BB 0 Zn0/Gate H 0 A L D
vi¥e > BB Z3mm o % - 85 Zn0*$99.9999% » & = 48 % ZnO/Ga(99 :
96) .99.9999% » & = #& % ZnO/Ga(98 : 2 wt9). & 99.9999% o

3—3'?.5%7‘5,%

*FEFE® Si(111)%2 Ge(111) s &7 » ¥ $*720.5x0.5 cm’eh® < 5 Si
m,%’-,’?ﬂ'b,??; CLERTRYRFARTIONE 0 2.5 § BeRic 0 3R YA AR
PRAABRTIONE4F F BrREc 5. B E A Y (HER VY 5 HF:HO
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F ki o Gedr FH 3] P LE® T Y ZF A RT 104
BENAEY RFARTIONE 4.5 § riic > 5.8
F 09304 06.% F iz 7B EF & (RkAR SHCLH: H,0=1:4)30%) -
8% FHh Ric > 9B & § M 4¥/EF &/ kReiR Y (B kAR B 5 NHOH
Hy0, : HyO0=0.5:1:10)14 48> 10.F § 1 ke o A B4R % Fpocit 4o >
4Sifh{ = & > L.RF Sputterrsk & » %3 » § # VENT » 4s w2 enf? 4= B 5> 2.3
F R 1 ST e P eh A R > 3PP BB > 4.8 B 7 F1E5x10°
torr > SR T AT E R R 0 6.3 ~Arg 8 0 M BRAT B & THAIEFES
F ot b 0 8. # (X #0) 0 9.45#IRF Sputterit # ZnO & WpF I > 10485505
Rfe o EWER RS FHMPE O MPEFIF AR, -
4 Ges4£* & > 1.RF Sputterr&'% > Liin § # VENT » 4= # &8 chF 4=
Hed iR 15 Gefdr 2 » VERE AN S 3R P B 0 4 B 3 TS x
10°%torr » 5.2 8 3 A P er 2l B 6.4 BERF I 4] > 740 ~ Arf 8% 0 1 gk

RRO8ALE FEF F 95 (2 ¥#) > 10.474IRF Sputteriit # ZnO
EOEEER o 11 ARWCR R > FMER R HESFFIMF  MPEF F FR
Fm o

3-4 F %A A7

AR E ST REBIED c EWET 0 Y RE ¢ X SR (X-Ray
diffraction, XRD ) ~ 7 i ;% 7 &+ & x4 ( Transmission electron
microscope,TEM ) - % & A;5L > @ * KRB ¢ 3w 3 T F B st (Scanning
electron microscope, SEM ) ~ i &+ # &g it ( Atomic force microscope, AFM) -
A s i@ % Z ST B3 &k (Secondary ion mass spectrometry, SIMS )

T 3T 0 @t w BLEE 4-(4-point probe) i & & 7 ©
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3-4-1 Xk 5tk (XRD)
A9 %7z * XRD 5 SEIMENS D5000 % 527 ik B4 ¢ & iBede D1 %
Yoo e 5 Cuke (CuKaAd=154A) < XRD: - g% @& * g B

o He P Rlivi ¥ > ¢ 5228k o 47 o — XRD#7ié * 2. XK Rihs 53

ok
(U
3+
~=b
il
bt
\f“b

T F RN AL ES AT Xk 2.7 F Ak
A2 kS e FATE D XK T A L EHXGE 2 Xk o X &
FEd BRI RFEH T I REHRT 2P KU T S EE R
Boowd s B FRR2ZE XL 3 kR

Hope M 892 F o & &5 FHXE - FXE KRS R
Fir s RFEARELEE M AE RN E ) TP KR AR Xk S
WA o XRDA T RIT4cB33 > T3 — L EXCERERNY » g0
U Rz B g 8 o sk 04 (Bragg’sangle) @ b & B 5L F R MRS
Ei s ﬁfa—@dhklsine = nARE > N BESE e A S B G ATMESS o AL G T MEST 2
X% ¢80 bR b2 FlAR FMEE Ry Y P Xk %R
€ 11202 S e dAs Ko B20EF > TR RIS O N TE RS S G s B
BE o BV LT T ELERY DL WS -

3-4-2 #Fpg it T+ Biks (SEM)

% + A icst (Electron microscope,EM ) » — s & dp 1% T RH 4T ~ R E

3293 h)}w;* (E g A feit RIZRFT 3 5 T 2 o B 8l %
RE 1BV A LHFHNT T AE (Scanning electron microscope » SEM )

2

@ + K ics. (Transmission electron microscope » TEM ) & #f o 5§

X

%
'\
&h

75
+ R FEAR-E B E 0 2 % EXE N £~ FrkR &R (Energy dispersive

spectroscope’ EDS ) & it £ 4f % 3# % ( Electron energy loss spectroscope > EELS ) »
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TIHEETR AT B - VETHLMSE Rl -t ELL0 e+ 4 6

AT LR KE -
NF BT * 2. SEM 5 JEOL JSM-6500F #4353 &SEM » 1 & P e L%

Fi iR - FhATITERELE DI ITRIEE T FH# H40.5~30kV

ShE RBRRTIRAL D A RETESE TS PT I LE F 58 # D
P

BT F o BAOGE S F KR o - R T BT R
FEF T I o d N R BT TN T AR A5
50~500 AchiE P cho R A gL N AR A ERIT AL TS eh
G R B RIS € B X e

=h
w
¥ %ﬁ%l 18 o F & B - =t & * 8% ( Secondary Electron Image » SEI )
L+

3-4-3 R+ 4 s (AFM)
rAF BT Y HAFM A B 72 F F % % (NDL) z Digital Instruments DI

5000 > 4% (THCF 3B FE CAFM o AFM A Y $% B 3 4588 4t (Scanning Probe
Microscopy SPM) - & » 452 5 THf 48 div; 2 FiceF 64841,
R Jhd WPl IR SRR R G 23 IE 23050 Ao T R
R4 B S IETRAFE RERE T LG L o AFME G RS B
fed O VRN AGHRB Ta AR FHERMERE Y KT R
BB RFS BB EARE - FhH B AT RE T Rd A 0T <308 -
AR RITiRE *%' R BER R Fah ST 4 BRAEAE S Mmi  PE

2o SR AFMEBR TR 4 5 23 T LRSS SR T R A R Y



Benitr 4 SRIP RS 00 0 T HIERAY N RE L ETR P

o RIS EFE YT RT ORAFG TR R A e E AT 2.2 %0
PRGNS B R T R ahied 4 5 @R 4 o d R 4 HERERT SR 0 - &

THRBPTRERBEANEBENL  RBAEREY LS i%%"éﬁ?;“%g’f.irﬁ e
ZEZHRBETAVERF SRR oSRF > J AN e LA ko BF
SR SFEY AT REH ARG RFH ARTIAPFEARS  J TR &
i F AR R FIRFICR > L I 02 S et A S S A
PEFARB G AT RAPTERY REN DN NELERAE L B T
"L SRR fRAT R R

