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A study on characteristics of Al doped ZnO(AZO) nanorods
under the varied doping conditions on flexible substrate by

hydrothermal methods
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A study on characteristics of Al doped ZnO(AZO) nanorods
under the varied growth conditions on flexible substrate by

hydrothermal methods

JaeHeon Ock

Division of Electrical and Electronics Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Flexible transparent electrodes are essential components for flexible
electronic devices, such as touch panels, organic light-emitting diodes,
and solar cells. Indium tin oxide (ITO) is widely used as transparent
electrode in optoelectronic devices. However, I'TO has certain problems,
mainly centered on its scarcity of supply, and its ceramic nature.
Therefore, alternative transparent electrodes with excellent optical,
electrical performance and mechanical flexibility will be greatly
demanded.

Flexible electronic devices should be made under comparatively low
temperature condition because of plastic’'s low melting point. So it is
difficult to obtain good properties.

Recently ZnO, possible to process in low temperature condition and
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have fast electron mobility, is received attention for material used in
the flexible electronic devices. ZnO, representative II-VI oxide
semiconductor, is chemically stable material having high exciton energy
and comparatively wide band gap energy.

The substitution of Zn®" ions with group III ions (B** AI*",Ga®,and
In®*) generates extra electrons and improves ZnO optical, electrical,
thermal, and magnetic properties. And AI”* has been the most used
dopant element due to its small ionic radius and low material cost.

Therefore, in this study, In the chapter 1, introduction about this
study was briefly described. The chapter 2 introduce theoretical
background of nanotechnology, characterization of nanostructure, 1-D
7Zn0, AZO and growth process by hydrothermal method.

The chapter 3 explains the effects of buffer layer on the growth of
ZnO nanorods. The structure, electrical and optical properties of AZO
nanorods were investigated by X-ray spectroscopy, field emission
scanning electron microscopy and Hall effect measurement system.

And growth of AZO nanorods with several kinds of conditions, such as
doping time and concentration, were explained at hydrothermal method.

Finally, in chapter 5, results were summarized and concluded.
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Fig 1. Schematic illustration VLS growth mechanism with increasing time.



liquid solid

Fig 2. Schematic illustration of VLS growth at vapor step for nanowire

growth.

reaction
(a) precursor (b)

N
O00000

i [[[]]]

nanorod

Fig 3. Schematic illustrating VS nanowire growth mechanism including four
stages: (a) reaction precursor, (b) cluster migration, (c) nucleation on substrate

surface, (d) anisotropic 1-D growth of nanorod.



AB+CD BD Solution

flux

droplet Liquid

Crystalline AC
Growth

direction Solid

Fig 4. Schematic illustrating the SLS mechanism: A and C are elements of

the nanostructure dissolved in the flux droplet.



2.2 Al-doped ZnO(Zn0)9] 71E2% EA

40l 548 Table 1 o YeER & AH-2ql

Zzn0 249 71242 &

4 540 tete] 7)%aRr)

Table 1. ZnO &4

A

HoAo] LA

E
=

g3 7]

Properties

Value

Lattice constants at 300 K

a=3251 A
b = 5206 A

Stable phase at 300 K

Wurtzite

Melting point

1975 C

a: 65x10°

Linear expansion coefficient

(/C)

c:3.0x10°

Static dielectric constant

8.656

Bandgap energy

3.36 eV

Intrinsic
carrier concentration

< 10° /em®
(max: n-type doping > 10° /cm

3

electrons,

max: p-type doping <107 /ecm® holes)

Exciton binding energy

60 meV

Electron effective mass

0.24

Electron mobility at 300 K
for low n-type conductivity

200 cm?/V-s

Hole mobility at 300 K for
low p-type conductivity

5 ~ 50 cm%/V-s

Hole effective mass

0.59

Work function

45 eV




ZnO= M-VI 3i3te WEAlz A4 3ol JUF Zn 59 AA 2oz nd

o

MEA EANS 7pA Ao S ©Zmo|E (hexagonal wurtzite), 9

JEHE (cubic zinc blende), YA <+ (cubic rocksalt) 7% A7FA AZAF =

il
N
N
™
%)

