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Materials science has experienced significant advances in the development of new techniques to synthesize
materials with unique properties, which are essential for various applications. For instance, lanthanide-doped
structures have been combined with other optically-active compounds to produce materials with unique
properties for anti-counterfeiting, bio-applications, optical sensors, photovoltaics, and so on. There are many
different chemical synthesis routes (bottom-up; wet chemistry methods) and physical approaches (top-
down) to obtain materials, and each of them has its own advantages and disadvantages, depending on the
specific requirements of the given material and its final application. This study opens up completely new
routes for the precise and localized crystal growth of optical materials and huge enhancement of their up-
conversion luminescence intensity (by 2-orders of magnitude). It was possible by irradiation of the initially
prepared nanoparticles with the NIR (975 nm) laser under lowered pressure conditions, ie., vacuum. As
exemplary compounds, we used the lanthanide-doped YVO,4 nanomaterials, containing either YoH —Tm>*
or Yo** —Er®* ions. It was shown that the loss of air (vacuum) significantly improves the heating rate of the
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samples and induces the growth of the crystals. In addition, confocal Raman spectroscopy was used to
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1. Introduction

The emission of a broad spectrum ranging from UV to NIR
light, depending on the physical phenomenon occurring, up-
conversion (UC) or down-shifting (DS), has placed luminescent
materials doped with rare earth ions in a strategic position for
industrial development,'™® as they can be used in various fields,
such as anti-counterfeiting, solid state lighting, contactless
sensing, solar cells, catalysis, nanophotonics, etc.*® Given
the need for the design of new materials for application in
fields such as the manufacture of rare earths, the development
of new techniques for the synthesis of materials with unique
properties has developed extensively in recent years."”°
There are several techniques available for synthesizing
materials, including wet chemistry methods, such as e.g. sol-
gel, high-temperature calcination, in emulsions, hydrothermal
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verify the evolution of the materials structure before and after laser treatment.

synthesis, and co-precipitation.*>'” On the other hand, there
are also physical approaches such as mechanosynthesis in a
ball mill, (nano)lithography, laser-ablations, high-temperature
evaporation, and so forth.>>%?>?%2% Each of these techniques
has benefits and drawbacks, and ultimately the choice of the
most suitable technique depends on the specific requirements
of the material being produced.*****°*! For example, the sol-
gel technique is a versatile method for producing nanomater-
ials with high crystallinity, high surface-to-volume ratio and
controlled porosity. This technique involves the use of solution-
state precursors to create solid materials like metal oxides.
While the sol-gel technique offers many advantages, it may be
limited by factors such as cost and scalability.>' > In contrast,
hydrothermal synthesis involves using high temperatures
and pressures to synthesize materials in an aqueous solution.
This technique offers the advantage of producing materials
with high crystallinity and controlled morphology, but it can
be limited by the requirement for specialized equipment
to achieve the necessary conditions of high temperatures
and pressure. Moreover, this technique is quite energy-
and time-consuming.>*” Similar, to the sol-gel technique,
evaporation under vacuum synthesis is another straightforward
technique that involves evaporating a material and then
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condensing it to form a solid. This technique is suitable for
producing materials with high purity but can be limited by the
need for high vacuum conditions (10"°~10~7 mbar), which can
be challenging and expensive to achieve as in the hydrothermal
technique.***

Among current techniques that utilize lasers to either remove
or synthesize a desired material, the following approaches are
most common: laser ablation, pulse laser deposition (PLD), and
selective laser melting (SLM).>>** Typically, laser ablation refers
to the removal of surface material using a pulse of laser radia-
tion, but it is also possible to achieve material ablation with a
continuous flow of laser radiation if the beam energy is high
enough.*** On the other hand, PLD is capable of reproducing
almost any type of material (oxides, metals, polymers). Its high
stoichiometric, reproducibility and versatility make it one of the
most powerful techniques for producing complex oxides, mag-
netoelectric multiferric materials, and diluted magnetic semi-
conductors, among others.***” In contrast, the SLM technique is
a process in which a laser beam is used to melt and fuse together
layers of powdered material, typically metal, to create a solid
object. This process is commonly used in additive manufactur-
ing, also known as 3D printing.***°
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In addition, with the current interest in lanthanide-doped
materials, new laser treatment techniques are being developed
to modify the materials. For example, Dangli et al.***' show in
some of their papers how single NaYbF,:Ho’>*@YbOF:Ho®"
heterojunctions with unique morphologies including hollow
spheres, lollipops and sponge-like plates can be successfully
prepared by deliberately controlling the precursor particles
and light welding parameters, where the oxidation reaction
with NaYbF,:Ho®" microcrystals was induced by increasing the
excitation power density and irradiation duration, which
resulted in a NaYbF, and YbOF heterojunction with lattice
mismatch, thus improving their luminescent properties.

