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Pulsed laser deposition of orientedly-assembled
low-dimensional Sh,Se; nanostructures for
thermoelectric applications

Graduate student: Ke-Shein Ke Advisor: Chun-Hua Chen

Department of Materials Science and Engineering

National Chiao Tung University

Abstract

Nanostructure engineering been theoretically and experimentally proven as a
practial strategy for thermoelectric materialshas for effectively enhancing
thermoelectric figure of merits, ZTs (defined as ST /«). By nanastructuring, not only
could the largely created surface or interfaces inhibit the thermal conductivity (k), but
the power factor (cS°) could be improved through the induced quantum confinement.
Antimony selenide (Sb;Ses) has a higher Seebeck coefficient (1800 pVK™) and lower
thermal conductivity (~2.7 Wm™K™) compared with the widely studied bismuth
telluride (Bi,Tes) bulk and is thus considered as a promising alternate of the
room-temperature thermoelectric materials for the next generation. However, to date,
thermoelectric data realted to the Sbh,Se; nanostructures have less been reported.
Therefore, growth of nanostructured Sh,Ses; becomes a very attractive and important
research topic for approaching potentially outstanding thermoelectric performance.

In this work, by using pulsed laser deposition (PLD) techniques, a series of
well-aligned nanostructured Sh,Se; films was successfully prepared on insulated

SiO,/Si substrates without prebuilt catalysts and templates. At least seven types of



previously unreported Sbh,Se; nanostructures including nanoteeth, nanowings,
nanorods, nanodecks, nanotweezers, nanocolumns, and nanotubes were reproducibly
obtained via precisely controlling the substrate temperature and ambient pressures.
The temperature-dependent growth seems to be reasonably explained by the
well-known  structure zone model (SZM) and self-catalyst enhanced
vapor-liquid-solid (VLS) growth. Among these specimens, the Sh,Se; nanowings
show an excellent electrical conductivity of 750 Sm™ at 400 °C, which is comparable
to the reported value of an isolated nanowire (852 Sm™). In addition, the
room-temperature electrical conductivity of the Sh,Se; nanoteeths is 4 to 5 orders
higher that that of the non-nanostructured Sb,Ses film. In this work we succeded in

improving the electrical conductivity of Sb,Ses film.

Keywords: thermoelectric, self-assembling, thin-film, pulsed laser deposition
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A TAEF[2,15] - A % 3] db B et B 552 Seebeck 1% #c(So)fe X 3| fo AT iR E

2_ Seebeck (Sp) " # ¥ % 7w AoF ¢

1 _(r+5)/2F(r+3)/2(8)

T T () /2R 0(e)

Bl 1 - (r +5)/2F°(.3)2(€)
St eT (r+3)/2F tp2(e)

He s Bk ik r 5408 F 35 Fa(e) fr Fi(e) 5 Fermi-Dirac 4 -
AR A =
F ()= j:g f(£)de
Fre)=[ &"f(e)de

2P e B e 2. Seebeck A Bc(Sp) T R (o) 0 & AKX Tl & B ATH R

2_ Seebeck ¥ (So) 22 7 B (0p) » Byt B4 W5

11



S - (r+5)/2F(r+3)/2(€)] [n_(r+5)/2|:°(r+3)/2(6‘)

b
S, (r+3)/2F, 1, (c) (r +3)/2F (2 (2)

O _ Feini2(€)

Oy F(;+1)/z(3)

d PN F s EE S R Rt B 0 MK Seebeck AEcik B A T R

AR

e FFF RIS Foa B &I (i AR g T B G Al g i FRATet
B A PR P FF] T xRN T2 B G ke
BT o s R I B R e (ZT ) 6
B BROR IR T o RO SRR N IR FR RS 6 A e B
S HeE s K A PR S i ok o Ao] 2-8 S o T M H L s B

ol o i PR £ T oS 6 .

boundary

o o S

*”"’" \’WS‘

Atomic
jefect
Q )
VppyRerday /
Nanoparticle

AV Short wavelength phonon » Hot Electro

’\A Mid/long wavelength phonon y ¢ =

B 2-8 HK P 308 B o2 K Ap AT B e R + 7 L W8]