. WA 2% 0]E (hexagonal wurzite), S84 A2 EHE= (cubic ZnS),
WA ok (cubic rock salt) 7+FZE Fig 5o YEFHAT. Zn0 & A2 A =24
oJE Fxoln, ZnS Tx= Zlde]l AU W Af il 4 TEE agstelA
ghoobgateh [24,25]. F2ellAe] ZnO $-2R]E 2= Fig 691 YeER 9l
7Zn0x O ©]29] hexagonal sited] YRt Zn ©]2L tetrahedral interstitial site
of 91X3te] ZnT ¥ O0F°) wdlE FAHL &g B F Avh Zn09 AHFZ7E O
olo] S Aol X8 Zn o] o] ApHA A el #utgrt HfEol A= FH
ol7] wiitol Znst 09 A ZAxfe]= Qsto] vl Z AMHA hA o] PP ¥ Zn LA
7k ol Al AFste] JF & Znol TAFTH HHE ol o] AYEY &S c-F

Hl g0l 1:1.28 4 APEAl S8Ade] oY

17

r1r

e Ao ddste] & ol

2
ofr
ol

th a = 3.251 A, c = 5.206 A9 *
45 Al 9A= X2 (substitutional) 9AEAN Zn DA Aol d& Ao Algd

t}.[26]

O.A.u
=

AR A4S 7k 9o, Al-doped Zn0OY
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Fig 5. Zn09] AA+x E5A. (A HoMe- 2+7; Znet 0)

(a) cubic rock salt, (b) cubic zinc blende , (¢) wurzite hexagonal

Fig 6. Wurzite ZnO2] AH+x 54
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2.2.2 A7|H EA

o ARTtoR ASHE 0t FERAY Tt vFAsl 8 n @ wEA] 54

S UEeRT) o] A9 dUAuiE FxE 19 74 e

Conduction band
1 0.05eW . l 0.05aV
-— 0.5ev Vi =
In; — 2eV
12ay
V, —
Valenca band

Fig 7. ZnO 9] oyx] W= F*x

a9 7 AA Zn & HAE Znol 71918 £=H0lT Zn = HYE Zn o g3k Ao
ol Vo= 2709 Aol o8] Afw A FFolH Vo= 1719 dxlel o& Hf%
&

A g F, TxA AN B s B

Y (dononz #&a7] wWzoltt el Agte] U7t B Amud A @), (5)%
2.

n = Zn° 4+ e e 2 (4)

ZnO% Zn*'sk 079 o] & A har 9l7] wEFel AP Zn o) HW AR Ape]
oA Eoizt Zn dtash ARHA R FeelM ol 2d Mol zn® Ut Ha A 24E

WEA S o] dAbs AFEA HER2 JYE Zne =Y du s g 4

_12_



(6), (7), (8)3 #tt.

A

2]

E

2ol Zn3t LA wbg o] Wt AIRE A TE Zd A}

O=vVo* + 120 e 2] (6)
Vo* =Vo' + e e 2 (7)
Vo' = Vo2 + e e 2] (8)

Slsh o] ZnO Hute] TxA Aol oF A% 54 B ol A H o 9)Ro]
be A4t BhEE gl A7) AEAgel FAHA Ak Lisk Nz 2ol
A wAel &L A4k H7hdel AUW dopantE 483AL Al Ga, In, Sn 53}

3-5% AA7F A7k o] Zn €

S
al

25 A3l X3 dopant® ZHEslE AF, o5 W=7 WHo| doping level

]

[S]

ety dA=d Hedge)dll Al 0.025~2.2eV ®HE Eolx] A o] HE #H

(conduction levelol] EolZ = & oYX ut FolxoiH AAE YA st A A=

& N F ok e AR AL glol, R MAYS e Zn0 W A
S Aol AFeaAw of whute] drFel wEHW wWF AAAA Frh bk
Fog Q8| Aol mel wAe] FAR AAE E4S A7) W] AT Sl
Az SEE BAL dE ASE DA Qo] 44 Zn0 uie A7) AR

=
FEA7171 AeliM = FEULLE =8k QA Wol F= 2ojal gl [27]
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2.2.3 1349 Yx=7=x

Zn09] 1249 Y722 et 9@ YA AA e & gudos Qe g
gk et AA WolA -8 SAS 77 wiitel FFe wE 3wl dst 2
WstS mgo s et sba 9 A £ A, QAR Bokre] 8o

gstet. 3 G AAE Ao T 5

o2 &&o] et Wtk ofyel e Lo FEu Zvriw Yol AgAZ
T A7 el T FIAE taEde] 2A A x A go] Jhsdttt. @Al 9
o} & F83 AZ4ES 712 ZnO nanorods @ nanowires Z-&3to] ¥ 7 d}ol
TFAEE B s, VAA R TS 7= AN s

a
3 7)€ 2 ¢l A|E7)F o]Fo|X 2L T} ZnO nanorods % nanowire tHEZAQl gA}
a
.

