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Two—photon fluorescence enhancement of hemicyanine dye encapsulated in
silicalite—1 nanochannels and solution processed fabrication of Sb doped SnO»

and (200) oriented PbSe thin film

Dain Kim

Department of Chemistry, The Graduate School,

Pukyoung National University

Abstract

Part 1.

We report strong one— and two—photon florescence of hemicyanine dye
encapsulated in nanosized silicalite—1 zeolite. The free hemicyanine molecules in
solvent and encapsulated hemicyanine molecules in nanochannels of silicalite—1
showed almost identical one— and two—photon absorption coefficient. However,
hemicyanine dye confined in silicalite—1 demonstrated higher fluorescence
quantum yield than those of hemicyanine dye dissolved freely in solvent. (5— and
3.3—fold from one— and two—photon absorption, respectively) This enhancement
of fluorescence is attributed to the isolation and confinement of hemicyanine into

silicalite—1 nanochannels.



Part 2.

We prepared antimony doped tin oxide (ATO) nanoparticles with various doping
amounts by solvothermal synthesis. ATO thin films were deposited on glass
substrate by spin—coating technique. The effects of doping amount and annealing
temperature on thermoelectrical properties of ATO were investigated by
measurement of Seebeck coefficients and electrical conductivities. ATO thin films
showed power factor of 64.43 xW/mK? at the optimized condition (2 mol% Sb,

annealing temperature = 500C).

Part 3.

In this study, we fabricated perfectly (200) —oriented lead selenide (PbSe) films
on various substrates, such as glass, transparent conducting glass, and
polyethylene terephthalate (PET) substrate by simple solution process. Herein,
we investigated the effect of orientation parameters, including crystallization
temperature, chemical composition of PbSe precursor solution and acetate anion
effect. The results of X—ray diffraction analysis confirmed the formation of

perfectly (200) —oriented PbSe thin films.
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1. 97 973 4 7.

AF7HA F571 FEFZAE 7IMerE s, 553 FujddA
EAS Holg AR FFuulda Zo Jide] AEst A7t
o]Folx gy 7# HEAHow
(zeolite) B ZF2&—-87]5 Fxx| (metal-organic framework) '
20], ;g E (Clay) [21,22] 7]_ %vl?‘
g3y . AHelES v =252 771 hostEA guest

o

PASS BAF T2 e sHFe] g £ BRAs g4

7] #REuAs 2Ae AN

97l FFEmud A EAB w8 B8 (nonlinear optical, NLO)
%Z‘:l[7_12], ulo] & @ o] ] (micro—laser) 1%, SERY o]

%4 (energy transfer materials) M™% Sl de] &= 3 gt}
o]Fx  F<(two—photon absorption, 2PA) EZHS o]FxA}

Sxow Qs wapo B8 A A (optical storage) P AEEHA

o] 4 (biological imaging) >, #d% A  (photodynamic
therapy) ?"# g} 728 Rolox A g2l ALo] slssltt= Hold 1
TQAdol wlg Foan T £ nk. ofe] u} E> olFa

A5 (2PA  cross—section coefficient) & 33 A& THA=
A

2de #9% A% AAD Yok QA W) LS 84 2PA BAL



of AW Ak 4 qlolok &, 84 wiZl dleld o4Hs] H2
F4S wojol 3} AN £ FHS Hol= 2PA I BEAELS
2 274e HH, 84 &9 YelH A= ST
&3 9FxF =& (fluorescence quantum yield. QY)2 A #AaA| 71t}
=, a8°] £ 2PA =4s MEer] fleide =2l 7= 2PA

2de wolal 2PA AN EF A FEs FIANE NS

_1_4

UieAd kel ZHEE ¢ S7lel flell dswE EAECl W& e

sasol A Aotk ALeol=st BT BAES hostEA 7]
A2 0 Ag gt AR ALEA WED 5 Qo) AEe £57)
ug wdY Y3 B AW Ao AT gk

—1(SL-1) AZgelE o2 FHleta, & o ol#a FFA+E
7= dmAlebd g 1 vweAE del FEAIZT o] F ymAde]
7FAR FulAlobd el @32l &< (one—photon absorption, 1PA) 2}
olFAt FaolAe] #F 5SS st ol el ArEA &
glujAlopdol Hole= 5453 vluwa] B =3k B4S S8 T
7ol =49 1PA, 2PA FFel mE & Qe FF¥el dEiA=