12



2-3 7@ i 4% (Sb,Ses) 2 5 #14L
FICE[9]5 V-VIERZ &4 L HR > B it sh- 5 ptype LR
FEAF G AR Mot R RS ntype T EM w1 B8 S B D
Js 5 H(Orthorhombic » & ¥ % #c: a=11.62 A, b=11.77 A, c=3962A) » 5 - £ &
£ % {4 (Anisotropic)z. 1 #Lo 55 i 4% h F £ £ it M4 (Narrow direct energy gap) 44 >
4 11eV-1.8eV |t E 4 49 ¥ B 2 Seebeck % #~1800 VK™ [9] » p dici® 4 %

BiTes (200-300 pVK™ )2 Fl4 @ » o PrH sfhs B 4 0% Mend b8 Gk

(k~2.7 Wm™K™) [9] » iz T H #F FiF < 5 10%-10°Sm ™[9] - Ligred A
ERPF TRV EIAE BR 2 AT EH A K o g v L FIE G R e
R o AR R RN150°C » Fpa b AR R L G R L IREEA -
a) a
(@)
Eg= 166 eV

K.

B 2-9 (a)f it 4 2 B = P T HE 0 (0)ALC b= v 7 40 £ 45(001) T & - (C)fd it 4%

¥ BHGH 3 1.66 V) [10] ¢

13



dEGEEFEEL P RN A A PR T RARTIET FEEIY AR

=
Sy
e
A
P
=
D
IR
T
She
4
PN
>y
=
=
S
-
=
Fr
>—L
e
=l
A

CERTLFLp TR

BED P T LR SR O E B B BB TN -

(@mtdgzt Bl Wi RTHNAY

2002 # X. Zheng % A {1 * Solvent-relief-self-seeding (SRSS);# > ¥ ¥]14[001]
SRESL S w2 B G402 K & t(nanotublar) (£ 4% 50 ym- £ & 200 um) »
HA,4c B 2-10(@) % r - 2 2R ET 5 6=10°Sm™ [24] - 2011 # X. Wang %
A4 F B R o PR @R I[001] 5 BE A E S w2 B L e A f s
#F A (nanobelt) » 2 25 Jbc @) 2-11(b)#77+ - ir B 3 2 K 4 (2 /5 ~260 nm» £ & ~29.6
um)2z [001]* =@l &> 2 #HF & 5 o=3x102Sm™ (300 K) [22]°2010 # R.J. Mehta
F A JUIF g E i KBS 2 E (Microwave actived solvothermal synthesis) » & = 1
Ilra i 2 5F A (nanowire) % st ¢ (nanotube) » H A5 ke ] 2-11(C) 1t o B £ H
R AR(Z/Z500m & & 2-83 um)fez F #(=/4£300nm > &£ & 2-3 um ) > #

T & wE 26Sem™ #2735 Sem™ > H ¢ % f s Seebeck 4 #cd % =750 pVK?

L WmMIK™ 2 ZT w6 2 1460 e 0 5 2 4 F Ul 2R > B BT 5w
§ % PpE > 9@ 10 Smt[9] e
B P ERERAT R ERAMZ T v F S AR R

8 % S At Ap 3R B B de 3Rk (sphere-like)[31] ~ =& fiz ot # (submicrorod)[27] ~
% 5F & (nanowire)[30] ~ 2 ¥ A (nanoribbons)[26,29] ~ /% *% ik (urchin-like)[25] ~ %

v fy stk (carpenterworm-like)[28] % 7o 1 &% 2 5 4 - H & B3 RAc @] 2-12 977 -

14



Nanownre—> Na

notube|

Ak 2 3 KSR R

e b n B LELFGEFECRAERE R TRBEF I ES > R AT
R Lo Radgd B2 VR S E S A M BRe gt se gt 3y (Random
packing) #r & i B 3.2 5 R endF Rk 2 g > - (Preferential orientation):hig
oo g i3 2 F S dpon g (Packing efficiency) ™ ' o i (F H T M g R
Modr g Apg PRt MRS TR SRR R RE S a1 e R
TR G M e R ERZ WA A EE AT T2 v‘;gle.u 2

-
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OFAE-FFP L =R EX ¥ 5¥:] Y=iy

1998 # K. Y. Rajpure /1 vf 450 58 o S aiff 01§ f 5L e 1
# 2 p-type EWC EOE A L 0.5 pm o B E N Ao B 2-12(a) 22 (b)#r T 0 B D
ek w4 10" Qem - 10°-10°Qem > ¥ ¥ 28, f i Seebeck i i 45 nVK! o
B %% EEL 1820 VKL % ¢ & F)3 (P) > 248 #90 5 6.4x107%° pwm K

