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Abstract
For the first time to the best of our knowledge, CeAlO3 nanocrystals with perovskite structure are synthesized by pulsed 
laser ablation technique. The morphological and optical properties of the obtained CeAlO3 nanocrystals are investigated. 
This work opens new prospects for the application of laser ablation methods for the generation of perovskite nanocrystals 
and development of novel nanocomposite structures, which can be applied for the fabrication of perovskite solar cells, 
scintillation detectors, catalysts, etc.
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1  Introduction

Pulsed laser ablation (PLA) is a physical approach that has 
attracted considerable attention by enabling the generation 
of nanoparticles (NPs) with various structures and composi-
tions as well as highly pure NPs surfaces. PLA technique is 
based on the application of laser pulses focused on the sur-
face of a target material for the generation of NPs (Fig. 1). 
Laser techniques can offer good universality, scalability and 

high reproducibility of synthesis process. PLA generation of 
chemically clean and eco-friendly nanoparticles has evolved 
into the research field attracting laboratory and industrial 
applications [1].

PLA can be conducted in vacuum, gaseous, and liquid 
media [2]. Parameters of liquids (type, viscosity, tempera-
ture, compressibility, etc.) influence the properties of the 
cavitation bubble (expansion, volume, velocity, lifetime) that 
traps nanoparticles generated during the ablation process. 
The cavitation properties also affect melting and growth of 
NPs [3]. PLA in liquids is more promising because of its 
versatility, safety and ease of execution [4, 5]. This technique 
offers the size and shape control of the obtained NPs by tun-
ing laser and surfactant parameters. Using this method opens 
up possibilities for the generation and investigation of novel 
nanomaterials, including those that cannot be or have not 
been synthesized by chemical techniques.

PLA method has already been used for the generation 
of NPs from metals, semiconductors, ceramics, alloys, and 
multicomponent crystalline structures including scintilla-
tion materials [5–8]. A scintillator is a type of material that 
converts various kinds of high-energy radiation (X-rays, 
gamma-rays, alpha-rays, beta-rays, electron rays, proton 
rays, heavy particle rays, neutron rays, etc. [9–11]) into vis-
ible light. Such materials are usually applied as single crys-
tals and used as detectors in high-energy physics, medical 
diagnostics, security applications, etc. At present, investi-
gations towards new fast scintillation materials with better 
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characteristics for the development of novel scintillation 
detectors are in progress. Recent research on PLA genera-
tion of multicomponent crystalline nanostructures included 
oxide and garnet scintillators doped with Eu and Ce [5, 7] 
and in a smaller degree halide perovskites [12]. The obtained 
garnet NPs partially or fully retained their crystalline struc-
ture and optical properties, compared to the bulk materials. 
Also, at constant laser parameters, it has been observed that 
the higher the melting temperature of the target crystal, the 
larger is the average size of the obtained scintillation nano-
particles [5]. R. A. Rajan et al. reported on the research of 
femtosecond laser processing of MAPbX3 (MA = CH3NH3, 
X = Br, I, and Cl), where PLA of single crystal resulted in 
the generation of recrystallized micro- and nanostructures 
which exhibited amplified spontaneous emission [12].

CeAlO3 crystals attract much attention for their ferro-
electric, optical, and luminescent properties and quite a fast 
scintillation response under α-particle excitation (decay time 
≈ 56 ns). CeAlO3 NCs have been previously synthesized by 
solution-combustion route [12], sol–gel technique [14] and 
high-temperature (873 K) reaction of CeO2 nanoparticles 
supported on Al2O3 [15]. CeAlO3 NCs could be potentially 
applied in catalysts for biogas reforming [15, 16], wound 
dressing materials [17], optical and scintillation detector 
systems [9], etc. In combination with radiation-resistant 
polymers, CeAlO3 NCs could be used for the fabrication 
of fast scintillation detectors. CeAlO3-containing nano-
composites can be applied in catalysts for biogas reform-
ing, where CeAlO3 increases the rate of carbon gasification. 
Shahverdi et. al. reported that CeAlO3 NCs incorporation in 
biaxial electrospun nanofibers based on chitosan-poly (vinyl 
alcohol) and poly (Ɛ-caprolactone) can improve mechani-
cal, drug delivery, and biological response properties of the 
potential wound dressing materials [17].

