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Abstract

This thesis contains three main topics: (i) chemical synthesis and structural
analysis of five novel Indium nanostructures, (ii) oxidation dynamics of solid Indium
nano-sphere and (iii) the optical properties of the prepared In nanostructures and the
In-1n,05 core-shell nano-particles partial oxidized under various conditions.

Firstly, we have newly synthesized five distinct indium nanostructures
including solid In nano-spheres, polyhedral In nano-crystals, wormhole-like In
nano-spheres, In nano-wires, and In nano-particles using a special designed chemical
reduction method.

The prepared solid In nano-spheres were oxidized under atmosphere at different
temperatures, 100°C, 140°C, 170°C, 200°C and 250°C. The ex-situ X-ray diffraction
(XRD) patterns were repeatedly recorded and the oxidation time depedent In/In,O3
ratios were then quantatively obtained for analysis of the oxidation rate law. It is
found that the oxidation behaviours can be well described with Cubic law and
parabolic law for oxidation temperature above and below the melting temperature of
indium bulk, respectively. A distinct two-step oxidation behavior was firstly
demonstrated for the nano-scaled In spheres. The extremely high internal stress
caused by the inward diffusion of oxygen atoms during oxidation (N-type oxide) as
well as the thermal expansion coefficient mismatches between In and In,O3 should
play as an important role for the two-step oxidation. Additionally, single or multiple
cracks observed in the case of greatly oxidized In nano-spheres are reasonably
considered as the relaxtion of such high internal stress. However, these cracks were

re-sealed at very high oxidation temperature, e.g. 400°C, due to the sintering

iii



mechanism.

Optical properties including UV-Vis and PL spectra were systematically
measured for the understanding of fundamentals of In and In/In,O3; core/shell
nanostructures. The UV-Vis absorption spectrum shows a broaden absorption band
for larger In nano-spheres (~250 nm), whereas a sharp peak around 290 nm can be
found for smaller ones (~50 nm). The UV-Vis spectra of the partical oxidized
In/In,O3 nano-spheres are the comprehensive absorption of the surface plasmon
resonance of In metals and the optical band-gap of In,O3; semiconductors. The In,O3
thickness dependent absorption peak locates at 322 nm and 359 nm for 50 min and 20
hr oxidation time at 250°C, respectively. The PL spectra greatly vary with the
oxidation conditions. For instance, a dense emission peak is typically observed around
566 nm for the case of oxidation under air, but a slight red-shifted peak over 600 nm

is also frequently displayed for high pressure oxidation.

Keyword: indium; oxidation rate; stress; sintering; oxygen vacancies
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FHE A RRT VR ERRZCRAREGAAE WP PR 6 ¢
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1-1 &3 U3y (Quantum confinement effect)
1962 & d Ryogo Kubo ##k J1cs® s % » e & P 30is pE A Bl enfe B 0 5
= i xé.:b‘jqﬁ oA FE Hit 3 IR Bt b mig%n’m ¥t gt £ B B3k RS
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(Beac ke~ HEEYE s e B oK acrd s N 3ERY R+ Bi)
g3 R BN DA R A Vo 2 8 o Vs d B AN P E de s §EAR
PR RS AR RARRE PR ER AR A % d

RIBND s AR ET S hens aHL Bl BRI ES 4o

FREES UL S R PR TNy (P SRR N r T AN SR R PRI TR
Fht AL R HEFEE FY b%ﬁ”t'li"’ﬁ CER A o BT E BN
Moozt e MpgE- T FRFHTFLEFRE hy o
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hv = Eg + " 1-4

(Eq=Ec-Ey:X #8iH 5 n:

|

F #5 p=me my*/ (me*+ my™) : reduced mass ;
L = 2+ ))

d 14238 VP g LR AR EF AL T TR HLE RS R
:E‘.?]fuiﬁr? P E2Z R A g R RFHAFE AL KFF o L AR iz kS
e EARE 0 THESI BB AL RE Fltd B A ta A2 B IR
g o fL2. 5 £ F 'UF sk (quantum confinement effect) » § PR Ak fE % £ 5

© 2 iz (quantum size effect) -



1-2 3+ 7 %3 (Quantum tunnelling effect)

PG BB F AP R IRF AT A
G S G U S e R A Sy e MR S A e
275255 5 Sl(P : wave function)’ o - 3 T AT EEELE 2 iy
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1-3 R & re% 2z (Coulomb blockade effect)
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WECHWE- BT BELRL  MREAPH LT F AR NTERY B
ERAFH AR BN AARRELAREEZ L CR)TRE - B
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39 ZRRTIB R GESTA Fe(Feor?) s a PR T 4 973 st 5 FIR
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HHE - RN ARSI LRI ARG EGn Econg it R a

F(Flgqmer A= - Beqim ECh®CSEME) > ¥ ST JR2Z B G i
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1 ERE o

1-4 4 6 »cfg 2 # ~ BHHF (surface effect and thermal,

optical properties)
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PR AE In RFERFLFERE S TR EFE FpileA PR
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o EwmAHER IR
2-1 4F(indium)# * 45

Physical properties

e Atomic weight: 114.818 g/mol

e Melting point: 429.75 K

e Boiling point: 2345 K

« Coefficient of linear thermal expansion: 32.1 x 10° m*K™*
o Density of solid: 7.310 g cm™ ( at 300K )

Chemical properties —

Reduction potential: - 0.443 -0.14 l
® p In+3 0.443 >Il’l+ S Ill(')

Table 2-1: Unit cell and atomic sites of In and 1n,O5

In (Tetragonal) In,O3 (Cubic)
a=h=3.256 A, c=4.937 A a=bh=c=10.077 A
R i ) el
(0,0,0); (0.5,0.5,0.5) In 8b (0.2500, 0.2500, 0.2500)
B+ F#2 B In In 24d (0.4665, 0.0000, 0.2500)

O 48e (0.3900, 0.1544, 0.3820)
3+ B#Ec32 B In>48 % O




2-2 24 InzZ W%

dIn2FE2 BRT =B EY N=—0338eV) &l AHmETEERS
éﬁt%%‘@i%’iﬂﬁﬁﬁﬁﬁlfﬁi@#v)}%ﬁﬁ Do 1T BT B BEIR 2 E\I'J?LI%A\
B ARNPILZHCEFEA o
2-2-1 $1@ik:

Table 2-2: Summary of physical prepared method that have been achieved for various
shapes indium nanostructures.

I Xy TR
;ﬁd o SR E UPENEE S

Appl. Phys. B
RS 200N £ | 5 o p)as 86 (2007) 337
B ain & A4S [21]
MR % B R
SEER s 201 B Acta Phys.
RA R LR Y o 4 -Chim. Sin. 24

ok B (2008) 1864

#.3 180°C » ¥ 4z 3 [37]

A 2 lhr fmit 2y In 2

f

RSN E R

paraffin oil ;3% ¢ » 4¢ Mater Sci Eng

A 407 (2005) 7
[38]

ST SN LA

A5 A RYE 30 mins fn

tdIn 7 oF R+




f1 * DC magnetron
sputtering # i & ¥ £
H¥e 1| 3 Siwafer
Ak - K AU
Risezn £ fHi=4t > i

R

i 10um

J. Cryst.
Growth

297 (2006) 300
[50]

B A GaN Ao
# 300 nm A2 InGaN
& A(~I 80 %) » 2 {4 7%
d FIB Gat+3+ & &5t
ST B EE In 22 N 2 i
324% R InR3 g
BE PR R
WA m IUIF R B P

£z ks

Adv. Mater.
20 (2008) 1093
[41]

dA2® 232 TEM %
% (UHV-FE-TEM) ®
SRS - s
fIn 2 5K & 3 SiAdr
Fo(RF R AR e

G Sk Ao E r)

Surf .Sci.
433-435
(1999) 491
[40]
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41 * sputter >+ Si k4%
k- & 25A AU
» 4e 44 Si 47 T 900~
1100°C » 2 {8 e B 0
TEHM R In 25
oo~ ArfF R ARE
B0 keI FF AT
coating Au ¢ Si A d4x
F ot VIS 4] £ 4

FRES AR

1000°C 7 ff © B & A F B

2

(mushroom-like)

1100c i fi:In % i ¥ 4 (In nanotube)

MRFELZT AT
p e kB EF In 4
o oAl In £ F RIE
BRI RERT

STk AE

Crystal
Growth &
Design

8 (2008) 344
[33]

ofnm
02 10 1.8
Size (nm/Ly) B2

(b)Ts = 300°C
(d)Ts = 50°C
(€)Ts = 200~250°C
() Ts = 50~150°C

In clusters

In triangle
In nanowires

Appl. Phys.
Lett.