N T 3.31x10° qu'lK'l > [33]

BPl AR RS i T o B 5 R R RS S 2-3

BHE S o RIE 3 FIERTINE SbSeioox HHHETR L FEAT S

-~

BB F o PG E S S 5 SbeoSeso 0 HPF RSP F A F 4B 5
1.16x10" cm® & 1.91 cm?v's™ H ® & 4 354 Sm™» H | £ 2 % % 4o 2-13(a)
g (b)r7m o @;;Jeé A odp U ECH S ptype pF 0 R AP Sh g R
ACHTFPFRREPFRPF L M2 A B A HEMER R TS

[32] -

16



Bl 2-13 (a)f (b 4% 25y a2 B R R R M Wl o ()R 146 T L 2
FRREL S

(a) = SbSe,
10’ [ — hd Sbﬁﬁsc_-f
1 3 transition A Sb_Se
~ 107
[u] 3 -
o E
S f v
s e
Y .
= 3 r
&8 s a
;o :
z 0F s &
2 s -
73 A -
5 L]
10 F : .
3 a *% 24 transition
.
- e —
10" "
E i : £ L
50 100 150 200 250 300
Temperature (°C)
(b) Hall Hall Carrier
coefficient mobility Concentration
(m~/C) (em=~/Vs) (em™)
SbeoSesn +0.0767 1.91 1.16 x 107!
SbgsSess +0.0562 331 1.59 x 107"
ShopSes, +0.0508 181 1.76 x 107!

&

4o

2021 2 ped g AR L REET R

7
“~

i\‘.

) Concentration | Mobility | Electrical Conductivity
Materials Type 5 e y Ref.
(cm™) (cm°V7sY) (Sm™)
Film (A) 3x10°-10" (392-533 K) -
Film (P) 2x10=102(370-500 K)
Film (P) - - 5x10-10" (384-435 K) | [44]
Sh,Se; Film (P) - - 10 (300 K) [45]
Film (P) 5.32x10" - 3x10“-10" (355-473 K) | [43]
Single nanotube - - 10"-10? (20-320 K) [24]
Single nanowire - - 3x10?-852 (300-558 K) | [22]
SheoSeso Film (P) 1.16x10%* 1.91 3.54 (300 K) [32]
Single nanowire 108 100-150 2600 (300 K) [9]
Sh,Ses.Sy
Film (N) - - 10 (300 K) [9]

*P: polycrystalline films, A: amorphous films, and N: nanostructured films. The 6.

and o mean electrical conductivities perpendicular and parallel to the cleavage plane,

respectively.
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ERERZ A miaHRE, 517 2

-

d L TR T2 v e L 21 T A
B A L WSl s I S H S BT R S S R A 5

RIMEG B2 HREhe S FMET I ApEmr-

Ly

Pow o HEFRF RN BHBEIHE S AFRFL L LR D B ES o B
R WA 2 S A AM A G e e H B R B
ﬂi%ﬁ%ﬁﬁ%’uiﬁap%'éTiwaa FORBHER WFT A b
R LY EEP R B

*F % FE2 I PLD 4@l A = # ®/ 1T Bi-Te #alehz F &> = #
#ERRE IR - &2k (Nanorod) » = %2 5F & & (Nanoflake) - 2 = a2

% # (Nanocanyon) 1 e 2-14 #577 Jt e 2 5F 5§83 S10,/Si A 4x F 2R e 2 =
PSRRI RNV S TR SRR R W i

F %3 4 1.9 pWem'K? s ek 2-2 #55F o

(a) 300°C (b) 250°C ‘ (c) 500°C (@s0:C

Bl 2-14 Bi,Tes 2 4. SEM B (@) @2 A 3~ (b)- @2 4 ~ ()= &3
AR (dzmrkes @)@ ()4 = 5@ () () (d)z 2+ - SEM

2 1435] -

S

18



32-2 F T2 4 BigTes & of B2 £ % 1 F35] -

Thermoelectric 0-D 1-D 2-D 3-D
properties Nannoparticles Nanorods Nanoflakes Nanocanyons
Carrier concentration 9.70 9.14 1.52 2.24
(10" cm?)