In this paper, we apply the PLA technique on the cerium 
aluminate oxide (CeAlO3) single crystal with a perovskite 
crystal structure for the generation of CeAlO3 nanocrys-
tals (NCs). In this work, we demonstrate the possibility of 
obtaining ultrapure CeAlO3 NCs by the PLA technique. The 
retaining of crystal structure and improvement of optical 
properties compared to the bulk material are demonstrated. 
Possible applications of the obtained NCs are discussed.

2 � Materials and methods

2.1 � CeAlO3 single crystal

The growth of a CeAlO3 oxide perovskite single crystal 
(Fig. 2) was conducted by the edge defined film-fed growth 
(EFG) technique in an induction heating furnace “OXIDE”. 
The crystal was obtained from a tungsten crucible using a 
round Mo shaper in Ar + CO reducing atmosphere. The fab-
rication process is described in more detail in [P. Arhipov 
et al. 2015] [9, 10].

2.2 � PLA setup

For the PLA synthesis of CeAlO3 NCs, a nanosecond diode-
pumped laser Alphalas PULSELAS P-355–100-HP with the 
following parameters: λ ≈ 1064 nm; Δt ≈ 845 ns; repetition 
rate ≈ 560 Hz, beam spot size ≈ 0.203 mm, pulse energy ≈ 
212 μJ (laser fluence ≈ 1.31 J/cm2), with vertical polariza-
tion of the laser beam was used. During the PLA process, 
laser beam was focused by an optical lens with a focal dis-
tance of 60 mm on the surface of the CeAlO3 single crystal 
that was placed in a quartz cuvette. A simplified scheme of 
the PLA synthesis of CeAlO3 NCs is illustrated in Fig. 1.

In our experiments we used: a stable laser system operat-
ing in an environment with a constant temperature; liquids 
with constant parameters; single crystal, stable in the investi-
gated liquids. Therefore, the experimental error may be only 
related to the power instability of the laser (< 2% rms, 1 h).

Fig. 1   Scheme of PLA synthe-
sis of nanocrystals

Fig. 2   Fragment of CeAlO3 single crystal
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2.3 � Choice of liquid medium for PLA

The choice of liquid medium for PLA has an important 
role since it influences the ablation process, formation 
of byproducts, stability of NP colloid, and convenience 
of further NPs application [5, 18]. Preliminary experi-
ments were conducted in order to select the most suitable 
medium for PLA generation of CeAlO3 NCs. As a media 
for PLA and for CeAlO3 NCs storage chloroform (99.8%, 
Carl Roth GmbH + Co. KG, Germany), toluene (≥ 99.8%, 
GC Ultra Grade Carl Roth GmbH + Co. KG, Germany), 
and distilled water (Laboratory ultra-pure water purifica-
tion unit – Milli-Q Integral system, Merck Millipore, Ger-
many) were used without further purification.

Parameters of the liquid environment (type, viscosity, 
temperature, compressibility, etc.) for PLA and its purity 
can strongly affect the composition, shape, and size of the 
obtained NCs. In this work, PLA of CeAlO3 was conducted 
at room temperature in water and organic solvents (toluene 
and chloroform). However, fluid purity is an important 
issue and, for example, high-pressure liquid chromatog-
raphy or spectroscopy solvents may contain atmospheric 
gases such as N2, O2, H2O, and CO2, as well as traces of 
other compounds. Water also contains O2 and N2 under 
atmospheric conditions. In specific cases, the degradation 
over time of the solvent may give by-products. Therefore, 
it must be taken into account that various types of impuri-
ties are present during PLA, even if solvents for spectros-
copy and high-pressure liquid chromatography were used 
[4]. In case of the application of water as a PLA medium, 
colloidal solutions do not contain any by-products, which 
makes it a very convenient environment for the PLA pro-
cess. Even though, colloidal solutions obtained by PLA 
in distilled water are not suitable for further applications 
in the form of thin films or combination with polymers 
compared to organic solvents. On the other hand, organic 
solvents after the absorption of laser irradiation can gener-
ate hydrogen, carbon, and acetyl group radicals and ions 
that can form unwanted products in the solution. Usually 
as a result of the laser breakdown of organic solvent, the 
amorphous carbon is produced [3]. This effect was most 
pronounced in toluene, where dark micro- and nanopar-
ticles were observed in a significant amount. Taking into 
account the abovementioned disadvantages of distilled 
water and toluene, chloroform became the most conveni-
ent environment for PLA synthesis of CeAlO3 NCs both 
because of the very low amount of by-products and the 
possibility of further practical applications. As a result 
of PLA of CeAlO3 single crystal in chloroform, colloids 
with turbid yellow color were obtained. Such a color can 
be described by the presence of CeAlO3 NCs and products 
of laser breakdown of chloroform.