94 (2009)
073109 [34]

# In & HkF B
paraffin oil ;3% ¢ - #
e 3 180°C # %

10hr » {8 3| & 53003

AR R S

FARBIAGK In 7 R
(% % i 5 In0s)

J. Phys. Chem.
B 107 (2003)
7574 [22]
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U A TR T S

High pressure

YT Y

In nanowires

(porous alumina) » #-In J. lumin.
o 128 (2008)
ERHEER R S
b5 iEF R HER 1856 [58]
S N WY
NaOH 7% #- #0211 2
e
R
Cantilever
Electric:
Pulse
Pyramidal Tip
Aperture a @
fI* FIB %k 02 Ga'dg
In Dot N
GaAs
F {8 %34 £ % 500 nm —a
4853k 0 R B
Thin Solid
#In & A L Films
IR S STnF i SR\ 464-465
(2004) 233 [59]

2In & R e
oI F RS

2T & GaAs & iF

I
4
i

100 nm
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Se gt E AT PAO

Appl. Phys.
(Polyalphaolefin);a % ¢ Lett.
= 92 (2008)
iln £ 43 176°C » 4 243104 [60]
N ETA 0 T T IR
RS EEERE] PHD. thesis
£ 2hr> 2 2259 i ;Aq' ' ‘.T o (2008)
R EAERE R Gad L@ Nanofluids
(a) Two immiscible liquids,  (b) Addition of surfactant with Enhanced
Y N PAO and molten metal
RZ 2 hro 1817 1 Thermal
., s g = Transport
FeLaz f k3 {} oo
' {}PAO ﬁ ﬁ*ﬁ&?&::& Properties [61]
i}'ﬁ"ﬁ’ be s o
(=) Shearis spplid and nacs- (d) Affer long-tome ulbascseation.
seale emlsion i Semed nusesalion is femed
FerL 4o oin 2 5+
SETEF BEAL In
T :Pf:—”r v a5 d PMS
(Particle mass Appl. Phys.
Lett.
spectrometer) 4 sv> i 87 (2005)

e SERBIF
f& o AR SR E

skimmer

deflection capacitor aperture  substrate
N ~

\

nozzle
~

.lf“ ®

% e LT 0
plasma
reactor

beam axis 20 10°

-l_ _e°
.. .
Leive o le At S B §

M

10° Faraday cup

mbar mbar mbar

093105 [68]
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2-2-2 L &%

WAzA In hbdehy B Bt g PR g sz oy
5 _ﬁ ﬁk‘ 4 /%Au\ }311; 31, 44~48 CVD /JT?Fé‘ I 27,28,30,51~ 54 Galvanic B it ;2 19,20,49,65
.1 66,67

NaBH, 8 iz 71002700 e 4 pyojoyz 0 5 s O yusrsmBpiz ¥

Alkalides and Electrides # iz .. %5 # % = 2 -

(A) Fi#&BA R

2001 # - K. Soulantica # % & ™ % # 1% [In(n’-C5H5)] ~ (InCp)# # £ % °
4 PVP polymer % #& 2% ; & ¥t 50°C T » 12 TOPO ligand % f& <& - ¢ 3
&P F A 2752 5~7 nm~5~6 nm 4Fpnz k3“5 & sz Hexadecylamine
LR A 4L 365 nm UV k2 B HT 7 E 4Ry o 5 54 12 (InCp)
2 A fE 2 A WE Buhro # % > tidgo ) AuTES S fd R R = frehs 3V E =
g s Yo {5 B+t Nature materials® # 7 @ 3 4 = 444
3 % 5 £ 85 (1) (InCp)22 TDPA 23t Anisole # » g fs4c » THF 24 2 ¢ 2
$FFPE F RS AR R 0 T4 45 nms Q)F a2 T AuiE
B HAAR TS SR RS 0 1 988 nm; (B)iri4E)EE KA KR
APEAE{ A 2RI oA BER V4L S D125 13.95- 20.57 -
2123 nm F L% < > ED % F4pdl2 P e B v 1 * (InCp) 17 5 5 Spde 2 2
)]?% 2 L ARER N 2R ITLHT ESF B2 A 0 Ao b 2§ WP
H#L Iny0s* 2 42454 1 £ & InP Quantum Rods*® + Quantum Dots™ 4= Quantum

Wires® z_ 4= 454 o
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(B) CVD im#ffix:

flr #umfE > A2 E 3 A &InZF= g 0 A&~ SPVD&CVD;2 - B % 12PVD
FeEAR2Zz AN BB EBRTL NGRS > VA FESRICHF S SUF
12,33,35,36,57 - Es't,"l’ﬁ ’lﬁﬁf_ }%51 . -?E’%f }%52, 54; 73_1'*.5%4';”1CVD‘}2 , %:ll% = ;\;)J "5
MBS e T R L R K RO L ARk o b F 2 AL INE S
&ﬁ’@*Wﬁ%ﬂﬁ%*ﬂ&ﬁi%%ﬁﬁmm’é%é@ﬁmPHND
(plasma-enhanced chemical vapor deposition);# & %l &% Inz. & + & > PECVD%L}’%:}

Hy L3 S BR 5 £ B Fig. 2215 2 P2 £ ifzs LW -

Ho plasma SiH4 plasma

H* SiHs SiHs

H ot o
\ ; ( 3y ]|

o =

: AN 0 AT 0 0 al RIS FEAR W

NN NN B NSNS A NN NN RN
glass glass glass glass
(a) (b) (e) (d)

Fig. 2-1 Schematic steps of the process: (a) superficial reduction by an RF hydrogen
plasma; (b) formation of indium droplets; (c) RF silane plasma and preferential
dissociation of SiHx species on indium droplets; (d) formation of indium-capped
silicon nanowires.
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(C) Galvanic B~ j&:

Galvanic B~& 29 1 L A8 P RRER REL ] BRT K3
PR FFEE RERATILERRY  f FRAFENT I TAERR
SR .Y EARE R L @;’;Je)'@w LT ff:-f@%”f??o’ 5
AohInz &% g Apb e peflY ZndNa® o FER T 22 £HRERINT . <
'S 19‘)]’*‘3” Nag % &7 k3™ (N,N-dimethylformamide~(DMF) ; Anhydrous
n-trioctylphosphine~(TOP) ) » i & InCls ¥ £In% A de= > 2% a F &% 7 InZ of
FARER 0 G 3 032 0 EINOH)s R Bl AF A2 > @ ¥ 953) 2 g ik
3 ASEM*? 7 40 % Bed B E IR 4 o 4% NashGalvanicx 2 #1124 & # InyO3>
IN(OH); ¥ i &_t F fuiB42¢ Na™ 2 § 1573 #(DMF2ATOP) F Ji » & # 254 OH"

AR B A BRNZZ2FINE0OH FRAZHETING LB AP o
2In+60H 21In,03+3H,0+6e  E%V=1034eV
In+30H 2 In(OH);+3e~ E%V =0.99 eV
ﬂwZn§@§&§ﬁﬁﬁﬁgﬁmwiﬂL@uZnﬁﬁaﬁgﬁ,HQWmm

