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Aqueous solution room temperature process and properties of
the Al-assisted ZnO nanostructures

Graduate student: Hsiu-Cheng Chang Professor: Cheng-Tzu Kuo

Institute of Materials Science & Engineering
National Chiao Tung University

Abstract

For potential wide band ‘gap semiconductor applications, processes to
synthesize various ZnO nanostructures by agueous solution room temperature
processes “were examined. The three differentt ZnO precursors
(Zn(CH3C0O0), - 2H,0; ZnCl, or Zn(NOs), - 6H,0) with Al as catalyst and
SDS (NaCyH»S0,) as surfactant were studied. The structures and optical
properties of the deposited films were characterized by SEM (Scanning
electron microscopy), XRD (X-ray diffractometry), TEM (Transmission
electron microscopy), EDS (Energy dispersive spectroscopy), XPS (X-ray
photoelectron spectroscopy) and PL (Photoluminescence spectroscopy).
From the experimental results, the following conclusions could be drawn.

The results show that the deposited films are HCP crystal structure and
mainly consist of ZnO and Zn nanostructures, and the favor conditions to
form more ZnO nanostructures are proper temperature (~ room temperature),
deposition time (~ 3 hr), and SDS concentrations (~ 5 mM), where the
precursor type plays no significant role. The ZnO nanostructures on the
ZnO-rich deposited films are mainly consisting of rod-like and elliptic

cylinder-like bundles of nanowires ( 2 ~ 4 nm in diameter), mainly depending



on the ZnO precursor type, where Zn(NOg), precursor tends to form rod-like
ZnO nanostructures. In contrast, morphologies of Zn nanostructures on the
Zn-rich deposited films are more favor to form pea-like, dendrite, silk-like,
layer-like, ribbon-like, and honeycomb-like shapes at beginning of deposition
periods or lower deposition temperatures.

Considering the optical properties of the ZnO nanostructures, there are
PL peaks at 2.38 eV and 3.06 eV for rod-like nanowires bundles, and at 2.28
eV for elliptic-cylinder-like nanowires bundles, which are corresponding to
emission due to presence of oxygen antisite defects (Ogz,), zinc vacancy
defects (Vz,) and oxygen interstitial defects (O;), respectively, as reported in
the literature.

In summary, the ZnO nanostructures can be. synthesized at room
temperature, which is much lower than the ‘reported deposition temperatures
in the literature (70 ~ 140°C), though there are some defects in the ZnO
nanostructures. The lower deposition temperature in this'work may be partly
due to Al film application to reduce the activation energy of ZnO formation.
The possible growth  mechanism and. the chemical equations of ZnO

formation are discussed in the text.
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<«—— Dye-coated nanowire
array in electrolyte

Law-2005-455]

[Pauzauskie-2006-36]

Table 2-1 Nanowires and their optical-functionalities .

Nanowires | Optical functions Characteristics
GaN Nanolaser Emission wavelength: 370-390 nm
Threshold: ~500 nj/cm?
Cavity Q factor: 500-1000
Threshold-gain: 400-1000 cm™
Light-emitting diode Emission wavelength: 380-420 nm
ZnO Nanolaser Emission wavelength: 370-400 nm
Threshold: >70 nj/cm?
Cavity Q factor: 1000-1500
Threshold gain: 1000-3000 cm™
Frequency converter Effective second-order susceptibility: 5.5 pm/V
Solar cell Energy converting energy: 3.5%
Photodetector UV light detector
Sno;, Waveguide Propagation loss: 1-8dB mm™

Evanescent wave optical sensor

Single molecular level detection
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[0001]

Fig. 2-6 Schematic diagram of zinc oxide crystal structure. [€*essens-2005-139]

Conducting
glass
TiO, Dye Electrolyte Cathode
- ‘
Injectiorrf,,
-0.57 !_5_--- A s
% ‘ Maximum
T 0q s voltage
ﬁ hv :
= Fﬁ“\ _________
E’ Red Ox “
0.5 # «_ Mediator
Intgrcepuon Diffusion
107 — 5o/
pr— ===== =
-------- >

Fig. 2-7 Schematic diagram of operation of the dye-sensitized electrochemical

photovoltaic cell. [Gratzel-2001-348)
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Table 2-2 Properties of wurtzite ZnO.!

Pearton-2005-293]

Properties Value
Lattice constant(RT) 2,=3.2539 A
Co=5.2098 A

ao/ cp=1.602(ideal hexagonal structure shows, 1.633)

Density 5.606 g/cm®
Molecular mass 81.389

Mohs hardness 4

Melting point 2250 K
Linear thermal a0=6.5x10-6/°C
expansion Co=3.0x10-6/"C
coefficient(RT)

A-axis direction 4.75

C-axis direction 2.92

Electron mass 0.28

Hole mass 1.8

Band gap energy(RT) 3.37eV
Exciton binding energy | 60 meV
Specific heat 0.125 cal/gm
Dielectric constant 8.656

Thermal conductivity 0.006_cal/cm/K
Thermoelectric constant - | 1200 mV/K

Table 2-3 Properties of the important compound semiconductors.