(a ) UV laseroutput:

Fii

Excitation

Transistorarray regions

ZnO nanowire-based sensor Tiene (53 EPuare conterranon opT

Fig 8. The application of ZnO nanorod and nanowire. (a) Nano laser,

(b) transparent flexible transistor, and (c) nano sensor.
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Table 2. ZnO ¥tehe] A =4

Parameter Deposition conditions
Target 7Zn0 (99.99%)
Substrate PET

Deposition time 30 minute

Deposition Temperature
Vacuum level

Ar gas

Thickness

Room temperature
5 mTorr
20 sccm

50 nm

Matching
13.56 MHz Network

Target

Insulator -! Matching

Network 13 56 MHz

O

AL -
—lq ?d_
Sputtering Vacuum

Substrates Gas Anode

Fig 9. The schematic of RF magnetron sputtering system
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3.1.2 AZO nanorods A%

2 AFoHE FEdIdAAHEE o] &3] AZO nanorodsE AZA RO H A4

oM FHY FAFYH MFes 2 100 YERHAT.

Fig 10. Schematic of the reator system used for the growth of AZO

nanorods on various substrates.

AZO nanorods A&S 98 0.3 M2 Zinc nitrate hexahydrate (Zn(NOj)y:
6H-0)9F 0.3 M9 hexamethylenetetramine (HMT, (CH2)sNo+= ZHZF 100 mle)

DI watero] 10 ¥ %< &322 5, Al =& Y3 aluminum(ll) nitrate

nonahydrate (AI(NO3)3-9H20) ¢} &4 T ST 1wk A AL, F=&d0] &

Eelaas ¥4 A7 B #UF 2% 442 SAA Sioilel £ WAl do F
92 A, £ 2wst obgel HW g 4 e ofd Wgow sl

=

ol

€] T AAl BASA AA st Aol B AEE= DI water®Z

o] D
of Fa, A& 722 E7)E AAGGAY. 2d HFgo Aes 23 119 YeERRS
e}

R

om A A =2 F 39 F7IsHAT
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Sputtering systerm

Fig 11. Schematic diagram for the growth of ZnO nanorods using

hydrothermal methods on PET substrates.

Table 3. The growth condition of AZO nanorods.

AY ¥y H e H| 3L
Substrate PET substrate
Seed layer ZnO
Thickness of seed layer 50 nm
Temperature [T] 90
Growth of )
Concentration [M%] 0.3
7Zn0O nanorods
Growth time [h] 1 hour
Timing [m] 0, 30, 60

Al dopant
Concentration [wt.%] 5, 10, 25
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Al ARl wES-e ofgle] 23 o] HMTZE DI waterol &aiA7|W &<
E(HCHO)¢F ¢FE Yol (NH3)®2 &3l¥aL, o] wf NH3= &< <tollA vAl ¢F
o] 2(NH4") ¥} F4ksl o] &(OH)Ho 2 o] #alHrt Zn(NO3)2:6H20+ DI water
o gal¥o] zn* oz EaEa, 2] 10HdA HMTOA 9 OH-9 o2 AdS
3te] Zn(OH)*7F @A Ht). €9 ore] Zn(OH)2% < (hydrothermal)ol] <38t o
25 wow 7Zn0E 4 "ol AINO3)3-9H20E 89 £olA LFrFE o]
(A7) ¥} kst da (NO9=E ®al=ar, o] wf 2] 10We]A HMTelAH 94& OH ¢

o] A%S ato] ALOs7h FdErh

off

Bl

Ui[‘

(CH2)¢N, +6H,0 — 6HCHO +4NHs =~ eeeees 2 (9)
NH; + HoO «<~— NHs++OH e 21 (10)
Zn(NO3)»6H.0 = Zn?" + 2(NO3) +6H0  — — eeeen A (11)

Zn*" + 2(0H) — Zn(OH):

(heating) = ZnO+HO e 2 (12)
Al(NO3)3:9H.0 — AP+ 3NO; +9H.O0O e 21 (13)
AAIPT + 120H — 2ALOs + 6H,0 e A (14)
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3.1.3 A5 34