In this work, we show for the first time the use of a NIR laser
in combination with a vacuum for remelting of nanoparticles
and the growth of larger crystals of lanthanide-based, energy
up-converting materials in a micron-sized, well-localized area
(as schematically shown in Fig. 1a). Thanks to the improved
light-to-heat conversion under vacuum, the optical heating of the
nanoparticles can occur at moderate laser power (3 kW cm ™ ?),
and the UC emission intensity of the irradiated structures was
permanently boosted by 2-orders of magnitude. Fig. 1b shows the
radiative and non-radiative processes occurring in the systems
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(a) Scheme of crystal growth procedures applied to the samples, including laser-induced and vacuum enhanced optical heating and remelting,

and a conventional high-temperature calcination. (b) Simplified energy-level diagram for Yb>*=Tm>* and Yb*"—Er** in the studied systems. (c) Spectral
intensity distribution of Planck’s black-body radiation as a function of wavelength for different temperature values (the maximum of the intensity shifts to

shorter wavelength as the black-body temperature increases).
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studied, ie., yttrium vanadate (YVO,) nanoparticles doped
with Yb**-Tm®* and Yb**-Er*" ions. Given the novelty of this
technique, vanadate was selected as a matrix due to its high
melting point (~1800 °C),** as the material is expected to
undergo high temperatures during the vacuum process. Other
materials (like simple or complex oxides, garnets, apatites, sili-
cates, phosphates, borates, etc.) should also work with this
method. It is important, however, to avoid materials with rela-
tively low phase transition temperature, such as fluorides whose
phase transition is around 500 °C. In addition, an analysis of the
generated black body emission was performed and correlated
with the expected temperature values (based on the Planck’s law)
to know the average, local temperature reached by the sample
within the laser spot under vacuum. This can be seen in Fig. 1c,
showing the relationship between the temperature and the
spectral distribution of the black body radiation. Moreover,
we performed a comprehensive Raman analysis to investigate
the structural features of the materials before and after laser
treatment, compared to the materials annealed under high-
temperature conditions.

2. Results and discussion
2.1 Structural study

Fig. 2a shows the arrangement of the atoms in the tetragonal
YVO, from I4,/amd space group (JCPDS no. 82-1968), i.e., in the
compounds that have been synthesized and doped with the
corresponding lanthanide ions. Fig. 2b shows the powder X-ray
diffraction (PXRD) patterns of the sample synthesized under
hydrothermal conditions (low-T synthesis) and the calcined
one, ie., posttreated under high-temperature conditions
(high-T synthesis), both corresponding to the tetragonal YVO,
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Fig. 2 (a) 3D representation of the tetragonal YVO, (/41/amd) structure.
(b) Comparison of the PXRD patterns with the reference data. (c) and (d)
Representative TEM images of the hydrothermally synthesized nanoma-
terial (c) with the sample annealed at high-temperature (d).
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mentioned above. It is clear that the reflexes of the annealed
sample are much narrower, which is simply due to the larger
crystal sizes and their better crystallinity, compared to the
product obtained under hydrothermal conditions. Additionally,
the transmission electron microscopy (TEM) images shown in
Fig. 2c and d confirm much smaller size (x~10-20 nm) of the
crystals formed at low-temperature conditions in solution (c),
in contrast to the larger crystals (~300-500 nm) of the calcined
sample (d). In the following sections, we discuss in detail how
the treatment of the nano-sized samples treated with a laser
(in vacuum) can favor the growth of crystals, thus improving the
efficiency of their luminescence.