[%#-2001-131]

Material | Crystal Lattice Band gap Melting Exciton binding
structure parameters (A) | energy (eV) | point (K) energy (meV)

ZnO Wourtzite 3.249, 5.209 3.37 2250 60

ZnS Wourtzite 3.823, 6.261 3.80 2103 39

ZnSe Zinc blend 5.668 2.70 1793 20

GaAS Zinc blend 5.653 142 1513 4.5

GaN Wourtzite 3.189, 5.185 3.39 1973 28
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metal tube membrane

Au dots

Fig. 2-8 Schematic diagram of anodized aluminum oxide (AAO) process [F**200¢700],

% VX

vapor
metal 11

catalysts ﬁqﬁ%(d \ v 4
¥

nanowire

Fig. 2-9 Schematic illustration of vapor-liquid-solid nanowires growth mechanism

including three stages (I) alloying, (II) nucleation; (IIT) axial growth[Yang'zooz'l].

RA3M + EHq Growth direction

3 RH

Solution Liquid Solid

Fig. 2-10 Schematic illustration of solution-liquid-solid nanowire growth
mechanism. SLS mechanism: the flux droplet is in, and M and E are elements of III-V
semiconductor dissolved in the flux droplet. The crystalline fiber and attached flux

. : . [Xia-2003-353
droplet are suspended in reaction solution. [Xia ]
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Fig. 2-11 Schematic diagram of Metal-organic chemical vapor deposition. [Lee-2004-3949]
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(Al film deposition) | (SDS powders)
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Fig. 3-1 Experimental flowchart.

23



3 B L ¥ B oK% 7% % (Aqueous solution room temperature process)

TR

Ao P E SR B RMA LT R M SRR O e N
W g &z 8 Rk gd Bhdt FlAE D haf a3 A

B LD T AT FE

(H}
?\_
g
3B
B2
:
A
gl
N
D
IS
=
‘\’_?;
2
ol
1S
iy
1-».

BETBEN A TR E T FRREEINL 0 AR T B E I
(Thermal evaporation)iiC #f * £ 5 wm 48 & %1 P-type ## du & F o 2 =t §_
U F R RETFE > 2 B P B a0 ik 8 (Zn(CHCOO), - . H0) ~ #
it #2(ZnCly) 2 A it £2((Zn(NOs); + 6HLO))= J85 S8 de 16 £ & A 73 f330 3
7 2 &3 -K(D. I water)engh 38 #5512 el 2 B R 5 5 mM 0 Spde
Bk FBTERAIF FEBEERREDLF CHBIR 0 L EF LD

ek % 2 W R AR R A R R ARE 0 L R

SRR S SRR R TS Lt L R
* oo & 5 SDS(Sodium dodecyl sulfate) » 2% {8 3 5 &35 %% > 42

3 ﬁ\%fﬁ?d ’ lé/p/xi’}&f; FHR>HEP kA 0 REE Ak

fest = o 42T K 20U Al B HCeh P-type # & B~ R SALR o A

\4.

b
=
=3
=
(a1

BB TR g B

\\-ﬁ‘_

e B et > ¥ A E 72 A RS B

P

ey
=
i
SE
N
e
—
e
'—SQ\-
=)
=
dk
L
o
e
/\\_
|k
s
%\
4
7“_.
=}
e
-
-m,
-F
s
[

FEPRE MR E P RIE KRR A g d (T i

24



B s 12 go v A1 X k64 47 BkR(X-ray diffractometry, XRD)
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QykiaiRiz 2Bk 2 B &L

iFpLEE S 5k D ¢ Zine acetate dihydrate; * § 5% Zn(CH;COO), -

N

2H,O 5 &~ + & 219.51g/mole ; 2R = 95% : Kimr: B ita 2
a .

% 4% 8§ % Zinc chloride ; it & ;% ZnCl, ; # 3 & 136.3 g/mole ;
Ko Afefh af e

A AR B R ok 08 £ Zine nitrate hexahydrate ; i § ;% Zn(NOs), -
6H,0 ;14 + & 297.47.g/mole ; HE = 99% ; Kk F P i1

A |

Fife - B £ Phosphoric acid ; * & ;% H;PO, ; A =+ £ 98 g/mole ;
BRZ 8 % kiRiFPitI g o

i § i 48 ¢ Sodiumhydroxide; i“& ;¢ NaOH; 4 3 £ 40 g/mole;
BRzZ 93% Kk RP i1 @ e

L - = A e 4 (SDS) ¢ # Z Sodium dodecyl sulfate ; b £ ;¢

NaC;,H,5804 ; # + £ 288.38 g/mole ; & = 98.5% ; kiR :

Aldrich = # -
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Fig. 3-2 Schematic diagram-of thermal evaporator for Al film deposition.

Zinc acetate powders
or zinc chloride powders
or zinc nitrate powders

Fig. 3-3 Schematic diagram of the ZnO fabrication steps.
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Table 3-1 Specimen designations and their deposition conditions.

Specimen designation* | Precursor type® Deposition time Surfactant weight
Deposition temperature (hrs) (mg)
5C RT
Al D1 H 1 0
A2 D2 H 1 14.4
A3 D3 H 1 28.8
Ad D4 H 2 0
A5 D5 H 2 14.4
A® D6 H 2 28.8
A7 D7 H 3 0
AS b8 H 3 14.4
i D9 H 3 28.8
B1 B, L 1 0
B2 7y L 1 14.4
B3 > L 1 28.8
B4 E4 L 2 0
85 i L 2 14.4
Bo E6 L 2 28.8
B7 E7 L 3 0
B8 55 L 3 14.4
BY £y L 3 28.8
Cl F1 N 1 0
c2 F2 N 1 14.4
c3 F3 N 1 28.8
C4 F4 N 2 0
s FS N 2 14.4
ce F6 N 2 28.8
Cc7 F7 N 3 0
c8 F8 N 3 14.4
c9 P9 N 3 28.8

*Qther deposition conditions: Solution forZnO deposition consists of 10 ml
ZnO-precusor (5 mM) + 2.3 ml NaOH (2 M) + surfactant powders (Sodium
dodecyl sulfate, NaC;,H,5S0,, SDS).