3-4-4 55N F 3 s (TEM)
A e ¥ 2 TEM A | 5 Philips TECNAI204: 254t X TEM %2 JEOL

R

gh‘i
-\'!\1,

TEM2010F 3% 5+ ;8 TEM > #r i & B % 4 200kV - TEM % a1 & 7 A

JOLLIFEOLE St 2R OrAE BIOLE S SRS
EAT A TEERETER TIAEHR KRS

fer o —ith 3 0 GTEMY BBk S0 fund (i & 75 2 e & 5 k&

s TEME R £ 4% #-3 i
G % - AF & B R #* (mass-thickness contrast) » % = E_$E5+ 114 (diffraction
contrast) > % = #_4p 1 +* (phase contrast) o L% 25§ B (amorphous) 1 # B i
i o § - S R F £ R o d AT R AHA R ) R AR R S
ek oS e ¥ M B - Heend_ VLA EH T YE5Hi(selected area diffraction)
Rt f WSS 4 hne ¥ ATEME 0 $F 405 § fRIT AR DT 3§ A

)T REEHWBH 0 4 F 0ol SEMAE J $1- H Xoray U5k 7 2 %

P EIRE A o
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3-4-5 = Z @3 Fa k (SIMS)

AR BTk 2 SIMSE FE X §§ %2 TOF-SIMS-SIMSR = % {1 * 7 £
AATEAT S A R (mle) T HETR S 2 2 H BRI R
¢ FUTF ~F R Pk o fRHEIT Eppm-ppbie [l o SIMS# * €5 & gE T
ARFFALRY 20 2 M3 B E LN E /BB PN DRF 2R
Fefd o BhF FHRBROERY NS LG RFEFT LA 2RPRE T o
EipARAERTY ¢ - AFROERA I FRBFDERCEE AT
G B R AR A P %&ﬁ&iﬁﬁiﬁﬁiﬁﬁ”ﬁﬂ%ﬁﬁéy@,
T WA BPAE G L2 - A3 (primary ion) B R TP 3 2 G
= =4+ (secondaryion)  SIMSKRBHE T » & L 7758 ~ 343k~ = 4
FRELANTEAITE S REAA T RE o - BSIMS & S = A4 477 i -
LA > @% Mg - M RR G H3+ 4 > 231 % % - k R+
B SIMS & 45 FFEAL R 3L ¥ £ m o L 54F iESIMS A 45 (static SIMS) 2.2
RS N o 3HUE R AT 0 ARG A R TN R A s
FRAEY ) LEFFAT APET A0 DM 1 SRR 2 5B
SIMS%4 47 (dynamic SIMS ) - F X T FEF H T meh- XA 4 & 22~ Sip

4y
TR

Tk
&
—=h
NS
i)
i

ju

BMtr —dm 2 o S (dof 33 ) IF5 284883 7 < by
HAcL dpdhg 4 > g s (dcgs g+ ) 175 *BPEES QT A MRS f S 5

\

3
=
4

PA L o Fo MRT E RIS S LR B -

3-4-6 w BRAF AT EE R

*F T * he BLIF 4-(4-point probe) > v BEIF AL E EF F K ERE S T

[

FLE D RRARY A BHEET ) AT ain ¥
ERIT S BHEETLTRLEACRIA) 0 T P R RE R e - A
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%‘

F 42 B IES1I=S2=S3=1mm > BF LENe FE T2 K RT > FT
snl 4v Pl BP4 2 B - Pl * RIS Rs=4

Fend B F R nte &Pl #P3 2 B> Rl P T 1ERs=575V/[> V 5 P2&P4
ZBOTR LY AEDL EMEEFe X BR RN RAREIESFE
Plefy o T gsE - /itjﬁ_‘——ﬁ; R T j\/ﬁk"'ﬁ“i*i)ﬁ?;-'/'x I Brrz #ciE o
d 3t BFE R R e B A G 281 Ft At R ERIBRESRILE
TRl feE B a‘f\—"#s"i%'l"ié‘-f';{ii?'lfﬁ&’—‘ FEG K emd i

s

B AEE T B RE

Hok
EPk €& it - ’*ﬁ—,’f‘!{%?%%o%‘?}‘f_fgg,\m R R

R=p(L/A) 27 R * 4T padale T e L 2 82 LR >

mMA FHERZAGHFE S FERE-EIN2ERCTRIW BRE L K
BLL> RlaMehgree g

R=(pL)/(Wt)

FEERAHESDIAESESR PL=W o Pl A2 AT e g A
R=p/t

He Brep g leFpidd ek Kbz a bRt L &d B
o mR RATd Faomi S £ 3 ol B ﬂmb =
ER  FIMBRIF TRV UEFT B ERL TR -

3-4-7 TEM# & & &
LR A ek TEMBFEY #HHE A % 3% (Cross-section) %1% » 3
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LR 4e T > 4o B)3-5%7 T - 1,,1‘1&%“4}%25&—;#%‘*71;\3.332mm>< Smmz. = /] o 2,

BHZPinhd gz o J* B dE ¥ A (Gl Epoxy) wid 7 ehl ~ F o A W[RE T

ZRESBARR A SIS FLRY B P R RER T By o

W FL AT B ] R4Sk T Peid S EUBLR DN BT o v B & MR RE 1S g

Bl ”f"’ » 2l fde# 4 (Hotplate) F4e# ¥ - PR BF Ao = 2R

Flo 3R EFM R A RTINS o B AF AR Bt BE P B gl g
A

BEEE ZEE W RIDF A RS ﬁ”“ﬁgﬁ,, % i/

)

£r s & =X 0230 um ~ 15 pm
6um 3 pm -~ 1 pum~ 0.5 umenger #) ME BT B2 Prk T BG o R F PN L

Fo G IERGUALTARTA LR AE RN D B AR L

o

BA20umm T > B2 TSRk T G o 4. 94F TR Y ABRALF 3 ¢ @/g}
EE-- R RN 3 L PANV N - Ry - 2 i R R B -SRI = R - g I 2=

ABTAC T+ et g b ey S domm it ¢
BB RB T EPR P a8 o S A M A R F % (Gatan Precision Ion
Ploishing System 691 ; PIPS ) #-3% + & st &4 41>t 35eVEREF 2% > 4 12 %

4,

IREPERIAAE R ARTIATE  MEFA T % TEMEFTRE o

32



B 'g“%"t?/)s/

‘o

RF Sputter 4 Pure ZnO & %%

RF Sputter A4 GZO & 5%

B S B

]

