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ABSTRACT

Development and optical properties of rare-earth doped

CaTiOs perovskite based multifunctional nanocomposite

Kim Da Young
Advisor : Prof. Jung Gyeong Bok Ph.D.
Department of science education

Graduate School of Chosun University

Recently, rare-earth doped fluorescent materials have been attracting a lot of attention
because of their high quantum yield, sharp emission bandwidth, photostability, low
toxicity, and tunable optical properties by varying lanthanide dopants in the host matrix.
Calcium titanate (CaTiO3) has been widely studied as a host material because of its good
chemical and thermal stability, bio-ceramic with excellent biocompatibility, and low
phonon energy among oxide materials.

In this dissertation, we investigated the structural and optical properties of Eu®*
doped CaTiO; (CaTiOs:Eu®") perovskite phosphor powers obtained via the high-energy
ball-milling (HEBM) method, and we examined the influence of ball-milling time, Eu**
concentration, and annealing temperature on these properties. The highest
photoluminescence (PL) emission intensity was observed at an annealing temperature of
1200 °C and a Eu®* ion concentration of 6 mol%. The PL spectra showed strong
characteristic peaks at 614 nm by the 5Dy — ’F; electric dipole transition of Eu®* at an
excitation wavelength of 398 nm. These results suggest that the PL emission intensity of
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CaTiOs:Eu perovskite phosphor powders can be controlled by Eu®* concentration and
annealing temperature. To develop of SERS-fluorescence bimodal nanocomposites, we
synthesized Au-decorated CaTiOs:Eu*" nanocomposites (CaTiOs:Eu’*@Au NCs). The
SERS and PL emission intensities of CaTiO3:Eu**@Au NCs were enhanced compared to
those of CaTiO3:Eu*" powders. The highest SERS and PL emission intensities were
observed at an Au concentration of 0.08 mol/L.

In recent years, rare-earth doped up-conversion nanoparticles (UC NPs) have been
attracting attention because NIR excitation light causes minimal photo damage, induces
practically no auto-fluorescence background, and can penetrate biological tissues to a
much greater extent. The CaTiOs:Yb3* Er®* NPs were synthesized by HEBM, and their
crystal structure and surface morphology were investigated by XRD and FE-SEM. The
PL spectra of CaTiOs:Yb%* Er®* NPs under the excitation of a 980 nm diode laser consist
of two characteristic emission bands from *Fg;, — “l1s;2 (red) and *Sarz, 2Hiz — *lisp
(green) transitions. For biomedical applications, the surface of CaTiOs3:Yb®*,Er3* NPs was
modified with SiO2, and cytotoxicity was examined. The MDA-MB-231 cell viability
assay showed higher than 80 % cell viability in the presence of 5, 10, 20, and 40 ug/mL
NPs. This study showed that the CaTiOs:Yb®* Er**@SiO2 NPs have the potential to be

used in biomedical applications.
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Excitation ™,
Emission

Figure 1. Luminescence of phosphors.
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Figure 2. Jablonski diagram including vibrational levels for absorbance, non-radiative decay,

and fluorescence.
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2.1.1 3}3F ¥3 (Down-conversion; DC)
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Figure 3. Schematic diagram showing the down-conversion processes; (1) Absorption,

(2) Vibrational relaxation, (3) Emission.
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lanthanides in the visible part of the electromagnetic spectrum.
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2.1.2 733 W3 (Up-conversion; UC)
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-2E A2 (Anti-stoke) ©]%E
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dol A<l 8l
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il
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\Th [42-44].
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|
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>
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(c)

(b)

(2)

Figure 5. Schematic diagram showing the up-conversion achieved (a) Excited state absorption;

ESA, (b) Energy transfer up-conversion; ETU and (c) Photo avalanche; PA processes.
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=

Figure 5 &= 733 ®gHe] olyx] o] digh w3 de]& ekl Flojth
dutd o2 43k WHE A4S YAANIIE T8 Y& ESA (energy state
absorption), ETU (energy transfer up-conversion), PA (photon avalanche)= =7
372 Ao 4 ok ESA = e AdHeld 2 ) B &= 97"
AFA7F tha oA Sl B, 2 o7] He= AS TEH shAIRE AA
ool Mgk doju=s g om 8ol vitke dile] Utk ETU &= 334
el vk geelA dlUXE wol B o orld ouAst BAAR
oJ§ste] By olUAR 7] ®i u, gAY B 0% of7]E eluA
el e 2 o]EslAl "k 7 7le] o] (sensitizer, activator)E A}o]9]
AU Ad= AF FEagel 9ol Yo ole R EfT o2} ol
AYAS BHAS AUA F9F 2e W AF HE Fape] ouA
des do=A T PA AL B 9F 2ol =2 oluA FHel Sl=
ool W& ouA E9= dold w I UAE vk dEjel = Al
dEFS T o7] H= Aotk PA HAHL FEA o] FLTt STIEHA
o 2A el o] Fe] HAo] FojSAl HWA CyA AP Aol
dold FEo] SR [4547].

