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This article discusses a simple approach for the microwave-assisted synthesis of good quality 
nanosized calcium titanate crystals doped with trivalent Tm and Yb lanthanide ions. The prepared 
nanoparticles had a microcube-like structure and a crystallite size of ca. 47 nm. The structure of the 
nanocrystals was analyzed by X-ray diffraction (XRD) and scanning electron microscopy (SEM), 
and their spectroscopic behavior was examined at a laser excitation wavelength of 350.7 nm. It 
was found that doping CaTiO3 nanocrystals with Yb and Tm leads to about 250-fold brighter 
photoluminescence (PL) emissions in the blue and near-infrared regions than that emitted by pure 
CaTiO3 nanocrystals. The PL emission was correlated with the structural disorder. 
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Introduction

Calcium titanate (CaTiO3 or CT) is a versatile material 
which is one of the major phases in synroc (synthetic 
rock) and widely used in the immobilization of high 
level nuclear waste. At low temperatures, CT shows 
ferroelectric or quantum paraelectric behavior and it is 
used in various electronic ceramic materials, ceramic 
industry, electroluminescent devices, and sensors, and is 
an efficient host for luminescence of lanthanide ions.1-6 
High permittivity and low dielectric losses also make 
crystal CT a suitable candidate for microwave applications. 
Its photocatalytic activity has also been investigated and 
it demonstrates high performance in the degradation of 
organic dyes, pigments and microorganisms.7-9 

The perovskite structured CT crystal was initially 
prepared by conventional solid-state reaction using 
a stoichiometric ratio of TiO2 and CaCO3 or CaO at 
high temperatures. Various methods of synthesis have 

been described for the synthesis of high quality CT 
nanocrystals.10-19 The crystal growth of CaTiO3 hollow 
crystals with different microstructures was investigated 
by Yang et al.20 Tyliszczak et al.21 synthesized CT 
nanopowders via a mechanochemical method assisted by 
microwave irradiation from calcium oxide and titanium 
dioxide. In this context, microwave-assisted heating is a 
greener approach to synthesize materials in a shorter time 
(from a few minutes to several hours) while consuming less 
energy (hundreds of watts). Recent reports that discuss the 
microwave-assisted hydrothermal microwave (HTMW) 
synthesis of nanocrystalline titanate oxides,6, 13, 22-25 indicate 
that the HTMW method is potentially a better way to 
synthesize crystalline CT powders at low temperatures and 
high heating rates.

In this perovskite, the substitution of the A site (Ca2+ 
ion) by trivalent ions (lanthanide (Ln) ions) leads to the 
formation of Ca2+ vacancies that affect the physical and 
chemical properties of the material. Praseodymium-doped 
CT has long been known as a bright red emitting phosphor 
characterized by a single and very intense emission peak 
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close to the coordinates of the “ideal red” color. The 
crystal structures in these cation-deficient perovskites 
are determined by the disposition of vacancies across the 
perovskite A-sites, and the tilting of the TiO6 octahedra.26

In this work, we used CT, one of the perovskite oxides, 
to prepare nanosized undoped and Thulium (Tm) and/or 
Ytterbium (Yb)-doped CT. The HTMW approach was 
selected to obtain powders under favorable conditions, i.e., 
low temperatures and a short reaction time (480 seconds). 
Detailed optical properties were evaluated using UV-Vis 
spectroscopy, and photoluminescence (PL) emission 
spectra of doped and undoped CT were employed to 
examine the structural order-disorder of the synthesized 
materials and the possible correlation between their 
structure and photoluminescence.

Experimental

Single crystalline phase samples of CaTiO3 (CT), 
Ca0.99Tm0.005Yb0.005TiO3 (CT:Tm,Yb), Ca0.99Tm0.01TiO3 
(CT:Tm), and Ca0.99Yb0.01TiO3 (CT:Yb) were synthesized by 
reacting stoichiometric proportions of TiO(SO4) (Aldrich), 
CaCl2.2H2O (Merck), Tm2O3 (Aldrich), Yb2O3 (Aldrich) 
and KOH (Merck) using aqueous precipitation microwave. 
All chemicals are of purity better than 99.9% and used as 
obtained from vender.

