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A B S T R A C T

The work reports on the use of laser ablation and post-ablation irradiation techniques for the preparation Nd3þ

doped ZnO nanoparticles (NPs). The focus has been made on photoluminescence of Nd-doped ZnO NPs in the
second near infrared (NIR-II) spectral window (1000–1700 nm) of the biological transparency. Morphology,
phase composition and optical properties of the synthesized NPs were studied by absorption and photo-
luminescence spectroscopy, X-Ray diffraction (XRD) and transmission (TEM) electron microscopy. Near-infrared
luminescence of Nd3þ doped ZnO nanocrystals in the region of 1000–1400 nm was detected both upon excitation
from the ground state (800 nm) and upon UV excitation. The latter proves the incorporation of the Nd3þ into ZnO
lattice as photoluminescence occurs through the transfer of excitation energy from the ZnO matrix to the Nd3þ

ion. The possibility of control over the luminescence properties by a variation of solvent composition and by
additional laser irradiation was demonstrated.
1. Introduction

In the past decade, rare-earths activated nanoparticles (NPs) due to
their prominent photoluminescent properties, electronic and energy
level structure have attracted much attention for a range of practical
applications, including bioimaging and labeling, theranostics, fabrica-
tion of optoelectronic devices, electronic displays, LEDs, etc. [1, 2, 3, 4,
5]. Upon lanthanide ions incorporation into a transition metal oxide
matrix, novel luminescent materials can be produced having high
photostability and quantum yield, long emission lifetime, narrow line
widths and large Stokes shifts. Nevertheless, preparation of nanosized
lanthanide-doped NPs is still challenging [3]. At present, for the syn-
thesis of NPs various physical, chemical and physico-chemical tech-
niques are used. However, preparation of non-agglomerated and pure
(surfactant-free) NPs with the required morphologies and high crystal-
linity suitable for their successful practical applications has still not
been achieved and is under development. Due to the large ionic radius
mismatch between rare-earth and transition metal ions, creation of
luminescent rare earth centers in a host metal oxide NP by chemical
means remains a problem. Moreover, conventional wet-chemistry ap-
proaches often require use of organic solvents or surfactant addition for
NP size control that may result in the production of toxic by-products
t.by (N. Tarasenka).
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thus hindering biomedical applications of the resulting NPs. There-
fore, development of new and cost-efficient technologies to produce
high-quality nanosized lanthanide-doped particles with improved
luminescence properties is highly anticipated. Among the different
synthesis methods, liquid-assisted laser ablation has now established as
an effective tool for fabrication of nanomaterials with sizes, shapes,
composition and structure varying in a broad range [6, 7]. The pulsed
laser ablation in liquids (PLAL) enables a simple production process
with the possibility of control over their morphology and inner structure
upon the variation of laser parameters, as well as capable of composite
nanostructures synthesis by combination of ablation and laser-induced
modification processes [8, 9, 10, 11]. Concerning the biomedical ap-
plications, the beneficial property of laser ablation in liquids (LAL) is a
high colloidal stability of laser-produced NPs (usually up to several
months) without a need in additional stabilizers. Also, the PLAL tech-
nique allows excluding the use of toxic chemicals and avoiding the
formation of by-products, thus providing a clean, eco-friendly and
bio-safe approach suitable for biomedical applications. Specifically for
doped NPs formation, the creation of high temperature and pressure
conditions in laser ablation process may be a valuable feature as that
may promote the formation of doped NPs providing an increase of the
inclusion of dopant atoms under the non-equilibrium conditions.
022
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In this work, we developed a method for fabrication of Nd-doped zinc
oxide NPs based on double-pulse laser ablation of Zn target in neodym-
ium nitrate solution combined with a post-ablation irradiation of the
formed colloid that allowed varying the NPs characteristics and proper-
ties. The main focus of the work was on the photoluminescence of the
prepared colloidal NPs in the NIR-II spectral biological transparency
window in dependence on the experimental conditions that was per-
formed to test their applicability as potential photoluminescent compo-
nents for bioimaging.

Zinc oxide is a non-toxic semiconducting material with a wide
bandgap, which can be used as a suitable matrix. To date, preparation of
the doped ZnO NPs has received much attention [12, 13], but most of the
works is aimed to fabricate NPs exhibiting luminescence in the visible
spectral region. It is expected that ZnO nanocrystals doped with lantha-
nide ions will form a photoluminescent material in the near infrared
region of 800–1400 nm (NIR) [14, 15]. In particular, ZnO nanocrystals
doped with neodymium ions, which have several important luminescent
bands in the NIR region, including the transitions 4F3/2 → 4I9/2 (at ~ 900
nm), 4F3/2 → 4I11/2 (1060 nm) and 4F3/2 → 4I13/2 (1340 nm) [16], are of
interest for applications as luminescent biomarkers, as maximal light
transmission of biological tissues is reported to be in the 850–1100 nm
region [17]. Among the other applications, Nd-doped ZnO NPs have
shown promising photocatalytic properties for water purification [18,
19].