B ws FFA A olEHHE (Yb), JIZH(ES), HE (Tm¥), TF
(Ho™) 5ol TAer &A= ®ol AbgHt. 11 o] i+ figure 6 ° Eb
upel ol ypit o] 9] s, oUAl Ek Er, Tm¥ 12|l Ho¥* o] 2]
AFA £ AAZE FAFSke] oluA] dde] a&H o o]Fod = UV

ufj o] o} [48-51].
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Figure 6. Schematic energy level diagrams, up-conversion excitation and visible emission schemes
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2.2 EHS7E 94 (Surface-Enhanced Raman Scattering;

SERS)

o BAW YEagstel olel YFow Folxi ANS Argreletu

ot

gtk olw abwrel Wol Aehe] YAR W AUAZ FASUA eho] i

A4S el Ak (Rayleigh scattering) B B4 AFgh (elastic scattering)

o,
kv
K
o
=
hines

S
>
it}
W

oA st tho) 2berE ol Ay & A

Y
riet
n
rlr
r_8L|
ox
o
L
rlj

2Fgt (Raman scattering) =+ H]EHAd AFgh (inelastic
scattering)©] 2}aL St} #hnb £FT Q%9 =28} C.V. Raman °f| <]3]

WAEA 1930 A =¥ S-S AT QAR | oy Ao dR-T}

o
iy
o
-
oX
_O|L
rlr
e
Ny
o
™
offt
SE,
M
)
o
oty
rN
o
do
ok

ool e AL

Aol apE we oluAel wa 2w

stokes Raman scattering)©|2}3L ST} (Figure 7(a)). Figure 7(b)oll A YEFW o]

o

ghet Abehe wde] Aty wjas] dvinks CdUAE 2 AJA

ne
rlo
N
offt

JAAE BAe] AF ~AEPS Z4540] #T o]F (Raman shift, enr
No®m FASFOEM, ol Rate] Tz Ede A4 B AL Al

o] il At} [52-56].
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Figure 7. Schematic diagram of the energy transitions for Rayleigh and Raman scattering.
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¥ H S 722 (Surface-Enhanced Raman Scattering; SERS)©] H 315 1T} [59].
SERS © 14% &4 7|24 &% U 7% Fd 14 &7 SR8k
o

2EE 9F 100 ~ 10" v AE FZFHA|ZIth SERS 9] 7] d¥&= 55 Uk

A5 T B o S A5 20 St @dem )

FiN

A A} (metal nanoparticle)2] X Z2F=E (surface Plasmon)oll 2]%F Hx}7]

%7 (electromagnetic enhancement; EM) °]&°o= Awd 4 ity 1WA

&1 (Localized surface plasmon resonance; LSPR)¢|2} St} = A2 T4
FEHOA LSPR & AA|7]aL, LSPR 2 FAAE AA7[Ho] 4 EZv}e

FE AeE Tl 2 A E A FFAIZITE [60-62]. Figure 8, 9 oA ZHzt
w4 Ui Y§A+] LSPR 7 SERS o] ¥#E YERAT

FASAeAE] AREE = 55 Ui YAk I eR |5 (Au), &

(Ag), & (Cu), W& (P Sol AMEHI glom, 7 F Au EE Ag &

Tl HFE vhe A= MAIFA 99 el Lt FekA FHe)
el Y L kel WS ZeA dedd. Ew SehxE 39
Foae B4 e a9 271, Fu Bl s 2ekn) olF xdstol
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Figure 8. Localized surface plasmon resonance (LSPR) effect of metal nanostructures induced by

electromagnetic waves of light.
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Figure 9. Schematic illustration of the mechanism of Surface Enhanced Raman Scattering

(SERS).
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. 43 Alg € 43 94y

3.1 A3 A=

Al

M3leo] Q3 A]F2 Calcium carbonate (CaCOs), Calcium chloride dehydrate

o

(CaCl,-2H,0), Titanium(IV) oxide (TiO2), Europium(IIl) oxide (Eu203), Ytterbium(III)
oxide (Yb203), Erbium(III) oxide (Er203), Gold(III) chloride trihydrate (HAuCls-3H,0),
crystal violet (C2sH30CIN3), Cyclohexane (CsHiz2), Triton X-100 (TX-100), 1-Hexanol
(CeH1s0)°] ™, Sigma-Aldrich oAl G943} T} Tetraethyl Orthosilicate (TEOS),

Ammonia solution 28 % (NH3)i= Fujifilm ©l| 4], Ethyl Alcohol 99 % (C2HsOH)+=

Duksun 9| A T+ sk T}
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3.2 318 W3 ZF EHEE AsEY 34

3.2.1 F-2F (Europium)S 713 Z4 HEH ASME (CaTiOs:Eu)

bix:

CaTiOs:Eu** #H|ZH A7F0lE @A &8-S CaCOs, TiO,, Ew0s & Y%
242, 3 AqUA & FF (high-energy ball-milling; HEBM) WS o]-&35}o]
Ar o=z §/d3lTt. Figure 10 o ¥ H], A =23F &7] (80 mL), 15 mm
2E Ao 3d &Fol Wi AEf=E yEhdSdd

B4 23y BES €2 F 400rpm 9] I HFEZ
AeA = Ud stk B Al A vl 5001 =, EE AR 60,

120, 180, 240, 300 # 0.2 WEA R WY A vk % =T 2] 99

rr
2.1_:{
N
off
ki
-
=
it

om AASUT) HEF oL Ewel B u]

7S
i
N

I EX HIlE 1Y) 93l 4,6,8, 10, 12 mol% = HIAFTH D T Al5+=
A7 2 A 7°C/min X2 5-2AA 600, 800, 1000, 1200, 1400 °Coll A 1 A7+

¢ FA F, A Ao Bl H7ME CaTios FEA £Ee

=22 .



