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Abstract

Photoluminescent properties of samarium-doped calcium titanate for near ultra-violet excitation were studied. CaTiO3:Sm3+ phosphor was

synthesized by using the solid-state reaction method. The structure and properties of the phosphor were characterized by using X-ray

diffractometer, scanning electron microscope, UV–visible spectrophotometer, high-resolution secondary ion mass spectrometer, and X-ray

photoelectron spectrometer. The photoluminescent properties were studied by taking excitation and emission spectra. A strong red–orange

luminescence corresponding to 4G5/2! 6H7/2 transition of Sm3+ for near ultra-violet excitation was observed. It was found that CaTiO3:Sm3+ was

a red–orange emitting phosphor and had higher efficiency for the operation with near ultra-violet excitation.
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1. Introduction

Rare-earth ions-doped materials have been studied exten-

sively because they can be applied to plasma display panels,

field emission displays, light-emitting diodes (LEDs), cathode

ray tubes, and optoelectronic devices [1–3]. Recently, rare-

earth ions-doped titanates have attracted lots of attention

because of their promising luminescent properties and potential

applications to white LEDs [4]. Rare-earth ions-doped calcium

titanate (CaTiO3) phosphors have been studied extensively due

to the well-known chemical stability which can be used as

LEDs [4–6].

We have reported highly efficient red-emission in

CaTiO3:Eu3+ phosphors for near ultra-violet (NUV) excitation

in our previous work [7]. Since trivalent samarium (Sm3+) has

been known to exhibit a strong emission in red–orange region
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[3,8–13] for the application of full color displaying devices [4],

the current work focused on Sm3+-doped CaTiO3 phosphors.

In this work, we synthesized CaTiO3:Sm3+ phosphors by

using the solid-state reaction method in order to find the

possibility of the applications as rare-earth ions-doped

phosphors for NUV excitation. We characterized the structures

and properties of CaTiO3:Sm3+ phosphors. We studied

photoluminescent properties of CaTiO3:Sm3+ phosphors by

taking excitation and emission spectra at room temperature. We

found that the CaTiO3:Sm3+ phosphors were red-emitting

phosphors and had higher efficiency for the operation with the

NUV excitation.

2. Experimental details

CaTiO3:Sm3+ phosphors were synthesized by using the solid

state reaction method. The starting materials were calcium

carbonate (CaCO3, Aldrich, 99.0%), titanium dioxide (TiO2,

Aldrich, 99.8%), and samarium oxide (Sm2O3, Aldrich,

99.9%). In our pre-experiments, we have changed the amounts

of TiO2 and Sm2O3 together. But we could not observe any

other phase except [CaTiO3] in X-ray diffraction measurement
d.
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Fig. 1. XRD patterns of CaTiO3:Sm3+ phosphors. Sm3+ concentrations are (a)

5.0 mole%, (b) 2.0 mole%, (c) 0.1 mole%, and (d) monoclinic-structured

CaTiO3. Upper patterns are shifted vertically for clarity.

Fig. 2. SEM images of CaTiO3:Sm3+ phosphor of 2.0 mole% concentration.
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regardless of the doped amount of samarium. Thus we kept the

mole ratio of CaCO3 and TiO2 as 1:1 during the sample

preparation process. The concentrations of Sm3+ ions were

varied from 0.1 mole% to 7.0 mole% while the amount of

CaCO3 and TiO2 were fixed to 1 mole in all samples. The

materials were ball-milled thoroughly in ethanol for 24 h for

homogeneous mixing of small amount of activators. They were

dried at 100 8C for 24 h and sintered at 1300 8C for 4 h in

atmosphere. The materials were cooled down to room

temperature and then crushed into a fine powder. The

synthesized powders were characterized by using the conven-

tional X-ray diffractometer (XRD, Rigaku D-2400), scanning

electron microscope (SEM, Coxem CX-100S), high-resolution

secondary ion mass spectrometer (Nano-SIMS, Cameca NS50),

and X-ray photoelectron spectrometer (XPS, Escalab 250).

The Nano-SIMS analysis was performed by using cesium

primary ion beam with a diameter 100 nm, impact energy

16.0 keV, and a beam current 1.5 pA in order to obtain the

optimized acquisition images. The raster size was

30 mm � 30 mm in all images and stepped over the sample

in 256 pixels � 256 pixels to generate qualitative secondary ion

images. The counting time was 10 ms/pixel. Samples were also

simultaneously imaged using the secondary ions that were

detected by an electron multiplier.