2.2 Laser treatment under vacuum

Fig. 3a shows the UC emission spectra of the hydrothermally
synthesized YV0,:20%Yb**,0.5%Tm>" sample (nanoparticles)
under 975 nm laser excitation, measured at variable pressure
and a fixed laser power (~3.3 kW cm™2). Initially, at ambient
pressure, no emission signal from the Yb*~Tm’* ions was
detected, and this could be due to the very low UC emission
efficiency of Tm>" in the studied nanoparticles, caused by the
relatively low synthesis temperature (150 °C), and therefore
lower crystallinity level and smaller crystal sizes, compared
to other reports, where the Tm®" samples were annealed
and do show UC emission without post-treatment.*>™** Then,
as the vacuum increases, the blackbody emission starts to be
observed, due to the laser-induced optical heating of the
material, which is significantly boosted under vacuum. This
effect is a result of enhanced light-to-heat conversion at lowered
pressure. Finally, when the sample returns to ambient pressure
(so it is cooled down), the blue emission of the Yb**-Tm**
system can be observed. However, at this stage, the sample is
still “hot”, due to the high laser power density used, and
the band associated with thermalization processes in Tm®*
(at 700 nm) can be observed. When the pump power density
is reduced, the characteristic blue emission peak of Tm?®",
located at 470 nm, gradually appeared (see Fig. 3b), and the
total emission intensity increases, as the laser-induced thermal
quenching became much less pronounced.

A similar experiment was conducted using YVO,:20%-
Yb**,2%Er*" nanoparticles, which were synthesized at low-
temperature conditions, as well. In this second experiment,
we wanted to confirm the possibility of improving the lumines-
cence of the sample by applying a laser treatment in a vacuum
environment. In Fig. 3c, the corresponding UC emission spec-
tra under 975 nm laser excitation, recorded at variable pressure
conditions and fixed pump power of 3.3 kW cm ™2, are pre-
sented. It is clearly seen that at the beginning (at ambient
pressure), the emission bands of Er*" ions located around 525
(*Hy12 — “Li5) and 550 nm (*Sz, — “I;5) transitions have
very low intensity. However, in contrast to Tm>" ions, in this
case we could detect some signal and pale green emission
of Er** even at this stage of the experiment was observed, which
is due to much better UC efficiency in the Yb**-Er’" system.
When the vacuum was turned on, the black body emission
appeared in the low-energy part of the spectra, and the Er** ion
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Fig. 3 (a) UC emission spectra of the hydrothermally synthesized sample YVO,:20%Yb>*,0.5%Tm>* recorded in the cycle at different pressure values
upon NIR 975 nm laser irradiation (excitation flux ~3.3 kW cm™2), and (b) the corresponding spectra as a function of pump power density. (c) UC
emission spectra of the hydrothermally synthesized YVO4:20%Yb**,2%Er** sample recorded in the cycle at different pressure values upon NIR 975 nm
laser irradiation (excitation flux & 3.3 kW cm~2). (d) Photographs of UC luminescence for both samples irradiated with NIR light, taken at different steps of

laser treatment, i.e., at ambient conditions and under vacuum.

emission disappeared, due to the huge increase of the local
temperature, leading to the significant thermal quenching of
the UC emission. Importantly, after turning the vacuum off,
and reaching the atmospheric pressure value, the bright green
UC luminescence of Er** permanently appears, and its intensity
is significantly enhanced compared to the initial signal. Note,
that the band intensity ratio of Er** ions (525/550 nm) indicated
the high local temperature of the irradiated sample. Fig. S1
(ESIt) shows the corresponding UC emission spectra of this
material recorded with the same system (after the experiment),
by measuring the spectra at decreasing laser power. It is clear,
that the emission intensity of the Er’* ions increased even more
(due to the limited thermal quenching) and the 525/550 nm
band ratio decreased, as the sample cooled down to room
temperature, and the laser heating was not further observed.
The different steps of both experiments can also be visually
seen in Fig. 3d, which depicts digital photographs of both
samples upon NIR laser irradiation, taken at ambient pressure
and under vacuum. In the first case of the YVO,:Yb*'-Tm?*",
it is not possible to observe any luminescence until the sample
has been exposed to vacuum conditions and returned to
ambient pressure. Only then, the typical blue emission of
Tm?" is observed. Whereas, in the case of the YVO,:Yb*'-Er**
sample, a huge enhancement of green up-conversion emission
of Er** ions after laser exposure under vacuum can be observed.