322 3 Ux A Z2¥E ZE HERE ARBE e B3

(CaTiOs:Eu**@Au NCs) T4

71 CaTiOs:Ew’® FFA 4 Aldl =] x5 9 44 dist
EAZ 437 98] CaCOs; oA CaCl,2H,O & W73 81 CaTiOs:Eudt & 344

o}
=

tlo

T a3l th. CaTiOsEu*@Au NCs = 33 & AR&sto] A=Atk
(figure 11). 300 mL 9] FF ] CaTiOs:Eu** (6 mol%) FFA & 05¢g & 1
AZE ERb 25 AgE & JAVE ddEA BAMEESE 1 AIRE F<E
Z+7] 3HE (400 rpm, 40 °C)= %Y 3F3 o HAuCly3H,0 €942 0.04, 0.06, 0.08,
0.1 mol/L ¢ %2 FH|SIUTE Tl A CaTiOs:Ew? F3A A=
7} 559 HAuClL:3H0 €9 3 mL 2 FH7bste] 30 ¥ FoF 7] vk (400

pm, 40 °C)S &t} CaTiOs:Eu® dF A 23 HAuCle3H,0 Al&E

FE3 E¥A F, UV BZ (8 W, 365 nm)S FAMSAA 30 B FF A7)
WHE (400 tpm, 40 °C)S SFRATE YA EE (2000 ipm, 5 T)E A 8BS FA T,
STHT deEs W AFH 3 IE AT HTHoR Aozl
AAEL 60°C oA 24 A 7F AxEAT)
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Rotation of the bowl

Figure 10. Photographs of the (a) planetary ball-mill, (b) bowl and balls and (c) schematic

illustration of the ball motion during mixing.

Before After

A,

S

Figure 11. Experimental process using photoreduction method of CaTiO3:Eu’>*@Au NCs.
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3.3 4% M3 ZF HEE AsEY 34

3.3.1 °]8E (Yetterbium)¥ S| ZF (Erbium)S 73 Z4% EHEE

A2 (CaTiOs:Yb* Er') FA

CaTiOxYB*Er* FHR2HA70|E §FA #28S CaCO; ,TiO), YbOs,
W Z2d=2 3 oA = U®  (high-energy ball-milling; HEBM)

=
e olgste] GAow FASAT 80 mL A=mE §710 o] A=

EAE,10mm AZIHZ0y) B, 2 o eE 20mL)yE I ¥ F 400
mpm o 3 FE=z F2oA B UH AT AESE IJEF o] YbIe}
Ertte] & H|&= Yb' = 1 mol%, Er¥t & 0.5 mol%% 114G sF T B3 Alga+

A W 4501 2 3Flom, Wy A7RE 12, 24, 48, 72 AP R WA AT
A Al wpze] ok 2E Y] flEl 15 i (AR AA ST 2E F
ABE A7ZNA 7 °C/min $EZ F$2A7 1000 °ColA 1 A|7F Fo
Azl H&q F oA A Pzto=w Hxso Ybr H Bl 7F H7kd

Foach.

3

@)
o
=
Q@
o
ol
E
rios
ogl
o
i_t“
Mo
=)
o
o
ol
&
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3.3.2 CaTiO3:Yb* Er¥* Ux Y=te] ¥4 /1A

100 mL ] H]#H ]| Cyclohexane (15 mL), Triton X-100 (3.4 mL) % 1-hexanol
(3.6 mL)S Wil 400 pm o] 3|3 £ 5 F3F wwk sgivk wyk $ 200
mg 9] CaTiOs:Yb*' Er’" FFA &L T/HF (12 mLE 99 34 &
A7bete] 5 B3F ALEA E3erdTh. 27" thE 400 uL 9] Tetraethyl
Orthosilicate (TEOS)2} 400 uL ©] Ammonia solution (28 %)& % 7}sto] HF 34

§e AeolA 24 Az FQF Wk A WW F YA B 9

=]

eSS Hrbste] AAdE Y HFA| (CaTiOsYb* Er*@SiO, NPs)E 15 &

w9k eA 22 (6000 rpm)dte] et ol®ba® ke AF 3 3 Zd F
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J{m
o,
M
d

3.4 $AT 2w EHEE AdE U 5EA9

a) X-A 3]Z (X-ray diffraction; XRD)

AlEel Ad Tx= XRD = Fd EAEsier, XA A 247
°]-8-5k

(PANalytical, X’pert PRO MPD)2] F¢2 Cu-Ka 41 (A = 1.5406 A)<
F 40 kV S 30 mA = AREatglth X9 Ak 7
btk

A Ak ARE 2

o

O

(20)°] 4 W= 20-80° = sFQon], 27 EEE 0.02%ec & =4

b) AALEY FAAAEATZ (Field Emission Scanning Electron Microscope;

FE-SEM)

Age] 274 4ol 7)ok kW P4 15kv e 7HE A Stell A FE-SEM

(S-4800 Hitachi, Tokyo, Japan)2 =

il
of
_—%

(Energy-dispersive X-ray spectroscopy; EDS)<> EDS (E-MAX, Horiba, Japan)

Mapping 3t €4 3% 2 74 =4& gAssith

¢ ZAANEY FEHAAHUE  (Field Emission Transmission Electron

Microscope; FE-TEM)

274 dAre Ariek w4 viAlT RS Ayl fAsE 200

Al 3 9]
kV o 7}& AolA FE-TEM (JEM-2100F, JEOL, Japan)©o & 3234314,
oA #AHE HF BAHLS EDS (X-MaxN 80T, Oxford Instruments plc, UK)Z
X g 34 EZS glsisltt