Carrier mobility 14.8 2.0 31.9 19.5
(cm*v's™)

Electrical conductivity 230 29 78 70
(Sem™)

Seebeck coefficient -91 -81 -132 -143
(uVK™)

Power factor 1.90 0.19 1.35 1.43
(uWem 'K?)

T e BRRE AR AR T S R R L B R e o X
DA RO AR T e % B 8 RE RM e BREET S
(PLD) % » 7 7 i€ * §i09F 2 i fm iglib Al T oo dbdifie 7 b o0 B Sl 1
A5 ARz X B RERNE & § 4P B2 S 2 G )]

AR A AR L L R LFFRER R TR TR R o
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e Press into { 0.8 g Sb,Se; powder
10000 psi

Target Sintering
(200°C ~ 10 hr)

Pulse Laser gepﬂmzon ?essumt
eposition Temperature
Deposltmn P P
Deposition Time

Thin-film Thermo-electric
structure property

b
g f . . Hall effect o .
SEM XRD | 101)).'¢ TEM : Four-point probe
\ (electric . o
(conductivity)

(morphology) (crystal structure) | (composition) (micro-structure)
o : A property

3-1 Eaff WAz 4
(1) =H s — B

B A 60 mesh it dhds % 0.8 g if]» = * P F kB BEY B
RS Mg 4B T 10000 psifs 0 #FE - 4B AR A (SHR-E LK 10 mm
B 2 mm Z g5 it g Flaaa B0 o B o~ g AR Y o r Npidipy B4 i d

20 Torr » 4c#t 3 200°C » %4 10 /] pr » Ypib (630 o

20



(2) 37 i 2 W L

Sifhit 45 = gL K B A& 500nm 2 SiO, F 4 & - #-2 #£* 5 1.5cm
x 15 em- & » ARy o @iFAgd s RE 10 A4 w0 MR
R GCERR o RAEERFART 10 A48 B0 I 3§ R R
ERE
(3) AR B Sk L

)% [ g A AR R L2 B R B R S

B ﬁrq’k’f"o it R E3Hed2 o f**”f ﬁﬁﬁﬁﬁ,ﬁ’@f‘?#ﬂié P RIERE PR

4vg 3 %9 2.0x00% Torr » 4% ORI A AURREN B DX TE
A AF 4o # 3 2K T8 B (25-600°C) . Ir P aglil » F2E 4 5 R0 e BT B I
s fxd T o> T HEA R X T A 355 2 532 nm o @ F AR LNt b oo B ik

T e dhis ) RIZMEE R > Y RIEHY L 8B o
(4) #EAHEET

fI* E § £ ¢ (Hall effect measurement)~ 47 & »z& & 2. & 7 FE » Ea ER
P BBE T AU w BREFARIE B T o AUF X sk MEE A 47 i(X-ray
diffractometry, XRD)2 7 i% ;' & + &g fic4i(Transmission electron microscopy, TEM)
AUETE RS R LWL R Fa 8L S 8 st (Scanning
electron microscopy, SEM) > 4 f 5t & 47 1w & 3 £LjiF(Energy dispersive spectroscopy,

EDS)4 #7322 4 6 A, E ~ & fidffoie s o

21



Vacuum
chamber
Turbo pump _L Argon
Target

Sb,Se; plaSma © ¢ Laser Bdam

° L] ° NN
e — substrat\

? /

B 3-2 PLD it 3% % 7 A -

Bl 3-3 FR B3 S A kS e

3-2 WAARE & H#

(@)% =3 &+ % ¥o ¢ Litron Laser : LPY-644 -

T 5 Nd D YAG @ s 5 1024 nm ~ 532 nm ~ 355 nm ~ 266 nm ¥ =
FAE S F e £ BB i 1000 mW o