XRD || SEM || PL
g || a4 || A

- BLIF &
e

TEM
/,,\ ﬂ}’—} AR

SIMS
45

Bl 3-1 7 % i A2 R
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Zn0O
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P
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B 3-2RF ®4x L ¥ Bl
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R RIE(E 3-1) 0 Si(111) &4 > F17 241 Ar/0,=20/0 > 100W > % £ pFF¥ 10

A48 0 1 ITEEHE 6 cm

P e B ECC) A AR A (torr) 1 /& 4 (torr)
S1 250 5x10° 6.3x 107
S2 300 5x10° 6.4x 107
S3 400 5x10° 6.3x 10~
S4 500 51x10° 6.3x 107
S5 600 49x10° 6.3x 10~

£ 5 (R 3-2) 0 SI(IIDE o 4% £24]2 % 100W » 8 & 600C » & £ pF

¥ 8 &4k » 1 (FJE3E 6 cm

Eak A1/O, AR A (torr) 1 {%/& 4 (torr)
S6 20/4 51x10° 7.5x 107
S7 20/6 50x10° 8.0x 10~
S8 20/8 52x10° 8.2x 107
S9 20/10 5.0x10° 8.4x10”
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5 50W g F vRIEE(E 3-3) 0 Si(11D) A4 » #2407 5 50W g & 600C » =
EPFR 40 48 > 1 (TR 6 cm

R B Ar/O, AR 4 (torr) 1 ¥R 4 (torr)
S10 10/4 5.0x10° 4.4x 107
S11 15/6 5.0x10° 6.0x 107
S12 20/8 52x10° 8.2x 107
S13 25/10 50x10° 1.2x10°
S14 30/12 50x10° 23x107
S15 25/0 51x10° 6.2x 107

Ge(111) £ & FEE = £ ZnOREE(F 3-4) 4]+ F 50W > B & 600C » 1 iF
B3 6 cm

FuR L F- ek 1 i

Ar/O, =15/0 | Ar/O,=10/4

Gl
34 74
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Ge(111) A4 § 1 K Rl (% 3-5) 0 #2417 5 S0W > X £ PP 50 A 48> 1 (FJE

6 cm
W S "Rk (C) FREE
G2 650 600°C 30 » 45
G3 650 500°C120 %~ 45
G4 600 600°C 120 % 4&

ZnO 332 Ga B3R (% 3-6) > 1 * f=4l. Ar/O, = 15/0 » = £ PFRF 50 4 45 > 1 1%

FEHE 6 cm
R L 1# 324 5| ZnO/Ga 7 &
G4 100/0 50W
G5 99/1 50W
G6 99/1 40W
G7 99/1 30W
G8 98/2 50W
G9 98/2 40W
G10 98/2 30W
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o A R e 0 A £ R 69 ZnO/Ge

At o
4-1 RF &5+ 425 % 273435

g3 Ge H 5 &SI HFF -~ 27 &4 FRo#7 & RF Sputter & $t@ >
LS ERIRAF > A FEA T E5 1 B F L8 L ZnO 9 -
B Bt Y Ge(111) 4
¥ > W % RF Sputter # F i 24249 Fe F 2 H & S8k
ZnO & wehi i o

\\\?{r

Lt‘ uuflbf% Zn0O L= n#—ﬁxi mu+ i ,9 ’ _P‘_AT. ’i} L

-
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AE RS AFEETE S ZPRE MR R R SI A * & ZnO E
WiEE o eA E 0 Ge(1ID) A L o F5d 7 07 5% S8k > 2 XRD 0-20 4
118 e sk BY 2 ZnO Een b A RIS R BER 5
OB K o

4-1-2 ZnO/Si(111) B H A 45
;g@ 231 dlic MA1FBASTHFREERRES > Zn0 Frg
d % S ERE L 2 (0002)B3E 2w ZnO &% o ZnO(0002) & st ss & 7

Rt X3 R %) o F oL F T E 1% Scherrer’s formula 35 5 I} f ok ®
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LBEECGIR) 0 5 Bragg S8+ 4 o d L 2N VERLIFETE L] 2K
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Fd e fFELS SiAFEF ZnO F 3w &0 LR Zn0 3 i # 4 o i@
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PRPEAZER T R ARG > B SR E R ARIERE X i 5
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TRIAF R e FE T F > BEbk F KA 0 BF I AF 2 SRE BT
BIAd S ARE A G R e T d FERFRA Rt Ak
Roogt vt § akRAEH InOER R S ST G R R RS A
BB 03 LB

R EH A EHDEC CATFRERE R ISR OTSET RAEST
T e B SREE NI ¢ [39]4 BFIE FORARFE o d N ENE 2 R
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for - BREBAFTT M 4 329F %Y > EREB 2% T
MR T S8 ehL B %7(0.43°%) 1k S7(0.60%) ke E o FPLIE T U4 R
SH e B F RR B 33%GE R S9 & F 4 20/10 B 4-9) > ZnO (0002) X F F
TR e 0 SO X B A 055 BEP  EWNRE LS AT o8 T

Kim et al[34] & RF #{7& TP BRI F|M 4 EM T F 5
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20/8 hF JERTT 0 B FOGE R S ST T FR_20/8 hid B ik
WE S AT G o ST D S0W 0 1 E F vt 5 10/4 ~ 15/6 ~ 20/8 -
25/10 ~ 30/12 ~ 25/0 e 3-3 9 % S ¥ > 2 BB 5 4-10~4-15° A4 3-3 e
PRy > PFEUEF VLS L AH E@i&%ﬁ;mifpg a4 5 12 25/10 % B
oo B f 55 7] en(0002) M558 B 2 X B Fkl 0 5 0357 B R4 5B
4-16 - B F H~ P01 ERS HNEHEHFRDEL M -

4-2 Ge(111) A7 % & fedZ
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|
F_&
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Rl oy O BN IR S Rl SR
W Ge R > RIS HI0 G & PE[35,36] i Fro (FF| - R iR A 4 2 E
dAt AR kY o F Lk B HARE R T E R A Ge 4 A
2395 51Ge § R 17 1 F REVEARY Aoy 2 B k24 % Ge
AN E Ge A R £ BERINA o blde e Ge(111) A+

A E MnGe B £ £[37] el Py Y o R AE T Y Y 3
7+ st (RHEED) Bl Ge § (& AiE & 400°C ch% v §2) > ¢ &
400°C e ¢ > Ge § 1K brbrE R OM G > FEIZ LAk F A
HTUELE AR F Moo FE AL E S Nk Ak GeF L o AP H S