&2l Mapping &t 4 &



d) ¥ ¥H3 XA (Fourier transform infrared; FT-IR) #33

Alge] A b A rEE A sl FHIR 5S4+ skglen,
54& 918 4+ ¢S Potassium bromide (KBr)9} 1:100 H] &= &35}

s

W2 (pellet)y= A2, FT-IR &3 7] (Nicolet 6700 spectrophotometer,

Sinco)E AF&3ke] 400 - 4000 cm™! 9 oA ZA 3}l Th.

e) =7t E33 (Raman spectroscopy)

I ~HAEHLE 785 nm 9] ol = o] A7t ¥ XperRam

iz

s

F/1.4 A]2~%] (Nanobase Inc., Seoul, Korea)S AF-&3te] =43t Y 5314

_4

A J (CaTiOx:Ew?) 9] ket AFHEHL 0.65 mW 2] oA A7IZ 5 % 59
ZAFske] 100 - 700 em! FFlA FASAT. 5 v JAVE 2¥E die
E3HA A& (CaTiOs:Eu**@Au NCs)?] SERS a5 FA38l7] ] crystal
violet (100 uM)= 9F L2H 2 ARSIt Yl H3A AZol crystal

violet & 412 F 4FuE sdd 5 uL & Homd g Axs|he]

SAsEAT AZo ZAEE #HolAY =8 06 mW 2 == A7 1 X%,
=72 314> (accumulation number) 10 &2 3}GIth TS MIoA A= &

A= 10 3] o] FAsI H+ wghe ARSI
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f) 3 W3F F33 (Photo-luminescence spectroscopy; PL)

Alge] FskA

o 171 d

o

J|m
rlo
ol

1 W WA AR (CaTiOEu

s

CaTiOs;:Eu*@Au NCs)2] 749 A= (Xenon) #ZE FPoz gk W3k
&3FA) A E (CaTiO3:Yb* ,Er** NPs 2 CaTiOs:Yb* Er*@SiO2 NPs)2] 73-$- 980
nm (0.5 mW)2] tho]le = oA E FPdoz zte= F FEA (FluoroMax-4
spectrofluorometer, Horiba Jobin Yvon Inc., Japan)E A}&3}o] AFolA

=359t
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3.5 AX 54 AU}

a) AX )¢

-

MDA-MB-231 Al¥& $h=r M| AZ523) (KCLB, Seoul, Korea)ol| A & <F wbto

il

A}-8-3F31 T}, Cell culture dish & PBS = washing 8] 1mL €] 1Xtrypsin EDTA &

ftlo

dish o] *2] & incubator ©| 4 #%I incubation A]Z1T}. cell ©] Eg 5= A

o

And & F3ll &<l &, centrifugation (1200 rpm, 4 min)3d}e] cell & 7}2leks]
w

(¢

centrifugation ©] U cell pellet = A&t FTN HES AASIL A=

2

culture dish ©] media & Yl cell ©] ZF HAEES FE3 Zojat. &5

F T 37 °C,CO, 271 3}l incubator o] 4] Bl &3} T}

b) AX =4 H7}t

|

2 Ea B4 WhE Add

rlr
Ho
oL
o2
)
ke
rO
<
)
>
<
oo}
N}
=

A3
Counting ¥ cell = ©]-83}] 96-well plate o] 5 x10* &= seeding $t}. 24 A|7H
5, seeding ©] 5% 96-well plate ©] media A Z]3tth U= HIA| AR
(CaTiOs:Yb** Er*@SiO, NPs) S Z} 5% (5, 10, 20, 40 pg/mL)ol W&} MDA-MB-
231 M7} A= 96-well plate ol FHFTE 24 AIZF B3 F 7]E media &
A AL 0.25 mg/mL 5% MTT €& YolF Tl Incubator oA 2 ~ 4 AT
A F3tal media & A3 A AT media 7F A AE plate ] 200 pL <]

DMSO & Y1l £50] & % 570 nm °|4 &% % (SPARK, TECAN, UK)Z
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AW

4.1 313 W3 CaTiOs:Eu’* FF A9 EA

O

4.1.1 & DH A7t wE EA

Figure 12 2 & A7to] w2k 1000 °CollA] G A 2] 3 CaTiOs:Eu®* (Eu®*
10 mol%) FZBAFJE  FFA|e]  Febd  SAel i o7
(photoluminescence excitation; PLE)$} @33 (photoluminescence emission; PL)
2~ E- oIt} Figure 12(a),(b)olAl HAF+= 3 o] &3 3% 614 nm %

7] T 308 nmolN WP CaTiowEw FAA wre] 7] @ o

d B UAA WMol skl WAL Aol AAdom Qs wE A=
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Figure 12. (a, b) Excitation and emission spectra of the CaTiO3:Eu’* powders at different

ball-milling times and (c) PL emission intensities as a function of ball-milling times.
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412 Eu* o] FExd| ©E 54

W ——12 mol%
k M — 10 mol%
=]
© l ——8 mol%
L j A e
g . = ) @ 6 mol%
o " A e o~
)
= ——4 mol%
MJ;_ A A ~ ‘
l CaTiO; (ICCD 96-210-0813)
i " | il 1 N
20 30 40 50 60 70 80
20 (degree)

Figure 13. XRD patterns of the CaTiO3:Eu®* powders at different Eu’* -doping concentrations.