FRBR In®» §8d B> E£F ik d 4o~ SDS 2 153+ 3 % 6 %104

7 B I kM2 BB A § At r SDS P #A) % 4 32 2 F IneFig. 2-22

LA Aehin 3 kAR o

Fig. 2-2 The typical SEM images of the as-prepared In nanowires. (a) and (b) are low
and high magnification, respectively.
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pteb 2009 # > Q. Yang M4 Zn ks R B ERFEE G N BRI S R 2 |
K1 P& A A InZn £ SE AT I Zn R KA In
SE Ko d HERRD IN ZABY BRSO 2 EEFF BT 0 I
2K ¥ B o BT itk 0 2 1 In-Zn T HRER 0 BRI A
FABY AT ZINE P ESE A4 Fig. 2-3%In 2k Hrrd §ou ket
RE IR BRIM G o VBRI Znp AR & SR O B

F LT$65,Qﬁk495|} Tﬁ/HeSﬁ J,ﬁégﬂ *P 2242 AF ZER
vt g 4 2 @A F (HO) g 58 - daiplde % FOREARY RAXD o In 2 % fE 4R

AL s RS LEIREA SR LR ASE s ol P d RS o

20 nm

170 nm
—

Fig. 2-3 SEM images of multilayered indium nanorods and TEM images of In
nanostructures obtained at different reaction stages: (a) 15 min, (b) 30 min, (c) 2 h, (d)
5h, (e) 10 h, and (f) 15 h.
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(D) Sodium borohydride(NaBH,):& % i :

NaBH % 4p & 5 2. B R &> 28 R T =Eomamrs = -0.481eV > @ In*"2 & &
T = 4 B’ = -0.338eV 5 F] PR T i 5 o NaBH, Lt R In** % In° 2007
# » F. F. Shige{] ™ NaBH,:® & Hexaness it # 2 i InCls* > » B A 2t
3 A A o 5 A ( CoEy : tetraethylene glycol monododecyl ether )3t 7% ¢ 25 =
F Here (inverse micelles) » 1% F ficre ¢ f & Ba s > »t50°CT R R F3Inz + B
# (nanoclusters) - ¥ ¢t zz 1z alkanethiols2 InCls/HCI/Hexanez_ ;& & 3 % # > 4v »
NaBHi/HO:E & (73] 3 #44 F 3£ 2 Inchz Ff B > ;{ﬁ?é alkanethiols : indium

1

fBict Glend o ¥ @R 3 % ]2 4R K B 4 alkanethiols : indium = S 1

20 BPE S T A58 30 N o § o B3RS T AP F A5 910 nmen &

Fig. 2-4%%5 7 2 25 % »

Fig. 2-4 TEM images of hexanethiol-encapsulated In nanoclusters. (a) the ratio of
indium to alkanethiol is 1:4, showing clusters roughly 10 nm in diameter and a

narrower size distribution. (b) the ratio of indium to alkanethiol is 1:% , showing

clusters roughly 30 nm in diameter and a wider size distribution.
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R.Chandra'’ > 12 1-H-tetrazole-5-aceticacid £ Acrylonitrile ;3 *+ 20 mL ¢
Acetonitrile® > 2L & = 7 5 Tetrazolium ring2- 7R3+ 73 7% » 1L FFRIB R 17 5
INClz2_ ;% | » 4 » NaBHs/methanol:® i 18 3] % Lp]2 InZ F k5 "f gz b d
XRDEFZAHF R mARIN0s ez e P ZINZ A F 2 F 25 k& NH.
Chou»tJACSH i @ 3 £ 0% ik 2 I sk e > % 5 %~ BAEd - B3
F4lnz ¥ BRI 2 % 4_d InCl3+PVP/ isopropyl alcoholiz i# » #5741 4c
»~ NaBH, /tetraethylene glycolz_ :# 3 %g e R R R )J-*usb - F40In
FolkT ke )F*Je ® 3% 3| % it "2 NaBH, /isopropyl alcohol i7 % B & i3 /% »
¥] = NaBH4#%- 1% & 22 Isopropyl alcohol » & - # ‘“In“”*ﬁm? ke % > @ NaBHz¥2
tetraethylene glycol &  #& ek EpF & > $>"NaBHser:B i B 8B dp o) © 2
)I%? HAlF pleninz SF S 47 wire ~ octahedras? = £ X = 2 2 truncated octahedra
% %4 0 Fig. 2-6° 5 1" TEMj#IInZ f 43 o octahedra’s 4 = & 4 % 5 wire:h

WwAL

200 nm

Fig. 2-5 TEM micrographs of indium (a) nanowires, (b) octahedra, (c) truncated
octahedra synthesized by borohydride reduction of In®*
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o> /l— |—

(@ (b) (©) (d)

Fig. 2-6 Proposed growth mechanism for the In nanowires based on the preliminary
data presented thus far: (a) octahedral seeds are formed from the initial reduction step;
(b) slow reduction rates lead to growth of nanowires off of the tips of the octahedra;
(c,d) the nanowires continue to grow in these directions, retaining the pointed tip
defined by the octahedral seeds.

2009 # > E. Hammarberg ** Chem. Mater # 7| ¥ 3 % 12 Phase-Transfer = ;¢
AAEd R ~tia- 2 InZ F R % F Bfl® NaBH,4e » % 4p 2 3 3 2 Diethylene
glycol & 4% ;7 &2 4%, 4 ;% ;& Dodecne 2« Pentane # - >+ 100°C T:® & 4 In 3 X
e+ J:%gd Oleylamine % Phase-Transfer 2. Zg&5 44 » ¥R/ d1 e In 2 ok

d Diethylene glycol #&{+4p » $#3 » 254G 4p3 % ¢ > 3] 10~15 nm 2 & <} 35

Fig. 2-7 Electron microscopy of In-nano-particles: (A) SEM image of as-prepared In
in DEG phase; (B) SEM and (C) TEM image of as-prepared In subsequent to phase-
transfer in dodecane; and (D) HRTEM image with lattice fringes.
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2-3 %% % %%%(SPR: Surface Plasmon Resonance)

% ?ﬁﬁfé%%?ﬁiﬁ%ﬁ%?ﬂa%iijimilﬁl%!‘“&i g
Tod R ERPEG A RAd T TR LW AL B F RN TR
BAVEN EHE)ERZFRY BHEEF LR pd T T E

AHBEF LU T3 ETRBAZTH DT TaRFERT ESTFRA
EZEY A EERERFAR > L EBY pd R ”i%ﬁfﬁ?fﬁ%&;’fwolume

plasma oscillation)’? o ¥+ 2 @ = Epd TR T R RR &

B igangd T+ 7 g F T FMESR Y Y - TEAS 4T
I CL IR ET R VY SR RS SRS RSN CR oo

G(EBEAG M)t P THEASE L AR 4o Fig 287 4 0 il T §
hEBEG A B LR REE LR R R R o AT E
PRBAZTER G OT S ERE S ERLA G D RR ST A G2 R

q;;l;t»‘m#%f '&E"Flg 2-9 #r51 o WG $£_’ m?ﬂﬁ%fo

2(w)

Fig. 2-8 Incident electromagnetic-wave has different quantity of vertical electric field
at the interface between metal and dielectric material. The charge will accumulate to
bring distribution of charge density at interface.
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Dielectric