/%’ft

R e3RA 5 BT T Y o R - ,ﬁ@_—a i# . 41* HF 2 xf; o
26 TEDGe(1ID)E H x> 2F FRIHEY > FRIFF LI 53
EECY TR LR LR SR R e
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2.6 nm > F]PL gt E R o FpAPER Ko 2 f* 24353 o
CE BT SRTARNBEI R A NEN R BT DY g 11
PlEiFgEE? T Ge A o F i kend &0 3B Z A T ehis BIRAIEY
#2 1. H,0,30 ) 5 2. HC1 30 #) 5 3. NH,OH/H,0,/H,0 1 4 4 ; 4. 400°C #4 5%t 5
30 4goflt 34 BB ETAm A4 T NBFIRE A5 kR N5 0.296
nm (B 4-18)» & AFEFAFERY > FPhd e i g3 E AL
3R A G FAFEDOTER  AF R BRSNS LI I FIRRIT
B > B4 Pt ROTH b BB HR g 30 A4a S L ZnO Y o
4-19 FMERGE R D > FLRABFTRREIHEI > ERYG
l4nm 2+ > LS 308487 N E.7Zn0 N v P AR 420 ¢ §
Wk BEREFCE 4nmo P BRSO VER AR gAY L Ggg R
Ry L #3305 o &8 AFM 1P Dk e 4p Bz o 400°C % 22 % 5 20
nm/hr > FJP B39 2 42 4 daa ”xb/é]«iﬁé R ELY VA S

APEELFERS L LB g U RTNEED T NG d & A5 o

4-3-1 ZnO/Ge B 45D [F B & &

PR DA ER{F S S 0 M E - PBEE AT E T L
Koo et Sighdm Rl i en gl 1 X S0W 0 E 5 (52) 5 A iR
D) AF SR T bk 34 R kY EFET B GL S E T Ge(11) A
$ £ o EF g E 0 Si(111) 5 £ 44k o L2 E T 400°CHIE 30 A4 B

L

My EPRE LR T IHRERO00C > - PRI nELALF MK G
5B AT AR F 5 50W o N )\ﬂ;_sfg m A il ;? z ll}ﬁ‘ﬁ,; 1A

EAMERARRT - BT F F B R Ge AHAL R F R Bk
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X SOW i 10 & § 0t 5 10/4 chfl 28 fof 8 2 K { $F e & eh Zn0

o k% & TEM hfh 6 L@ - | 421 7 Tﬂ 3t Ge(111) A 4 & £ ZnO 3%
LEPERF L 344 BR L 60nm L iEFH L 20nm/min - ¥ - FEE S E G
PR RS > A RO ERAEERL 744 EAL 110nm > & E @ F
% 16 nm/min > ?%%?‘%’E’Tﬁi%?*—l‘?ﬁ;i P HAE S R PRI R G
R RERE SR ERL  RAPEE S T T - IR S R R
BEXR e %Y 2 FREFORARY A REF G ENORG RS
RF R > F A F A RDTRT e gy A4 0F% 5 3 A
A EF o FILSEERREEE G FARRE 25 ¢ RFF 5 AR
G4 B R R AT % B & Shinoki[42]¢7 k¢ kgt
Mo TN Y - BRBLAF FEEMHR G ST HBARE K TR AT
CEPRE L o 4B 4-21 ¢ owo A B 400°C 4558 30 A 48 0 %> &~ RF Sputter %
wd BRiF2 5 Ge s o Ly it ek PR G dnmo B P — &k
oo Bl PRT K EFRE S EEEEF 5 1500 BRET 6T S

S F 2 Ge hHiE® o Ge htr 2 4§ i & il E RIS £ 35 249
A2 5 50Wo 3 RRIGFERDFF M A G ® i XRD A 17 ¢ B 4-22(a)~
B 4-22(c) » 4 Mt G3 3¢ BARE & 650°C » § i K 24 h 4R 5 500CA | p
22 G4 % AR R 600°C fivt o> HFILF 1 K 2 R HFE 600C S | o H g
Fo e B GA(E B % 024°)# G3(E B T 0.32°)4F 357 1P 600°C -] o
ME KNP E s G2 WA R

650°C » I iE R 5 600C= + 4 48(L 3 502778 G4 P ot > ¥ g

$ORATE R BRI vk

o

B 600°C A o] PEF LR L T R S R
Flh o T ke R 600C 5 WARE R 0 2 xfgz L 3 gk BB B L
600C » HFEPFRF -2 | FF-
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4-3-2 ZnO/Ge XRD 24§47
b G4 BHA S 5 i XRD 6% 5 0 (] 4-23 ¢ 5 5] 50W»600°C

4] (56 Zn0 A C fhi & 5 F 4 & 45 > B (0002) & & £2(0004) & & 5 A 4p

Rl

¥ ik o TtV IER A Ge A AT K 0 Zn0 AR B & LB o (413)
A R R R SRR F R L e R LA N
BFALY LG TR AEZL S 2 R ER I il S e ) Pon B L (I

EPow) BB HETHL AEE)GAR T EFH S 024° Kt ;
38.0nm > A2 G2(E 3 §027° Sk %+ 3420nm)EE R G3(E 3 B
0.32° K42 1 28.9nm) > § WAFHE L EF o HP iR F 5 Ge § 1 & iR
T RE2FE A BFNGe F LRI AT AR 0§ M R S
ZG o Fpta A ZnO FA AT P X RG peE el o BRI N
Fo E B4R 0 Mg S g St MR e L g ABeh- BEE > & XRD YESF] ¢
F O Mbmo] 02 55 R 7 33 nSESPES FL ied % JCPDS i TRl & v H A
FroFEiR 5 & 255 ZnO chikstig e d >t . Zn0(0002)5 20 & 5 34.40° 22(0004)
724005 2 F g Ak R Flpt v oo %l SMERE L ZnO H B fy v R LT
felt o H P 5 24.69°~ 41.53° ~ 64.30°4 W ¥ 45— ¢ JCPDS 1
ZnGeO0;(012) ~ ZnGeO5(113) ~ ZnGeO5(030) » 30.80° ~ 56.30°7 T4 i+ 4 =
? JCPDS #17Zn,Ge04(113)~Zn,GeO4(710) i i & 7 A RF Sputter ;R 4FiE 427 >
ZnO ¢ 22 Ge At A 2 8% 3 72 1 ZnGeOs fr ZnyGeO, » fa 5 do 1 & 47 o
Zn,GeOy4 i F % 5 1.49° > 4% Scherrer’s formula 3+ & & e+ /] 5 5.5
nm > ZnGeO; 7+ B F 5 0.51° Hf [ 5 l6nme eIk aF 57 7
L4l 1F Ge/ZnO % K s $ Ap i ehE I 2 & ZnO 4838 Ge eh ki 3u¢ » SEF 3
32 Ge 0t G4k 2 2 ¢ 572 91 Zn,GeO, [38] » 48MCiE 2 1 (P4 4 7.5x 107
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torr » J§ & 580°C 11} el & » XRD 4 17 38 € M Zn,GeOy i7A 24 o @ ZnO
8 Ge &G eniT® ¥ i G T e gl