Figure 13 & 1 oyx] & Uxy wgo=z 240 & F<t A st

1200 °CollA] DA €] 8k CaTiOs:Eudt HZHAFFO|E &33A] E2o] Eudt 7}

Lo wE X-d 3]H(XRD) HES VERATE FE84 o] Eu’t o H7F

2ol J3F glo] mE FFA AlmolA 3290 FZo] HUY A A=
o]

F 84 wast dsg ol H YrHom ofs

ol

Zb= (121) We
A71E 7FA I QE 47.4° 59.1° 69.2°% ZF (202), (123), (242) "ol A Ay et
Aoz FAEo] o, P el HAA FFE ICCD (No. 96-210-
0813)9} A X]&}i= CaTiOs AL Al (orthorhombic) 274 +x5 YEFHTE Eu?t

W7l B 6 mol% ol F A wAe Zwsh Auel mEgen, ol

T

Bt A7k BE7k Bohgl meh F 84 vae) FEst AR gasks A

o
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=

ANkH o8 HRZHATIO|E FRAA A site = O] WHHo] & EHo]
AXHH 12 7le] AtAeb wl 9l E, A site O] =R AU o2 22 B site 9

o1& 6 he] kst MAE Ytk AZDATbo|E FEA PYE A,

<t<1.00] EgEojof HZHAT|E FZE FHA 5 QS 5T &
AT (21 9).

_ ra+7o
t= \2(rg+710) (9)

Az el Azt d 1 AANA dARE 13 27F A wx 9] s
7HAH iAbE F A el gdE ) AR 1 % 2 = AR 2dsin(6)
Wl AR A AZIA Hd ol gldd F ule] AR ATE ARG
el Aaa) A w vl Aol dojuA HH o] 2dS B W
(Bragg’s law)ol2tal @tk (3 10). 4 11 & APFAAA 2 T2 485H+=
WAAoR figure 14 o Bz WA APTAA H2HATl0lE FRE

LFERH AT

A = 2dsin(0) (10)
1
d= (11)
A £ XA Ka o 3¢S JERY (b k1) & W] A, 1AL abc e
7} %o AR s YERdTH Bt H7F 5% 6 mol% ©] CaTiOs:Eu’* 33 A
Rubo]l 3= 3]d 1= 32.9° (121), 47.4°(202), 59.1°(123) & o] &3lo] A} H4=
T3tk
A . _1 1
=sin"(0) = —— (12)
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2o A& o] &3t CaTiOs:Eu?" (6 mol%)d ZAX} &5 ALtsld a =
5361, b =7.651, c = 5392 2] #S 7}R} o] ke IR CaTiOs APA A 2

AT [65,66].

(a)

1 ~ N1
Ncident 4 Diffracted
Beam Beam
2 . N

dhkl

SIVG SIYS S S Y. W, Y S—

(b)

‘ A site : Ca?*

B site : Tit"

Q O site : O?-

Figure 14. (a) Schematic diagram of Bragg’s law and (b) CaTiOs perovskite structure.
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Figure 15. FTIR spectra of the CaTiOs:Eu’* powders at different Eu’* -doping concentrations.
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EQgS ol o] Ay I EF o)<l Eudto] CaTiOs o] 3207

Figure 16 2 1200 °ColA] EA 2] &gt Eu*t wXo wWE CaTiOs:Eu’*
H 2B A7l E FBA 9 CaTiOos Al#o] 2ht A EAS Yehfidc) gbqt
93 122 cm!' = Ca-TiO; 9] AR} Z& (lattice vibration), 174, 221, 246, 293, 342,
330cm™! = O-Ti-0 ¢ w3 E= (bending mode)E 2|1 dt} 467 cm! &
TiOs ¢ W]E¥ XX (torsional mode)ZF-E 7|13}, 632 cm” & Ti-Os 215
= (stretching mode)E LEFATE Table 1 oAl &21% wle} 7Fo] CaTiOz:Eu’*

FA9) it WS CaTioy AR it WES fASa F3 BE £

A=A ekS Eelst) [68,69]. ©] A EHF-E Ehek ¥uk oluzg} FTLIR 54
A3} 2 XRD ZA¥ A CaTiOs:Euv’" 3 FE2o] z FAFUSS &
ATk =, I EF o]L Eudo] CaTiOso &Aooz HrlE LS on i},
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Figure 16. Raman spectra of the CaTiO3:Eu’* powders at different Eu’* -doping concentrations.

Table 1. Experimental Raman active modes (¢cm™) for CaTiOs and CaTiOs:Eu®* powders.

Peak (cm™) .

No . . Assignment
CaTiO3 CaTiOs:Eu®*

Py 117 122 Ca - TiO; Lattice mode
P 180 174
P; 246 244 ) )
P. 287 203 O - Ti - O Bending mode
Ps 335 344
P 469 467 . .
P; 494 494 Ti - O3 Torsional mode
Ps 633 633 Ti - O Stretching mode
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Figure 17 & 1200 °CollA] &A 2] 3+ CaTiOs:Ev’ FHZE 7ol E
FFA L B’ ko wE FEA S| g PL &~ ER] 0|t} Figure
17(a)cll Al % nhe} o] g 314 614 nm oA 543 A3, CaTiOs:Eu**
BEdo ofry] AHdEZL JEF o] EuMY FTE 6 mol%olA HU=
UEhE AL 8R1% = QA 1 ol wrReAe whd AR HA
A48T} Figure 17(b)= o171 37 398 nm oA =743 CaTiOs:Eu’* 33 A)