(D)E % kst & 72 el ~ BRFF ~ FhAs 3 JF ~ L hr ki st
iTha o

(C)Fomd#l % 5% @ Protec : PC540 -

(d)sm i 45418 @ AR 99.9 wt% » ¢ < ~60 mesh -

22



3BT REEFRE 2
3-4-1 Hall s s fr 7 BRI £

rF KR 2R F &R k5 HMS-3000 ECOPIA Korea 4- ] 3-4 #777 > &
RIpESr g3 L LTesla> TinF 25 20nA - B2 38 40B] 3-5 977 o § &
Mhv— LFNBELP LG 2ZBHEB BPREST I Bl » 2223 R
BL2 AR RA Vg BTl Fid 31 >3 1 8R4-22FFTREL Vay s
B~ lgp~ la BRI E Vagp Voo 45 ¥ B o F #&(-B) i@ » 0% Iz~ lar g

lap & P11 Voan ~Vaon > Vain ~ Visn BEE M 2 RITBRES -

Ve :V24p Vi, Vp :V42p ~Voun
Ve :V13p ~Via Ve :VBlp =V,
SU PSR R i (n 3] & p A])E 43 JE & (sheet carrier density, cm?) ¥ d
Vct+Vp+tVe+Ve #1d7_e

8x10°1B |

VC+VD+VE+VF > 0 _— pS —
A(Ve +Vp +Ve +Ve))

8x10°1B. |

VC+VD+VE+VF <0 — |"|S =
qVe +Vp +Ve +V|:)|

BEFAGEY BR dTHEE ISR

%7 HMS-3000 o 43 b p5s 7 RRGE R 2 R0 X R E NET R
RENZ ETRMERERNTFRIRRFTEFR I B R 6 B IT4 5

4o 3-6 1T o
23



W WAL KFFEC MEASUMENENT SIETEM

|
e C

. HALL EFFECT MEASUREMENT SYSTEM |

~ INPUT VALUE MEASUREMENT DATA
DATE
[ os=z12012 T Usor_1 AB IRV, BC[mV] AC[mV) MAC [mV] SMAC [mV]
[~ -ai3272 [ 297475 [ 381821 [  -124506 |  -353.435
SAMPLE NAME COM PORT TEMP
[ Sempies & coms [ Book ]| | [ 1080310 [ 250881 [ z86iis [ 327996 [ 316692
1= 1000 3 nA  DELAY=[ 0100 [S) €O [mv] DA [ MBD -MBD [(mV]

Wi BO (mV] imv]
I -286.044 [ 2,366 I -455.890 I 726813 ~933.997

o=/ 1.000 [um] 8= 1.000 i
I A426.788 I 4.955 I ~1008.190 I 107.755 -21.314

Measurement Number = 1000 [ Times )

- RESULT

Bulk concentration = 3ABSE+12 [7em3) Sheet Concentration = 3.485E+8 (fem?]
Mobility =[— 1.8056+2  [em? / Vs] Conductivity= [ 1.008E-4 __ [1/Qem]
Resistivity = [ 99256 +3 T iaem) Average Hall Coefficiont = 1791E6 tem®rcy
A-C Cross Hall Coefficient =[ 5536E+6  [em /C) B-D Cross Hall Coefficlont= [ -1.9536+6 _ [em /€]

Magneto-Resistance «[ 4.016E+7 [ Q] Ratio of Vertical / Horizontal = [~ 1.54362
OPERATING DESCRIPTION ] PROGRESS [%]
The calculati is P d
com.TEST I MEASURE I sTOP I CLEAR ] cALcUL I LoaD I SAVE | PRINT | cLose HELP

®l 3-6 HMS-3000 Z f Bl & & /i o BRI E o
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3-4-2 ¥ Ha 3 7 + B Ae(Scanning electron microscopy , SEM)
FhiTIREBIE ST 74 LA - TRBE PO FRABE NS - 8

IFRELT IS ERSFRS IS FHAEAAFATF L LETRESE

o T URREFARERRY L I R ARBRITT T R AR e s

BB F T AB RS §AD LR AR b AT

PEOTRF BT HET T o FAX KL E o b MRS TS A
Bl At s AR AP XRF 2P e igHTF S LT E Tk RJILis

AR AT F i 35 JEOLISM-6500F H 1 (epE4er 7 F L 7 A B
% 10mm -~ 86 pA » 4riE TR L 15KV o
3-4-3 X &5t £ #7w % 3% FF(Energy dispersive spectroscop, EDS)