7710 | J Mater. Chem. C, 2024,12, 7707-7714

Note that in both cases, under vacuum conditions and simul-
taneous laser irradiation, ultra-bright black body emission can
be observed, and for the Er**-doped sample it is even brighter
(most probably due to better light-to-heat conversion efficiency
for this material). In fact, using the Plank equation and the
spectral distribution of the generated thermal emission, we
estimated the local temperature elevation for the materials
irradiated under vacuum at 1422 K and 1769 K for the Tm*"
and Er** doped samples, respectively (see details in the ESIt
file). The obtained results agree well with our previous findings,
confirming stronger optical heating effect and higher local
temperature for the Er’**-doped sample, achieved upon its laser
treatment under vacuum.

Fig. 4a shows a photograph of a region of the YVO,:Yb*"~
Tm®" sample that has received laser treatment (within the
incident laser beam spot), and that can be easily distinguished
as having a different appearance from the nearby areas. It can
clearly be seen that only in the irradiated area, where the
material was subjected to the laser treatment (leading to
the huge elevation of the local temperature of the sample),
the sample material was molten leading to recrystallization
of the grains and crystal growth. This area was analyzed under a
confocal microscope, by mapping a series of emission spectra
recorded under laser excitation. Fig. 4b shows the results of this
mapping, representing the collected integrated emission

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Photograph of the sample YVO,:Yb**—Tm3>* taken at ambient conditions (after the laser post-treatment under vacuum), with a zoomed-in
view of the irradiated zone under normal light. (b) Mapping of the corresponding sample luminescence signal under a confocal microscope, representing
the integrated emission from materials, where the maximum signal intensity is denoted as dark purple. (c) Photograph of the sample zone irradiated with
a NIR (975 nm) laser taken at ambient conditions, showing its bright blue UC emission achieved after laser treatment under vacuum.

intensity, i.e., luminescence signal from the sample. The purple
color denotes the maximum intensity of the signal, which is
located in the central part of the material corresponding to the
previously irradiated area (during the experiment performed
under vacuum conditions), and the untreated area of the Tm*'-
doped sample (nanoparticles synthesized at low-7) did not
reveal any luminescence. Fig. 4c presents a digital photograph
of the analyzed area upon NIR 975 nm laser irradiation (ambi-
ent conditions), clearly showing its bright blue emission, due to
UC emission of the Yb**~Tm>" system (corresponding well to
the photograph in Fig. 3d).

2.3 Raman spectroscopy

In this section, a comparison of the Raman spectra is made to
verify that there is no phase transition in the hydrothermally
synthesized materials before and after laser treatment under
vacuum and after standard annealing in a furnace, to check if
they have the same tetragonal structure of YVO,. Fig. 5 shows
three Raman spectra, the one in red is the spectrum of the
hydrothermally synthesized sample at low temperature (before
the vacuum and laser treatment), the black one corresponds to
the material where the laser treatment under vacuum

T T T T T T T T T
I [——— After laser treatment (in vacuum)
——Annealed in a furnace e
| —— Before laser treatment

Intensity (a.u)

200 300 400 500 600 700 800 900 1000 1100
Raman Shift (cm™)

Fig. 5 Raman spectra of the hydrothermally synthesized YVO,:Yb®*—
Tm?>*, before and after laser treatment under vacuum and after standard
annealing in a furnace.