Woko]l Wbt A~HE™ AR figure 17(c)e] L ZAA 7P 3 g5

=9 34 614 nm oA Eu¥el s wE AF A7) WIS 13T

(concentration quenching)oll 7]¢18l= Aoz AT [70]. 9 A
ABRZHEE  CaTiOsEu* HZH27l0]E FFA| wHe 4 dFe 614
nm oA 7R gk g vl=7F yebgew, Ei’te] H7F % 6 mol%ell A

AT,

Ao B ANNE FAT 4

s
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Figure 17. (a, b) Excitation and emission spectra of the CaTiO3:Eu’* powders at different
Eu’' -doping concentrations and (c) PL emission intensities as a function of Eu* -doping

concentrations.
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Figure 18. XRD patterns of the CaTiO3:Eu®* powders at different annealing temperatures.

Figure 18 = € 2] %] w2 CaTiOs:Eu’" (Eu*" 6 mol%) | ZH =70 E

¢

ot
o

A el XRD HE-S YeRd Aolth XRD I H9 Al7|& 600 °CE

I

A g ARl 7 ZA dERET 800 °C B 1000 °CE AA ] g
Az XA 34d P’ CaTios o F2 34 I3 32.9° (121), 47.4° (202),
59.1° (123), 69.2° (242) <]l 28.5° HF-<toAl 3|d I =27} AFHAG 9]
A3} 2 RE Eu0s (ICCD No. 01-085-8298) o] &3tw o] gl ZS &elsh 4=
Aot Eudto]l g o R EHAA Fes ¢ F UM A

CEE 1200 °C o]0 R F7MA7 A=A E Ew0; ¢ AA Fx9 137}
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Figure 19(a)-(e)= CaTiOs:Eu** (Eu’* 6 mol%) HZH 27}0|E g FA| Lo
dxg] %o wE FE-SEM ARHo|t}h 600 ~ 1000 °CZ EAg %7}
dedel we P v A " s G9lg 0 Aok

1000 °ColAE To] AL ol QA zre] AAN mEEM BirAF

(

3]

[S]

o

2 M3 e Aol BEAAY. 9dY £E 1200 cClHE 2
YA AAL WA ceduA Zze FEG guE melv,
1400 °«C7H] AAe LR FAAA A A1E B% A S,

Figwe 1905 A2l A¥ #4% Hels] 93 EDs A dus

UERARIEE 1200 °CellA AAE 2 #@E CaTiOyEw FFAZS 2ALE
AWNZE Ca, Ti, O, Bu &2 o]Fox] glon & EfEol XA &3S

sholst 4= Q1) (Table 2).
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Figure 19. SEM images of the CaTiO3:Eu’" powders at different annealing temperatures of
(a) 600 °C, (b) 800 °C, (c) 1000 °C, (d) 1200 °C, (e) 1400 °C and (f) EDS spectrum of the
CaTiOs:Eu®* powders at the annealing temperature of 1200 °C.

Table 2. EDS analysis results of the CaTiO3:Eu®* powders at the annealing temperature of

1200 °C.

Element Weight % Atomic %
OK 38.99 67.74
CakK 21.18 14.68
TiK 2591 15.03
EuL 13.93 2.55

Totals 100.00 100.00
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dxg X0 wWE CaTiOx:Euw’* (Eu** 6 mol%) HZHAFFO|E G A

o] FTR 574 A34E5 Hebliv (Figure 20). 919 Lol B

e

71 o]l CaTiOs:Eu® (Eu** 6 mol%) FFA| F W=v dAg ko] mE
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= A7} CaTiO; 9 & M= U sk, 600 °C H 800 °Coll A+
1414 ecm! (C = O A% B (stretching mode))e] &5 W=9o] Hxrt Z3alA
e
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gt 2 ERS Uit EAE 2% 600 °C %

A =T

Lo

800 °Coll M= ehvt ¥ =9] Al7l= Fide= 27 vebstem, 1000 °C ©]

257} 5ol vet g a0 FEo Fohe AL qAT F Aleh
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Figure 20. FTIR spectra of the CaTiO3:Eu’* powders at different annealing temperatures.
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Figure 21. Raman spectra of the CaTiOs:Eu® powders at different annealing temperatures.
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Figure 22 © Eu*" 6 mol%<] CaTiOs:Eu’" FH|ZH ~7lolE 3 FA &

Lo
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Ao w3 A7E YERH, 614 nm oA 7P A3 23 v aE yEeRd
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Figure 22. (a, b) Excitation and emission spectra of the CaTiO3:Eu’** powders at different

annealing temperatures and (c) PL emission intensities as a function of annealing temperatures.
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Aol A 2d3E AuA &9k I Ayl e, Euttel HUF sk

6 mol%, FA| 2] &1 1200 °ColA /7 CaTiOsEu’* | ZH XTI E A
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ARdolt 9o ARelA Bofx= mpe} o] AR A whgo] et
Aol #HEJL B 94 614 nm 2 A3 CaTiOx:Eu® &3] o]
o17] 2 EFLE 350 - 500 nm P el A L= Eudtre] £of ol <Qlgh
ZAOR 362,398,417,465nm & 7] L TAE AA YR EA 3= TF
oldx] &=l A SDs, SLs, D3, D, =
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Figure 23. (a) Excitation and emission spectra of 6 mol% Eu3* doped CaTiO3 and (b) Energy
level structure of the trivalent europium ion (with wavelengths for CaTiO3:Eu®"). The inset shows

luminescence photographs.
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4.2 CaTiOs:Ev*@Au Y EFA 9 54

2 A= ATk (Surface Enhanced Raman  Scattering;
SERS)¥} & F(fluorescence)®] F+ 74 7]lEES 7R = H3H|
(nanocomposites; NCs) 7S 93l CaTiOs:Eu** FF Aol Au U= YA (Au
NPs)E Zitstel thrls vie B3 (CaTiOsEv*@Au NCs)E 7138kl Au
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Figure 24. XRD patterns of the CaTiO3:Eu’*@Au NCs at different Au -doping concentrations.