BT,



o] &3 w7

2.1 A|&golE

Aol Ex A3 45w A7 Aba dxpeh FAFEA
Tx25 olFH At v AN EHAE, 252 Fv(catalysts),
52 A) (adsorbents), AFA (molecular — sieves), ©]&1 A (fon—
exchangers) & o= ThYst Fokoll A ZH A A& gl

Aol ESl ZAFTA Al Ay ¢Frw A3t AL
AAE FFtAA 242 JAPEA 728 FA45ked], olm Ata AAE
et At el udkstrlel o FFe AleEhelEVL
Eold & Stk ASHolEE 1 FAF A T2 we ME e
Rok(cage/channel) ¥ =A7|7} vpeketA|wr, RE A 2golEE=
el A71eh Beko] JdA% FE2 AlFo] AR vjdE o3l

Aol EL dA4S FASte A& &Fug2 ds] thekst
Txo AZlEE W= = 3 ol dgs S
AeetolE =4 oA A& daet dFrw 9= vl e Ata
Arrel At AbA dAs 29 SASE mANE ol TO,
G et FfetEE AAR HdeE 4 45w 42 sty m A=
At -7 gan & o v SA dAE A Folekd, Aba A
47078 Al A 108 AdstE R Ak At THA = 4 g3
Ao +4 dAdstel FIHA Ao Yy dFeE A0 A=
FAdst= +3 olEE, dFvuly AAE T4 Ad Ae, F9 Ata

Aol g SAstel sl FAstst RSk o W, AgeolEt

&



W 3H(cation exchange) ©ol#tx EHTh =3 AdFojg Az <l
Aol E Ueles FEAo=m dstE we PRy SdstE W
ol yehuEd, A FRel weh Axpe] s=vF debA i, o

Apolz Qs Ab - d7]de]  yEhdn. AleEielEL A AV
Alzeto] EL F5, SI/AL HlE, folR  Fipel uwep Eepxlith
AgeolEL ol wd A A A7 Aol EE Fy
SHAZ o] gt FRI AT o olFEA vgFEd FRFe
Aol E Folld 2 Aol AkgEHe Aol E-1(SL-1D <
U7k ata GxF 107) 2 E o] FojR F3t A7|9 Aes A=
MFI type®] AlZgto]Eo|H.

MFI = type Al=ztolE: T4 A (Pnma 3
ALl ER 39 A A]|AEL 0.54%X0.56 nm” & A4 A g3} o]
T 0.51x0.54 nm® o ATATE AdE FAEH glow,
A A {7 dEE O vYxAde 23T o) g T

T2 NLO E4=E AFEHIL Sl

~—

0.54 % 0.56 nm

0.51x0.54nm

SL-1 nanochannel

a9 1. Aol E-1 AlZgol B YreAd &



2.2. F743}8F (Host—guest chemistry)
Host—guest &S T J] 2 7 ol4e ®a} o]0

Fade, oA, WHEds 4, 27 AF 59 vt Ag=

o sk F=s vk

18-crown-6 ether

Macrocyclic

oxacalixarenes

cavitands

Bowls

) () N s-aminoethyl)-
_ H/U\“ 1,3-propanediamine

Linear

1Y 2. Host9 &%

Naphthyridine-embedded

Calixresorcinarene-based



o] ZE-oA hostx AW O Z guesto] H|E] & EAZ guestd}
A% 5+ Qe A3 E 7Y, 2 FElel wet macrocyclic®

(crown ether, cryptand), cleft® (molecular tweezer), bowl3H
(cavitand), lineard 5o % WF¥ T}

=718 FAsse FE A AGFes = O+ Ue
914 3} 3HE (xenobiotic) 8] AlAe]  AFEESIYE.  Hostell @38t
T2 AASE = el sidels guests) AE A Cow Agtsto]
host—guest 2=+ FAstH, A E F&S 3Fste] #H7]eh= Wrol
T2 olgH3tt. dA host—guest #HELZ wWEd I3 Qe
o]Z4lM (lon sensor), =& #F S Tt FHom HEH
ARk A 5853 St} o= guest A7) hostoll AEYAES 7HAH
o]-& FA e wet vekstA HARl & vk AH 2%, host9t
guest’t Adsto] 2ES FGstHEA 553 SAS 7HA 7] wolt.