The synthesized powder was pressed into a pellet for the

absorption and photoluminescence (PL) measurements.

Absorption spectra were taken by using UV–visible spectro-

photometer (Varian Cary300). PL spectra were taken with a

steady-state fluorescence system with a 450 W Xe-lamp. The

excitation light from the Xe-lamp (Muller Electronik-Optik

LAX-1000) selected by using a 300 mm focal length

monochromator (Dongwoo DM320i) was focused onto the

sample. Fluorescence from the sample was collimated and

refocused into the emission monochromator (Dongwoo

DM320i) with a 300 mm focal length. PL was detected by

using a photomultiplier tube (PMT, Hamamatsu R955) after

passing the cut-off filter (Edmund OG 515) and was

accumulated with a computer. All spectra were taken at room

temperature.

3. Results and discussion

We have tried several temperatures with different sintering

times to obtain the best crystallization conditions for crystal-

lization of the phosphors at a fixed Sm3+ concentration. From

XRD and PL measurements of the synthesized samples, we

found that the best sintering conditions for our CaTiO3:Sm3+

phosphors were 1300 8C and 4 h. Although the [CaTiO3] phase

and PL were observed at the samples prepared with different

sintering conditions, the sample prepared with 1300 8C and 4 h

showed the strongest PL intensity. Therefore we will focus on

the samples prepared with these sintering conditions through-

out the article.

Fig. 1 shows XRD patterns of CaTiO3:Sm3+ phosphors of (a)

5.0 mole%, (b) 2.0 mole%, and (c) 0.1 mole%. The mono-

clinic-structured CaTiO3 patterns from the JCPDS file [14]

were shown as Fig. 1(d) for comparison. Monoclinic [CaTiO3]
phase was clearly observed at all samples having various

concentrations of Sm3+ as shown in Fig. 1. The peaks were well

resolved at low concentrations of Sm3+, and getting broader and

unresolvable (peaks at 338 and 598) as the concentration

increased because of the large ionic radii of Sm3+ ions.

However, there was no change in the overall crystal structure as

the concentration increased up to 7.0 mole%.

Fig. 2 shows SEM images of CaTiO3:Sm3+ phosphors of

2.0 mole%. We checked all phosphors and found uniform

structure with grain size of a few micrometers. The obtained

sizes of powders were close to the calculated values by using

the Scherrer’s equation and peaks of Fig. 1.

The Nano-SIMS is a powerful tool in elemental analysis by

tracing a small amount of elements and isotopes at high spatial

resolutions. The Nano-SIMS offers the possibility of imaging

components based on the elemental or isotopic compositions of

their atomic and molecular ion fragments with high lateral

resolution and sensitivity, yielding information that can

complement other analytical methods, including many other



Fig. 3. Qualitative analysis for the elemental acquisition images of CaTiO3:Sm3+ (a) oxygen, (b) calcium, (c) titanium, and (d) samarium ions for Sm3+

concentrations of 0.3 mole% (top), 2.0 mole% (middle), and 7.0 mole% (bottom), respectively.

Fig. 4. Wide scan XPS spectra of CaTiO3:Sm3+ phosphors. Sm3+ concentra-

tions are (a) 7.0 mole%, (b) 2.0 mole%, and (c) 0.3 mole%. Upper spectra are

shifted vertically for clarity.
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types of SIMS experiments [15]. Above all, the Nano-SIMS

provides the capability of recording five atomic mass images

together simultaneously with a high spatial resolution of 50 nm.

These characteristics have made Nano-SIMS a standard tool for

the materials study, and Nano-SIMS can compare elemental

distributions exactly at a fixed position of the sample. Thus we

used Nano-SIMS to study the element compositional analysis.