2.4 � Characterization of the laser generated CeAlO3 
NCs

For the characterization of laser generated CeAlO3 NCs, the 
following techniques were applied: transmission electron 
microscopy (TEM), Fourier-transform infrared spectroscopy 
(FTIR), absorption and luminescence spectroscopy, lumi-
nescent decay times measurements, and the X-ray diffrac-
tion analysis (XRD). TEM images of NCs were made with 
TEM Tecnai G2 F20 TMP from FEI. FTIR spectroscopy was 
conducted using the “Spectrum Two” FTIR Spectrometer 
from Perkin Elmer. The John Wiley & Sons, Inc. “Spec-
traBase” [19] and Merck “IR Spectrum Table” [20] were 
used to characterize the acquired FTIR spectra. The absorp-
tion spectra were acquired with the “Hamamatsu” double 
beam spectrometer. The luminescent emission and excita-
tion spectra were measured with the “HORIBA FluoroMax 
Plus” spectrofluorometer. Luminescence decay curves were 
measured using a picosecond spectrofluorimeter Fluotime 
200 (PicoQuant, Germany) using a picosecond laser module 
with a wavelength of 379 nm, with the instrument response 
function of 100 ps.

The X-ray diffraction analysis has been conducted using 
a Bruker D8 Advance XRD diffractometer (Cu-Kα radiation 
having the wavelength 1.5406 Å) to reveal the crystalline 
structure of the laser generated nanomaterials. These meas-
urements were conducted in Bragg–Brentano geometry in 
2Theta range from 4° to 70° (0.01° per step, and 2 per step) 
in air at room temperature. Before measurements, the pow-
der samples were briefly ground and spread on a sample 
carrier (silicon) using ethanol. The reference pattern with the 
ICSD collection code 72,558 of the crystalline compound 
was used to identify the presence of material phases.

3 � Results and discussion

3.1 � PLA synthesis of CeAlO3 NCs

First, influence of the PLA process duration time (10 and 
30 min) on the generation of NCs was investigated. It was 
observed that, with longer duration of the PLA process, the 
NCs generation initially increase, and the colloidal solu-
tion becomes more saturated, as it can be seen in Fig. 3b. 
However, in this case no further increase in NCs genera-
tion is observed since highly concentrated colloidal solution 
absorbs laser radiation shielding the single crystal target [3]. 
For further characterization of CeAlO3 NCs, the colloidal 
solution obtained by 30 min long PLA was used. It corre-
sponds to the maximum concentration of NCs of 2.5 × 10–5 
g/L, which was determined by the gravimetric method.

The supernatant of the colloidal solution of CeAlO3 
NCs has been investigated by TEM. On TEM images, 
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partially sphere-shaped NCs are observed (Fig. 3a) and a 
crystalline lattice is noticeable (insert in Fig. 3). The size 
distribution of CeAlO3 NCs deduced from the analysis 
of the TEM images is well fitted to a log-normal dis-
tribution with an average size of 5.427 ± 1.261 nm. The 
observed particle size distributions correspond to a log-
normal distribution, which is typical for different methods 
of formation NCs.

For the XRD measurements, the CeAlO3 NCs obtained 
from the dried colloidal solution, which contained NCs 
with a size of up to 131 nm, were used. XRD measure-
ments show a main CeAlO3 phase and confirm that PLA-
generated CeAlO3 NCs retain their elemental composi-
tion and crystalline structure similar to the CeAlO3 single 
crystal (Fig. 4). No evidence of other phases has been 
obtained.