Guest7F 2 7HAd &wie] g &M=+ hostst H=&
FAeHAA ®stetA ok webA Grfjel] & =4 2w guestE §ffoll
AN ZIAY, BRI 2 &l FAtE o] gA Fgs] ¥ & g™ guestE
host &4 el 7Hrol HAAZozA GujzREl o] = Zlo]
7}s3btl. o] 2o%  host—guest FHES guest’} 7HAE 7]E9
WA= vHrol EAE MESAIZIAY, EFo] oH Y TAEAE
guest® =32 F 7]l 71418 =3 WE ol ol &H V= Sk



2.3. °]FA} & (Two—photon absorption)

@432t &4 (one—photon absorption, 1PA)¥E 3y Fxp7}

A AAE W2 uA AEClM w2 uA dHE A 2

FEE IUAE n 9e W Do Frolth B U
F5E Wt Qnmom Agd e Fuel WA AFHA F

o

shANE FApe] WREvE He dolAdes A Ae, 7N
Py TAe] AdstdAA B4 BE (non—linear optical) @A
o]342} &< (Two—photon absorption, 2PA) 7} A3t} 2PA= ZAY
e FITE 7HAE 7 oY FATE FACl e oy A el elA
AU AHz S W dojus dA5HA FFE, olHg

U A= = Fx7) 7HR = oy R o] dtap Eelsh)

o

i
rlo

2

c
o
T
ﬁ (']
[+ —
c - g :
o o < o
= ® x ®
‘G e = o
5 =} o
o = =
(4] w ('8
) =
o o o 2
2 ] =1 2
> 2 S 2
> > g >
2 Q
o
=z
One-photon excitation Two-photon excitation

9 3. @Y FAH(One—photon) &} ©]FA =% (Two—photon excitation)



A A owE Aol migAHelA sty FAE Feho]
el =7+ Adg olZsla, 1 AEldA Al Fx FUE o
ST BT AHE oleste Aol wAlel dojus Zlom
oAAZIE o] AN FZ el 7PFe dHOlER oux] HE

WAL WEAD et glon, TYTrel e 2PATE B

2PAE= AolE fldll w2 oUAE 7= @] Fds o8
e gflo], ARG W2 oUAE = A FdE ol8e ¢

3l7]1ell  wlo] 2o]u| A (bioimaging) ¢t} #%E X Z (photodynamic

therapy) o 22 okl e #§o] 7Ith=aL .



2.4 ¥]A38 3338 (Non—linear optical, NLO) €%

=

20417] olal} o]FA F(2PA)
d7go] deA A, o] vl 38t (non—linear optical) @7gel 2 st
Q1 o] g} To7F S7ve] Al AT
2PA7F a8AJAE ddstr] A= =S 2PA cross—
e o] g3 cross—section @t

ko)
Mayer (GM) units: 1 GM = 1 X 107°° cm® s molecules™ photon™~

, Maria Goeppert—Mayer?el

S|
&

EIO{'
4>

ﬂllﬂl

as Hols 9REe

J?i

O

Sl 2PA Geoppert—

section

1

>_A

2PA  ExzpelA 7}

(conjugation) A|A®S A 3=

%o o
Al

AR S

enjgo r—xx oA £9 AolS EQUTh o] 2|9

Fﬂ

NEEE

O_u

acceptor groupl.=® X|3sfo] F 9
Ll ]

donor,

-

ol

R4

o7l S8 =2 ARgEY

FAHA AR Holg F7EA o] ¥ 2PA

10



1. AeF

Ag7tetol E-15 FAs7] 28 AHEE AsE
tetrapropyldammonium hydroxide (TPAOH. 1 M)+ Alfa aesarA}oll A,
tetraethyl orthosilicate (TEOS. 98%)+ AcrosAtell A,

sodium hydroxide (NaOH) DuksanAtellA ¢35}t

Sz AFE3t  dimethyl sulfoxide (DMSO)+&  SamchunAhell A
TS

2. SL-1 yx&g 34

Tetrapropyldammonium hydroxide (TPAOH. 18 g), tetraethyl
orthosilicate (TEOS. 10.4 g), NaOH (12.8 mg), 3%} =FF 18 g
100 mL &E2kAE HA WolA £3atar, A=A 907 &<+ A HsHA
Ao ok Aol F9d AHE WebdH, 100 mL vty EdAaR
#711L, oil-bath WellA 60C= 7tdab 79 Fk wuksteh whE
o] BAE SL-1 %2 dAR7E o]&3te] 9000 rpmellA 20+