LAWY

Metal

Fig. 2-9 SPs at the interface between a metal and a dielectric material have a
combined electromagnetic wave and surface charge character as shown in the scheme.
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Fig. 2-11 Schematic representation of the ordered array of In nano-particles.
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Fig. 2-12 Optical absorption spectra for the samples: (1) Al template, (2) disordered In
nano-particles, (3) ordered array of as-prepared In nano-particles, (4) ordered array of
In nano-particles after heat treatment.
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Fig. 2-13 UV-Vis absorption spectra of as-prepared In nano-particles dispersed in

chloroform. The characteristic peak of the surface plasmon band at 240 nm indicates
the formation of metal indium particle and invidual particles less than 50 nm in size.
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Fig. 2-14 UV-Vis absorption spectrum of ablated indium suspension in ethanol. In
nano-particles ranging from 30 to 100 nm appeared in the SEM images. The average
size of these nanostructures was estimated to be 60 nm. The characteristic peak of the
surface plasmon band about 350 nm.
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Fig. 2-15 UV-Vis absorption spectra of curve (a) with In-1 particle size about 15 nm

in toluene whereas larger sized about 50 nm was curve-(b) In-3 in CH,Cl,.
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octane-TOPO solution. In nanowires of curve-a extracted from the top level of
methanol dispersion solution. In nanowires of curve-b extracted from the middle level
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Fig. 2-18 UV-Vis spectrum of In nano-particles in methanol. The average size of
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2-4-2  Pilling-Bedworth rule

Pilling-Bedworth ratio % fj % 2|47 B b & is & T » 4 B4 5 #1253 2 §

it R ETE A EEPN IR B o

Pilling-Bedworth ratio #_% % %

_ Voxide _ _MoxidePmetal 2.4
Vmetal ~ D*Mmetal'Poxide

® Rpg : Pilling-Bedworth ratio,

® MR+ FEaArF+FE

e n: - BFHFAFPES 55 EFEBE (47 Ningos=2)

e p: RE

o V: I fuf

® Reg<li &% # 2 mA %4 &iFEl (Ex Ca=064, Mg=0.81)

® Rpg>2: £/%F M4 L E4TH 4 & il (Ex:Fe=214,Ta=247)

® Reg=1~2 £/p§ "4 2® % » & Bl (ExAl=1.28, In=1.238)
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2-4-3 N-type ~ P-type § it
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Fig. 2-19 Formation of metal-excess ZnO (Mi.+xO) with excess electrons and
interstitial Zn ions from perfect ZnO.
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Fig. 2-20 Formation of oxygen-deficit MO with oxygen vacancies

electrons from ‘perfect’ MO.

Oo=Vo+2e+10,
and excess
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Table 2-3 [87]: Classification of electrical conductors: oxides, sulphides and nitrides.

Metal-vxeess semiconductors (n-lype)
BeC, M0, Cal, S0, BaQh, BaS, SeN. o0y, ThOy, U0y U0 TiOw Tis s (11,80 TaN, 20, V04, (V.5 0.
VN, Mb,0y, TaOu, (€154, Mo0y, WO, WS, MaOh, FeaOy, MgFe,0,, ZnCo,0,, 1CuFeS 1), 200, CdO, CdS.
HeSteeds, MOy, MeALOy, THO,L (1004, S0, 8205, PHO,

Metal-deficht semiconduciors (p-type)

UL (V). (CFS), Ces04 1<1250°C), MeCr0,, FeCr0,, CoCr0y ZoCH0,. (WO.1 MoS;, MnO,, Mn,0,.
Mi,04. ReS-. FeO, FeS. NiQ. NiS. Co0. (Co0,). PAO, Cus0. CuS, A0, CoAl0,. NiALO,, (T1.O), T1,S.
(GeO1, $nS. (PHOY. (81,5 ), (BisS5)
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mechanisms: (a) cation mobile and (b) anion mobile.
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= f2 ;% (Rate Laws)
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Fig. 2-22 Plots of oxide mass increased versus oxidation time for five basic rate laws.
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Fig. 2-23 The growth of indium oxide versus heating temperature.
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Fig. 2-24 XRD pattern for the sample heated at 153°C for 4 hr. The peaks labeled are
from pure indium.
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Fig. 2-25 XRD pattern for the sample heated at 200°C for 4 hr. The peaks labeled are
from indium oxide.
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Fig. 2-26 Ellingham diagram with oxygen isobars for the oxidation of indium.
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Fig. 2-27 Indium oxide thickness as a function of temperature heat treated for 120 min
in air and a glove box environment with H,O =0.3 ppm, O, <0.1 ppm, and H; = 0.6%.
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Fig. 2-28 (a) Growth kinetics of indium in air at various temperatures and (b)
activation energy for initial oxidation process.
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emission light.
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“oper & & e IngO3PL k3 5 580 nm % » £ F 5 % A F Vot Vodk i 4 § 5

R S e R B

PR HERBRE T AR P IN0sPLATE ¢ oD TG 4 S e
In,03 2. * 4 Ko PL-Visible £ F% i’l,ﬁz * 400~520 nm 2z F¥ 91~95,98,100~103,113106,109 N
UV 8 % 2 [ 5 330~380 nm *7S0104I010% 1 g2 e e Visible 4 % § 714z 6 550
nm 96,99,110~112,114 | S i S [F;Jc }\ & = B oo 2B 600 nm 110,111,115 | o plth F 4F o
HoA= g 2 e O SRR T LT G e HRt 12380 nm s Xe R

kiR e PLORGEY It s £ R (R £ eh PL K -

G M ADPL R BFIRGRE 5 R A IOz e PL 4% Féf Sk v B_E 17 { F
>R L AR B R RS R R Ak S R A
Kk T AR o AT B S ko T g PLsk e ks R i
Bk R ERATE XA IO F 58S A (Bt In,03 £ PL &
e OUEI X R e T S ALY S enk § Lo AR

PLx;f* FRBE M AT E e (FLIEAHEN BB E o
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1. ¢ = g (Ethylene Glycol, EG) : C;H4(OH), 99+% - ACROS

2. % 1 47 (Indium(lll) Chloride tetrahydrate) : InCLs4H,O 99.99% -
SIGMA-ALDRICH

3. (Indium(l111) acetylacetonate) : In(acac); 99.99% » SIGMA-ALDRICH

4. m=g it 4 (Sodium Borohydride) : NaBH; 98+% » ACROS

S. Fe etrgzfr (Polyvinylpyrrolidone, PVP) : (CeHgNO),

A. Average M.W. : 58,000 - ACROS

B. Average M.W. : 29,000 - SIGMA-ALDRICH

C. Average M.W. : 10,000 » SIGMA-ALDRICH

B3 -k (Hydrogen Peroxide solution) : H,O, 30% > SIGMA-ALDRICH

4% -k (Ammonia solution) : NH,OH 28~30% - Riedel-de Haen

& % it 4 (Sodium Hydroxide) : NaOH ACROS

© © N o

¢ g (Ethyl Alcohol) : CoHsOH 95% » % e f 5 5 R @

10. 2cmx 2cm 7 # # 33
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32 REKA

Table 3-1: The machine used for preparing and analyzing experimental

nano-particles.

RF AR

b

Z e
X-ray =k ¥e54 ik
ook kow RSk Sk IR

X

El

e‘ﬂ

R A TR
BHF R T RE
N R R EAC Vs

S i

PL % xt:He-Cd Laser
ks k3 R

RE A R 3 A5
be R CORNING , PC-420D
B i A4 HITACHI , CF15RXII

DELTA , DC200H

SIEMENS , D5000

THERMO SCIENTIFIC,Evolution 300

JEOL , JEM-2100F

JEOL , JSM-6500F

JEOL , JSM-6700F

IK series 3301R-G
HORIBA JOBNYVON IHR320
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3-3 RE&Z

3-3-1 zFInz &=

L2k In 22 EAed G @;ﬁ%@»;@gﬁ%ﬁa ARSI FELESLE S G A
FoAfI* NaBH, 5 BRA > rre = By 3o f1% f AT A S pLo7 &2 45
sheB RiEE o FH YR T EAK In BH o AN EF e In F K zRH(Solid In
nano-sphere) ~ % & %% In % ¥ & & (Polyhedral In nano-crystal) ~ &4 In % 5 k4
(Wormhole-like In nano-sphere) ~ In % X # (In nano-wire) ~ In 2 K k3 (In
nano-particle)

Table 3-2: Experimental conditions used for preparing In solid nano-spheres,
polyhedral nano-crystals, wormhole-like nano-spheres, wires and small NPs.