YA E 7]#olA AZO nanorods® H71H 5ol #a Akl 9l
E-beam evaporator®E AF&3te] Aw/Ti A=< FAsE . Tis 10 nm 523 &
AuE 50 nm TFHeE WS AHEE e, WA FHHE Tie A=A HEo
AZO nanorods®t Au A9 HEAS FEA1717] 8 ALEHAT. A9 RS

Dot mask & A}&3R o™, maske] EFS 28 129, A= A4 20 £ 4 9

LHERW 2L

Fig 12. The pattern of dot mask.

i

Table 4. The growth condition of electrode

Ay M H4 H] 3L
Substrate PET substrate
The structure of surface AZO nanorods
Thickness of buffer layer 50 nm
Working

4.5 % 10°° [Torr]
Titanium Dressure

Formation Thickness 10 nm

condition of Worki
electrode oreina 4.5 % 107 [Torr]

Aurum pressure

Thickness 50 nm
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3.2 54 H71 ¥

3.2.1 &34 54 H7}

7ZnO buffer layer’} =2r¥l PET substrate?] T 2 X7 EXS e}y
& 92 3 v (Atomic Force Microscope ; AFM)¥ XA 3|4 A=A (x-ray
diffraction; XRD)& o] &3t 5433 aL,

<434 W (Hydrothermal methods)el]l ¢& A#¥ AZO nanorods® HAF3 +

z4 EAS HAs7] 93t dAA a3 FAF dn A (Field Effect-Scanning
Electron Microscope ; FE-SEM)¥}, EDS(Energy-Dispersive  x-ray

Spectroscopy)E A3ttt 18 13+ SEMO 71E =z dg & A43 e

o},

Cathode-ray
tube for viewing

Cathode-ray
tube for
photography

Vacuum system

Fig 13. Schematic describing the operation of the SEM.
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w

2.2 A714 574 971

T W (Hydrothermal methods)ell 23] A% AZO nanorodsd #7714 &
e =A37] Yste] Hall measurement systemS AFg3to] HAZLS =A%
t}.

a9 149k 22 o) A Al xdAY RS 4 (15)9F o] Hojdt

of oA 1 & A#e] Hol, b = AW FH t = AL FAE gndn.
Aol AAZE Y wlof = I=b o2& R= p/t=Rs °|t}. 7|4 RsE XA}
AL st Al e g AR o] FR AR el AMZRE o] Aol Tttt WA
S ohms/square® FAET. 18 14.(b)A ¥ 4-point probed:x 4719 o] A
2 ZAst=H ugEe] 7 &3 Abole] AFE ZHF Jhed T '3 Abold
A AgEs SATCEAN S22 AF#HSs €& F, 248t WA Rs ¢S =&

A "k 2e]al Rs gl ¥t FAS woto] B AYGS AEeA dd

(a) (b)
Fig 14. 4-point probe
(a) Sheet resistance measurement by 4-point probe

(b) 4-point probe method
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3.2.3 355 =4 P}

Flexible T3 A= #lzte] ¢1o]A 400 nmoll 4 800 nm Aol Fa&L v 5
gstth. E AFelA A AZO nanorods® FH&S HUEstr] 9§ UV/Vis
spectrophotometer (SCINCO-S3100 spectrophotometer, UV-Vis lamp, Korea)
& Abgetla, 29 159 YER A

AqYA MER By F JUAE JHAE o] YA JhHAtge EAEtE A
A7 o] Mg Faete] A2 Holsto] oux] MEA o] e g & F
TEE HolAl du. 7HAE el dAbH = 2o Xs= AZO nanorods W€
AFAAE FRAA 7] 7o = A7) W&ol AZO nanorodst WA HAFEo] gle A
I 22 e Ao wekA fJAbEE B2 FaEo] ARk f3A =49 2
ol Zgetal oA F4 At 0o Hu LYy Az A " AN A

A

Fe BTV wel vl @

Fig. 15. UV/Vis spectrophotometer.
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A4 AL R

rie

AFANE Zn0 b ol 4@ TN BN e v Y 9%

o] Sputtering 43 +2 FYHES AH&5H3l

buffer layere] A4 AL ¥ 20 Yet ST PET 71#e] ¥4 FHd 2%9
256TCE sty dAE= A &g UF JAFEE Ny gasEs o] 8314 5

mTorrE #4139t ZnO buffer layerE £235t7] Y&l Zn0(99.99%) 4 inch Ef
Ag AbEsElaL, buffer layer 2 d, Wlgt& 3} DI waters AR&3he] 53k Al
A& 3o, 771 AlE F N2(99.99%) gass o]l&3to] Ax3T. AW UH-9