FF 3 AAA RO, ey FHRFY TFNoR (35 viv) 5F



AAE e 60T eBolA du ek Axdth Az Ty

550CoA 12A]7F%<t A3t}

3.SL—-1 A Y=z Furofd -6 B F&

Mz 2 F g1, dimethyl sulfoxide (DMSO)$ 3x 57/
(DDW) 20 mLe] 3u]Alo}d—=6 (HC—-6) 7.8 mg=s o 1.0 mM HC—
6 §Aq5 Frjdey. 2+ A4S DMSO9 DDWE o] g3 58 H3 H,
200 uM HC—-6 &9 FH|st=d AFE€th o]% 15 mL conical
tubeoll Z+7}9] HC—-6 &9 10 mLA 74 ¥, 7} tubeo] SL-1%

30 mg# F7Feict.

SedFda FFAPA) AFEHS UV-Vis AFEY
PN
SEoR st FF AHAEH] FHAHel|= Jasco FP-6300=

photon excitation fluorescence, 2PF) AHER SH o= o3 22

FA7E o] 8- A

12



PMT

Monochromater

W lens

/ o

mirror lens

’ sample Y concentration : ~80 uM

— 4 v reference dye : Rhodamine 6G and Rhodamine B

mirror
Light source

= 1
mirror :

v’ excitation wavelength : 880 ~ 1100 nm
v pulse energy : 500 nJ
v repetition rate : 1 kHz

2PA¥ Bhaskar et al.®¥o] HARsE W& o] g3te] 2PFEN-E
d= 7 Al

FA @A FAF AR = 50 fs, BA FAF £5 = 1 kHz, €429
qu#l = 500 nl))e== EERE ARdelo] oA gl dEHE
F<53%7] (OPA, Coherent TOPAS)7} AFEH Sl second harmonic
generation®l] 9J& A E OPA 8 HA+= 800~1100 nm(FH i 39
= ~100 mW) ¢ 55922 2PA-induced fluorescence® =3t
AFEE Y. AFESt A S 349 incident beame BE #WA(%F
A = 20 cm)ell o8 2HEHJN, A5 E32 1 mm cuvette & F
ZAE Y. sample focused beamel W] 45° 2 7]2o]A 3t}

13



G Al2E9L sample? 135° oA RN AL E= A= (4
Ag =20 cm)E E3 1 nm9 HFEE /AT A (MS3504i,
SOLAR TID = HUAA F@dA5u#(PMH-100, Becker & Hickl) &
23 =45t} sampled 107 M9 %% 1 mm quartz cuvette©l
7Vl Stk Al &7 sample®] 2PA cross—section< 880~1100 nmell 4|
SA4ER e, reference®E rhodamine 6G$ rhodamine BE

AF2-3F3 T 2PA cross—sectione U A2 E& AlAbE At

S oG 5

Oc =
. Srns@sCs )

ol H At s9F r& Z+7Zt sampled referenceE, SE= 2PF Al7]E, na
fluorescence QYE, @+F experimental apparatus® overall

fluorescence collection efficiencys, C+ 55, 6§ = 2PA cross—

sectione & v|stt},

5. 717]

—

ko]l g 542 FE-SEMUSM-7500F) %5 o] &3t A} dxh
A (SEM) ol o&ll  &siglet. X=4A A XRD) #HEHS L7
$3fA1+= Ni—filtered Cu Ka radiatione “&2st Rigaku DMAX-—-A

diffraction meterE ©]-&3}3it}.

14



I Ay 23

1. 3449 SL-1 £% 7% &A3#} sample? FH|

FAFAIUES T3 FAE SL-1 #¢2> SEMOE gFRIgs o,

100 nm olake] #AF QA 2715 Btk SEM o|mAsh XRD AH
= &

(b)

pristine SL-1

Intensity (arb.)