Solid Polyhedral | Wormhole- \
Shape . Wire Small NPs
sphere crystal like
Precursor InCl; InCl5 In(acac); InCl; InCl;
Solvent EG EG EG EG EG
Initial
RT ~15°C RT ~15°C 100~180°C
temperature
Reducing
NaBH,4 NaBH,4 NaBH,4 NaBH,4 NaBH,4
agent
Surfactant PVP




3-3-2 § = In 2 ¥ s 4 (Solid In nano-sphere) §l & = 2

1. pm@10mLk A i 3.41 mM2 InCls/ Ethylene Glycoli% /%

2. F® T 3cmE05cmE 22 21000 rpmp-iE FAET 5 B F4e » NaBHy:
0.1 g powder

3. HEEEHIEE RL0min > 2 (& g E *F < T rpm:500.43 min

4. 2 F ik A $rpm 15000 0 Fres 15 mindg T R A F R R

5. ErLIFRE R A o AU AZF A L ATRCE N IERE Y

6. £ &< rpm: 8500 or 9000 » Z.= 10 Mindg ™ i EA & AR

7. £ 4gstepSstep6# ¢ K)8~9=t {5 » ¥ =iz Ethylene Glycol

fe 210 mLik & 5 3.41 mM 2 InCls/ EG:% i
.

BT 3N E 7 rpm: 10004845 > 4e »~ NaBH,: 0.1 g powder

b
F

H10A 18 » B 2 A d B R

B EIEE B 10 min (8 0 g X RUFHE £ AR AT Rk 8~9
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3-3-3 % & % In 2 X 2 & (Polyhedral In nano-crystal) ] # -

N

fe @10 mLJk & 3 3.41 mMz InCls/ Ethylene Glycoli% i

$H15°C™ > 3 cmE 05 cmFE 2 & F frpm : 1000R-:¢ 47T > B e »
NaBH,: 0.07 g powder

H e R EELE A3 mints > % = =t e »~ NaBH4 : 0.05 g powder

F e WA R 10 min o 2 18 K- aE tE 14 T rpm : 50053 min

r2 % ik g frpm 15000 0 Free 15 mingr T R A F R R

BCCLIERE R A AR AU AL L £ ARG Y

£ g % rpm ;8500 or 9000 » Zr.w 10 MingE ™ &4 ¢ AR

A

g step6¢zstep7 ¥ Fx %) 8~9 = ig » ¥ ix & Ethylene Glycol

fe W10 mLJk & 5 3.41 mMz InCl;/ EGi% %

£15°C™ » 3t £ rpm: 10004847 » 4~ NaBH,: 0.07 g powder

H1lmin 2% o jbnprd AR 3%

43 minis - % = = 4c » NaBH,: 0.05 g powder

HI0BHE > P 2 AT B R

AR R A 10 min {8 gt £ EE £ AT Rk 8-9 =
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3-3-4 A4 In % 5k %8 (Wormhole-like In nano-sphere)#l # =

fe @10 mLk & % 4.85 mM2_ In(acac)s/ Ethylene Glycol:3 %

d »tIn(acac)s¥iz *TEGIA R > FE A B E R DI WHEEB ) PF o 2R R~

\

we

S E o AL 4 HRBR

-

TR T o3 emE0S5emE 2 7 frpm 1 500# 42T 0 E 4 ~ NaBH,: 0.03
g powder

T TR EEE R HImint £ 0 % 2 =t 4 » NaBH, : 0.07 g powder » & %
B B ¥4 & rpm ;500 0 #8410 min

12 i s rpm: 15000 > e 15 minge T R A ¢ B R

RCILEWE B A I AL L ATRCE SN IEE

£ g 5 rpm: 8500 or 9000 » &< 10 ming ™ JFE A 4 A%

A

g step6¢zstep7 ¥ x5 8~9 = ig » ¥ ;£ % Ethylene Glycol

fie #10 mL3k & % 4.85 mMx In(acac)s/ EGi% i » & 56 7] ¥ 4L ¥ ) ¥

]
g

BT e Frpm 5004+ 5 4 ~ NaBH,4: 0.03 g powder

ek
=

e r NaBHg s » ¢ % %74 24 3% 5 2 5¢

BAEHLmInZ £ o % = = e NaBH, : 0.07 g powder

10 B g A A d

o
Mt

o

T ERIEALE R 0 AL 10 min {8 o B TP £ AT R k% 8~9 =
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3-3-5 In % ¥ s (In nano-wire) ] & *

=

fe @10 mLJE & 3 3.41 mMz. InCly/Ethylene Glycol;% i# & 3 » PVP1oooo: 0.5 g
£15°C™ » m3cm+E 0.5ecm % 2 & 7 frpm: 500424 T » B #4c » NaBH,4: 0.07
g powder

H e R EELE A3 mintg > % = =t 4c »~ NaBH4 : 0.05 g powder

F T E R rpm ;500 0 #4210 min

*2 % ik g frpm 15000 0 Fee 15 mingr T R A F 3R

STl EE R 1 AR L £ AT Y

£ g 5 rpm ;8500 or 9000 ¢ Fr.w 10 MingE T &4 ¢ AR

A

#f step6£2 step7 ¥ F £ 8~9=t i - I ¥ & Ethylene Glycol

15°C™ » » g - rpm : 50048+~ » 4e » NaBH,: 0.07 g powder

Amin 24 o BB S R

I3 mints » % = = 4 » NaBH4 : 0.05 g powder

4R BR

910 BAE S P

o5

T RIEALE R 0 AL 10 min 15 o G TP £ AT B ok 8~9 =
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3-3-6 In % 3 (In nano-particle) ® & * /2

1. pe#®10 mLk & 5 3.41 mMzInCl;/ Ethylene Glycol;3 /%

2. 4 1100°CT > 2 3cmE 0.5em % 2. 2 7 frpm: 8003+ T » & 44 » NaBH,:
0.02 g powder

3. HEEFEEEE AE3ImIin{ > quench: 5 mLiAkiE R B T 9EG

4. 2% ik e #rpm: 15000 0 5°CH#.w 50 mingg ™ i Fih d R R

5. G UFWE R AR I AZF AL ATRCE W

6. g rpm: 15000 0 Zes 30 MINSET IFEAR S R R

7. £ 4Fstep5¢rstep6+h F ¥ 10=x »4 - ¥ &% Ethylene Glycol

Fe @10 mL}k & % 3.41 mMz InCl;/ EGi3 i%

vd

o

FE# 1 100°C™ » *t g £ rpm : 800424 » 4c » NaBH,: 0.02 g powder

[ - a4 see s SN
L R

#AE3I minie > quenchi 5 mL/k# 8 & T EG

B E e EE £ AT AT ok ik 10 =
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34 A2¥In2§ i 9%

Be ZEGE e o InZ K sk H - d PP Ft2om x 2 emz FE BRI g
Bl o RNFAFRAFOLAR NP HRLITOERESF 55 P EFE K
FUER%B o FHELANZY PERAFREHLAEY I U ERT BT R ER
AR RETERTRTREZERE - R ERFLH 212°C o 2 152
VIERE CZREPN R RS Lo (RTBRERERE R TR ERZ T
I 015emi o FE R R BRI M)A FEREE N LRE 30— SN