Fig. 3 shows the elemental acquisition images of (a) oxygen,

(b) calcium, (c) titanium, and (d) samarium for the concentra-

tions of 0.3 mole% (top), 2.0 mole% (middle), and 7.0 mole%

(bottom), respectively. The elemental acquisition images were

taken in high vacuum without etching the surface of the

samples. The acquired elemental images showed that the

elements were distributed throughout the samples. Since we

could not obtain the reference samples, the obtained images

provide only qualitative information of the elements. We could

observe the existence of samarium even in the lower

concentrations. As far as our knowledge is concerned, the

acquisition images of doped rare earth ions in phosphors

obtained by using the Nano-SIMS must be the first time to be

reported. It means that the high lateral resolution of the Nano-

SIMS provides a unique tool for the investigation of elements in

materials.
In order to see the chemical states of titanium and the

amount of doped samarium, we took XPS spectra of the

synthesized phosphors. Fig. 4 shows wide scan XPS spectra of

CaTiO3:Sm3+ phosphors. Sm3+ concentrations are (a)

7.0 mole%, (b) 2.0 mole%, and (c) 0.3 mole%. The elements



Fig. 5. Narrow scan XPS spectra of (a) titanium 2p states, (b) carbon 1s states, and (c) samarium 3d states in CaTiO3:Sm3+ phosphors. Sm3+ concentrations are

7.0 mole%, 2.0 mole%, and 0.3 mole%, respectively, from top to bottom in all three figures. Upper spectra are shifted vertically for clarity.

Fig. 6. UV–visible absorption spectra of CaTiO3:Sm3+ phosphors. Sm3+ con-

centrations are (a) 5.0 mole%, (b) 3.0 mole%, and (c) 1.0 mole%. Upper spectra

are shifted vertically for clarity.
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such as C, Ca, Ti, O, and Sm were observed in measurement.

When the starting materials were burned in atmosphere like our

sintering process, most of the oxygen and carbon in the starting

materials were consumed during sintering process inside the

furnace. Since XPS spectra were taken in vacuum without

etching the surface of the samples, the observed carbon peaks

were considered due to the atmospheric carbon during the

measurement preparations.

We took narrow scan XPS spectra to each element for better

understanding. Fig. 5 shows narrow scan XPS spectra of (a)

titanium 2p states, (b) carbon 1s states, and (c) samarium 3d

states in CaTiO3:Sm3+ phosphors. The Sm3+ concentrations are

7.0 mole%, 2.0 mole%, and 0.3 mole%, respectively, from top

to bottom, in each figure. In Fig. 5(a), the peak positions for

titanium 2p states (indicated by dotted line) were the same in

the samples of different Sm3+ concentration. This means that

the binding energy did not change regardless of the amount of

doped Sm3+ concentrations. The observed binding energy

determined that the chemical state of titanium ions was Ti4+

[16]. Fig. 5(b) shows the atmospheric carbon attached during

the measurement preparation. Fig. 5(c) shows the variation of

the doped amount of Sm3+ qualitatively in CaTiO3:Sm3+

phosphors according to the concentrations.

Fig. 6 shows UV–visible absorption spectra of CaTiO3:Sm3+

phosphors. The Sm3+ concentrations are (a) 5.0 mole%, (b)

3.0 mole%, and (c) 1.0 mole%. For the samples of lower

concentrations such as 0.5 mole% and 0.1 mole%, the

absorption was too weak to observe. In our previous work

on CaTiO3:Eu3+ phosphors [7], the absorption peak intensities

were weak to observe for the concentrations of less than

1.0 mole%. A strong absorption band of NUV was observed

around 408 nm corresponding to 6H5/2! 4F7/2 from doped

Sm3+ ions. Other observed absorption bands were identified to
the electronic transitions such as 6H5/2! 4D3/2 at 364 nm,
6H5/2! 4D1/2 at 379 nm, 6H5/2! (6P,4P)5/2 at 421 nm,
6H5/2! 4G9/2 at 440 nm, 6H5/2! 4I13/2 at 465 nm, and
6H5/2! 4I11/2 at 481 nm [17]. Most of these bands were also

observed in the excitation spectra which will be shown later.

From these absorption bands, we understood that the

luminescent properties were originated from the direct

transitions from the ground state 6H5/2 to the excited states

of Sm3+, not via the energy transfer processes [18,19].

Fig. 7 shows the excitation spectra monitored at 600.2 nm

emission of CaTiO3:Sm3+ phosphors. The Sm3+ concentrations

are (a) 2.0 mole%, (b) 1.0 mole%, and (c) 0.3 mole%. The

identified excitation bands were 4D3/2 at 365 nm, 4D1/2 at

379 nm, 4F7/2 at 408 nm, (6P,4P)5/2 at 422 nm, 4G9/2 at 441 nm,
4I13/2 at 467 nm, and 4I11/2 at 480 nm [17]. All these bands were



Fig. 7. Excitation spectra of CaTiO3:Sm3+ phosphors. Sm3+ concentrations are

(a) 2.0 mole%, (b) 1.0 mole%, and (c) 0.3 mole%. Upper spectra are shifted

vertically for clarity.