S 1015 20 25 30 35 40 45 S50 55 60
2 theta ()

a8 4. dAY Aggtele]E—1 (SL-1) 229 (a) SEM o]u]A ¢} (b) XRD

2 AFeA FH &2 DMSO7F AHE-E = 22, DMSO7F SL-1
ALeolESE  fAFE FHE(ca. 145 7HA7l ddd
A2t (Rayleigh  scattering) & & 4 Q7] w=olty. Ay oz
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eEAT EASE H7e] FALY ALw A5 sbssvh w9

AL TERIL Qo] WA AET Mo B 44 v}t 2

BeskA) ot AAH o] Waprkz ol Yok

A mAG AR el WAL L BE AP, J1AFo)
s U W A4e ojua 42 F5e do| siAw
A47E qUAE vl olFat AACIUA  FI TEsld
5w AR AREA Bk o] W s AA A7)

frag,

By

o
o

ot
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2AEEE TS N&E, P WA do] ZhsAd oyA S
W2 Ax= dA el 4= 9713 Al ol &g

Ng ®mt=Ae] A9 22237 Fo4XH 124 (hot surface) 9
AA7F A5 (cold surface) 2 ©]&3stdA, 1259 A3} des Wl
AR Ax "WEE A aA"ET NE vEEAA v A=
3 2E B vAE ATl PE REEAY] s Aed 2=
A8k &, ol dt o] s AFEA Lot

nEFolq do FHE oUAE W dAs ARFE o]FetA
Hed, ol T2AA ALor Fshe Vo] HAGHA FHHEA
HFEA W52 i A £97F 2polE HolA Hrh o= s 7] go]
A gkt

A B =doA A ddo] dojurl= kxR, &2 2=
FolXva stefete Ed@e wet WSk Vg Ak BEF
=2tk o] B4 1/ AEE ANASG (Seebeck coefficients) 2l
B, AAATE 222k ZIdge da v T 22 8
7hz1 Tk,

i

Eemj = —=SAT
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1. AeF

ATO H=sizke] gl AbgH

tin chloride dihydrate (SnCls - 2H50, 98.0~103.0%) £} antimony
chloride (SbCls, 99+%) <= Alfa aesarAtell A,

isopropyl alcohol(99.5%) -2 DuksanAFellA] =% 53t

2. ATO Y=z §94¢ FH]

IHE = FA AsE(ATO) YA €92 x mol% ATOZ
label ¥tk o714 xi= Sb/(Sb+Sn) X 10022, 0.5~5%2 &5
F0lgck 7 mL &4 A uel $E FEE(Sh)F F4(Sn) 9] e
4.76 molo. &2 7 AdAsHA A st

ATO-1% Y= A+e #v) 42 o5 2,
15 mL glass vialel SnCl, - 2H,O 4.7124 mmol¥®} SbCly 0.0476
mmol®] 9o}l isopropyl alcohol €9 FH|3t IAMHE AL

geolA 1A17ERE wHbel  aging $th. agingo] €4l FEEH
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we AL oxEFdoln o HEE 472 %73 100CE ods) =
QEA 20A7HE<E THEsiTE. L EEHO|HE o] &3 £
2y 1% ATO YA’} isopropyl alcoholel] #AH
?:4 1;]_ 1;]_2 lzl:v/] ATO _g_oﬂlz 7LO Hl-lﬂoi oq‘g_ _/; %1\1:]_

12

whgol

ofo
12

o]

2
2

3. ATO utulo] A

Absolute grade ethanol® sonication 3t 3 7]#2 (2.0 cm X
2.0 cm) 70% conc. HoSO4 &+ 30% Ho0» (30% Hy03 in H0) 2 A%
piranha solution® 2 A& 33l N,& o] &3slo] AZXAZILE o]o]A
oxygen plasma® 1% &<t 7]#e] ¥ HS Holut)

271 9o ATO YA wARS A3A 78 (1200 rpm, 30%)
sty ~dFgo] Eual Z|s 9o ¥Hto] YA HW, dste EE
oAL3E hot—plated ©]&3] 10% Tk 7Fgdth 7Fdo] Eud
71%< hot—plateel A Wil 4274 23tk 7]go] <bd3s] Aa

U Zge W,

o

4. Au A=9 A
gk 2190 Au A2 AWAs S-S S8l s Ao =,
shade mask 9& 9%z (pressure ~ 107° Torr)3ste] 2do] 14 mm, &

2 mm, +7 50 nm% Au A=+S IS}

42



5. 717]