This journal is © The Royal Society of Chemistry 2024

conditions was applied, and the blue one comes from the
sample annealed in a furnace at high temperature. As it can
be observed, there is an evident increase of the crystallinity
level (more intense Raman signal) for the annealed and laser
treated samples, compared to the untreated material obtained
during the hydrothermal synthesis. The obtained results agree
well with luminescence data, showing that the calcined or laser-
treated (in vacuum) samples have much higher crystallinity
level (and larger crystals), which is associated with their signifi-
cantly improved UC luminescence intensity. Moreover, in all
cases the recorded Raman spectra have the same shape, and
they coincide well as there are no additional peaks observed
(see Fig. 5), confirming that all materials have the same
structure of the tetragonal phase of YVO,.**>°

2.4 Luminescence comparison of the annealed and laser-
treated samples

Fig. 6a and b show the emission spectra at fixed power densities
of 0.9 kW cm™?, for the Er*'-doped (a) and Tm>*-doped (b)
samples, which were either annealed in a furnace or treated
with a laser (in vacuum) after hydrothermal synthesis. The laser
treatment under vacuum results in even better UC emission
intensity, compared to the annealed samples, demonstrating
that the type of the applied post-synthesis treatment method
also has a significant impact on the luminescence efficiency of
the sample. This is plausibly because the temperature values
reached for the laser treatment under vacuum were higher (ca.
1420-1770 K), compared to the ones achieved during the
standard annealing process (~ 1273 K), leading to better crys-
tallinity and larger crystal sizes of the final products.

2.5 Crystal size

Fig. 7a shows the pellet made of the nanoparticles from the
hydrothermal synthesis. We highlight two regions: in red
(Fig. 7b) where the laser treatment is performed with a vacuum
and clearly shows a crater, where the crystals are larger than
those found in the blue region (Fig. 7c), which is unaltered and
shows a homogeneous surface with tiny dots that are the small
particles of the material. In addition, an interesting effect can
be observed in Fig. 7d, i.e. the crystals are smaller moving away
from the area where the laser hits the material, since the
generated heat (via vacuum-enhanced light-to-heat conversion)

J. Mater. Chem. C, 2024,12,7707-7714 | 771
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Fig. 6 (a) Differences in UC intensities between the two samples: YVO,:20%Yb*",2%Er** annealed and after the laser treatment under vacuum at

0.9 kW cm™2. (b) Differences in the UC intensities between the two samples: YVO0,4:20%Yb**,0.5%Tm>* annealed and after the laser treatment under
-2

vacuum at 1.5 kW cm

Fig. 7 Representative SEM images of the YVO,:20%Yb>* 2%Er** pellet (a),
showing the laser-treated (b), untreated (c) and surroundings of the laser-
treated (d) regions.

is dissipated by conduction, transmitting the heat to the nearby
particles.

Considering alternative approaches for the material synth-
esis, one could calcinate luminescent materials in a furnace
either in a gas atmosphere (e.g., O,, N,, H,, etc.) or under
vacuum conditions. However, in the case of the vanadate
materials studied, the constituting lanthanide ions do not
undergo red-ox reactions in the presence of oxygen or a redu-
cing atmosphere, and hence we do not expect any significant
differences in the case of the potential calcination process
under vacuum conditions (in the furnace) vs. air atmosphere.
The postulated effect, ie., the impact of calcination atmo-
sphere, could have some non-negligible effects in the case of
e.g., semiconductive nanoparticles (such as quantum dots), or
other gas-sensitive materials where the possible surface defects
induced by gas molecules might affect the surface character-
istics of the investigated materials. Those effects are important
especially in the case of very small nanocrystals (with high
surface-to-volume ratio and high surface energy), which remain
relatively small after the calcination process. Whereas in our
case the particles after the calcination process are relatively

7712 | J Mater. Chem. C, 2024,12, 7707-7714

large (~300-500 nm), and the mentioned surface-related
effects and the calcination atmosphere should not have a
significant effect on the final, spectroscopic properties of the
calcinated vanadate materials. Moreover, because of the high
thermal stability of the YVO, materials, no changes in the
composition of the material surface are expected.