*Precusor type: H= Zn(CH;COO); - 2H,0, L= ZnCl,, N= Zn(NOs), - 6H,0.
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20 B2 1) 65 & > X-ray ek R g * CuenKodtdw » HA £ 5 0.154 nm -

Frfid 5% 04 B/~ 4 FIETRS0KV > 7% 40 mA -

3.4.2 #F s 3° & 3 Bk #s(Scanning electron microscopy, SEM)

BT S RBREY RS AT IET A el o AR A RO
oo HREERG A EENRAREN - R 3 B k
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JEOL JSM-6700F> # 1 f¥jE3 2 & + £ /54 % 5 10 mm~8 mm fr 86

LA~ TOpA » 4eid TR % 5 15kV o

3.4.3 X kit & 377 % 3# £ #F(Energy dispersive spectroscopy, EDS)
X ERERFEFRIJ* T F A >FFBEF T LappIir
oA e AR X R B BRIE KR X R RS ea

Bt A faig o AF7E R P 48ALL OXFORD » fif4e ¥ 8] 5 JEOL

+ 2 5 Eeg ek i 7 8 3k § 3 (photoelectron) 0 & Koopman’s #_ »
BRR T AR RS N B S fha B A B saE AR Y 35

‘}l*ﬁ :T

ﬁ?ft

R S R T S QAR
o I AR NTF A

+

& & i (Binding energy, BE)
Al BT R RIS RS A AT AT R Y
f247 T F i & 5 PHI Quantera SXM > 1 & #* 2t iU WP ~ 2

TE S

3.4.5 sk F 3o it # & (Photoluminescence spectroscopy, PL)

K+ g R FRAEFFT TN R TREE V&2 A
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Bk BT o e kRS & (Xe)E o A £ 5 325nm > § Kk
PR ST ol b oo x> Bk A B AR ST 0 B-ip #F (Valence band)® 1T
+ ¥ 3| @ % ¥ (Conduction band)® - F]a & 4 T /% F ¥

(Electron-hole pairs) » iz d T + /% F ¥ it & 38+ & & JT (Radiative
recombination) £ B & » FE DL R BN SRR S & kT o A
x 3 d *—5’3‘%@ kg A A o T X LG kT g B(PL) o @ o k4
#] ~ &k ¥ & 5 ¥ % (Fluorescence) ¥ % * (Phosphorescence) = #& o
Fluorescence £.d /& 7 + *z #& (Spin-allowed) 2 it [ #& @ &k » & £ &
480 4 &8 51107 ~ 107452 Phosphorescence #_# 7 3 i (Spin-forbidden)
Z AP ER K A B 9107~ 1070 B hgcd iR § A4 -
Tl Sk S i B T ST B A Bk g

TooRigd YR e § L ERTae ik gk 0 T - A3

PR e L Bl o

3.4.6 7 % ;\ & 3 B4k (Transmission electron microscopy, TEM)

FHITITRMELZL* FAEPTFARKHEN > FITF 4

B PR p SSECE R BRI AT T H A
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Wi {AF  VIRRZFRLFIFTELHWT S NSRBI R 24 H
Mg e LM FEHEMELZ T2 RE > bldot X kit £4%
i & 3% & (Energy dispersive spectrometer, EDS){c @ + &t £ 4f £ i 3# &
(Electron energy loss spectrometer, EELS) » B ¥ i — # & 4744k ek =
R A o ARy i 57 5 JEOL JEM-2100F o &5 en@l i = % ¢ B =3
MR OEH (M R 99.98 %)k IR o URF A BRTER
F 30min> £ MBIy B BB R o O MEET bekk R 3R 0 Lacey

G xR AL F NP RigF o s TR RS o
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AT AR FIERBRE AR BIFERET AL P ER

7}%’@{_ o i3 * ﬁ?ﬁ&iﬁ'ﬁ%fﬁtﬁié L 7f ’_!fg/—: ’Js—*“Ptype o8 pE 1 ._].' ’ I.;F];;

G U TSGR RY BT eAF P RRF B EAd

MEARSSCE¥ R F @ 5 Lhr & 3hrs>SDS ehif 4c £ 5 Omg»

144 mg £ 28.8 mg &if X e T & £ 3
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=
2
A
e
i
-
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4

MR BB R EBRY GUKIRRE 3 BN SAES Lahfa) o B

26 b R iR A b IR - E B AR kB

4.1 Fphsp® SR TE R TR A58 %
4.1.1SDS i 4e & ~ i BRI PR F

Fig. 4-1 £238 k& 5 mM fif ph &5 Sk~ 50k v & SCe& &R 3 hrs
T > 2 SDS & 7 v g % (@) 0 mg ~ (c) 14.4 mg 2 (¢) 28.8 mg SDS
wrd K2 AR A G S RE o R Y A L AT A8 2 A9 H Y
(b) ~ (D& @A 5% (@)~ ()E(e)#a® B Fhk d 73 7E - d Fig. 4-1 (a)