'}Lﬁ’ﬂ/ﬁi?%& Kmm_)i’ l__:}-""ﬁf] :Eg;ﬁii it ‘:’ﬁfﬁ?ﬁ'»& v @ fE Il d 3 Be 3;9‘\

=l

BoTAEREZABIATI Szt NAIBEIPgYHECEEZ 2

e
Ji

X oo FERIYETD R AI0F P ED TR o 2 (88 (FXRDEEIN-IN03% S
M RBL  REENF- RPN HRERT LB FEFT V9% &
AHAIETFRT a7 EP L X UXRDEZ AL - F B 9%
BXRDETF % > EFF P A XTPFEFLI0Nrs ok c FRF 9% F5%
PR SXRDEZ VW HINZ E R AL o (F PEFLEEERSLFE SRS
EAPER)E P SRR T R P A B % 100°C~140°C~170°C~200°C~250°C -

; L FE":FE'FFE'FP&—K{‘?/LEW F hLI—P%ﬁ/Io

3-4-1 In-In,O3( core-shell )z 3k 3.3 2

A E A K Ing R ATy v 5§ A#H > 250°CH § ViR A

FEHK T NF CEFT BT EERY VLN A RE P ERZ A
In-In,O3(core-shell) iz 4 » #-% & 3 ¥ 3 B 50 mLengh 3 4% -3 @ > 4o ~ > £ IFH
AVRETFERBOFRE > MR IARTLI MINZ L > TE KT E R L A
FIN-INyO03f+ = >4 1% % ﬁﬁ"" o {4 4 At UV-Visex T sk 3 & 4722 SEM ~ TEM
PRBEZZ ML Bipa kgt -
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35 ZFK INE 2K In-In,Os 3 2 FT 81 &4 47

3-5-1 X-Ray ¥&8¢4 47

1. %z fpk3Fxz EG?‘&&?:%—W'J%!ME 2.2 48In> % - X EEJIEGER > UF ik
3o frpm: 15000 - 4w 15 min o #-ges (2 20 b R FEGH R d g
B0 0 2 {5 4o~ PR 2 ARG L £ ATECH WA R ¢ 0 £ 704 rpm: 8500 £ 9000 -
Bres10mine T F T A Ko S £AF F ACdEs SR AT T B E8~95 o

2. XRDz# H @ iF= Uik ieiE 2 Ing KR o IR RF A 2ecmx2cem
FERIP L B2 p RICE -

3. XRD## o7t 3% % Detector Scan » 1% £5% 1 i F BR40 KV » T ind0 mA >
4 = 3% 5 step mode » i /& 2 sec/step > # Bl & 4 In % 30°~70° § i sk 8

3 20°~80° -

3-5-2 ¥ #k k- B ke sk 3 (UV-vis absorption spectra)

1. UV-vis absorptiontk 5@ iF: 4 5 5 £ 2EG2 2 K Int T § v F % € 374¢
i FpE @ 2 In-InpOs(core-shell) 7 st 45 o

2.  %#& %' Photometric Mode:% # Absorbance » Band Width : 1.0 nm» Scanning
Speed: 600 nm/min > #F 45 42 2L £ 5 200 nm > % 24 £ % 1100 nm > Data Pitch
w1lnm e

3. M BILBFW AL FECell N E N LT HEEAES BN RIE
‘1% Baseline o

4. friiFpdBaseling 3 2R T 0B VR AR 3 S BRI S B AR SRR e
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3-5-3 B & f 8§ F Bacs(Field Emission Scanning Electron
Microscope, FESEM)

1. SEMzE 2 @i 5% sz 2 Ing A3 & 5 ™ F % in-In0s % 4 #
Food EERRFH05cmx 05 ema R P o 2 p AREEE -

2. FEE AP N EWCE A T A) 0 Sl LR 20mA S 90F) -

3. SEMipdE#-;N 3k 25 1 1'% & 15 KV ; emission current: 10 mA
;probe current:11 -

4. #-3 52c~ SEM Chamber® % E 2 & 9.63x107° > B 4ot 8 5 » s 2 5 %

10,000X~300,000X # % -

3-5-4 57 8 F F Baest(Field Emission Transmission
Electron Microscope, FETEM)
1. TEMz# @ L= 50 dkiciE2 Ing A 25 & § 1 s e0In-In03 % o
FOAFOTER AR Y o MR Cuteiz » IEE A R ¢ 910 sec s H-Culp B~
iz p FREpE o

2. TEMIp#EHN % 25 1 (P2 /R200KV -
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3-5-5 kg ¥ sk sk 3 & (Photoluminesence)

PLzRF RLIE2 300 a3 5%

- AFF AT LPLBY

1 BE2Inz ffsd i ? > 2% Gt 1.5emxL5emizE e Aw -

2. ERERFENIERAFOLAE P ARER B FEAZ A o AT AR
RERGMAER EARE LM AR LBEY S BT B AR
APRAETERFTHRRTZBEREG > L3y g C2ZPLEY YR
Bhfo T RENS BRATHR TR SRR o

3. F M iEELEAF 44 T 0250CE 2 RREREEDA FE AR 2 IN-IN0;3

4. PLz &> 5% 12He-Cd laser(Gcsd A & 5325 nm) & e £k » 7 LR RE
lensE & - (G F B4k 543 i % — Bfilter#-325 nmz_ w0 ehge kg » Ris
Fotr B EIPLREY e 8k o g2 £RE ClensB £ 15 » @ % =
filter#4-350 nmz % ek £ JpH-(¢ 455 5K ) 0 R KR » KFERA T
E )

5. PLE#c 3 S 1 T3 RI00V(EHElhr, 2 2RI mET) %
3 1% 3% = Grating: 2400 - slits: Entrance :1 mm ; Exit: 1 mm » Data Pitch: 1 nm -

F# 9 350~750 nm -
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CRRFEF2PLER

ez Inz ol d FpE AR Y o R P Ft3emxlemiziE# AR - 5
=+ flemxlems f < o] o

BPLEE P AL 223 20 mL Teflon#g® > InZ F e+ 5 8P F 03 353 KA B
HERR e (GERA R FA 0 JEY 4~ L1eC Bk o Bk % Table 3-3)
7 aTeflonsE 4550 R 4 487 > B 20200°CH 44 ¢ 4o 41§ C1hr 2 v 9 %%

3+ % #c( %P Table 3-3) -

PLz & R = 3% &2 Sk Uk b 47t o

Table 3-3: Oxidative condition of In nano-particles for PL analysis.

Temperature Solution Atmosphere Time
250°C 1 atm 2 min~30 hr
400°C 1 atm 0.5~2 hr
200°C ~1.59 atm 1hr
200°C H.O 1lc.c. ~ 10 atm 1hr
200°C H,O, 1lc.c. ~10 atm 1~3 hr
200°C NH; 1c.c. Upon 10 atm 1hr
200°C NaOH 0.1 M 1c.c ~10 atm 1~3 hr
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Fr} - RHRLEFEHG

41 In A FBH2 &S HGRBPEL
AN BRE =4 E B E N =-0338eV)r LEREL CLE LD
E(FFoRBGE S S AEE . )S  BEESH LS In £ KT 0 2008 £ &3
JACS #7247 2 %1% NaBH,*t 38 $# B R 4 In 3 4 B4 © 4482550
AR fede 2 Tetraethylene glycol(w R 2 = ff)2 4F fe A + 403 &l 2
NaBH, @ ;3 ¢ » d >t Tetraethylene glycol 22 NaBH, 4p $i>% Isopropyl alcohol £2
NaBH, = i % % 4- > & NaBHs 2 B & 4 (E’sonwens = -0.481eV) 7 I 4
Tetraethylene glycol ' 4= 7% - F]#* #- NaBH, 2. Tetraethylene glycol /% /% 4 &
InCl3+PVP/ isopropyl alcohol ;3 7% # » Rlsc 3 5 8 7 & AR e+ 2 < (~80-90 nm)
8 Ing4g - & 2 0 dek i@ * NaBH4 2 Isopropyl alcohol 7% i P & 2 & R o 2
¢k » 2009 & Chem. Mater # 7|2 3F 2 & 74 4| * Phase-Transfer = ;% 4 gt < + 35
2 In% # 43 %, 4 & %4]* NaBH,>* 100°C 2 Diethylene glycol(= % ¢ =
pR)ig i o B R Aol & 4 (-10-15nm)2 In 7 A e+ o f3Ed Oleylamine i+ 3
Phase-Transfer z_ g+ 43/ » #In % s 4=+ ¢ &2 2 Diethylene glycol ;3 ;% # #
L4 4 2. Dodecane ;% /% & Pentane 2% ¥ od itz < F Lv 1 4a %o NaBHy
B gAY > RERRS ARBAE > RERRS LLERR NP2