Samples were prepared using following procedure. 
Firstly, TiO(SO4) was slowly added in 25 mL of deionized 
water at 398 K under stirring, forming TiO(OH)2. In the 
next step, stoichiometric amount of CaCl2.2H2O was added 
in the prepared solution under rigorous stirring, resulting 
transparent solution, in which desired quantities of Tm3+ 
and/or Yb3+ were added. The salt of lanthanide elements 
(Tm2O3 and Yb2O3) was prepared by dissolving require 
amount of lanthanide oxide in concentrated HNO3. 50 mL 
of a 6.0 mol L-1 KOH solution, which act as mineralize, 
was further added to the prepared solution under constant 
stirring. This procedure promotes the co-precipitation of the 
amorphous titanium oxide (TiO(OH)2), as well as calcium 
(Ca(OH)2) and Thulium and/or Ytterbium (Tm(OH)3 and/
or Yb(OH)3) hydroxides to form the reaction mixture. This 
mixture was then transferred to a Teflon autoclave reaching 
66% of its total volume allowing the maximum pressure 
efficiency. The autoclave was finally sealed and placed in 
the domestic HTMW system using 2.45 GHz microwave 
radiation with maximum power of 800 W. This mixture 
was heated at 413 K under nominal heating rate of 6.9 K s-1 
(at 800 W) by direct interaction of water molecules with 
microwaves radiation and remained under constant pressure 
of 250 KPa for 480 seconds. After that, the autoclave was 
naturally cooled down to room temperature. The solid 

product obtained was water washed until neutral pH, and 
then, dried at 353 K for 43,200 s. This procedure is similar 
to that used by Moreira et al.13 The Table 1 describes all 
prepared samples.

The obtained powders were characterized by X-ray 
diffraction powder (XRD) in a Shimadzu XRD 6100 
diffractometer, using a Cu Ka (k = 1.5406 Å) radiation in 
order to determine the structural evaluation. The data were 
collected from 10 to 80 degree in 2θ range with 0.5 degree 
divergence slit and 0.3 mm receiving slit, using fixed-time 
mode, with 0.02 degree step size. Microstructural and 
morphological characterization was performed by field 
emission scanning electron microscopy (FE-SEM, Zeiss 
Supra 35), using 2 to 4 kV in different magnification. 
Excitation spectra were recorded on a Spex Fluorolog 
F2121 Spectrofluorimeter. The photoluminescence 
(PL) spectra were measured with a Thermal Jarrel-Ash 
Monospec 27 monochromator and a Hamamatsu R446 
photomultiplier. The 350.7 nm exciting wavelength of a 
krypton ion laser (Coherent Innova) was used, with the 
laser’s nominal output power kept at 200 mW. All the 
measurements were taken at room temperature. 

Results and Discussion

Figure 1 illustrates the XRD patterns of CT, CT:Tm,Yb, 
CT:Tm, and CT:Yb samples. 

Table 1. Summary of prepared samples

Sample Ca / % Tm / % Yb / % Code

CaTiO3 100 0 0 CT

Ca0.99Tm0.005Yb0.005TiO3 99 0.5 0.5 CT:Tm,Yb

Ca0.99Tm0.01TiO3 99 1 0 CT:Tm

Ca0.99Yb0.01TiO3 99 0 1 CT:Yb

Figure 1. (A) XRD patterns of (a) CT, (b) CT:Tm,Yb, (c) CT:Tm, and (d) 
CT:Yb; (B) comparison of the (121) plane position in a CaTiO3 nanocrystal 
with and without lanthanide doping. 
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The results indicated that the positions of the diffraction 
peaks and the relative diffraction intensities of the samples 
were well matched with the standard powder diffraction 
data (JCPDS card No. 22-0153), with space group Pnma 62 
and lattice constants of 5.44, 7.643, and 5.381 Å, indicating 
crystallization of the typical single orthorhombic perovskite 
CaTiO3 phase, line (a) in Figure 1A. 

Single crystalline CaTiO3 can be obtained at 413 K 
and 25 kPa in 480 seconds, which is a comparatively 
lower temperature and shorter time than the conventional 
methods for synthesizing single phase CaTiO3.4 This finding 
indicates that the HTMW method is efficient for obtaining 
single phase materials. In general, the microwave synthesis 
approach depends on certain experimental conditions of 
pressure, temperature and time, and facilitates the formation 
of phases in a relatively short time.

The average crystallite size (D) was calculated from the 
most intense peak in the XRD diffraction patterns (peak 
121), using the Debye-Scherrer (equation 1): 

k λ
D

B cosθ

×=
×

 (1)

where k is a constant of the shape factor, λ is the 
characteristic X-ray wavelength of copper (1.54 Å), B is the 
FWHM in radians, and θ is the Bragg angle of (121) peak.27 
The average crystallite sizes thus obtained were ca. 47 nm 
for CT, ca. 35 nm for CT:Tm,Yb, ca. 45.5 nm for CT:Tm, 
and ca. 39.6 nm for CT:Yb, confirming the nanodimensions 
of the synthesized crystalline materials.