7] 21 %= TMP(Turbo Molecular Pump)& o] &3] 6 * 10°° Torre AeH=

AZO nanorods® A% 2312 % 39 YHERHAT. AZO nanorods®] S 9
3] Zinc nitrate hydrate(Zn(NO3)9:6H20, 99%)9} hexa hydrate diamin(HMT,
(CH2)6N4, 99%)Z DI wateroll  £3jA]A  awsda, Al =35 93t
aluminum(IIl) nitrate nonahydrate (AI(NO3)3:9H20) #H7}st\tt. A3 A1 7HS 1A
ez mAEgeon, 4% FAd wWE AZO nanorods® F+x7F, #A7FH EAS
BAE9 T EAe E4& XRD, AFEM, FE-SEM, EDS, Hall Effect measurement

system, UV-visible SpectrophotometryE A}-&3}%t}.
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4.1 buffer layerd] W& ZnO nanorods® EA

4.1.1 Bare substrateo] &% ZnO nanorods

%= 2 A9 ZnO nanorods? A wWlAYUFS 2% 167 o] Hbg
25 ol Fg&NoRRE Zn09 o] AT T
o

ol EWe] E9d Zn0 S ehdd A Pl FAEH

n
BHE AEEAA A & TS MAH T MeE &

Ao M= bare A9l PET 7]#oA ZnO nanorodsE AGAHoH A=
ZnO nanorods®] FE-SEM imagetw 1% 17 (a)dl A stslct. 198 17 ()9 2
o} o] buffer layerZ} &4 A ZS bare A9 7]Ho A3 ZnO

nanorodst W&ol FHEA 3w Z7] FES m GE T HAHIY dolE HH

n
o

Zn0O nanorods’} d7dteE 2= ¢ & Atk E3k ZnO nanorods®] WA &
& wWeko] 717091 nanorodsZb 1A 8= 99 mak w9 Btk weka] A
Ao A717F #dsta A WwEgo 2 AgaE ZnO nanorodsE Al ZEH7] 98 A
= 719 Z2We 5 APyl o6ty 2 dAyelA e 48 (homojunction) &
O "ts =debalth. ZnO whebe vt 7133 Zn0e] AA A ol &
o= €55 92 ™ Zn0 o FFHo] &olste= buffer layer H&& 3
(b)e] Aze} o] #¢3g ZnO nanorods
0 °C oJ3l= 1S A= 3t Ao A
AbE3HA] EPY ksl ZE~E 7|# % ZnO buffer layerE o] £3tH

%
Hogw tustA AHo] 7Feds @it} o]# 3k buffer layer ¥9 9

5°)

3

o}
grain 7]+ AAEE ZnO nanorods® EA0 =93 W= 283 buffer

layere] x4 54 2 ARV AFgFE 4.1.28 tFA}.

4
1A
s

A
i
N,
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ZnO buffer layer
PET

Buffer layer deposition Nucleation ZnO nanorod growth

Fig.16 Schematic of typical growth process for the syntheis of ZnO

nanorods.

T = - 4 ‘
SEM HV: 5.0 kV 'WD: 15.26 mm MIRA3 TESCAN SEM HV: 5.0 kV WD: 15.26 mm L] MIRA3 TESCAN|

SEM MAG: 10.0 kx Det: SE SEM MAG: 50.0 kx Det: SE 1pm

WD: 15.02 mrﬁ 2 15.4 WD: 14. MIRA3 TESCAN|
SEM MAG: 50.2 kx Det: SE

Fig. 17 SEM images of ZnO nanorod grown on (a) bare substrate and (b)

7ZnO deposited substrate.
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4.1.2 buffer layer® 57 @& ZnO nanorods? EA

B Ao|AE o]l#3 ZnO buffer layere A7} FEddHozm AA4E ZnO

nanorods g7l AW FFE A=A A dIFLS I Pst

W E AlA"lo] Z2 A 7S A3 ZnO buffer layere FAE < 50, 100,

o}
150 nm® PET 7|&Ye| =273, z+zte] 7] FddyHoz 7Zn0

Lo

nanorodsE AT 29 182 It FAZ F2E ZnO buffer layerd

AFM image°]l™ AFM ZA#ZRE %%3F grain size?t RMS9 S £ 50 A

s,

(a) (b) (c)
Fig. 18. AFM images of ZnO buffer layer with different thickness.
(a) 50, (b) 100, and (¢) 150 nm.