X L BAcli b RAJI® THRHAF T BBFF LG p3 TF & g

2 g Xk B A1 ERIE ok R X ki Rk ] o T A e g

Jor

£ A7 R * 35 OXFORD > ff4r > JEOL JSM-6500F # 4 5% 7 = & ficds

Foo

3-4-4 X 3k F£5t 4 47 e (X-ray diffractomery, XRD)
X kot L4 % 8 TRAELHGFAL BT o FRAL DR X KK
» P Rttt o g AT Rk A A % A F - 2= (Bragg’s law) | nA=2dsin6 2 i%
RpE e g A ekt AR R BB IUBLE B o {Ir 22 JCPDS FALA 4
TN YRR b R o2 s R o R AR e 2 £ B iE 2 = (preferrential
orientation) - & §F Z ¢ * Bruker D8 s £ * 6-20 -5\ - P17 5B ) 0 X-ray &R
€% CuKas& » B & 5 0.154nm > #Frdeid 5 5 & 45 0.04 & - 20 3 s = B
10 3] 90 & -
3-4-5 % % ;\ § 3 B Acsk (Transmission electron microscopy, TEM)
FHNTF MBI BT A(- 254 100keV-1 MeV)7F % B B

25



#1100 nm 2 E 2 S ek SR DR B E S R ARR 2 5O - A 1T

FHUAPNFELEEF A e E R P R 2 B A

I
-

g g 2 R R A R R R I T T S R LA 4T TR
2 B BT A AR R S o T MR B R A 37 R

&
e RS A F % 1) JEOL JEM-3000F it {7 TEM # ip| &2 L% -

3-4-6 B L3 L& T 5 & BEAL 2 3u(Focus lon Beam, FIB)

A e R gAY

8 um & A& R ¥ 2 - B E AR T 0 AD 5%

26



Yr g %8

-u"L
"
-y
o

M A R T BT AT 3 50 (Template) & 7§ 45-(Catalyst) 4 24
SR %“ﬁfﬁ ORI EREF R RA > 7 & SIO/SI K4+ p ek
(Self-assembly)— k5~ & ff 2 &5 % A5z g 40 2 5F S 2Rt ;ggl
SEM ~ EDX ~ XRD % TEM 4 17 {* 4 % t 54 %2 4 & 7} j2(Morphology) ~
= i»(Composition) ~ &£ = i~ (Preferential orientation) ~ % X%t.f%fﬁ(Microstructure) )
K E AR RN SR S R ST D R N B R
4 T 12 57 (Thermoelectric properties)érgz 58« 2 @ Si 7L 4= + B & ¥ 500 nm %

R AEEFL AP RBBEEATRTERSERE -

4-1 AR R L S VRSP

% PLD flfz » = imfidi= o AR g g ERG 2o 4
B¢ oo W) 5 45 ¢ (100 °C) ~ 424 (200 °C) 2 425 ¢ (300 °C) > & B A E % o
R EHT B A m L 2 S (400°C) 48 % 4 (450 °C)~ 4w ¢ (550°C)% % ¢ (600 °C)
ho ) 4-1 #75 o

M8 = £ (100-300°C) 2. »@ FHr: AR R 5 100°C 2 4 5 2k

TRIEg HRBR SR L AR SHRIRY 5 5 2 R e kA 4o Bl 4-2(9)
()i o ARG BGEL T FEF R m S EEL FAR Y LF A
£ 2% 4 B4 (Nanocolumns) 7 e s @ = > 4] 4-2(c) % (d)*77r > H B & 9 3
485nm . B 4-2(C)® F IR ENE 5 3 aiF SRR AR Fie g IR R E
B F AR S o FTRERKRS T 200 °Co HARBHAP HARE 0 4B
4-3@)% (D)5 > B Ed AR AR LR R BUAS AR 2 2 B
(Nanoclusters) ¥ r2 & F#pdcf 6 )= 2T @G R0 d A A5 B{ 7

F o ENCE ARk S E e ke S EH A RE 52 Rk S
27



(Nanoteeth) » 4= 4-3(c) % (d)#777 > #* EHen B R 9 5 200 nm o 5 T ff R B & -
HHA D 250 Co H A5 RAT ®AZF SRR FAEP L AN BREHE
(Nanorods) £ § %t— 2 % wit-a 2 b RHF 2 K R EH » & B 40§l 4-4(a)
2 (D)4 > g AR IREE 2 T A | BB IF L 32 2 S ot
B b5 Rk sk ) A (Nanowing) - J< £ & B 3 3R R B e i
TR AR D S A RS R do W] 4402 () - R
R % 150 nm o