The doped trivalent lanthanide ions were expected to 
occupy Ca2+ sites in the CaTiO3 structure. To confirm this 
assumption and understand the effect of lanthanide ion 
substitution, a comparison was made of the diffraction 
patterns of lanthanide doped samples (Figure 1). The 
calculated lattice parameters for these samples were 5.46, 
7.642, and 5.339 Å (for CT); 5.459, 7.635, and 5.31 Å (for 
CT:Yb); 5.445; 7.628, and 5.30 Å (for CT:Tm); and 5.436, 
7.624, and 5.297 Å (for CT:Tm,Yb). It is obvious that 
doping caused the diffraction peaks to shift towards higher 
angles, while only slightly modifying the lattice constant. 
The lattice parameters decreased only slightly in response 
to the substitution of Ca2+ ions (ionic radius ca. 114 pm) 
for ions with similar ionic radius: Tm3+ (ca. 117 pm) and 
Yb3+ ions (ca. 116 pm). The diffraction intensity of the 
peaks was also found to decrease in the presence of doped 
ions, indicating a reduction in the number of CaTiO3  
crystals. 

To examine the possible effect of Ln3+ on the crystal 
morphology, field emission scanning electron microscopy 
(FE-SEM) images were recorded of the prepared samples 
(Figure 2). 

These micrographs reveal the formation of a cube-like 
morphology with significant agglomeration. These microsize 
structures show sharp well-defined edges. Similar images 
are also reported in the literature.13,24 These cubes are great 
structures (ca. 2 mm), although they are formed by lots of 
nanocrystallites of the synthesized materials (ca. 40 nm). 
Histograms show the cube area and their frequency of 
occurrence to the obtained materials (Figure 3).

Figure 2. Field emission scanning electron microscopy (FE-SEM) images of: (a) CT; (b) CT:Tm,Yb; (c) CT:Tm; and (d) CT:Yb.
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The Figure 4 proposes a mechanism to cubic morphology 
formation. The nanocubes growth an oriented aggregation 
according to the pseudocubic subunit. An Ostwald 
ripening process then leads to the disappearance of smaller 
nanocubes in the central area, forming microsize cubes.20

Lanthanide doping also affects the crystal morphology. 
Undoped CT shows a cubic morphology; however, 
although the reaction conditions are exactly the same, the 
micrograph of the dual doped CT:Tm,Yb sample shows 
cube-like structures and a region without well-defined 
morphology. Therefore, it can be stated that lanthanide 
ions likely contribute to create structural disorder in the 
system. The samples doped with Tm and Yb also show the 
typical cubic morphology, as well as a small portion with 
undefined morphology.

The PL spectra of CT, CT:Tm,Yb, CT:Tm, and CT:Yb 
were recorded in the range of 350-850 nm, at 350.7 nm 
excitation (Figure 5). 

The PL spectrum of CT contains two broad asymmetrical 
luminescence bands centered at 475 and 761 nm, which are 
distributed in the range of 375-600 nm and 675-850 nm, 
respectively. Among these bands, the one centered at 
761 nm is 16 times more intense than the band centered 
at 475 nm. The origin of these bands is ascribed to the 

Figure 4. Illustration showing growth mechanisms to cubic morphology 
formation.

Figure 3. Histograms of area distribution to: (a) CT; (b) CT:Tm,Yb; (c) CT:Tm; and (d) CT:Yb.

Figure 5. PL spectra of CT, CT:Yb, CT:Tm and CT:Tm,Yb codoped 
samples excited with laser radiation at 350.7 nm. The dotted black line 
represents a ×50 magnified portion (350-780 nm) of the spectrum of the 
CT:Tm doped sample, to clarify the peaks. The excitation spectrum of 
CT:Tm,Yb monitored at 475 nm (Exci@475 nm) is also shown in the inset.
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structural disorder of the CT structure.28 Moreira et al.13 
found a correlation between PL emission and structural 
disorder in CT. These authors stated that CT powders 
synthesized by the HTMW method are crystalline with 
structural disorder, and that this disorder is responsible for 
the intermediate energy states within the band gap. These 
intermediate energy states are the ones mainly responsible 
for PL emission in CT. 

HTMW processing also reportedly promotes an intrinsic 
disorder in crystalline structures by producing different 
angles in TiO6 octahedral, which are expected to be related 
with luminescence. When a CT structure is doped with a 
trace amount of Yb ions, a very different band structure 
is observed, containing an asymmetrical band centered 
at 452 nm. In addition, three comparatively low intensity 
bands are also observed at 620, 729 and 821 nm. The Tm 
doped CT sample also showed three of the aforementioned 
four bands, i.e., at 451, 621 and 724 nm, but with a slight 
energy shift. In addition to these bands, two comparatively 
sharper peaks were also observed at ca. 467 and ca. 812 nm 
in the blue and near infrared regions. These emission peaks, 
which are ascribed to Tm3+, correspond to the 1G4→3H6 and 
3H4→3H6 transitions, respectively. 