ATO HFe] glancing angle X—4 34 9 ¥1& (incident angle =
3C) Ni—filtered monochromatic Cu Kea radiationg 2rst X—-4
3147 (PHILIPS/X" Pert—MPD  system)& ©]&3te]  Elstsith
grerel 2w Ao selels dA #vd (AFM/BRUKER/Icon—PT—
PLUS) & A3l

X=A Fdzxp e dist A5+ 1487 eV & #FA yAE
7FA&= Al Kea excitation sourceZ} F2E VG Multilab 2000
spectrometer (Thermo VG Scientific, UK) & %3l o] 5o 5t}

A7 A =%+ Mitsubishi low resistivity meter (Loresta—GP
MCP-T600) 7} &4 four—point—probe system= &3] =735 3t}

AeAFe] 542 prove station, =&2E F7] 93 F 749
heating block, Keithley 2400 source meter® T/%¥ home—made
FAS  EE  olFolFHrl.  sampled 2%  datax= T-—type
thermocouples Fall SZ&o=w FAs¢on, 172 Ad WHAst=
A9A=  Labview Z27%3  GPIB  communications &3l
gelatdlet. AAAFE 52 2ol thaf WA ALAE plot A&
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I A84d3

1. XRD ¥ £435 §% ATO 98 F2E4

110 (101)
(@) o e
@11)
= 4% ATO@400 1% ATO@500
3 ~ .
QMW g
> g
2 M\\W %
2 o) 1% ATO@400
= 1% ATO@400 =
' ' ' ‘ " JCPDS 411445 1% ATO@300 y
25 30 35 40 45 50 55 25 30 35 40 45 50 55
26 (deg.) 26 (deg.)
a9 1. (a) Sb &3 FAEE ZEdt ATO B3 (400CelA A=) (b)

A7 =EE <dEd 1% ATO Hute] XRD #H&l. €+ Si 7|l dist

peakEs 3X7|%F Zolt}

ATO YA €48 (Sb 53 5+ x molwpz %7, x = 0.5,
1, 2, 3, 4, 5) Si wafere] A3 FEs}L 400CoA dH2lste] ATO
whoks oy 7 X—A IHKXRD) HES e 919 XRD
datacld & 4 A%, ATO 79 peaki= Sb =3 A=e} #Aglo]
bulk SnO, (cassiterite) 7} H.o|+= peak® A9 A dA|stt}, o] +=
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ATO Yx%JA7F SnO.9F FYL$ rutile lattice structured 7FH-&
ojujget, P w gk XRD €Az o] & Aglstils tE crystalline
phase’} ¥ZHA] gttt o] A3k Shb = AE7F 5% vwntelA =
9 AH Fxol MY FFE FA Yue BTk

oo  ATO Hpere]l Aol <dAeE 227 Fo 9=
g3ttt ATO YA 895 silicon (100) wafere] A~ F7H
skal, 300, 400, 500CelA <dAgste] FHe HeEo] (42
1%ATO@300, 1%ATO@400, 1%ATO@500. %2 3%7]) XRD &
peak broadening A =7} ol HA ttES geld 4+ ok

peak broadening= Zr& crystalline domain sizeE HojFt}). o]
7= 7Y JASY U= Ar|E FAs=H AFE-E+E Debye—
Scherrer formula®s %3] F4g <+ Ut Z+ peak?d FWHMS
fYgatads W, 1%ATO@300:> 1.6nm, 1%ATO@400< 2.3nm,
1%ATO@500 2.4nm° domain sizes X3t} ©]# 3t domain
sizex high—resolution atomic force micriscopy (AFM) ©] =] x| ZH-H

A ojdl roughness factor &% x| 3ttt}
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2. AFM3} TEM= ©]83% ATO uhel 24

1%ATO@400 1%ATO@500

1%ATO@300

a9 2. theksk 2xoA] dAgH 1% Sb doped ATO ekl (a)—(c) AFM
olulx1 ¢}, 1% Sb doped ATO BFhol Al HAW grain®] (d)— (f) TEM ©]u] %]

ToA A8 dt Al 559 morphology ¥ %W A=
B

chokst &
contact—mode AFM<Z o]&3}o] &Ittt dv|7 ojm R & Z& =2
9 EALS =8ty 2dE FdEtet.

