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ABSTRACT In this work, a set of crystalline LiYF4:Nd3+ nanoparticles with an average size of about 35 nm, were
successfully synthesized via laser ablation method in liquid (combination of ethanol and water). The samples
have trigonal structure corresponding to LiYF4 host. The spectral and kinetic characteristics of the synthesized
nanoparticles corresponded to the characteristics of the target LiYF4:Nd3+ bulk crystal. In particular, the
luminescence decay curves for the 4F3/2 →4I11/2 radiative transition (Nd3+) are single-exponential and the
decay times were around 517 µs, which is typical for Nd3+ in LiYF4 host. It has been established that the
decrease in the power density of laser radiation energy leads to the increase of the average particle size.
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1. Introduction

In the past two decades, one of the most rapidly growing areas of science and industry has been the synthesis of
nanoparticles with specified morphology and desirable physicochemical properties. Among many methods for the syn-
thesis of nanomaterials, the laser ablation in liquid plays a special role. Indeed, laser ablation is a relatively simple and
time consuming method of the nanoparticle synthesis, which allows obtaining metal nanoparticles [1, 2], nanoparticles
of semiconductor compounds [3, 4], as well as dielectric ones (in particular, fluoride and oxide compounds [5, 6]). The
laser ablation method in liquid has a number of advantages: firstly, it is a relatively fast method of producing particles that
does not require such specialized conditions as high temperature, pressure, and the use of toxic compounds or acids as
reaction environment. Secondly, it allows controlling such properties of the resulting nanoparticles as shape, size, and size
distribution by varying the laser irradiation parameters (wavelength, frequency and duration of the pulses, power density).
The characteristics of the liquid (pH level, chemical composition of the solvent and its polarity) have a notable impact on
the above-mentioned characteristics [7–11]. In particular, in [12,13], it was shown that an increase in the power density of
laser irradiation increases the average size of the nanoparticles. Despite a number of advantages, laser ablation in liquid
is not widely used as a method of industrial synthesis. The main reason is the low productive capacity of the process
compared to chemical methods. There is large dispersion of the resulting nanoparticles in shape and size (width of the
size distribution is from approximately 1–5 nm to 100–150 nm) in the case of non-optimal choice of the laser irradiation
parameters [7].

This work demonstrates the possibility of the LiYF4:Nd3+ nanoparticle synthesis via laser ablation in the liquid using
a bulk crystal of a similar composition as a target for laser irradiation. It was previously shown that the laser ablation torch
of this crystal, there are all the necessary components for the synthesis of this nanosized compound [14]. The possibility of
the synthesizing of the thin films [15] and nanoparticles [16] of this compound by laser ablation was also shown. The main
objective of this work is to study the dependence of laser irradiation parameters and liquid parameters on characteristics
of LiYF4:Nd3+ nanoparticles. The mechanisms explaining the obtained results were suggested [17–21].

The choice of LiYF4 host is based on the fact, that it has low phonon energy resulting in lower probability of non-
radiative multiphonon relaxation. It also demonstrates high chemical, mechanical and thermal stability [22–24]. In its turn,
Nd3+ ion has a unique electron level structure and can be optically excited in the broad spectral range including so-called
“biological window”. Due to the thermally coupled Stark components of the luminescence peaks nanoparticles doped with
Nd3+ ions can serve as luminescent thermometers operating in the physiological temperature range. Specifically, Nd3+

doped fluoride nanoparticles were successfully utilized for hyperthermia with simultaneous remote optical temperature
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sensing for phantom tissue [25]. On the other hand, Nd3+ doped SrF2 nanoparticles demonstrated their efficiency in
bioimaging of mouse organs in the biological window (1000–1400 nm) [26].

2. Materials and methods

2.1. Synthesis of LiYF4:Nd3+ nanoparticles

The nanoparticles were synthesized using a pulsed Nd:YAG laser (LQ529B) generating 532 nm nanosecond pulse ir-
radiation (pulse duration and pulse repetition rate were 10 ns and 10 Hz, respectively). The target LiYF4:Nd3+ (1.0 at.%)
bulk crystal was grown by the Bridgman-Stockbarger method. Irradiation was carried out in solution of deionized water
with 10% volume fraction of ethanol. The effect of laser energy power density on the nanoparticle size in the wa-
ter/ethanol = 90/10% solution was also investigated. The chosen power densities were 0.9, 1.1, and 1.5 J/cm2. Particles
were collected from the colloidal solution using a syringe. Next, the nanoparticles were dried in a dustproof chamber in
air. The scheme of the experimental set-up is presented in Fig. 1. To record the luminescence spectra, a CCD StellarNet
spectrometer was used (1–2 nm resolution and 200–1200 nm spectral range). To record the luminescence decay curves,
a combination of an MDR-23 monochromator (resolution 0.1 nm, spectral range 200–2000 nm), a photomultiplier tube
(FEU-62) and a Bordo oscilloscope (10 bit, bandwidth 200 MHz) was used.

FIG. 1. Experimental set-up for synthesis via laser ablation consisting of a set of prisms (1, 2, and 4),
lens (3), and the target (5) in the liquid

2.2. Physicochemical characterization of the samples

The work examined the morphology of nanoparticles, as well as the phase composition. The study of all the samples
was carried out in three stages. The phase composition of the samples was studied via X-ray diffraction (XRD) using
an MD-10 EFA setup (FeKα radiation at λ=1.93597 wavelength). The scanning electron microscope EVO 50 XVP Carl
Zeiss was used to investigate the morphology and size of the samples.