B(b)yg o AT 2 hd % ARG Bk (Dendrite) 4 2



B P FGERSCR B B Flpt iRt cng LR R R A
BARTA S A2 AP ERORREH ST ARY B PR A
A iontbok B A = 0 A MR B ALY < £ ok 8k (Pea-like)
‘*ﬁéjﬁ;\mo l ‘v 144 mg n SDS B > ¢ fptbo kg g Kk A

Ao e AFE e SDS B 0 R Y A8 A G Hf gl BT

Prene® > @ 3 R3Ok (Silk-like) A 4 0 B R T AL §

I
i

PR i T A 2 1k (Rod-like) & 4 » 4o Fig. 4-1 () (d)#77% ° #- SDS
AAvE M Ae I 288 mg B0 3RS AD sk ¢ FISDS Hide @ R 0 F R
SERTEEHLS 3T 3 A Wk g AR B 8 A~ K K (Layer-like) g
HEim 3 X7 RGRPOT S OTdE fp e i F4R 4 & 0 4e Fig. 4-1
()5 (H#7 7 ¢

Fig. 4-2 £k &5 mM fig plde mspde i3 2 > ¥ & pF R L hr iF 2
T 5> ¥ SDS A A Hli (a) 0 mg -~ (¢) 14.4 mg 22 (e) 28.8 mg SDS #7424
2R e A RE o F ML A % 5 DI -D22 D3 H P (b)~
(&4 B 5 (@) ()& () & Fhi g A RBl-d Fig.4-2()p I
E¥ETE SDS AR 5 Omg o 35 DI 2 imfieend 6 AR E R
CERHOR  BAHORBET PO A B e S
4r Fig. 4-2 (a)& (b)#777 » Fla ¥ BT VR AR SCRenF > 3 & h

fe EIRAT T B BB € R AT iR E A AT B A
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Fig. 4-1 (@)#77F o % SDS £ 5 144mgpF > 3#* D2 25 §7 ~ £
M B A Kk % (Honeycomb-like) » ¥ it F] & ¥ i £
FORGBFT AP EE RS o TUBBOR BG4 0 Ba Rz g
BEAEHAY S PRGREE AT ETF AR AR DB AL o
Fig. 4-2 (c)&2(d)#77% o #SDS x4 B H 4c 3 288 mg P> F] 5 WA B 7
Fpen B Reh 5o R D3 ARG AR RS A 7
L A9 A 2 &k B G £ 0 4o Fig. 4-2 ()& (D*7 T ©

Fig. 4-3 B0k & 5 mM fis b Spd- /5% ~ ¥ B & P 3 hrs iF 2
T 5 ¥ SDS &4 £ 4 54 (a) 0mg (c) 14.4 mg 27 (e) 28.8 mg SDS #7 4
£ 2 A R AR 0 R R %A B 5 D7 D8 D9 H ¢ (b) -
()& @4 9 5 (a) ~ (c)B(e)fg & Fehdk s 2) Bl o & Fig. 4-3 (a)2 (b)
¥ SDS 4 B Omg P f i s DT 2 A wind i )RR
FRABK  HER R FAERDRIS  AFEF Y - BB FRF I
AFHEHLA AL AG100nm KAH 1 pme § SDS 4
2 l44mgpr R D8 4w €3 L SR F AP =R A4 > STk
Fom etk S el g R Y D7 ol kb § o e Fig. 4-3 (0)2(d)
o o od HOB A4 BT ’Fj A, H & H A% R ¥F [l 12 (Elliptic

cylinder-like) e3¢ > FRIAL A B H M 380 (25 B T ] g A s

A

RER M = ix8 %5 SDS s’v”J;‘?JH\: RN Ay RS
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-

ET RN ERE D ERAE- AL A S FHLR B 0 2 FRFE B
£ B+ %) 400~500 nm - #FlEsE & < ¥ 100~200 nm  § SDS i 4
5 288mg o 515 SDS chip e £3F 5 0 % DY 4 6 X iz iw

AR S A R RBHAZL 4o Fig 43 (& (D¥ 7 -

4.1.2SDS #4c £ ~ i R H PR HITH TSR F

R e PR pofR R 2 SDS e £ 0 $HEE IR & T SkA R
v ird R s B EE@s () (o)~ (@) ()~ (D~ (9
()2 ()T ¥ 2 3# H %3 a b5 A7~ A8 A9-D1-D2-~D3-~D7-
D8 £ D9 oid Fig.4-4 7 5 33 M SCH s pF & 3thrs chig 277 - 32
BB AT~ A9 5 X kg JCPDS + v 4418 v mHETE T R
SDS:» # 2% %@ § 1L 4 B AT N A dpenii st A 4 > H ¢
SFIVELE AMAEL H R TGV A AP S B AN M BRI 4 SDS
By CHER TSR R A RERBRY PL IR RIEED
PG AN BEEAMOETEF BA L F V& TURY 2
e L F VARSI g & SEM 293 A EHB T oo 46 T
o B AR~ AR RSk K 3 2 BB R R e Fig,
4-1(a) ~ (c)& (e)#77m °

e A B mHABER Lhr T > 3P %5 DI~D3> 75Kz
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Peg PRI EEDI RIS RTERE A aurE s B

o

A F VA TN EF VANEEE 2 2B A 4 5 2 SEM A 4943
PV A A m AR B R RS2 R R B R R 4e Fig,
4-2(a) ~ (c)& (e)*77F o

R R Y RO THABERF 3hrs chif 2T » 2 Y %55 D7 ~D9 > 7]
RKBRTY DEINEPFEHETIRT G Uy n 2L F A R
R 0 Y70 e 0mg 22 144 mg SDS iR T o %G o§ LA
B S gE A d > B F15 4 SDS kB (LA LS By i
o Y2001, s n DR g ft Ap MEstiE chsg B P BRIV D7 ch§ (1t 4 MRS