1. GeO, + ZnO —— ZnGeO,

2. GeO, +2Zn0O ——>Zn,GeO,
g3 ’%'«i‘ P PR M K R BF LG o &a F
RFo>m InO¥et s §F AFhrh F 3 v F I LDE R+ 8 Ge 5
f£% > :2m g2 2280 91Ge0z > d B FEBE T GeO, £ &7 ZnO A& 2 iF%
B2 A BERp T - AV R 2 EFRIEP I AT DG g
B Flgt i N gt IR G o 2t S FE R B 4P ZnGeO; m““}%ﬁm a=5.012A>c=13.021A >
Rhombohedral » Zn,GeO4 &_FF - f&.5% ﬁ a=14.23 A > ¢c=9.53 A > Rhombohedral °

4-4-1 GZO/Ge XRD . J’Tﬁ_l} T

& GZO ik s > ARG5S NGO GT v P A * Bred g A ;
Zn0/Ga(99/1) e + » @ G8 “G9~ G10 izl & 2@ * ZnO/Ga(99/2) e 1 »
HlAzrt A ul L S0W » 40W > 30W » 4o 3-6 > & XRD G-24(B] 4-23 ~ 4-28)
it A 470 0 T 2 EoF K F F1 Zn0(0002) 12 2 ZnO(0004) e C fihea g
w oo FLF U FE L e ZnO/Ge fr GZO/Ge i kP 0 @ 2§ F enfl a0 &F
MEHpEFAZn0 B hHER 2 VUG EF F it § od 3 Ganggpd L
i2(0.62A) % % L (1. 26A)%6:m"ﬁ“ Zn fhip+ LT s L E(0.74A 40 1.314)
Ga-O % 4 & & (1.92A)# 17> Zn-O-£ % 42& (1.97A) » #7212 XRD ¥ ¥
PG BT 0 FEd B8 Ga $02F 3 4 ZnO(0002) S cht A5 0 T 0
Rt Ga 4B iEAR Y L3 P B M4 K(interstitial defects)[43] > » 25 & &

4 (lattice strain)e g 4 o "f pe 2tk TG LB Gay0; m%ﬁfﬂf‘t L g

¥ ”;}F] TS T Y cGaBR Zn il o ¥ - T]}ﬁ:?;}.ﬁ?(rzf‘/%-*{mﬁ};g
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Hi e Ybid > ¥ NI B R G4 - k0 4 6 ZnyGeOy e
ZnGeO; & 7| ch¥EstiE > FIp Bip- kPG g P o [V AT A AR AR
i o B0 Ful g g ies ¥ 50W > Zn0/Ga(98/2) » G4 @5 ¢ » 3 )
R 27.30° ~ 30.70° ~ 34.40° ~ 72.50° > #p ¥ ESHE L Ge(111) 0 ZnyGeOy(113) »
Zn0(0002) > ZnO(0004) » §_GZO s xe? #lfz Sdch 5 8 $eh> BuLmd & 8
#0042 88 43 A %] L ZnO/Ga (99/1) > (98/2) 45+ Bl & o fyt Bl E ¢ w0
UTﬁﬁ@’%ﬁﬁwwﬁ%%%%jxﬁﬁuﬁﬁgbwi'éﬁﬁﬁ ‘A% B
GZO & WER 5 o M ARIF[44] - AP chg % ¥ 0 30W T SOW 5 ¥ 54 S 1E3 -
LAY S “’TS M5 18nm~23nm> XA qE R > HRpF a3 g @I
X IR ERF Ge At &g o Fl iR Ky 7 U SR
TR SRR R A AR ERER I EFEE RS B RPEET
Fo B BT R o Tt B R GRS e

Ebu
st

4-4-2 GZO/Ge SEM = £ & F'a 4787 AFM & @ 4~ #7

d BB 4-31 > 4-32 > 4-33 > 'ﬁ PSS F kD > B L aug R 12
FHA>d 30W F £ 45 154nm #FH = 3 50W * 42 45209 nm’ ¢ AFM g% ¢ >
P 2% Gadrig vtk e TER R 1%k 2%3 30W - 40W >
50W e o ek B 5 2.65nm > 2.35nm > 2.40nm > 1% % 3.47nm > 10.54 nm >
8.99nm>d ¥ R & Ge it GZO enT B R ¢ 5% Gathy £ € 7 #recs
PAE R B R 2%t 1% ke T BE AR o p R F]F U RR G o YR 4
FRuBERHE AR Z73 1%GaZnO ¥t » AP REN D Zn e+ 7 E R

SN ESF A A FA RS AGRAHLE MG o

4-4-3 4% 3¢ Ga ~ % ~ 47
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% 7 FEin e RF Sputter #4297 2 Ga ~ % & » ZnO aykin » B33 Ga2 %
50 W e GZO 3 & s = 45 i R(SIMS)SURA 17 — = dgF ¢ * O, 4
F o4 ETRL 25KV BemI R O @I > i@ TR 1KV o Bl 4-34

G4 5 F~ 1T R > e 7 i g IR TE ehGak Zn g o

BtV OUGER & RF B4EEAE? > Ga S 2o 2 P Znchiz ¥ >
|;5

4-4-4 GZO/Ge = B4 4+ 7 T 1A 45
WP Ga~F vV URAETR I EF B D
AR o7 S I I o A x@.,fup\a%ﬁm“,msow » 600°C » 50 A 48 ch

d§ & 447 00O R

‘.'Ell “\

G4 (ZnO/Ga 100/0) > G5 (ZnO/Ga'99/1) 5G8 (ZnO/Ga 98/2) & F Fe(F [ 4 ) A
B % 14.6kQ (1.53 Qcm) > 93.85Q (9:82% 10° Q cm) > 12.85Q (1.25x 107 O

cm) > o LT RE 5 %i‘%’f.l%ﬁﬂGa:T&’ﬁ drpt X eiciE o ¥ L Ga § S L g
Ga'' ¥ Bk Zn*ehink > Flg A A - GGa kT g3 F - Bpd TF
B0 MUEHT AR ey o B GZO9Y/) kP o VIR IR IEF R T &
50W 2 rek 4 9.82x 107 Qem > 40W 5 0.145 Qem 0 30W % 6.54 x 10° Qem >
Fo FIEORAE AR B £ T S BRe A F A B 2 Ko g
TR AR o