Fig. 9. Concentration dependent emission intensities corresponding to 4G5/

2! 6H7/2 transition of Sm3+ in CaTiO3:Sm3+ phosphors based on Fig. 8. The

straight line is a least square fit to the lower concentration data points.
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the transitions from the ground state, 6H5/2, to the higher energy

states of Sm3+. Since the transition corresponding to 6H5/

2! 4F7/2 at 408 nm had the maximum intensity among these

bands, the emission spectra were taken with the excitation from

this band position. The transitions in these excitation spectra

were closely correlated with those of absorption spectra in UV–

visible region shown in Fig. 6.

Fig. 8 shows the emission spectra of CaTiO3:Sm3+

phosphors with the excitation of 6H5/2! 4F7/2 at 408 nm.

The Sm3+ concentrations are (a) 2.0 mole%, (b) 0.5 mole%,

and (c) 0.1 mole%. The identified emission bands were by the

intra 4f transitions of Sm3+ such as 4G5/2! 6H5/2 at 565 nm,
4G5/2! 6H7/2 at 600 nm, and 4G5/2! 6H9/2 at 646 nm. Among

these, the transition 4G5/2! 6H7/2 has strongest intensity and

this can be applied to the red–orange emitting display materials.

The transition 4G5/2! 6H7/2 satisfies the selection rule of

DJ = �1, where J is the angular momentum. Magnetic dipole

transitions obey the selection rule of DJ = 0 and �1, and

electric dipole transitions obey the selection rule of DJ � 6

unless J or J0 = 0 when DJ = 2,3,6 [13]. The transitions 4G5/

2! 6H5/2 and 4G5/2! 6H7/2 are magnetic dipole transitions,
Fig. 8. Emission spectra of CaTiO3:Sm3+ phosphors. Sm3+ concentrations are

(a) 2.0 mole%, (b) 0.5 mole%, and (c) 0.1 mole%. Upper spectra are shifted

vertically for clarity.
while the transition 4G5/2! 6H9/2 is an electric dipole

transition.

Consider the ratio between the intensities of the electric dipole

transition and magnetic dipole transition. The local symmetry is

measured with the relative intensity of these two transitions. The

larger value of this ratio means more distortion from the inversion

symmetry [20]. The obtained values were kept almost constant

between 1.40 for 0.5 mole% and 1.53 for 3.0 mole%, which

meant that the Sm3+ ions were still embedded in the CaTiO3

structures rather than in the distorted cation environment. In our

previous result for CaTiO3:Eu3+ phosphors [7], the value varied

from 1.77 to 3.11, which implied that the environment of Eu3+

ions were more distorted or asymmetric state. The structural

change can be monitored with the spectral width [21]. There was

no significant change in the observed spectral widths for the

samples in Fig. 8. Therefore there was no change in the structural

environment around Sm3+ ions with increase of the concentra-

tion, which means that the CaTiO3:Sm3+ phosphors can be a

promising candidate for photonic applications.

Although we showed the emission spectra of three samples

in Fig. 8, we could observe the same emission patterns in all

synthesized samples. We plotted the intensities of the strongest

emission peak of CaTiO3:Sm3+, 4G5/2! 6H7/2, according to the

Sm3+ concentrations in log–log scale as shown in Fig. 9. The

straight line is a least square fit to the data points of lower

concentration. PL intensity increased almost linearly as the

concentration increased up to 2.0 mole% and then decreased.

We found that the best concentration of CaTiO3:Sm3+ phosphor

for display applications is about 2.0 mole% in our system. The

quenching of PL intensity with the Sm3+ concentration was

attributed to a decrease in the number of optically active Sm3+

ions. Since we took all the spectra at room temperature, we

could not confirm whether this decrease was due to thermal

phonons or not.

4. Summary

We synthesized CaTiO3:Sm3+ phosphors by using the solid

state reaction method and characterized their properties by
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using XRD, SEM, Nano-SIMS, XPS, and UV–visible spectro-

photometer. We studied their photoluminescent properties

caused by the chemical compositions in red–orange emitting

phosphors. The luminescent features were obtained by

analyzing the variations in the emission and excitation spectra

with the concentrations. We found that the red–orange emitting

CaTiO3:Sm3+ phosphors could be a promising candidate for

photonic applications.
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