Figure 24 = 3 EF o] Eu*9 %7} 6 mol%=, 1200 °ColA < x]g
2183k CaTiOxEu?* HZH A7lo]E & Pa] B2 Au NPs 9 Fko] w
XRD 74 Zi¥}E YHERNATE Au NPs ©] Z3¥ CaTiOsEu’* T7]s Y=
E3HA (CaTiOs:Eu**@Au NCs)© CaTiOs & AP A 2474 G+% (ICCD (No. 96-
210-0813))¢F dA|stglom, + 314 I3 M7= Au NPs o] HAIFHA| 2
CaTiOs:Ew¥* & 3A| ol vs] S7shsich
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Figure 25 (a),(b):= CaTiOs:Eu®* FFA] =2 % Au NPs 9 %7} 0.08
mol/L ¢l CaTiOs:Eu**@Au NCs 2] FE-SEM AlZlolt}, Ht JA A7]& oF 2
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EVU
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Figure 25. SEM images of the (a) CaTiOs:Eu’* powders, (b) CaTiO3:Eu>*@Au NCs powders
and (c)-(h) Elemental mapping images of Ca, Ti, O, Eu and Au in CaTiO3:Eu**@Au NCs.

Table 3. EDS analysis results of the CaTiO3:Eu**@Au NCs.

Element Weight % Atomic %
OK 44.40 73.15
CakK 16.12 10.60
TiK 24.95 13.73
EuL 14.37 2.49
AulL 0.17 0.02

Totals 100.00 100.00
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Figure 26 & AuNPs 9] 5% w2 CaTiOs:Euv@AuNCs 9] o]7] ~HEH
Sog ~d Ed ot Figure 26 (a),(b)ell A & & Sl A3 o] g a4
614 nm % 7] 37 398 mn oA ZA 3 CaTiOs:Eu**@Au NCs 9] &7] H
g ~HE ] Al7]= AuNPs & 5%7F S71Ekl wet Frhsisl e, 7
743k w33 A71E 717 BEE 0.08 mol/L oA LFEFSTE. Figure 26 ()= AT

w3 a3l 614 nm oA Au NPs & w50 wE AFel g s

(photo-luminescence emission enhancement)©] AT} [74]. 1y 1 o]/Fe]
AuNPs 9 5% (> 0.1 mol/L)l A= F 3 A7|7F gAaskodc) o] =gt
e oo w s oArlEl FFAS duAE 55 v fJAe] B

Rz Aol7t Hof FFAel 4 Ao Y] wield.
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Figure 26. (a, b) Excitation and emission spectra of the CaTiO3:Eu**@Au NCs at different
Au -doping concentrations and (c) PL emission intensities as a function of Au -doping

concentrations.
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Figure 27. SERS spectra of the CaTiOs:Eu**@Au NCs at different Au -doping concentrations.
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Figure 28. XRD patterns of the CaTiO3:Yb**,Er®* NPs at different ball-milling times.

Figure 28 = & & A|7to] wE CaTiO;:Yb* ,Er*" NPs (Yb** 1 mol%, Er’*
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Figure 29. SEM images of the CaTiO3:Yb**,Er3* NPs at different ball-milling times;
(a) 12 h, (b) 24 h, (c) 48 h and (d) 72 h.

Figure 29(a)-(d)= 1000 °CollAl <dAZs = U= Ao wWE
CaTiO3:Yb* ,Er** NPs (Yb*" 1 mol%, Er** 0.5 mol%)2] FE-SEM A}zlo]t), U
AlZEol 12 AZEoll A 48 Ajgte® FUhshe| wel 4ak A7]7F EolETh
SIAINE O 71 AR 72 AR AlgelAE gt Iy Agto g <l v

A=l SHHl Ax StHT Fofele] FEE AFAHUT. o]

e
N\

O:

A= XA 3d ey Ay, 48 A7 <k D3 A5 9F 100 ~ 150

am 2719 78 FHw Jebk.
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432 3 &3 EX

Figure 30 2 o17] 3 980 nm oA 48 A7+ o B U slo]
1000 °Coll A &A= 2] g+ CaTiOs:Yb** Er¥* NPs (Yb** 1 mol%, Er3* 0.5 mol%)2] &k
wel F g A~HAEHS e Figure 30(a) LE Wjiol 4lE
o]u| A= CaTiOx:Yb**Er** NPs o o7] 3% 980 nm & ZAE uwjo] ubsd

Azleltt. g9 ARG BelA: wheh o] 4w wA whge] vpehubs

Zol #E AT FF W W= 3G figure 30(b)ell Yb¥, Erte] oA
9 golojae yeRd F 2ol 980 nm 9 7] IFe| o Ybie

NUAE FFato] 7] A 2Fs, = Holgth Yb¥e| of7] AFEjet Erft
(hisp)®l vHe el Abololl Al HAL Hol7b skl Erts o 7] AE (Lise
— Mp)dll E=Eshal, Yb¥re vlE AE (Fp)E Eokith o7|E Efte
YbFEFES] A2l oux] HdEE Sl Y w2 duA FE o7
BEHE ol sl W, ofol whEl 4Fgn— 4lisp, Sz — Haspz, 2Hivz — 4lisp A 0] €]l
7105 gk =2 (527 9 543 nm)d} oFs A A (656 nm)o.E WES
e} (Figure 30(b)) [76-78].