W R e B B o2 B NESTE US4 A P B v B SDS g 5 28.8

il

mg P& LG § i A YRR A A T EL S e SDS hE i o B AR
B CELIEToEE o AR TA R 2 RS
L7 2 oRipR ekl 3L R 2 O GAEE e R
RFE o ATribegd A N g A kR RY B S kL 0 A
RN F QL4 @ EE S D9 gk dEsbE P AL D7 22 D8 ko ehp B
Frilp F - EMEsHE Al 4 0 & Fig 4-3 s SEM A 472 R $HR T
Ao SDS 4 E 5 Omg oo H 6 AR E RALR S R EHRE
v &3 Memdoa AR a ) /] 4v 144 mg SDS #1& 4 eng 44 %

AR R 0 2R F AR AL S R SRR
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ra £ 5 4 SDS /?J‘ e ® 5 28.8mg pF o 4R E_UE %ﬁ%éﬁﬁ'f_ IR o

4.1.3 SDS i 4e B g e S e P

AR SMMBEED RS ZRY AT EL PR 3hrs 52T SDS
‘},"jtﬁ?é_:% Omg £ 144 mg > & 5 D7 & D8 &~ W) = 7 £ 141 % &5 7[R
PR BT 40 @ R e 288 mg T 3E F SRS DO RIAUE F ok R
G T mF YA B EDS 21718 0 ¥ A RIARE TR K 2T

Fueh ko W B0Ugery LA Ty BB ARG o 4 Fig. 4-5 (a)

Y

(b)g(c)#rr = Bl A3 QARG * Kigie 2 Wk 3 &2 4 54>
AT AR ot Ak 4 3 £ (2 & F b (None-stoichiometric) » 4527 %
FR S ol A ul L (2)34.37 96:65.63 96, (b) 40.5949%: 59.41 9, (c)
62.95 96:37.05 96 > '@ et 2| F 5 S F SDS'A S5 4 0 G 4%
ATk L B At § 0 Ik et B D AR e d X Sk MRS A 4T N R
PREFN R D8RG CERE G A Y DT i ERE A
WeE e DS ki o @Ry D9 X & ARMEsTE 5 4o Fig 4-4 (g) ~ (h)
BT 0 T A A F] 5 SDS e E 0 £ RS 0 A PrglF L&

4
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414 FERED SR T E SUTRNL B R B

AR R Y MBI PR e o AT SR T & auf L &

AR & LR B S L 0 A SEF SDS b 0 B &5 AR
PR S Bk R G R BRI A SR Rhed P L0 L R

BEa R af B AR OB REARAARERT 0 4 4 B
§log2 A WEF SDS i sc RH 4 0 B A5 ARG D Hk R L
ik 0 B {8 F1 5 SDS ﬁ?i,’Fﬁ-_E_i@?, s @ %g\.ﬁz‘i%%%*# L A
MRy PERATE HWREHES G 2 5d XRD U HT gy

& % A_Hep S5 » 4v Table 4-1.#77%

Table 4-1 Specimen designation, morphology, component, structure and Zn/O ratio of

the films deposited with zinc acetate precursor.

Specimen designation Morphology* Component Structure Zn/O ratio
A7 D (Fig. 4-1 (a)) Zn, trace.ZnO Hcp
A8 D or S (Fig. 4-1 (c)) Zn, trace ZnO Hcp
A9 L (Fig. 4-1(e)) Zn, trace ZnO Hcp
D1 D (Fig. 4-2 (a)) Zn, trace ZnO Hcp
D2 H (Fig. 4-2 (¢)) Zn, trace ZnO Hcp
D3 H (Fig. 4-2 (¢e)) Zn, trace ZnO Hcp
D7 R2 (Fig. 4-3 (a)) Zn, ZnO Hcp 0.523
D8 E (Fig. 4-3 (¢)) ZnO, trace Zn Hcp 0.683
D9 H (Fig. 4-3 (e)) Zn, trace ZnO Hcp 1.699

*Morphology: D= dendrite; E= elliptic cylinder-like; H= honeycomb-like; L= layer-like;
R2=rod-like; S= silk-like.
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Fig. 4-1 SEM morphologies of the films deposited with SmM zinc acetate precursor
under 5°C, 3 hrs and different amount of surfactant: (a) 0 mg, (c) 14.4 mg, and (¢) 28.8

mg. (b), (d), and (f) are corresponding to (a), (c), and (e) at higher magnifications.