3. Conclusion

In this work, we have demonstrated for the first time, a new
technique for permanent enhancement of the UC lumines-
cence, by laser-induced crystal growth under vacuum condi-
tions. This technique has been successfully applied to the
YVO,:Yb*"-Tm?" and YVO,:Yb*"-Er** nanoparticles. The results
showed that the loss of air in the vacuum chamber favored
optical heating of the samples and melting and recrystallization
of the studied materials, leading to enhanced UC emission in
the samples treated with a NIR laser under vacuum. The
temperature of the sample during treatment was determined
by analyzing the generated blackbody radiation, allowing a
comparison with the corresponding temperature values applied
during the other synthesis methods (materials annealing in a
furnace). Moreover, Raman spectroscopy was used to confirm
that there were no phase transitions in the samples, indicating
that the crystallinity level was significantly improved during the
optical heating under vacuum conditions. Overall, this study
demonstrates the potential of using optical heating with laser
and vacuum techniques for growing materials with unique and
enhanced spectroscopic properties, especially for improving
their optical activity, i.e., UC luminescence intensity.

4. Experimental section
4.1 Materials

The starting lanthanide oxide materials, i.e., Y,O3, Yb,03, Er,03
and Tm,03 (99.99%) were purchased from Alfa Aesar. Lantha-
nide oxides were dissolved in an excess of HCI (ASC, 37%)
purchased from Sigma-Aldrich and deionized water. Prepared

This journal is © The Royal Society of Chemistry 2024
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solutions were evaporated 3-times to dispose of chloric acid.
The YCl;, YbCl;, ErCl; and TmCl; salts were diluted with
deionized water to prepare 0.5 M solutions. The NH,VO;
(ASC, =>99%) and the cetyltrimethylammonium bromide
(CTAB) (>98%) were purchased from Sigma-Aldrich. The
sodium hydroxide (pure p.a., 98.8%) and the trisodium citrate
dihydrate (ASC, >99%) were purchased from POCH. The NaOH
was dissolved in deionized water and diluted to a 1.5 M
solution for further pH adjustment.

4.2 Synthesis

Stoichiometric amounts of the appropriate YCl;, YbCl;, ErCl; and
TmCl, salt solutions for 1 mmol of YVO,:20%Yb*",0.5%Tm>" and
YVO,:20%Yb*",2%Er*" were mixed in 15 ml of deionized water
with 0.4175 g of trisodium citrate dihydrate and 0.4957 g of CTAB
as a surface active agent, respectively. Next, NH,VO; was dissolved
in 20 ml of deionized water on heating to obtain a transparent
yellow solution. NH,VOj; solutions were added dropwise at room
temperature to chloride salt and surfactant solutions upon stir-
ring. Finally, the pH was adjusted to 10 using a 1.5 M solution of
NaOH upon stirring. The obtained yellow opaque (CTAB) or
transparent (sodium citrate) mixture was transferred to a Teflon-
lined vessel and was hydrothermally treated for 20 h at 150 °C. As
synthesized nanoparticles were centrifuged from the solution and
washed with deionized water three times. The obtained materials
were dried at 80 °C for 24 h and ground in an agate mortar. The
materials were annealed at 1000 °C for 2 h to decompose organic
residues, improve the crystallinity level, increase the crystal sizes
and enhance their luminescence intensity.

4.3 Characterization

For all experiments, a pellet (2270 um thick) was made from
the material and placing the material on a small glass plate. UC
emission spectra were recorded in the visible range using an
Ocean Optics HR4000 High-Resolution Fiber Optic Spectro-
meter. The excitation source was a tunable continuous-wave
(CW) Ti:Sapphire laser system, Spectra Physics 3900S pumped
with a 15 W, 532 nm Spectra Physics Millenia, adjusted at
975 nm. In order to measure the laser power, a photodiode
(Ophir StarLite) was used. Also, for low pressure measure-
ments, a vacuum was obtained using an oil pump (Edwards
RV3), connected to a vacuum chamber, where the manometer
was connected to a digital controller (Edwards Active Gauge
Controller Single Display). Finally, Raman measurements were
obtained using a confocal Raman microscope (Renishaw InVia)
with a laser of 4 = 785 nm.
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