Figure 31 2 0.4 ~ 0.8 mW % 2] laser power | ™2 CaTiOs:Yb**Er** NPs
(YH*" 1 mol%, Er** 0.5 mol%)2] 3 &3 A~IHAEHS JePNT laser power 7}
S7hgel whEl o B Fxpe] el ofd) F wF A77 Srksklen,
Aok mAo R HEEE WY ¥ 3 543 nm o)A laser power ©f wE 3 w3y

A7)E Aoz 278 (Figure 31(b)).
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Figure 30. (a) Emission spectra of CaTiO3:Yb*",Er** NPs under 980 nm excitation at 0.5 mW
power. and (b) Schematic illustration of involved energy transfer between Yb*" and Er’** in

CaTiOa. The inset is shows luminescence photograph.
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Figure 31. (a) Emission spectra of CaTiO3:Yb*",Er’* NPs under 980 nm excitation at
different powers and (b) Excitation powers dependence at 543 nm of CaTiO3:Yb*',Er** NPs

under 980 nm excitation.
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Figure 32. XRD patterns of the CaTiO3:Yb**,Er** NPs and CaTiO3:Yb*",Er¥*@SiOz NPs.
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Figure 33. SEM images of the (a) CaTiO3:Yb*,Er** NPs and (b) CaTiO3:Yb*",Er**@SiOz NPs.
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YEFA T} (Figure 34(a), Figure 35(a)). SiO, = W 7N % CaTiOs: Yb*',Er**@SiO
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Figure 34. TEM images of the (a) CaTiO3:Yb*",Er’* NPs, (b)-(f) Elemental mapping images of Ca,
Ti, O, Yb and Er in CaTiO3:Yb*",Er®* NPs and (g) EDS spectrum of the CaTiO3:Yb*",Er’* NPs.

Table 4. EDS analysis results of the CaTiO3:Yb**,Er’* NPs

Element Weight % Atomic %
OK 30.04 55.43
CakK 29.71 21.88
TiK 35.50 21.88
ErL 0.80 0.14
YbL 3.95 0.67
Totals 100.00 100.00
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Figure 35. TEM images of the (a) CaTiO3:Yb*",Er**@SiO: NPs, (b)-(g) Elemental mapping
images of Ca, Ti, O, Yb, Er and Si in CaTiO3:Yb*",Er**@SiO2 NPs and (h) EDS spectrum of the
CaTiO3: Yb*", Er**@SiOz NPs.

Table 5. EDS analysis results of the CaTiO3:Yb*",Er**@SiO2 NPs.

Element Weight % Atomic %
OK 41.46 62.20
SiK 21.50 18.37
Cak 15.86 9.50
TiK 19.27 9.66
ErL 0.87 0.13
Yb L 1.03 0.14
Totals 100.00 100.00

- 65 -



Figure 36 ©| CaTiO;:Yb*" Er¥* NP % Si0, & ¥ 7l % CaTiOs:Yb*' Er’*
@SiO> NPs 9] FT-IR 574 ZA#E YEMIATE CaTiOs:Yb*',Er**@SiO, NPs

=9 79, CaTiOs:Yb*,Er** NPs &= W=o H|&| Ti-0 - Ti B2

fuid

ooy
-

F EE (441 em)ot Ti- 0 A15F AE BE (576 em)o] &5 I A7F b

2

H ok T3 CaTiOs:Yb¥ Er*@SiO, NPs ol 4] SiO, o] th3k Si- OH W&

°
oft

s E= (954 cm?) 2 Si- OH Hd XEs 2= (1093 em’)7} g1 Atk

[79].
Figure 37 2 CaTiOxYb*Er* NPs % Si0, = xHW /EH

CaTiO3: YB3 Er*@SiO; NPs + &4 Algo w3} ~dAE-S el
7] 3% 980 nm Al CaTiOs:Yb*,Er’* NPs ol H]3| CaTiOs:Yb*" Er**@SiO»
NPs ¢ d A7|7F ek A QAT 7Fs =4 (527 2 543 nm)z} eFsh

24 (656 nm) o2 FUaHA LERRET

- 66 -



—— CaTiO,:Yb* Er** NPs
—— caTio,: Yb* Er3+@s|o2 NPs

Transmittance (a. u.)

caTio,

T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumbers (cm™)

Figure 36. FTIR spectra of the CaTiO3:Yb**,Er3* NPs and CaTiO3: Yb*",Er**@SiO2 NPs.
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Figure 37. (a) Emission spectra of excitation under 980 nm, CaTiO3:Yb*",Er** NPs and
CaTiO3: Yb** ,Er**@SiOz NPs.
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Figure 38. Cell viability: MTT assay. Histograms represent the percentage, with respect to
control cells (Ctrl, 100%0), of viable cells after the exposure to 0, 5, 10, 20 and 40 pg/mL
CaTiOs:Yb** Er¥*@SiOz NPs of 24 h.
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