[Specimens A7, A8, and A9, respectively]
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—
50KV X10,000

Fig. 4-2 SEM morphologies of the films deposited with 5 mM zinc acetate precursor
under RT, 1 hr and different amount of surfactant: (a) 0 mg, (c) 14.4 mg, and (e) 28.8
mg. (b), (d), and (f) are corresponding to (a), (c), and (e) at higher magnifications.
[Specimens D1, D2, and D3, respectively]
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2,000 100nm W

2,000 100nm W

Fig. 4-3 SEM morphologies of the films deposited with 5 mM zinc acetate precursor
under RT, 3 hrs and different amount of surfactant: (a) 0 mg, (c) 14.4 mg, and (e) 28.8
mg. (b), (d), and (f) are corresponding to (a), (c), and (e) at higher magnifications.
[Specimens D7, D8, and D9, respectively]
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S _ % g
= 20S|8 £§g = S = =
RT3hs ¢ 28813 8 ¢ T2 2
@288mgsps N 4 N Jt‘ N LA S
(h) 14.4 mg SDS A_A__| 1 ]
’;‘ (& O0mgSDS . J\
&,
o RT, 1 hr
g o
z | |(D28.8me SDS L«
21 [(©144mgSDS 1 ]
E [ Al a e o el B T
(d OmeSDS N o
5°C, 3 hrs
(¢) 28.8 mg SDS » | L -
(b) 14.4 mg SDS i f
(1) 0mgSDS Al | N
' | . | . | ¥ |
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20 (degrec) I

Fig. 4-4 XRD patterns of the films deposited under different weight of SDS additions
and with three different sets of other deposition conditions: (5°C, 3 hrs), (RT, 1 hr), and
(RT, 3 hrs), corresponding to specimens (A7~A9), (D1~D3), and (D7~D9),

respectively.
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Spectrum 4
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g 10um
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Fig. 4-5 SEM micrographs and the corresponding EDS spectra of the films deposited
with zinc acetate precursor under RT, 3 hrs and different weight of surfactant: (a) 0 mg,
(b) 14.4 mg and (c) 28.8 mg. [Specimens D7, D8, and D9, respectively]
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42 Fivumford Eann L A%
4.2.1SDS 4 & ~ B RO B Hif A e F
Fig. 4-6 £t k& SmM & i & 5P 3% ~ R SCEpFRF 3 hrs
T > ¥ SDS; T*‘n ¥ 4 %) 5 (a) 0mg ~ (c) 14.4 mg £ (e) 28.8 mg SDS
wrd K2 AR WA G S REB B Y %A L B7-BS & By B Y
(b) ~ ()& D~ = 5 (@) ~ (OF ()i & 5 hk 6 Ak - ¢ Fig. 4-6 (a)
¢1(b)¥ 5 41 > SDS Jir® & Omg 2 585 S BT 2 i ek 6 ) R
LR Ak EHE & Fig 4-1 (@) * 4p 07 o d it x Bl 50
H oot et dp 30 2 B P SR A FI LR R K0 3 A
7R kR *f? % SDS /9‘4‘:,_ ~144mgps > Fli 3 ‘J?F%c SDS
Bt 0 € AR S BS it A m ik RAk A2 0 4o Fig 4-6 (0)
B(d)#r7m o A BFEE BT B EEERAET SR B R A = 2 A
Fdm A RAT % 24 F o #-SDS & I b E#4e 3 28.8 mg pF o & I 4rE

jﬁﬁiﬁﬂ :ﬁvgﬁ' /% R £ it iE IF

=\
\+ ~

T L2 oA ehd 6 A g R 2 7
o3& W B9 A6 RIA € FRBHA A Ba Rl RSk
- Azchdo g A RA 4 o 4e Fig 4-6 ()& (H#r7r -

Fig. 4-7 #2)k A S5mM & “ S5 543 % ~ ¥ R & PFF Lhrif 2
T 5> ¥ SDS % 4cE A4 B A (a) 0mg > (c) 14.4 mg #7(e) 28.8 mg SDS #74

£z A G R W 0 R A w5 E1SE2 2 B30 2 ¢ (b) s
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(DDA 5 5@ (% ()iF & F i s A RE - d Fig 47 ()2 (b)

o SDS 4R 5 0mg ® 3 % ¥ El 2 imff Wend 6 2L

.ﬂ
*E']“‘\

§OIRALA A A bk o BBk < BmE ke dr e
i Bl S KR A B R R SCehi B kehd o H ok ¢ % Fig4-6 (a)
7 eh{ 3 B ey SDS 7 de i 144 mg o 38 E2 et B4
GgF ARG AL ANk F RS 4o Fig 47 (02 (A7 o
#-SDS i 4e £ # 4 10 28.8 mg B3 # B34 6 cnim S h ¥ e
BE -4 a2 R 4o Fig.4-7(e)?7m o 82 lhr 7 » &8

D1 ~D2 ¥ D3 &~ B e E1~ E2 2 E3 NI W4 o A5 5255 % 4p i > SDS

FocR b Omg ¥ LR RAHOE » F 5% 1442 288 mgSDS > # % 6

Fig. 4-8 #20E R S miM & f“ &84 3 2~ B 2 PR 3 hrs i 2
T > ¥ SDS A4 E A BlE () 0mg -~ (c) 14.4 mg £ (e) 28.8 mg SDS #74
£ 2 mfpuind s A RE 0 Fr S A W i E7-E8 & E9 H P (b)~
(@~ 5 (@) (O)F(e)is & F i g A)RE - 4 Fig. 4-8 (a)(b)
F o SDS 4 £ 3 Omg ¥ 3 % 3L E7 2 i fh wind 6 AL
FR SR R E T 9 100~200nm > # 2 £ e B ERL A w
2 &% SDS 4 5 144mg B0 387 E8 ind 6 )3 Rl & AR