In° -

ffs AT ¥ &4 NaBHg 22 Ethylene glycol z 3% it 2B R » 4c 3
InCls/ ethylene glycol(z = )iz ® »EBER I Inz Fk+ > R FHREFF
AT R o 2 R ¢ ¥ a4 4 4 NaBH, 2 Ethylene glycol 3 ;3 pF » ¢
A4 F JE424p NaBH, 2284 » f % 32 %A 4 § 2 i - ﬁ)’f 2

% oo Tt Jaiplm B & 2. Ethylene glycol 4p i+ Tetraethylene glycol » 2.3 %8 T >
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BB INTe T U E R - BEH R RS NaBH, &3 H 5 o Bl H R
BRI INTRRES L In SRR o

pot o ML KGR A AR 3 NaBH, »v i3 A2 ¢ @ AUK-E 3% NaBH, #5
* E ¥&4v » InCls/ethylene glycol(z = )iz ? » &5 =# R R &0 In 2 Kk
F oo g3 EF EARARE B P EREER T Ay R4 T Az R TR
RdvIn Z g3 o FORER . FRAL R CFH ST F AR EET

Stam R AR N2 RS e

~

PR - G S FRRAEAIA A IR o I
§F PVP R G ABMap R kR Y o Jfd b » NaBHs 2 38 & e g3l
FIZ K In 2 4500 o gt 2 2 2 RIZEJI* PVP J g B AR Fr R L f & o
oo Lfefter NaBHyz i Foo b o e Uit 2 g BRAH 4 £ In &
SofbA A3 A0S 5 A ARRIAR A KT A B REBAT P &SR
B0IF PVP Erfldifachs &3 2 s 3 AUCAg 22w 2Bz 3 g
118,119,120 |

i g Bdas g pEs NaBH, i #c %0 3 i 2 #38 In*3:% % 2

e dR e & REF RE SRz B e B ﬂ‘?%%ﬁ *Ie el Rk = B
B HEET A2 InZ K BH T 5 F o« In 2 5K 2k #(Solid In nano-sphere)
% % %8 In 2 5k % &% (Polyhedral In nano-crystal)~ & 4 In 2 51 2k %2 (Wormhole-like In
nano-sphere) ~ In z 3 4 (In nano-wire) ~ In % 5 #+ (In nano-particle) - Fig. 4-1 %

03 In % L A5 o
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Fig. 4-1 SEM images of (a) solid In nano-spheres, (b) polyhedral In nano-crystals, (c)
wormhole-like In nano-spheres, (d) In nano-wires and (e) In nano-particles
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4-1-1 f = In 2 5K k¥ (Solid In Nano-sphere)

PR A B AR EARRT 0§ AR (~1000 rpm) R
T EdRdter NaBHsa#s & » R 1050 » BiRpEd d P p L%+ R4 >
2SR IFEERE RS BRI R E BT AL L PR

WD RAG R 4RITRd cdmd NARI HI AT WY 124 pd R AP

o~

BORA o Hpd BT RRIA AT R RREL g g RN 2 A RS A
SEROEMLF INE KT G160 N T PE S B SR Bk ¢

+ X150 NMPF > BiRpES H A d o R SFARK BES ARIE o

XRD £ 7
5
© )
~ —— Solid In nano-sphere
>
0
§ e A N
= | In JCPD # 05-0642
. : ‘. | L | A
30 40 50 60 70

2 theta (deg.)
Fig. 4-2 XRD patterns of solid In nano-spheres.

d Fig. 4-2 #5571 > 7R %k &P oo In 2 A MBS R AT 245 0 0
¥t JCPDS database 3 fgzuH % Tetragonal . *ﬁ TR BEYs By - RE A
FRA VR e g PR 2 B R 22 In(OH)s & In,0s ¥ 7l 2

y
$ o
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SEM 4 7

d Fig. 4-3(a)~(C)SEM 2} 4 7 &g 77 > -i& #+ET (1000 rpm) #7:& o 22 4 & 2
R FAT 0RO AR R B ARE R A P o gt g o
Bz ¢ <) R A 100~300 nm > EF35ge 5 5 250 nm oo 2R @ 5T R R AR

? o2 P pR(4e 700 rpm) > $HE & 6 A5Gz B 4o Fig. 4-3(d)#T R 0 & ok %

Hadhd L WX IF RERY BIRTALZ F R AL 0
At Ao AR o IR FARE B REARTR § e 2 BRI -

15.0kV  X10,000 Tum WD 8.2 > SE! 150KV X50,000 100nm WD 8.4mm

SEI 15.0kV X200,000 100nm WD 8.4mm NCTU S 150KV X30,000 100nm WD 95mm

Fig. 4-3 SEM images of solid In nano-spheres prepared with a stirring rate of (a)-(c)
1000 rpm and of (d)700 rpm, respectively.
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TEM & 45

d Fig. 4-4(@) 5 H3pzk#z TEM %0 o H 4 Bk v g RHE 4 5 4p
% R - Fig. 4-4(D)R] 5 TEM SE5+RA5 - 7 02 i o2 S642(Spot) » & 7 #f
LAz o In2 ki SR E 24 o wd Spot % 8 5 A F 3 R BLE
FErbE Az R In A PV GAFE] ERZEL S LR

(Misorientation) » 7= 8 - < In 2 KR F & 7 BB LE R 2 Sk o

Fig. 4-4 (a) TEM images of single solid In nano-sphere and (b) its TEM diffraction
pattern.

4-1-2 % & % In 2 5§ % & (Polyhedral In Nano-crystal)

SRRl A OF SR G RGE 15°C INYR i e AL T > Lo x B

n>

- FFE NaBH, kB R - 3g2 5 fufd 0 & Edamdnd] o @ 4o » 2B A i

1&1}—? ’f&?’. 2 /] R = In 2 : SF g (/ ARG #E? X2 Ak d ) i3 %g‘;%i;}l._ VAR
ﬂ4t)‘§i:]‘§-ﬁ;—i NaBH4’/%‘1?{’1 fbfd?ﬂ']gjiilg.i\‘i\‘”i/ﬁ“%rﬁ °(|ﬂf‘:‘-‘
NaBH4m w3 7@;,@"{’-&@7@_ gﬁt’i /\:v/] uz.)i 10°C = o — HL '; ’ /":."/T%‘/‘n_

BEMA10°C T B R F BenSede 4 BAp g Mo 3 aERR A In 2B
-F -~ 7 -~ 124

o %?Lfg’ﬁ NaBH; z- #& * & > %ﬁé NaBH; ik B fgmB R 23 RERE > F
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FFRR B GE RG] R FEREKRE T RAEEA 3 HBRROER ¢
AP T ARER L FE R E B 0 RV A fete » NaBHg 830 — v A i F R R R
fod Ao m priEd A B EEd R A F akE R REFRT

B S hA ¢ LTt s iahin 2 5Kk o

XRD & #7
101

;: —— Polyhedral In nano-crystal

©

> 002 110

£ In JCPD # 05-0642
‘ | ! | | !

30 40 50 60 70

2 theta (deg.)

Fig. 4-5 XRD patterns of polyhedral In nano-crystals.