3. Results and discussion

The XRD pattern of the LiYF4:Nd3+ nanoparticles is represented in Fig. 2.
The obtained XRD pattern corresponds to the LiYF4 host. The impurity peaks or double phase as well as the presence

of the amorphous phase were not found. The calculated lattice parameters were a= 0.513(6), c= 1.070(7) are typical for
the LiYF4 host [20]. SEM image of the nanoparticles synthesized in water/ethanol = 90/10% solution presented in Fig. 3.

It can be seen, that the nanoparticles have predominantly spherical shape. The size distribution histograms of the
obtained nanoparticles are presented n Fig. 4.

The mechanism of nanoparticle formation is the crystallization from the gas phase. In particular, under the influence
of a laser pulse, the target material is heated and evaporates, forming a drop in a bubble, and then crystallizes as a result of
cooling [9, 11–13]. Since the thermal conductivity of water is high, the molten droplets dispersed in solvent will quickly
condense to form large sized particles. For solvents having lower thermal conductivity, the initial particles exist longer
in the melted condition and fractionize into smaller particles. The ethanol molecules can act as a shell that prevents the
aggregation of nanoparticles [18, 19]. It is of interest to consider the influence of laser radiation energy density on the
sizes of nanoparticles. Fig. 4 shows graphs of particle size distribution. According to the data obtained, it can be said that
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FIG. 2. XRD pattern of the LiYF4:Nd3+ nanoparticles

FIG. 3. SEM image of the nanoparticles synthesized in water/ethanol = 90/10% solution obtained for
laser radiation energy density 0.9 J/cm2

with the increase of power density of laser radiation energy, the average particle size increases. This can be related to the
fact that higher energy heats up the nanoparticles more efficiently, which leads to their aggregation and fusing into one
crystalline agglomerate [20, 21].

Optical excitation of nanoparticles was carried out by laser irradiation at 790 nm wavelength (4I9/2–4F5/2 absorption
band of Nd3+ ions). Fig. 5a shows the luminescence spectrum of LiYF4:Nd3+ nanoparticles recorded at room tempera-
ture. The spectrum contains luminescence bands corresponding to the 4F3/2 →4I9/2 (849–950 nm) and 4F3/2 →4I11/2
1039–1080 nm) radiative transitions of Nd3+ ions [15, 22].

Fig. 5b demonstrates the luminescence decay curve at 1046 nm (4F3/2 →4I11/2 radiative transition of Nd3+ ions)
upon excitation at 790 nm. The curve has a single-exponential dependence with a calculated decay around 517 µs,
which is typical for LiYF4:Nd3+ phosphors [15]. In addition, the single-exponential nature of the luminescence decay
suggests that Nd3+ ions are distributed homogeneously in the nanoparticles and do not form clusters. In particular, during
clustering, Nd3+ ions interact more effectively with each other in clusters, which can lead to enhanced quenching of
the 4F3/2 state due to concentration quenching and/or cross-relaxation. This can lead to the appearance of a short-lived
component in the kinetics of luminescence decay [22].
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FIG. 4. The nanoparticle size distribution obtained for laser radiation energy density a) 0.9, b) 1.1,
c) 1.5 J/cm2; d) The nanoparticle size dependence on the energy density of laser radiation

FIG. 5. Room temperature luminescence spectrum of LiYF4:Nd3+ nanoparticles (a) and luminescence
decay kinetic at the registration wavelength λ=1046 nm (b) for a sample synthesized from a solution
with a volume fraction of ethanol 10%, excitation wavelength λ=790 nm
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4. Conclusions

Nanoparticles of LiYF4:Nd3+ were successfully synthesized by laser ablation in liquid. Specifically, the laser irra-
diation was carried out in solutions of deionized water with volume fractions of ethanol in solution of 10%. The effect
of laser energy power density on the nanoparticle size in the water/ethanol = 90/10% solution was also investigated. The
chosen power densities were 0.9, 1.1, and 1.5 J/cm2. The resulting samples had a trigonal structure corresponding to
the LiYF4 host. The nanoparticles synthesized in aqueous solutions with ethanol, have the average particle size around
72 nm. The hypothesis explaining the observed results was made. Specifically, the thermal conductivity of water is high,
the molten droplets dispersed in solvent will quickly condense to form large sized particles. For solvents having higher
thermal conductivity, the initial particles exist longer in the melted condition and fractionize into smaller particles. The
ethanol molecules can act as a shell that prevents the aggregation of nanoparticles. It is also shown, that with the increase
of the power density of laser radiation energy, the average particle size increases. This can be related to the fact that
higher energy heats up the nanoparticles more efficiently, which leads to their aggregation and fusing into one crystalline
agglomerate. The spectral and kinetic characteristics of the synthesized nanoparticles also corresponded to the target bulk
crystal. In particular, upon 790 nm excitation, a characteristic luminescence spectrum was observed for the 4F3/2 →4I9/2
(849–950 nm) and 4F3/2 →4I11/2 1039–1080 nm) radiative transitions of Nd3+ ions. The curve has a single-exponential
dependence with a calculated decay around 517 µs, which is typical for LiYF4:Nd3+ phosphors.
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