%8 & £ (400.°C-600 C)z i w A WA - F B ARSI F R

(400-600 °C)p » o >+ 4 5 423770 1 4% Bt 23 BE(617 °C) o 76 (& & i 2 & B
B % 4 & (Anisotropic growth) 4 14 4% &g 55 7| o & i AFiE A& 2 400 °C & > ¥ 10
RERED oy gt afa S M2 KRG AN BEREE 2
F e B E 300.nmo defl 4-5(@) % (D)#7m o ¥ b0 SGEE 6 F g NFOK R
WA LB #rAE2 b 2 ER H 225 um v 4eB 4-5(C)2 (d)# 1m0 A
B R HH T 450°C pFo AR A T 5k Bt (Nanodeck) 7 a0 2 f R
25 B A S5 260 nm 255 nm - 4§l 4-6(a) 2 (D)7 0 A B BT 5

AT RSS2 E A 2 ER 9 2 umo 4o 4-6(c)2 [d)sim o L e
R Sl iSWOCﬁ’@@ﬁ%ﬁ@ﬁﬂﬁ%%%ﬁﬁ%ﬂﬂm@ﬂ&’
bodft - B0 E L5 3K Mgk i (Nanotweezers)) B R &2 5 & 4 %] 5 650 nm
#2285 nm > 4e 4-7(Q)2 (D)5 o o B B2 SR > H AR L B & 3w
PNESEy AT “f# 2 A AT FRRAFE e @ B %}:ﬁ%gﬁ?igg

£ 1400 nm> 4e4-7(c) % (d)#757 o 4 T AF i A &2 3 600 °C p# o & 33t 1 5 (Porosity)

<02 A4 28 gk S (Nanotubes)#rie = 0 B PEFS LRI % p T {3
Ay HEEEEARH600NM » £ R Sum o 4o 4-8 #in o

d it SEM 2 A RB BT B 4eT o AT 516 PLD oA o i
SRR T SR D2 G e B A e R R

FRRS PR A% MR B A W E A 45K (100°C)~ 2 5 55 (200
28



°C) ~ % 3 334k 2 7](250 °C) ~ % 3 #4£(400°C) ~ % @ 4% (450 °C) ~ % ¥ 4k
HE(B50°C)% % # H4£(600°C) ikt o ¥ b § A E A Y I F 0 B B

Bd e FRL AR EIHEI AL o

Nanocolumn Nanoteeth Nanowing Nanorod Nanodeck Nanotweezers Nanotube
(100 °C) (200 °C) (250 °C) (400 °C) (450 °C) (550 °C) (600 °C)

B 4-270 1 4 % # fk S 9100 °C)2 K 2 % (@)% 6 HRE ) # 7 SEM ¥

Feo (D) ()~ = 5 “TH B2 F B 545 REFKEH SEM Fif -
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) 4- 3/FU '*“5!7 S 7f~ ‘5';’&‘“' *ﬁ Bﬁ(ZO? OC)

,‘)\.

o (b) sh(d){n “*J—:—ﬁ”#%ﬁ%»

W] 4-4 76 (- 45 & A 93 S 7| B (250 °C)2 M B F ()% & AR 2 QR & &

SEM #:ff - (b)# ()4 5] 5 “F ¥ ez % % 5 4 6 T2 £ 5 SEM B if o



N

W1 4-5.20 18 3 o 8 S (400 °C)2 %8 % () 5 T3 s O B 5 SEM P
oo (D)E(A)A Bl L F B A5 502 fid e SEM #ife 0

- o )¢
S - » 4 = 1)

B 4-6 45 it 4% 7 5F 7 4k (450 °C) 2 B F ()4 6 A5 x (OF £ 6 SEM

Wiifoo (D) (DA S5 TR BB B F AR URE G SEM B ik
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) 4-7 &5 1 4% $ F ik L{%Jf;fivs:(%o 9C)2L 41 & ()% & TGz ©f # 5 SEM ¥

oo (O)8(0)4 Bl 5 AL S B F 4 B4 RE B 6 SEM s |

Bl 4-870 1 4% 3 & F A& S H (600 °C)2 i 8 ()% 6 % (O)F £ 5 SEM

oo (D))~ o 5 T B2 B B F 26 2 RE i E 5 SEM i
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4-2 AR R R FER S S 2 P

* PLD flA2Y » AR AT gl A A LR LR R e
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