(98/2) e s xe® > ¥ 1 —J}g IMNEERBEA IR I A G AT ISR, IR

\'\-\

P SEM £ 6 A5 AT eniBER AR EPEE o d GZO

E’ﬁ&'ﬂp PHE}'-PmrIi iﬁ%‘g%*"éﬁ— G&%?QS?/){:\‘ F'&P/ﬁ!}%’—*_ é_i . ‘,\_ Lo

XRD ¥ 3 fp ez o

4-4-5 GZO(98/2)/Ge EDX 4 #5
d 3t GZO(98/2) )k #a® » A qperid * et L ZnO : Ga=98 1 2 (Wt%) » 3
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B4 7Zn:Ga=97.5:25 @AM EDX A48 % § T AR 4o 43T
WA A GZO98/2) 38 kS f B g AR o £l G haE e aiE e

Gaeige 2 353 % A 4 o

4-5 ZnO/Ge TEM Hc s _E’J‘.Au\ kil
R F 50W 2ZnO = EE R 5 600C eG4 E Y e TEM 4 47 »
d % %5 (SAD) A 1% ZnO 82 Ge(111)fh 47 chBHEM % - B 437 5 £ 5 TEM
e B2 (bright-field image, BF image) % B] 4-38 # % &%) (selected area
diffraction ,SAD) » fy* T & £ h7Zn0 E303 ¢ SRk K B WA Y
2 1pm s &t SAD 12 Ge[112]5 Zone $h(% F » 5% ) > &l ¥ ¥ 15 7| i%
ez maetah - 0% Ge AR e B 438 ¢ S B(% b5 [112]60)
Fha e Zn0 e TR ke 4380 80 A o C(J 04 9 3 [1100]0 o
[2010]20) » A 22 C 2|2 & 4o £ #0002 b8 > % 7 ¢ & T 75 Ge(111)# -
F]pt ZnO & &m%sf’“?’»)j*aﬂﬁm e LB aER
¥ {1* TEM #ﬂﬁ"#‘ T SESTEER G WO EST EE DS 2 KRR o iR M
RGP R T B BolGER R OR T 6 (B] 4-42~F) 4-45) o ¥ R
B[0002] & 4 » #5740k cnMESTBLRCIZ 0 & > 5 L ZnO 8 Ge S47 5
Fedo B o HMEBTEEE FIHEHE S @ 3 T8 E c EERIr2 R agi? o
1% EHE[0002] » B 4-39(a)~(c) » 45 & B M- RNEITBEA 2 o BHEIARE
Bttty ZnO SeSt A b B o (W] 4-46) > # RE 5 ¢ ZnO “it §pkeh
SEST AT L A RS B o R Y AR E R 2 L C i iR
STA G R R B FIER O AP aBEK 0 Zn0 F AL B BE S ek
{0t 2 o &R 440 (A TOP-VIEW b ic? 7 12 5 T Buicf enfofe

B3| @ B 4-41 SR Y GO B TRk cndgstEE > 2 ¢ 4 (1010) 0 (1020)
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(2020) » (2130) » fig S ® 23 #F M3 ZnO(0002) s & “7 & 4 chyEstat »
FP iz A 1T ZnO G ARE F e C i _@w,%gd TEM J & Y551 @ &2

TOP-VIEW $eét Bz P 1% RF 8452 2 Ge AH P U £ B F 247 £ 5

2 S A Zn0 &0 Zn0 T Ge(111) 45§ ZnO(0002)//Ge(111)
f % o i TOP-VIEW Ye54 ) ¥ 8228 8 3 ke endEstghir e & > e FR 5 7 12

=
-
o

A PSSR A & d A LRI fre S a Bahfi TP Bend &
30 R iEEAP R G A ATESEEY o g DI e0d 8 Zn0 BEBF BT &

0 - Hn BEA B4 E 2 NP cosh= ‘g‘ng‘ . g, =[112] » g, =[ol1] »
9,19,

0=30">#711 ¢ 3 Ge AHF £ ZnO § § L Bchad e B s> B9 B ks

30 B & o 127 ar & Ge ¥ ZnQZ BFE M G S S Ap B TR 0 (1) (0002)z00 //
(111)ge [1100] 200 // [112]6e 22 (2)(0002)zi0 /(1 11)Ge [2110 1700/ [112]Ge > &£ B2
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EI A nFE H B 3 A KB fpis 5 2~ At o
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Summit Zero Crossing Stopband Execute Cursor

Roughness Analysis

Peak Surface Area

Image Statistics

Img. Z range 35.069 nm
Ing. Mean 0.000001 nM
Imy. Raw mean 160.12 nm
Imy. Rms C(Rq) 2,566 nm
Img. Ra 1.932 nm
Img. Rmax 35.069 nm
Inmg. Srf. area 25.435 pm?

Img. Prd. Srf. area 25.000 pw*
Img. Srf. area diff 1.738 x

Img. SAE 1.009

Box Statistics
Z range 29.292 nm
Mean 0.034 nm
Raw mMean -18.900 um
Rms (Rq) 2.488 nm

Hean roughness (Ra) 1.889 nm
Hax height (Rmax) 29.593 nm

0
5.00pm

(=]

N
aE
o "

p-gan103.057

Peak On Summit Off Zero Cross. Off Box Cursor

Peak Surface Area SumMmit Zero Crossing Stophand Execute Cursor
Roughness Analysis

Image Statistics
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Summit OFF
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Imy. Mean

Img. Raw mean
Img. Rms (Rq)
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Img. Srf. area
Img. PrJ. Srf.
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Img. Srf. area diff 2.956 2

Img. SAE 1.021

Box Statistics
Z range 25.423 nm
Mean -0.029 nm
Raw mean 522.41 pm
Rmus (Rq) 2.728 nm

Mean roughness (Ra)
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Peak Surface Area Summit Zero Crossing Stopbhand Execute Cursor

Roughness Analysis

5.00

Image Statistics

Img. Z range 5.960 nm
Img. Hean -0.000000 nm
Img. Raw mean 94.601 nm
Img. Rms C(Rq) 0.296 nm
Img. Ra 0.229 nM
Img. Rmax 5.960 nm
Img. Srf. area 25.003 pm*

2.50 Img. Prg. Srf. area 25.000 pm?
Img. Srf. area diff 0.010 %
Img. SAE 1.000

Box Statistics

Z range 1.876 nn
Mean 0.081 nmM
Raw mean 10.321 pm
Rms (Rq) 0.284 nm

Mean roughness (Ra) 0.227 nm
Max height C(Rmax) 1.860 nm

0
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(% 4-1)G4 3% 2 Hbtit & 47

5 ot 20(degree) $E5f & e o AP

G4 24.69 ZnGeO5(012)

Zn0 27.20 Ge(111)

Grain Size = 38 nm
30.80 Zn,GeOy(113)