The intensity of the blue emission appears weaker 
than that of the near-infrared emission. A comparison of 
an integrated area of the blue (467 nm) and NIR (812 nm) 
peaks indicates that the NIR peak is ca. 200-fold brighter 
than the blue band. In the presence of both the Ln3+ ions 
(Tm and Yb), an entirely new feature becomes visible.

The PL spectrum of CT:Tm,Yb contains two main 
bands, one corresponding to the blue region centered at 
ca. 447.5 nm and the other to the NIR band centered at 
ca. 763.3 nm. Since it is difficult to observe absorption 
peaks in the broad-host range, we monitored the excitation 
spectrum of the CT:Tm,Yb codoped sample at the 475 nm 
emission, which revealed at least three major asymmetric 
peaks at 371, 415 and 442 nm, and two comparatively 
weaker peaks at 363 and 424 nm (inset in Figure 5). It is 
expected that 350.7 nm laser photons absorb resonantly in 
the upper portion of the band centered at 371 nm. It has 
previously been reported that the occurrence of PL involves 
several steps, including the resonant excitation of O 2p 
electron states at a valence of up to Ti 3d states inside the 
forbidden band gap, which subsequently relaxes through 
a process of recombination near the conduction band and 
allows for 3d → 2p transition.12 It has also been stated that 
the blue band attributed to electron-hole recombination 
centers is promoted by high energy defects, while NIR 
band is related to low energy defects.

There is ample experimental evidence, from diffraction 
studies,29-33 that titanate doped by trivalent lanthanide 

present vacancies do indeed accumulate onto alternate 
A-site planes, that is there is a layered ordering involving 
the alternation of cation-rich and cation-poor planes. The 
vacancies produce structural defects into CT structure. 
So, we believe our dual doped CT sample contains 
more structural defects than the undoped CT sample. 
The introduction of Tm3+ and Yb3+ in the CT matrix 
promotes distortions of the crystal lattice in response 
to the substitution of Tm3+ and Yb3+ ions in the A-site, 
which give rise to new intermediate levels within the 
band gap due to the presence of oxygen vacancies.28,34,35 
Charge compensation occurs through the formation 
of intrinsic defects, such as calcium and/or oxygen  
vacancies.36 

In order to compare among PL spectra of CT and 
doped CT samples, we used a colour-difference formula 
designed to give a quantitative value of the perceived 
colour difference among PL spectra of samples in specific 
experimental conditions.37,38 This procedure was used to 
adjust the PL spectra in a mixture of three primary colors, 
each with fixed chromaticity, but with adjustable brightness. 
The Figure 6 shows the CIE (Commission Internationale 
de l’Eclairage) diagram for all of the CT and doped 
CT samples. The CIE chromaticity coordinates [x-axis, 
y-axis] for the samples are [x = 0.3087, y = 0.3413] to CT, 
[x = 0.2122, y = 0.2024] to CT:Yb, [x = 0.2686, y = 0.2550] 
to CT:Tm, and [x = 0.1682, y = 0.1692] CT:Tm,Yb.

It is interesting to note that the increasing amount of 
defects in the presence of lanthanide doping of CT:Tm,Yb 
augmented the band intensity in the blue region by about 
250-fold compared to that of the CT sample. So, the doped 

Figure 6. Colorimetric data for CT, CT:Yb, CT:Tm and CT:Tm,Yb 
codoped.
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CT samples present different emission to undoped CT. The 
doping foreign elements into a semiconductor with wide 
band gap to create a new optical absorption edge is known 
to be one of the primary strategies for developing materials 
with optical-driven properties. However, the role of the 
rare earth in the perovskite structure is not really clear and 
is still being discussed. Further experimentation is needed 
to explore the cause of the defects in CT in the presence 
of Tm and Yb ions.

Conclusions

High quality cube-shaped CaTiO3 nanocrystals with a 
size of ca. 47 nm were synthesized using an easy microwave 
heating method coupled with a co-precipitation method. 
These nanocrystals were then doped with Tm, Yb and with 
the two ions and were analyzed in depth based on XRD, 
SEM, excitation and PL spectra. The microwave-assisted 
synthesis of Ln3+-doped CaTiO3 offers the advantage of rapid 
crystallization. It was observed that CaTiO3 nanocrystals 
doped with Yb and Tm emitted photoluminescence in 
the blue and near-infrared regions that was ca. 250 times 
brighter than that of pure CaTiO3 nanocrystals. The 
structural disorder and photoluminescence emission were 
found to be correlated.
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