B4 e Fig. 4-8 (&2 ()7 > FRFALP 3840 37 % oo a0z F A E
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REEA 2 FAAWREAG F - L RN HFRE @
£ &~ % 200~400 nm > #FFlEsE R < 5 100 ~200 nm > 42 7 E_F] 5
7 *e SDS il o B AR TP E a3 S ERSKAEDL 0 TR
Sh2 Benpedr s 3T R @A B2 K ARE L ERAS A iRk
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BEEPEE S 0 b EeRLR S gt £
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)
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A F B ATURY TG F VMR sl R SCE B
# 3 hrs e XRD £ SEM 4 153 4p ¥R ¥ &+ > 4o Fig. 4-6 (a) ~ (c)¥ (e)
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Fig. 4-6 SEM morphologies of the films deposited with 5 mM zinc chloride precursor
under 5°C, 1 hrs and different amount of surfactant: (a) 0 mg, (c) 14.4 mg, and (¢) 28.8

mg. (b), (d), and (f) are corresponding to (a), (c), and (e) at higher magnifications.
[Specimens B7, B8, and B9, respectively]
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10,000 Tum WD 7 9mm

Fig. 4-7 SEM morphologies of the films deposited with 5 mM zinc chloride precursor
under RT, 1 hr and different amount of surfactant: (a) 0 mg, (c¢) 14.4 mg, and (e) 28.8
mg. (b), (d), and (f) are corresponding to (a), (c), and (e) at higher magnifications.
[Specimens E1, E2, and E3, respectively]
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Fig. 4-8 SEM morphologies of the films deposited with 5 mM zinc chloride precursor
under RT, 3 hrs and different amount of surfactant: (a) 0 mg, (c¢) 14.4 mg, and (e) 28.8
mg. (b), (d), and (f) are corresponding to (a), (c), and (e) at higher magnifications.

[Specimens E7, E8, and E9, respectively]

55



=
o 14 7
2 a=8|. = _ 8 -~ = 2
= EaT |2 5 = = g = =
s 383 T8¢ T q
RT, 3 hrs 2 g 5 = 3 S 5 3
(i) 28.8 mg SDS LJL‘ N
(h) 14.4 mg SDS o P | T
o~ e B—
= (@ 0mgSDS oA e
s
Z RT, 1 hr
2 (f) 28.8 mg SDS . L
EU (e) 14.4 me SDS A e /L
d) O0meSDS , o
5°C, 3 hrs
(c) 28.8 me SDS V__M A
(b) 14.4 mg SDS A L
(a) Ome SDS M j\ A
) | . | . | ! |
20 30 60

40 50
26 (degree) I

Fig. 4-9 XRD patterns of the films deposited under different weight of SDS additions
and with three different sets of other deposition conditions: (5°C, 3 hrs), (RT, 1 hr), and
(RT, 3 hrs), corresponding to specimens (B7~B9), (E1~E3), and (E7~E9), respectively.
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Fig. 4-10 SEM micrographs and the corresponding EDS spectra of the films deposited
with zinc chloride precursor under RT, 3 hrs and different weight of surfactant: (a) 0 mg,
(b) 14.4 mg and (c) 28.8 mg. [Specimens E7, E8, and E9, respectively]
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Table 4-2 Specimen designation, morphology, component, structure and Zn/O ratio of

the films deposited with zinc chloride precursor.

Specimen designation Morphology Component Structure Zn/O ratio
A7 D (Fig. 4-6 (a)) Zn, trace ZnO Hcp
A8 D (Fig. 4-6 (c)) Zn, trace ZnO Hcp
A9 D or S (Fig. 4-6 (g)) Zn, trace ZnO Hcp
D1 D (Fig. 4-7 (a)) Zn, trace ZnO Hcp
D2 H (Fig. 4-7 (¢)) Zn, trace ZnO Hcp
D3 H (Fig. 4-7 (e)) Zn, trace ZnO Hcp
D7 R2 (Fig. 4-8 (a)) ZnO, traceZn Hcp 0.483
D8 E (Fig. 4-8 (¢)) ZnO, trace Zn Hcp 0.783
D9 R2 or H (Fig. 4-8 (e)) Zn, trace ZnO Hcp 0.511

*Morphology: D= dendrite; E= elliptic cylinder-like; H= honeycomb-like; R2= rod-like;

S= silk-like.
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Fig. 4-11 SEM morphologies of the films deposited with 5 mM zinc nitrate precursor
under 5°C, 1 hrs and different amount of surfactant: (a) 0 mg, (c) 14.4 mg, and (¢) 28.8

mg. (b), (d), and (f) are corresponding to (a), (c), and (e) at higher magnifications.

[Specimens C7, C8, and C9, respectively]
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Fig. 4-12 SEM morphologies of the films deposited with 5 mM zinc nitrate precursor
under RT, 1 hr and different amount of surfactant: (a) 0 mg, (c) 14.4 mg, and (e) 28.8
mg. (b), (d), and (f) are corresponding to (a), (c), and (e) at higher magnifications.

[Specimens F1, F2, and F3, respectively]
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Fig. 4-13 SEM morphologies of the films deposited with 5 mM zinc nitrate precursor
under RT, 3 hrs and different amount of surfactant: (a) 0 mg, (c¢) 14.4 mg, and (e) 28.8
mg. (b), (d), and (f) are corresponding to (a), (c), and (e) at higher magnifications.

[Specimens F7, F8, and F9, respectively]
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Fig. 4-14 XRD patterns of the films deposited under different weight of SDS additions
and with three different sets of other deposition conditions: (5°C, 3 hrs), (RT, 1 hr), and

(RT, 3 hrs), corresponding to specimens (C7~C9), (F1~F3), and (F7~F9), respectively.
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Fig. 4-15 SEM micrographs and the corresponding EDS spectra of the films deposited
with zinc nitrate precursor under RT, 3 hrs and different weight of surfactant: (a) 0 mg,
(b) 14.4 mg and (c) 28.8 mg. [Specimens F7, F8, and F9, respectively]
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Table 4-3 Specimen designation, morphology, component, structure and Zn/O ratio of
the films deposited with zinc nitrate precursor.