34.40 Zn0(0002)

41.53 ZnGeO5(113)

56.30 Zn,GeO4y(710)

64.30 ZnGe05(030)

72.40 Zn0O(0004)
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Roughness Analysis

5.00

Image Statistics

Img. Z range 91.043 nm
Img. Hean -0.000001 nm
Img. Raw mean -15.587 nm
Img. Rms C(Rq) 11.776 nm
Img. Ra 9.426 nmM
Img. Rmax 91.043 nm
Img. Srf. area 28.988 pm*

2.50 Img. Prg. Srf. area 25.000 pm?
Img. Srf. area diff 15.951 ¥
Img. SAE 1.150

Box Statistics
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Raw mMean
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Mean roughness (Ra)
Max height C(Rmax)
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% 4-2 GZO 1% / Ge XRD XE544 & 45

B 20 ¥e5t & B (degree) 5% o AP
G5 24.20 ZnGeOs (012)
Zn0O/Ga(99/1) 27.20 Ge (111)
Grain size = 22.0 nm 30.80 Zn,GeOy4 (113)
Power = 50W 34.40 ZnO (0002)
41.60 ZnGeOs (113)
56.09 ZnGeOs (116)
56.30 Zn,GeO4(710)
64.30 ZnGeOs5 (030)
7250 Zn0O (0004)
G6 24.30 ZnGeO; (012)
Zn0O/Ga(99/1) 27.20 Ge (111)
Grain size = 18.6nm 30.50 Zn,Ge04 (113)
Power = 40W 34.20 Zn0O (0002)
41.30 ZnGeOs (113)
56.10 ZnGeOs (116)
56.30 Zn,GeO4(710)
72.01 ZnO (0004)
G7 27.20 Ge (111)
Zn0O/Ga(99/1) 30.80 ZnyGeO4 (113)
Grain size = 23.6 nm 34.40 Zn0O (0002)
Power = 30W 64.30 ZnGeOs3 (030)
72.50 ZnO (0004)
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% 4-3 GZO 2% / Ge XRD XE544% & 45

B 20 %54 & B (degree) AP
G8 27.30 Ge (111)
Zn0O/Ga(98/2) 30.70 ZnyGeOy4 (113)
Grain size = 22.9 nm 34.40 Zn0O (0002)
Power =50 W 72.50 ZnO (0004)
G9 24.20 ZnGeO5 (012)
Zn0O/Ga(98/2) 27.20 Ge (111)
Grain size = 21.4 nm 30.70 Zn,GeOy4 (113)
Power =40 W 34.40 Zn0O (0002)
56110 ZnGeO;(116)
56.30 Zn,GeO4 (710)
72.40 ZnO (0004)
G10 24.20 ZnGeO; (012)
Zn0/Ga(98/2) 27.20 Ge (111)
Grain size =23.1 nm 30.70 Zn,GeOy4(113)
Power =30 W 34.40 Zn0O (0002)
56.10 ZnGeOs (116)
56.30 Zn,GeO4 (710)
72.40 Zn0O (0004)
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Image Statistics

Ing. Z range 71.044 nm
Ing. Mean 0. 000000 nn
Img. Raw mean 12,632 nm
Img. Rws CRgD £.989 nm
Img. Ra 7.192 nm
Ing. Rwmax 71.044 nm
Img. Srf. area 26,455 um*

Ing. Prd. Srf. area 25,000 pw'
Img. Srf. area diff 5.820 %
Ima. SAE 1.059

Box Statistics

Rms CRgqJ
Hean roughness C(Ral
Hax height CRwax)

g - y o
o 2.50 5.00 pm
0507-1.000

Peak On Summit On

e Area Suwwit Zero ssing  Stopband Ewecute

Roughness Analysis

Image Statistics

Img. Z range 101.33 nm
Ing. Mean 0.000001 nm
Img. Raw wean -10.402 nu
Ing. Rws (Rq2 10.537 nm
Img. Ra 7.6847 nm
Img. Rmax 101.33 nm
Img. Srf. area 25,505 vw*

Img. Prj. Srf. area 25.000 pw'
Ing. Srf. area diff 2.018 %
Img. SAE 1.019

Box Statistics

2 range

Hean

Raw mean

Rms C(Rq)

Hean roughness CRal
Hax height (Rmax)

Summit OFF

e Area Suwwit Zero

sing  Stopband Execute

Roughness Analysis

Image Statistics

Img. Z range 25.780 nm
Ing. Mean -0.000000 nm
Img. Raw wean -11.857 nm
Img. Rws (Rq) 3.4968 nm
Img. Ra Z.789 nm
Img. Rmax 25.780 nm
Img. Srf. area 25,334 vw'

Img. Prj. Srf. area 25.000 pw'
Ing. Srf. area diff 1.337 %
Img. SAE 1.008

Box Statistics

2 range

Hean

Raw mean

Rms C(Rq)

Hean roughness CRal
Hax height (Rmax)

0503-2,001

Summit OFF

@l 4-34 ZnO/Ga(99/1) % & AFM Rl
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and Execute

Roughness Analysis

Image Statistics

Img. Z range 13,688 nm
Ing. Mean -0.000000 nm
Img. Raw wean -1.395 nm
Img. Rws (Rq) 2.395 nm
Img. Ra 1.889 nm
Img. Rmax 19.688 nm
Ing. Srf. area 23,195 pw'
Img. Pri. Srf. area 25.000 pw*
Img. Srf. area diff 0.573 %

Img. SAE 1.002

Box Statistics

2 range

Hean

Raw mean

Rms C(Rq)

Hean roughness C(Ral
Hax height C(Rmax]

5.00

Image Statistics

Img. Z range 24,286 nm
Ing. Mean 0.000000 nm
Img. Raw wean 0.528 nm
Img. Rws (Rq) 2.352 nm
Img. Ra 1.814 nm
Img. Rmax 24,286 nm
Ing. Srf. area 23,087 pw

2.50 | Img. Prd. Srf. area 25.000 pw*
Img. Srf. area diff 0.349 %
Img. SAE 1.002

Box Statistics

2 range

Hean

Raw mean

Rms C(Rq)

Hean roughness C(Ral
Hax height C(Rmax]

Crossing St nd Ewecute

Roughness Analysis

Image Statistics

Img. Z range 23.574 nm
Ing. Mean 0.000000 nm
Img. Raw wean -2.785 nm
Ing. Rws (Rq2 2.643 nm
Img. Ra Z.071 nm
Img. Rmax 23.574 nm
Ing. Srf. area 23,202 pw

Img. Frj. Srf. area 25.000 pw*
Img. Srf. area diff 0.807 %
Img. SAE 1.003

Box Statistics

2 range

Hean

Raw mean

Rms C(Rq)