ATO ®rere] 1
1%ATO@300, 1%ATO@400, 1%ATO@5002] roughness (RMS)

0.38, 0.41, 0.59 nm= AUty =7} F7kghe] whet

= 7}7}
gldl, ol XRD A

value+— 4
RMS value?7} <7}sh=
Aol A YERE grain size7t T7Fske &

[ai3

2
it

oo 3
REs o

-
%3} AT,
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FHAA-ATE = (TEM) &8 A= ATO #2e] g%k domain
sizest FElE @71 Sl olFolHT. TEM Al ATO WH=
7|# o 2 HE HWAYIL ultrasonications Fdl| ok FAMAIZ A
AH-g-3FA T

H] %4 4 (amorphous) ZJEiel A4 (crystalline) AE7F E3H o]
A 1BATO@300°] HHll, 1%ATO@400, 1%ATO@500 ©]w]|A]
oAM= v A el algsks Fito] wEEA| ekttt

dxe] E7F 400CE Hol7kd, diFE9  JAeA  lattice
fringe7t 2@ stA BRItk o] A= 400T o]Fe &AM A=
st A, ATOS ¥ AR 37k o] Foids vehdth. 300T A

o

AN A A3 H dE WAL FEL EFHUE AL
FUF 5 glid, ol WP A AT AFolAL whgo] AojiA

XRD #HHONE dAg %7 400CE dolAd oyt
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3. XPS &4

ATO ¥hubo] mol: AL
AN (KPS ol 53
sord, P28 WE s

(a)

=
- =

I,

5)
Fol= peakE A Toto] BEsEIH

g olashl A X-A

3 7]

o

A7 %7t ATO uhulte
9a metal-oxygen(M—0) ZAgh

(b)

/4
7

1%ATO@300

1%ATO@400

cps (arb.)
=

1%ATO@500
Sn 3dy,

Sn 3ds,

---------

Binding Energy (eV)

=—

1%ATO@300

SO,
e

1%ATO@400

ey,
e/,

1%ATO@500 Ot

Oads
Sbé*

e

498 496 494 492 490 488 486 484 542 540 538 532 530

Binding Energy (eV)

528

At

==
LS

a% 3. oheFsk %olx dA-2 gk Sb 1 mol% ATO ¥2He] (a) Sn 3ds} (b)

Sb 3d, O 1s9] XPS 23}
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a9 3-(@E H¥ 1% ATO ¥He] XPS A= 486.8% 494.9
eVolAl Sn 3ds9t Sn 3dselll SliEsh= FHS WA A peakE
HQITh Sn 3dspe 486.510.1 eV o AF oyA|elA Yepts &Y
peak © & +4 AFsAFEI ] Sng o) m] gt} 27

% 3—(b) EFF 1% ATO HHpe] XPS datolw, 528 eViz Shel
534eVi O°l alg®th™ Sp 3ds.0 @8k peaki= O peak?] Hef
7 A QA RE, 1.44°] peak intensity®] H](Sn 3dyz @ Sb 3ds0) & &3
O peakellA #2lsf @ 4 St}

Sb 3dspel @Bz AR cluvA= 540.3eVelth. ©hE Sb
transition< (3dszs) Sbel AMSIFEHIE FEHsZ] fEll AFE-E A
#ZE peaki= 540.3 eVE Sb(V) el sid€ct. webA Sbis 1% ATO
drato A = s AbstE AHI(SH(V))E EASH, olgst EEH5S
Sn**¢} gFE 5+ AHY ShE TAHoIE ATO n—type doped
Rk 9 A2l Fapsi

O 1s9 XPS peaki= Sb 3ds; I H° HHS AAStE »d 19
3—() e o] F 70 Gaussian peak® deconvolution & <
QIt}t. 530.7eVe peakt &5 YAt AHAH o7 AsH oxygen 1s 9
A= ot olHst FFe oxygens  “lattice oxygen(Op)”
olgtil =®¥t 531.8eVelAr F ¥ w2 A duAE M= wE
peaks= metal hydroxide®|Y X ™olA hydrated speciese] FH<l
oxygen Oy ol NFA 0,9 O 2 W7} 35102 A<