Specimen designation Morphology Component Structure Zn/O ratio
Cc7 P (Fig. 4-11 (a)) Zn, trace ZnO Hcp
Cc8 R1 (Fig. 4-11 (c)) Zn, trace ZnO Hcp
C9 R1 (Fig. 4-11 (g)) Zn, trace ZnO Hcp
F1 P (Fig. 4-12 (a)) Zn, trace ZnO Hcp
F2 H (Fig. 4-12 (c)) Zn, trace ZnO Hcp
F3 H (Fig. 4-12 (e)) Zn, trace ZnO Hcp
F7 D (Fig. 4-13 (a)) Zn, trace ZnO Hcp 0.502
F8 R2 (Fig. 4-13 (c)) ZnO, trace Zn Hcp 0.707
F9 H (Fig. 4-13 (¢e)) Zn, trace ZnO Hcp 1.861

*Morphology: D= dendrite; H= honeycomb-like; P= pea-like; R1= ribbon-like; R2=
rod-like.
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Fig. 4-16 XPS spectra of the films deposited with three different precursors under RT, 3
hrs and 14.4 mg surfactant. [Specimens D8, E8, and F8, respectively]
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Fig. 4-17 XPS,spectra of Zn 2p3, and Zn 2p;, binding energy.of the films deposited
with three different precursors under RT, 3+hrs and- 14.4 mg surfactant. [Specimens DS,
ES, and F8, respectively]
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Fig. 4-18 XPS spectra of O 1s binding energy of the films deposited with three different
precursors under RT, 3 hrs and 14.4 mg surfactant. [Specimens D8, E8, and F8,

respectively]
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Fig. 4-19 PL spectra of the films deposited with three different precursors under RT, 3
hrs, and 14.4 mg surfactant. [Specimens D8, E8, and F8; respectively]
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100 nm

Fig. 4-21 SEM micrographs and the corresponding TEM images of the films deposited
with three different precursors under RT, 3 hrs, and 14.4 mg surfactant. [Specimens DS,
E8, and F8, respectively]

71



47 kg2 v BNy &2 RS

Fd riub- g A HRBIT @ 2/ B on SR U R
BT o0F ~ kR 2M e NaOH % 7% 2.3 ml £ SDS m,;‘]‘%c__ = 144 mg>
Ry PaEEE S o giRkE P REHEL SR E S T D
E fes #1254 4 o equation (1) ~ (2) V20080 (3) 5 gt 3 i
fie % = {8 o #4e » NaOH k3 F o 5547377 ¢ chpH &0 & 5 5547 3 7%
SpH i F 2 £ § M SehpH ot B > £ fd sc® SDS i 4
TRy PEDR T AP RE o dkn g Rl s L& e S
4% 7% 1 5. NaOH v s 9854~ § # % Zn(OH)s» & 0 8 F T 7 >
24 Zn(OH), ¢ f23% & Zn™ &2 Zn(OH), > 4= equation (1)#77% <% Zn>'
¥ OH i 3|3 &7 {oo 72 % ¥ F s AL SE € & Zn® 22 OF F i > 4 equation
(Q)#757 > -~ PR (TH Hend CRBRER - $ ZntEBR A Zno T
Zn B R E v Al A (Zn B R T 5-1.2850 Al i R T -4
23000 % - > G ¢ A% ZnO &% ZnO K2 A& 2 8 § 9 Zn(OH),”
¢ 1345 equation (3) - ZnO P P - F BHF TS w2 £ o 2 F Bil4e

equation (4)#77% o

3 Zn(OH), <= 2 Zn*" + Zn(OH),* + 2 OH (1)
2 Al+4 Zn* +20H <= 2 Al°" + 3 Zn + ZnO (nuclei) + H,O (2)

Zn(OH),> <= ZnO (nanorods) + 20H + H,0 (3)

78



3 Zn(OH),+2 Al +2 Zn*" <=
2A1+3Zn+20H+2Zn0O+2H,0 (4

d Fitenk g 425042 5 5o NaOH i 4 L0 BED B S
eopH @ > @ H pH B % At 2§ it &ehpH BRI - & SDS Ik
BAr s P HLT A Sk B £ B 4200100, g
WAl 0% Fig. 422 kfaff > 7 A S BH > 54 > SDS Aok
B fE o B¢ SDS ik o A fiE & B4 AL A (Surfonic group) > @ ¥

- AR g E S ala BF - Az A B Ak FR B (Micro

S

spherical capsules) > H = > ficIR e 2 ¢ ¢ Fla R R T T* @ = ig3F 4
i ? e Znt HLd o T S RABRICH @ B L sk R K o0 Zn
BF € F A SDS ¢ R A EF LER e AR P PR o B
60§ LRt g BIEAASDS BEET A a4 £ 2
B RRFHEE - S e K A d i kF gk o & £F SDSIEA
T 2 € G IR R R A & o PP SDS B g rrar Rkl o
T R ER B T AR SRS BRY R P ELIWET ¢

e

79



Capsu]e formlnu

nucleation

/ o
crystallization "f‘ .
e St
Step 4 N 7

Fig. 4-22 Schematic illustration of ZnO nanorods growth mechanism.
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