Table. 5. Grain size and RMS (measured by AFM) of ZnO seed layer with

different thickness. (a) 50, (b) 100, and (c) 150 nm.

(a) (b) (c)
Grain Size [nm] 75.249 67.824 73.082
RMS [nm] 2.415 3.284 3.195
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7% ZnO buffer layer+ 3.195 nm=Z 7%

me] F7E 7H Zn0 A oksE A -7)7F 2.415

YEHH AT grain size= Tl wWE & Aol
AU+ buffer layerell Z+zF AF® ZnO
54L& SEM, XRDZ F A5t}

(a) (b) (c)
Fig. 19. SEM images of ZnO nanorod on ZnO buffer layer with different
thickness. (a) 50, (b) 100, and (c) 150 nm.

1% 199 FE-SEM image® H¥ Zk 73] A& % ZnO nanorods® &
o] BFs YetH ZnO 1F9 oz g4Fol & 2e & 4 k. 1o AgEH
B ZnO buffer layerd 547} A9 @<= ZnO nanorods® A 7o) =
g £ Aot =, AF AR ETHE 7FA ZnO buffer layerol A A #
nanorods’7} 7b¢ & A4S 7Moo o= FAFAHAAN 4 AF A TEEHE
Zn0 JA7E Ao o m Aol @stA Y | Fom Azuojxin. s
AIRF ZnO nanorods¥ 2 W&o w 4 AFEE S4S 7HA L glernz AH
Waow Aol ddtsivte 2 B2 2%S Ao w didEolAm 19

A= XRD Az RE A 59t}

A

)
N
5

o

rr

B
et
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a4 200258 7PE AR FWeA A" ZnO nanorodst ZtHA XRD
(002) peak7} WAL H2 WA %E Yebideh. W2 7Hg smooth@d 7] A
Z¥ ZnO nanorodsE 7} F& WX Z S yEy

w2k ZnO nanorods Aol ¢lolA buffer layere] T w& mw ol 7327
= 7Zn0 nanorods® =17] ¥ "k oy} FxF EA HJFFEL 7= AR #Y

Ay,

(002)
FWHM=0.36

Intensity [Arb. unit]
Intensity [Arb. unit]
Intensity [Arb. unit]

(002)
FWHM=0.42 (002)

FWHM=0.44

N L R ) . L .
20 25 30 35 40 45 20 25 30 35 40 45 20 28 30 35 40 45
2 Theta (degree) 2 Theta (degree) 2 Theta (degree)

(a) (b) (c)

Fig. 20. XRD patterns of ZnO nanorods with different buffer layer thickness.
(a) 50, (b) 100, and (¢) 150 nm.
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4.2 A% 279 mE ZnO nanorods? 54
421 A3 &% ©& ZnO nanorods

TEEEHer A A AF 229 Sl @ ZnO nanorods®] 4 SAS
2ol 7] 9139 solution®] &%=E 90, 110, 130C=E WA 7| AFS F3Psl3
om FE+ 0.3M 2 AT 44¥ ZnO nanorodsi FE-SEMO.2 #4135}
Ath. AgE PET 7]#2 sputter A28 o]&3Fe] 2k 50nme ZnO buffer

Ee gole LR @45 A8

)

layerE =239t} buffer layerZ} A 4%
u AES Fzsle] 1A2HE A H T
a9 212 A% %ol wE ZnO nanorods®] FE-SEM image®d #%3l7] 9¢
SEM imageeolt}. %o S71gol wal A& H ZnO nanorodsd #7442 A% U
=9 130T 7hA AgHo g Frtstn & wistE Wole W, ol 24 #

W
A
ofk

o=

o
2

of Hlu A g A7]E 7FA . o] =A ZnO nanorodsT T4 H

sk, o1 Fol Fol Zn0 dAE AARFe s st TEHol #xstd

2=
g2

solutionol| A ¢] AF& 2 AW

S W 50KV WD! 31.71 e
SEM MAG: 500 kx Out; 38

(a) (b) (c)
Fig. 21. FE-SEM images of ZnO nanorods with different growth temperature.
(a) 90, (b) 110, and (c) 130 T
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28I Fxo WE ZnO nanorods
&