For FTIR spectra measurements a single crystal and 
dried supernatant of CeAlO3 NCs colloidal solutions were 
used. The FTIR spectrum of CeAlO3 NCs shows the pres-
ence of cerium and aluminum oxide peaks in a similar 
arrangement compared to the bulk material. For CeAlO3 
single crystal, FTIR spectrum indicates a 2349 cm−1 peak 
that is related to the presence of carbon–oxygen bonds 
[19, 20]. The presence of carbon can be related to the 
Ar + CO atmosphere that was used for crystal growth [9, 
10]. It should be noted that after PLA, the peak which 
corresponded to carbon–oxygen bonds is not observed in 
the FTIR spectrum of CeAlO3 NCs (Fig. 5). The mecha-
nisms of carbon disappearance in PLA-synthesized NCs 
will be the subject of further research.

3.2 � Optical properties

The absorption spectrum (Fig. 6a) and luminescent spectra 
(Fig. 6b) (λex = 260 nm, 350 nm) of CeAlO3 NCs colloidal 
solution in chloroform were measured. CeAlO3 NCs demon-
strate absorption in the short wavelength range up to 400 nm 
with weak maximums at 250, 293,350 nm which is very close 
to the absorption of CeAlO3 bulk crystal in [9]. The absorption 
spectrum shows that peaks of CeAlO3 NCs colloidal solution 
coincide with absorption spectrum peaks of the CeAlO3 sin-
gle crystal which are described in [9, 10]. The luminescence 
spectra of CeAlO3 NCs colloidal solution show a band with 

Fig. 3   TEM image of CeAlO3 
PeNCs obtained by PLA (PLA 
duration = 30 min), top-left 
inserts depict planes of atoms in 
the crystalline structure and cor-
responding fast Fourier trans-
form, top-right insert shows the 
NCs size distribution, bottom-
right insert shows an image of 
CeAlO3 NCs colloidal solutions 
obtained in chloroform by PLA: 
(1) PLA duration – 10 min, (2) 
PLA duration – 30 min

Fig. 4   XRD analysis of CeAlO3 NCs (red) and CeAlO3 single crystal 
(blue)
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the main peaks at 427 and 437 nm depending on the excitation 
wavelength. The position of the luminescence maximum of 
NCs is consistent with the position of the luminescence maxi-
mum for the CeAlO3 single crystal [9]. However, such long-
wavelength luminescence is attributed to the luminescence of 
an uncontrolled impurity, which is the phase CeAl11O18 [9, 
10], that can form in the system Ce2O3-Al2O3 [21] and it is 
difficult to determine by XRD due to, probably, low concentra-
tion. A similar long-wavelength luminescence was observed 
in cerium-activated lanthanum-aluminum perovskite crystals, 
and it was also attributed to the emission of impurity centers 
LaAl11O18 [22].

The luminescence decay curve of CeAlO3 NCs was meas-
ured at the excitation wavelength of 270 nm and is shown in 
Fig. 6c. The decay curve is not mono-exponential with the 
best approximation by two exponents and reveals the fol-
lowing decay times and fractional amplitudes components: 
τ1 ~ 1.5 ns (71%), τ2 ~ 10 ns (29%) with τav ~ 4 ns (ampli-
tude weighted), which is typical for the Ce3+ decay time in 
perovskite hosts [9, 11]. However, the value of the average 
luminescence decay time of CeAlO3 single crystal is equal 
to τav ~ 16 ns [9], which is an order of magnitude greater 

than the observed value τ1 ~ 1.5 ns of the short luminescence 
decay time of CeAlO3 NCs. The very fast luminescence pro-
cess of CeAlO3 NCs is most likely due to the presence of 
defects, such as traps, which is typical for a highly defective 
NC structure [23]. Considering the τ2 ~ 10 ns component, 
these values are not very far from those observed for the 
Ce3+ 5d–4f emission in the perovskite lattice [9, 22, 24].

4 � Conclusions

For the first time, colloidal solutions of pure CeAlO3 NCs 
have successfully been generated by PLA technique. The 
usage of chloroform as the most suitable liquid medium 
for PLA synthesis has been demonstrated. Characteriza-
tion of the obtained nanoparticles has shown that CeAlO3 
NCs did not lose their optical properties compared to the 
initial CeAlO3 single crystal. In CeAlO3 NCs, shortening 
of the luminescence decay times compared to the bulk 
material has been observed, which is important for the 
development of fast scintillation detectors.

Fig. 5   FTIR spectra of CeAlO3 
NCs (red) and CeAlO3 single 
crystal (blue)
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