B4 5 S HA kg In 254 %48 0 2 XRD 4 Fig. 4-5 #7577 » 5 Fitting
7 = 19 Peak 22 JCPDS database +“ $& » % 3.(002)£7 (101) & & % A+ 5 0.234 3
* JCPDS database =1 0.21 ; (110)+* (101) % & 3 & B 5 0.284 #*> JCPDS
database 170.36 - % f A @Az In 2 X K > F = XRD AW 3 #77 b o 82

2% In e Unitcell 325 Tetragonal » e 12 gt Unit cell 32 fp = 3578 & 0 25 anE L

WP Rl g 2R XRD 5% A g S -
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SEM 4 +5

150KV X50,000 100nm WD 7.8mm SEI 15.0kV  X150,000 100nm WD 11.4mm

SEI 15.0kV X150,000 100nm WD 11.4mm SEI 150kV X150,000 100nm WD 11.4mm

SEI 15.0kVv  X250,000 100nm WD 8.0mm SEI 15.0kV X100,000 100nm WD 11.4mm

Fig. 4-6 SEM images of polyhedral In nano-crystals.
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TEM & #7

Fig. 4-7 TEM images and their diffraction patterns (insets) of two different polyhedral

In nano-crystals.
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XRD & #%

Fig. 4-8 2. XRD %77 ¢ In(acac); w4t B #ri¥ 2 S it A8 B 2 h
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L) —— Wormhole-like In nano-sphere
2
)
= In JCPD # 05-0642
‘ | | | | ]
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2 theta (deg.)

Fig. 4-8 XRD pattern of wormhole-like In nano-spheres.
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Fig. 4-9 SEM images of wormhole-like In nano-spheres.
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TEM & #7

Fig. 4-10 TEM morphology and diffraction pattern of wormhole-like In nano-spheres.
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4-1-4 In % 3 % (In nano-wire)
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Fig. 4-11 Overgrowth process of Ag nanocrystals, in which Ag atoms are

continuously deposited onto the {100} facets of one Ag nanocube to eventually result
in an octahedron enclosed by {111} facets.
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Fig. 4-12 XRD pattern of In nano-wires.
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Fig. 4-13 SEM images of In nano-wires.
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4-1-5 In % ¥ #+ (In Nano-particle)
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Fig. 4-14 Plot of atomic concentration against time, illustrating the generation of
atoms, nucleation, and subsequent growth.
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SEM 4 5

15.0kVY X100,000 100nm WD 9.4mm

Fig. 4-16 SEM images of In nano-particles.
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TEM & 7

Fig. 4-17 TEM images of In nano-paricles.
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Fig. 4-18 The melting temperature of pore In as a function of the mean pore diameter.
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Fig. 4-19 Volume percentage of solid In nano-sphere oxidized at various temperatures
in air.
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Fig. 4-20 XRD pattern of In-In,O3 nano-particles oxidized at 250°C for 5.5 hr.
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Fig. 4-21 Volume percentage of solid In nano-spheres oxidized at 250°C
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Fig. 4-22 Oxidation rate of Cubic relationship of solid In nano-spheres oxidized at
250°C.
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Fig. 4-23 Volume percentage of solid In nano-spheres oxidized at 200°C
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Fig. 4-24 Oxidation rate of Cubic relationship of solid In nano-spheres oxidized at
200°C.
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Fig. 4-25 Oxidation rate and VVolume percentage of solid In nano-spheres oxidized at
170 °C.
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Fig. 4-26 VVolume percentage of solid In nano-spheres oxidized at 100°C and 140°C.
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Fig. 4-28 Activation energies for oxidation processes described with cubic (black
square and blue triangle) and parabolic (red circle) rate law.
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Fig. 4-29 Ex-situ XRD patterns of solid sphere In-NPs oxidized at 250°C.
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Fig. 4-30 SEM images of solid In nano-spheres greatly oxidized at 250°C . The crack
size is a function of the oxidation time.
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Fig. 4-31 SEM images of solid In nano-spheres oxidized at 170°C for 20 hr.
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300°C 1hr

#

15.0kY X100,000 100nm WD 8.3mm

SEI 15.0kV X100,000 100nm WD 9.7mm
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15.0kVY X100,000 100nm WD 7.9mm

SEI 15.0kVY X100,000 100nm WD 9.3mm

Fig. 4-32 SEM images of solid In nano-spheres oxidized at 400°C.
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250°C 12Zhr
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Fig. 4-33 SEM images of polyhedral In nano-crystals oxidized at 250°C for 12 hr.
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250°C 12hr
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SEI 15.0kV X100,000 100nm WD95mm

Fig. 4-34 SEM images of wormhole-like In nano-spheres oxidized at 250°C for 12 hr.
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250°C 12hr

SEI 15.0kY X200,000 100nm WD 95mm

W'..

250°C 12hr

SEI 20.0kv X100,000 100nm WD 9.6mm

Fig. 4-35 SEM images of In nanowires oxidized at 250°C for 12hr.
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Fig. 4-36 Williamson-Hall plot of solid In nano-spheres oxidized at 250°C.
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Table 4-1: Averaged grain size and strain of In,O3 shell in In-In,O3(core-shell) NPs

obtained from Williamson-Hall calculation.

250°C 0.5 hr 25hr 5hr 10 hr 20 hr
Grain size 21.35 nm 22.51 nm 20.8 nm 21.97 nm 24.41 nm
Strain 0.05% 0.056% 0.064% 0.153% 0.11%
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TEM & #7

Fig. 4-37 TEM images and correspoing diffraction patterns of (a) single pacman-like
In,O3 NP and of (b) multiple In,O3 NPs.
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Fig. 4-38 UV-visible absorption spectra of In nano-structures dispersed in ethanol. (a)
solid nano-spheres, (b) polyhedral nano-crystals, (c) wormhole-like nano-spheres and
(d) nano-wires.
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Fig. 4-39 Calculated optical extinction spectra for mono-dispersed In nano-particles

dispersed in ethanol by classical Mie model.
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Fig. 4-40 Calculated optical extinction spectra for distribution of log-normal 20% In
nano-particles dispersed in ethanol by classical Mie model. The solid line was the
measured data of In nano-particles in ethanol.
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Fig. 4-41 Picture of as-prepared In nanostructures dispersed in ethanol. (a) solid
nano-spheres, (b) polyhedral nano-crystals, (c) wormhole-like nano-spheres , (d)
nano-wires, and (e) nano-particles.
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Fig. 4-42 UV-Vis absorption spectra of In nano-particles at (a)100°C, (b)140°C,
(c)180°C, 100°C with (d) 2 times, and (e) 5 times concentration of InCl; precursor
comparing with that in (a).
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Fig.4-43 Normalized ex-situ UV-Vis absorption spectra of solid In nano-spheres
oxidized at 250°C with different oxidation time.
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Fig.4-44 Normalized ex-situ UV-Vis absorption spectra of solid In nano-spheres
oxidized at 250°C with different oxidation time.
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Fig. 4-45 Room temperature PL spectra of solid In-In,O3 (core-shell) NPs oxidized at
250°C with different oxidation time.
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Fig. 4-46 Room temperature PL spectra of solid In-In,O3 (core-shell) NPs oxidized
under various conditions.
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Fig. 4-47 Normalized room temperature PL spectra of In-1n,O3 (core-shell) NPs show
slight red-shift with oxide thickness.
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Fig. 4-48 Room temperature PL spectra of small In-In,O3 (core-shell) NPs (~40 nm in
diameter) oxidized at 250°C.
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Fig. 4-49 Room temperature PL spectra of solid sphere In-In,O3 (core-shell) NPs
oxidized under different oxidation condition at 200°C for 1 hr.
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Fig. 4-50 Room temperature PL spectra of solid sphere In-In,O3 (core-shell) NPs
oxidized in autoclave withlc.c. H,O; at 200°C.
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Fig. 4-51 Room temperature PL spectra of aggregative In NPs oxidized in autoclave
with 1 c.c. H,O, at 200°C.
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