ol Fxo] wE ZnO nanorods? A% EAS

O
-

32 12
o

w7] 93t solution?] =& 0.05, 0.1, 0.3 MZ ¥3A 7|0 HAPS 2183}

W A exE 90TE AU, A4 ZnO nanorods®™ FE-SEMo &

At Atg¥E PET 7]1#& sputter A|AES o] &3t 2k 50nme ZnO buffer
=

289t buffer layer’t 438 BEES 5§94 2E7b 90T Y

ol

1
ol
ol

o
o
2
ol
ol
N
—
>
N
offt

(3
-0,
o,
o
>,
4l
o

=
a9y 228 F£8Mo o WE ZnO nanorods® FE-SEM imageE #%#3}7]
$13 SEM imageo|t}. Fxo S71gol wel A% ZnO nanorods® 742 A%
Hd 5% 0.3 M% 7HA AFA o= F7kslm 2 ¥sE Hol= RiH, ol 5
Tofl BAGle] vaA #dgk A7) E JHH T o ®M ZnO nanorodst 3 WO
2 94 AFee, 2 $o Folx ZnO YA = AAWFo R AAst=H 5 H o

x5 solutionoll A o] AF2 AQWFor A3 FgFS BoE

SEM V] 20,0 WY WO: .92 men W WD: 5,64 MIRAY TROCAN

SEM WAG: 500 ke Oot: 38 =] e Tim

(a) (b) (c)
Fig. 22. FE-SEM images of ZnO nanorods with different concentration
(a) 0.05, (b) 0.1, and (c) 0.3 M
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4.3 Al doped ZnO nanorods

4.3.1 = W9 & AZO nanorods

-
N
N
B
ol
i
o
i
S
o
ol
ol
0
x>
N
O
=)
. )
=)
)
=
o
[oN
w
e
oX,
o
>,
b
=
¥
oo
12
1o,

of 2% 27 0.3M, 90°
FE-SEM, EDAX® X439 tt. Ab89 PET 7|3 sputter Al 28-S o] &3}o] oF

AL

50nm9 ZnO buffer layerE Z2F3t}. buffer layer7} A3H AMEL g0

E7F 90C = kA3t Hds W MES FEeto] 1AbEt AFAAT

D Al 22¥H=E &4

AZO nanorods® A&% $8) Zinc nitrate hydrate(Zn(NO3)26H20, 99%)<}
hexa hydrate diamin(HMT, (CHz)e¢N4, 99%)= DI waterol] £3jAA w3311
Al 3L 935l aluminum(ll) nitrate nonahydrate (AI(NO3)3-:9H20) 43I g =
A7Vslg k. 19 23% dopant 9 HElol wE AZO nanorods® FE-SEM
imageE ##37] 93 FE-SEM imageol™, AZO nanorods® AEE& EAE
EDAX datat 3% 6 o YERH ATt FE-SEM image$t EDAX data 23%E &3 Al

= TEEHE T8 HW, nE2A &alHA ol FEAHoE Alo] FHE3hH o]

_32_



e |
WD: 16.34 mm SEM HV: 5.0 kV
SEM MAG: 30.0 kx Det: SE SEM MAG: 50.0 kx

| SEM HV: 5.0 kv
SEM MAG: 50.0 kx

SEM HV: ‘5.0 kv WD: 16.39 mm MIRA3 TESCAN|
SEM MAG: 50.0 kx Det: SE

KMU

(c) (d)
Fig. 23. FE-SEM images of AZO nanorods with Al powder.

KMu

Table. 6. EDAX data of AZO nanorod with Al powder.

(a) (b) (c) (d
wt.% at.% wt. % at.% wt.% at.% wt.% at.%
Al 0.88 1.50 0.98 1.70  31.80 27.92 7.20  10.09
Zn 85.88 60.44 86.50 61.78 25.83 9.36  72.48 41.91
O 13.24  38.07 12,52 36.53 42.37 62.73 20.32 48.01
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2) Al &89 Z T4
AZ0O nanorods® A#AES 93] Zinc nitrate hydrate(Zn(NO3)26H20, 99%)<}
hexa hydrate diamin(HMT, (CH2)eNy4, 99%)E DI waterol] &ajA|#A nwkstsd i,

b

Al =35 939 aluminum(ll) nitrate nonahydrate (AL(NO3)3-9H20)S DI water
of &aAA EAFEHE H7telrh. ¥ 242 dopant ¥ FHEjel W& AZO
nanorods® FE-SEM & ##3}7] $13% FE-SEM image©]™, AZO nanorods?
dEe ©4% EDAX data= & 7 o YERAY. FE-SEM image$t EDAX data
owderE& DI waterel] &3 A AA FYst¥ Alo] ZiLF &=,

I8
Hell m27A A4S AS AT 4 AJY. mehbA Al DI water
3}

SEM HV: 15.0 kV WD: 11.44 mm
SEM MAG: 50.0 kx Det: SE

Fig. 24. FE-SEM images of AZO nanorods with Al solution.