O

A3ty o)A oxygeno] 23t structural defect AE7F EA]g
=58 BAIGlo] Ao FATHS Ko
Sb¥  dopant®A AV|HAEEY FQ3 Jgg¢ES w Xt E

A= Sb =8 FE7F SnO.8H= electronic TFE WA=

N
e
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3%ATO@400
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I e e e B LB e e s S
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79 4. 400CoNA 9323t Sb x mol% ATO ¥reke] (a) Sn 3d$t (b) Sb 3d,
0 1s9 XPS A}
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a4 4-(b)= Shb =¥ AEel wE XPS 4 A¥E HolEth

Sn 3dsp transition?] A3g oy A+= Sbr} = H AEo] uwet

H3lalA] g=d], o] Sn0,2] X Eo°] Sb dopant® o] 9
& A FeE stk FuFAE Sb AtsdEH= Shb &

AE7F 2 mol% olstd A5, @& Sb(V)ell sigstes Aol

YEtA R, =8 AE7F 2%E dolA™ sb@Del adldsh= XPS

peak7} 539.4eVelX % uEpdTE. o] A= Shb B A=V

o

of
ook

3

o

) ol OJTES. Z = 01O O =
317]@_1___1—0“ é]so]:a = T /J\U = E—O%T’:E}
[©) EX
4. ATOY &4 5 Ql
(a) 50 (b) 50 (C) 50
300 C° 400 C° 500 Ce°
4001 ® -4001 -400 /O\a
- o <f\ F40 —~ 40 — O/O o F40
X .\ -~ § — ; / =
3 :
2-300 o o § Z-300] § Z2a00{ O §
g \ -30@ g {‘30@ g F30 @
£ o £ € ot £ ¢ ° g
D ] 2 [ 3 O—O—— > % L ] é
g-200 10T 820 = —r 208 §201 F20 B
x T x O T x =]
S c 3 rd -~ c
I} G O 8 ® S @ o <}
8100 © 8 00 — © 800 T o—o ©
1001 ° _ e
(Cg 10 % \ 10 % 10
[ ]
—6—0—0—0 ©
04200070 0 0 0 010 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Doping amount of Sb (mol%) Doping amount of Sb (mol%) Doping amount of Sb (mol%)

9 5. (a) 300C (b) 400TC (¢) 500CIA 2383 Sbxmol% ATO Htete]

A A2t A7 R

ATO wrehe AAGel 9] s Hol=dl, o= ATO ¥pEre]
n—type HHEAS] 54 Helths Zls Uehdth
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=8 AEE 1%0A4 5%= F7HE o, AEASFTt
B5S RAFET a8y AV|HAEREE BRE 9Ag

2L oA carrier &% F7IE Qd FUeleE EES X
Zepabd el wbEke] AAeE] 2t F7FE W, AMATE

Hastal A7IAREE ojeh W2 Srhehs e Bl
olgist W] A = A AA carrier ¥EE F7tE Qs
TE EAeA 7]Qlsl Aolth UWlA o F  Mott equation el A
%315, AMASE A o]ES o BlElEA T, carrier FEol:
gt welbd ATO Bod Sb EFo) 93k carrier HE°
7t A7ARRe] F7FE olEAIN, sAld AWMATFE A
Sb i AP Hl = Ar ol Bal, ATOS AV|E. 4o 9T
=tk XPS 244 Zletgls, Aok 3% otdiolA Sbie 27 +59
HERE EAgT ojus AVIAEE7F 53 FEo w54 5HA
S/t dx2Ae® 3%FElE T 7HA AsPEZ A A A
1 (Sb?"gk Sb°*7h 76119 HIER FE) AHMEEF FhEke
AE7F daskA "ok

_4

o

ATO ¥tre] power factor (PF)& B2 Mst #2415 53 48
%1\1:]_'[32]
PF=5%/o
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w
o
A .

Power Factor (uW-
N
o

-
o
il

o

2 3 4 5
Doping amount of Sb (mol %)

o

[
o
o
ui

%

3 dAxg %2 Shb =3 FEoA 2 power factor (PF)

AR g8 948 &594 Sb x mol% ATOS PFE Axks] 2 43,
2E AL Zo|A], Sb 2 mol%, 500C Gxz 7oA Fv]d ATO
713

o] 64.43 pW/mK’Z 7}g =& PFE #S BojFoh
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