Hean roughness C(Ral
Hax height C(Rmax]

0512-2,004

@] 4-35 ZnO/Ga(98/2) % & AFM Rl
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F 4-4 w BLIF &4

S mEL | B4R ¥ | ZnO/Ga BEREQ) | ®EF(Qem)

G4 50W 100/0 14.6K 1.53

G5 50W 99/1 93.85 9.82x 107
G6 40W 99/1 1.68K 0.145

G7 30W 99/1 84.78 6.54x 107
G8 50W 98/2 12.85 1.25x 107
G9 40W 98/2 25.61 2.1x 107
G10 30W 98/2 53.6 3.7x 107
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B EDX(3.4)

150-
Zn
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S
50_
Ge
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Ga Gal e
Zn Cu
Cu
05 i I [
0 5 10 15
Energy (keV)
B Element Weight % Atomic %
B Zn(K) 97.525 97.675
B GaK) 2.474 2.324

Bl 4-37 EDX % A 4 7---Zn0/Ga(98/2) 50W
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f4 PDF # 251019, Wavelength = 1.54056 (A) !E %

251013 Duality: =

CaS Number:

Molecular Weight: 185.97
Wolume[CD] 29497
D B.281 Dim:

xﬁ-é;;‘,",—__

ZnlGe 03
Zinc Germanium Oxide

Ref: Syono et al., J. Solid State Chem., 3. 389 [1971]

=
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Lattice: Rhomb-centered @ =
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S5/FOM: F12=47[0134,19] 0 10 20 a0 40 50 [SINY

1/l cor:

Rad: Cu » ntf h k1| @ ntf hk 1| & Intf hoko

Cambdegis e 19195 30 00 3 (39627 20 015 54286 40 116

F'lte'_- 24,380 a0 01 2 |38957 10 006 |&5r322 o 01 8

dsp: 336 100 1 0 4 [41.284 1011 3 |60.024 10 003
k2N 60 1 1 0 [4393 M0 024 |6I202 M 214

gt |
-

£7 PDF # 251019, Wavelength = 1.54056 (A) - |o] x|

251019 Quality: ZnGe 03

CAS Murnber: Zin Gemanium Oxide

Molecular Weight 19597 Ret: Spono et al., J. Solid State Chem., 3, 363 [1971]

VolumeCD]: 23497

Dx 6281 Dm i

56, R3(148) = o

Cell Parameters: o 2 L

i 1958 b : 1385 gE =
5

S5/FOM: F12=47.0134, 13) =2 Ll | | | ‘

1/zor: T T T T T T

Aad: Cu X 44 30 23 18 15 d[?

Lambda: 1.54056

Fiter dis) Imbw hoko L [dia] dnbv Rk D [di) nbv hok

depr 46200 18 00 3 (23290 23 015 (16890 B4 116
6480 22 01 2 |ZHO0 12 OO0 (1RG0 17 018
2E30 100 104 [21850 12 11 3 (15400 18 008
24760 65 110 (18250 44 02 4 (14700 7 21 4
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11-0687 Qualiby: *

Zn2 Ge 04

CAS MNumber:

Zirc: Germaniurn O xide

Molecular Weight: 267 35
YWolume[CD] 1671.45

Fi sk =

Ref. Matl Bur Stand, [U.5.]. Cire. 533, 10, 56 [1960]

4 PDF # 110687, Wavelength=15405 (A) - [ox

Du: 4781 Dm: U

Sps: Rhaombohedral s

Lattice: Rhomb-centered k2

S.G.: R (148) = 5

Cell Parameters: = = B

aldz3 b c 9530 = | J ul o || 3

. v - - (| - bl

§5/FOM: F30=2000109,139) 0 20 40 B0 50 28°

I/lcar:

Fad: Cukal el Ittt hk || 2 Intf hk || Intf h k|

Lambda: 1.5405 12.421 0110|5302 17 71 0 |7E9ES 7 526

Filter: Ni 19980 <1 012 [8302F 17 0 O G |810% 7018

dsp: 21.237 3 211 (59468 15 6 3 0 |82363 31010
21.603 3/ 300 |B2662 4 306 (85177 TP
24.991 7 2 2 0 |64.080 45 71 3 |Aa7g82 7 B 36
30.808 90 1 1 3 |ERA32 7 BB 089118 1 238
33.290 o0 4 1 0 |67.008 25 B 3 3 [90466 1 850
37.948 G5 2 2 3 |BB56E2 25 41 B (9183 1 933
44,049 13 B 0 0 |69.898 3 8 20 (9323 3 586
45941 11 520|733 <1 3 3B (34740 31189
47.810 A0 3 3 3 | 7274 1 B 5 3 |955936 7 90E8
53.061 11 B 0 3 |74107 3 740 (97206 7 853
54.709 15 5 2 3 |7o622 3 606 (93545 1T 770

£ PDF # 110687, Wavelength=1.5405 (&)

11-0687 Gluality: * Zn2 Ge 04

A5 Mumber: Zinc Germaniurmn Oxide )

Molecular weight: 267 35 Ref: Matl Bur. Stand. [L.5.]. Circ. 539, 10, 56 [1960]

“olume[CD): 1671.45 N

D 4781 i '

5.G. A3 (148] =5

Cell Parameters: o B

a 1423 b c 9.530 Eg I

-3 B ¥ B =

55/FOM: F30=20(0103.133) = C ‘ I ||||| . H. a Ll Ll

1Acar: T T T T

Rad: Cuk.al 4.4 23 15 1.2 d[?

Lambda: 1.5405

Filter: Mi did) Intv hoko | [ &) Intv ko k1| did) Intv hoko|

dsp: 71200 g 11 0 |16326 28 710 |1.2378 15 5 2 6
4.4400 <1 012|158 23 006 [1.1857 16 01 8
4.1800 2 211 |1.5530 26 B 30 |1.1638 1010
4.1100 23 300 |1.4813 7 306 (11382 17 716
3.5600 53 2 20 |1.4519 83 7 1 3 [1.1100 17 6 36
2.9000 83 1 1 3 |1.4232 13 5 5 0 |1.0978 2 238
2.6890 100 4 1 0 [1.3954 48 B 3 3 |1.0849 2 84810
2.3630 402 23 |1.3675 43 4 1 6 |1.0723 3333
2.0540 17 6 0 0 |1.3446 E 8 2 0 [1.059 g 566
1.9737 15 &5 2 0 [1.3200 <2 33 6 |1.0469 g 1143
1.9008 3 33 |1.2989 2 5 5 3 (10370 18 906
1.7244 17 6 0 3 |1.2783 E 7 40 [1.0268 18 85 3
1.6763 24 5 2 3 |1.25864 E B OB 10164 37T
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