Table. 7. EDAX data of AZO nanorod with Al solution.

wt.% at.%
Al 1.46 2.40
Zn 83.75 56.70
O 14.79 40.90
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4.3.2 =3 A7) w}E AZO nanorods

FEIM R 4 A =e7)7F ofg7] "ol ZnOE AEAIZ ¥ dopantE
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. P
e

- }
SEM HV: 15.0 kV WD: 16.45 mm SEM HV: 15.0 KV : SEMHV: 10.0kV  WD: 16.38 mm
SEM MAG: 50.0 kx. Det: SE SEM MAG: 50.0 kx Det: SE SEM MAG: 50.0 kx Det: SE

(a) (b) (c)
Fig 25. The result of FE-SEM about AZO nanorods according to dopant
input timing at the growth temperature of 90T

(a) ¥F3=7], (b) 30 % , (c) 60% +

Table. 8. EDAX data of AZO nanorod according to dopant input timing at
the growth temperature of 90T

(a) B8 =7], (b) 30% 5 , (c) 60 ¥+

(a) (b) (c)
wt.% at.% wt.% at.% wt.% at.%
Al 1.29 2.13 0.87 1.51 0.27 0.41
Zn 84.15 57.34 86.63 61.97 81.39 51.48
0] 14.56  40.53 12.50 36.52 18.35 47.75
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4.4 dopant &X°] @& AZO nanorods® EA4

FaddAMer 44 Al dopant 5%9 F7Fel W& AZO nanorods® A 54
S Yolr ] 918t dopantd FEE 5, 10, 25 wt.% 2 WIHA7H HAdS W3}
Fown E=FA7E W72 uAgsdth. AE AZO nanorodst Hall effect
measurement system, FE-SEM, AFM, XRD, UV-Visible Spectrophotometry=
2Asl9k. Al8¥E PET 7]#H& sputter A|2ES o] &3] <2k 50nm<¢ ZnO
buffer layerZ Z#3&}3th. buffer layer’}t A3 ®E AEL 8N 257} 943}

Hole W AES st 1MEd ARG

441 723 EA
1% 26% dopant H%°] W& AZO nanorods® FE-SEM imageE #z3}17]

23 SEM image©]t}. dopant 557} F7Fste] wat A4 ® AZO nanorods® Z
7

o Enyl Z7ESE HEFo e Zilsts AL Fold 4 9t 18 278
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SEM HV: 15.0 kV
SEM MAG: 100 kx

WD: 11.44 mm
Det: SE 500 nm

SEM HV: 15.0 kV
SEM MAG: 100.0 kx

WD: 11.38 mm |

Det: SE 500 nm

-~ -
SEM HV: 15.0 KV
SEM MAG: 100 kx

SEM HV: 15.0 kV
SEM MAG: 100.0 kx

WD: 11.44 mm |
Det: SE 500 nm

MIRA3 TESCAN| WD: 11.42 mm

Det: SE 500 nm

KMmu

(c) (d)

-
MIRA3 TESCAN|

KMu

Fig 26. The result of FE-SEM about AZO nanorods according to dopant

concentration
(a) 0, (b) 5, (c) 10, (d) 25 wt.%
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15 T v . ; i . : . :
14 4

13 -

1.0 = -
09 = / ]

L L E
0.8 = -
0.7 = -

0.6 = -

Al content (EDAX) average of nanorod (wt.%)

0.5 1 M 1 " 1 M 1 M 1

Al source (wt.%)

Al sourcel[wt.%] 5 10 25
Al content average of nanorods[wt.%] 0.86 0.94 1.34

Fig 27. The Al content (EDAX) value of Al-doped ZnO nanorod with

different Al source varied from 5 to 25 wt.%
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= (002)

Pt FWHM=0.26 A

§ s > P—
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h =
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z (002)

.g _-..,‘ FWHM=0.20 A-
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o

Undoped

L (002) — S5wt%
| FWHM=0.19 . 10 wt.%
o N L j\- 25 wt.%
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