The main strategy for the improvement of luminescent properties is to
increase the concentration of the dopant in the zinc oxide matrix, that
requires further optimization of the conditions for the particles synthesis.
The major problems hindering the achievement of high dopant concen-
trations in oxide matrices are the low solubility of the impurity due to the
significant difference in the impurity and matrix atoms radii, the for-
mation of defects in the matrix, as well as segregation of secondary
phases, formation of defect complexes and their clusters with an increase
of the impurity concentration in the lattice. The solubility of dopant can
be increased by using non-equilibrium growthmethods, that suppress the
release of the secondary phases [20]. Therefore, application of
laser-induced plasma methods, that are utilizing non-equilibrium con-
ditions of NPs formation, may enhance the introduction of dopant im-
purities into the particles structure. In general, the doping process is
determined by the conditions of the nanocrystals growth, that in the case
of PLAL synthesis depend on the conditions in the formed plasma plume
and on the liquid medium where the particles are formed (from
oxygen-saturated to a medium with a high zinc content).

The particles formed by laser ablation in an aqueous solution of
neodymium nitrate may contain internal defects such as zinc (VZn) and
oxygen (VO) vacancies, interstitial oxygen (Oi) and zinc (Zni) atoms, as
Figure 1. Schematic diagrams of (a) LAL process to prepare doped zinc oxide NPs as a
and (c) laser-assisted modification of as-prepared NPs as a second stage.
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well as anti-structural defects ZnO and OZn, as well as their complexes,
which also can decrease the intensity of the luminescence of the Nd3þ

ion. Therefore, the strategies to increase the luminescence intensity of the
doped ZnONPs were analyzed based on the study of solvent selection and
additional laser irradiation impact on the particles morphology, crystal-
linity and the optical properties of the dopant in the ZnO matrix.

2. Experimental section

For the ZnO:Nd3þ colloidal NPs preparation, the setup presented in
Figure 1a was used. The detailed description of the experimental con-
ditions has been reported previously (see, for example [21]). Briefly,
laser ablation synthesis was performed by focusing the radiation of a
nanosecond-pulsed Nd3þ:YAG laser (LOTIS TII, LS 2134D, Belarus) on
the surface of a pure zinc plate by a 75 mm lens. The laser was operating
in a double-pulse mode providing a sequence of two delayed laser pulses
with the interpulse delay of 10 μs. The fundamental harmonic of the laser
(wavelength 1064 nm) was used for the ablation with the following
parameters: laser pulse energy 80 mJ/pulse, pulse duration 10 ns,
repetition rate 10 Hz. As a neodymium ion source, 0.01 M
Nd(NO3)3⋅6H2O aqueous or ethanolic solutions were used to fill in the
cuvette, where the Zn target was inserted during the ablation process.
The power density of laser radiation on the target surface was estimated
to be 5.5⋅108 W/cm2.

Laser action on the target results in the formation of plasma near the
surface of a target (Figure 1b). After its collapse, NPs formation occurs in
result of the condensation of atoms and small clusters formed in the
ablation plasma plume. At this stage, an interaction with the components
of the liquid that contains dopant ions is possible. Besides, during the
formation of NPs in the plasma phase, the nuclei of the growing particles
are negatively charged [22]; therefore, the growth of nuclei occurs due to
the attraction of ions. As a result, additional laser irradiation of the NPs
can lead to the particles melting and structural rearrangements that may
result in the increased incorporation of dopant into the NPs structure.

At the second stage, the prepared colloid was subjected to the addi-
tional laser modification. This method is based on the irradiation of as-
prepared colloidal NPs with the unfocused laser beam. The scheme of
this process is presented in Figure 1c. In the performed experiments, the
second harmonic of the nanosecond pulsed Nd3þ:YAG laser (pulse
duration 10 ns, repetition rate 10 Hz, wavelength 532 nm, laser fluence
0.32 J/cm2) was used. For the modification, a portion (10 mL) of the
prepared colloid was placed in a glass cuvette and irradiated for 30 min.

The formed NPs were characterized by means of transmission elec-
tron microscopy (TEM, LEO 906E), X-Ray diffraction, absorption and
photoluminescence spectroscopy. The size and morphology of the
first stage, which is based on the formation of plasma near the target surface (b);



N. Tarasenka et al. Heliyon 8 (2022) e09554
particles were elucidated from the TEM results. The samples for the TEM
investigations were prepared by drop-casting of the formed colloid onto a
carbon-coated copper grid with further drying at room temperature. The
size distribution of the particles was evaluated from the analysis of more
than 100 particles in each sample.

The crystalline phases of the samples were determined by powder X-
Ray diffraction technique using a modified D8-Advance X-ray diffrac-
tometer (Bruker, Germany) in the mode of recording X-ray diffraction
patterns by points at Т� 300 K in the angle range (2Θ) from 30 to 60�. To
perform X-ray diffraction studies, the investigated colloidal solution was
deposited onto the glass substrate and dried at room temperature. The
relative positions of the peaks were determined in accordance with the
JCPDS database. The phase was considered identified when three to five
reflections of the most intense lines coincided with the table values.

For the analysis of the optical properties, two techniques were used:
absorption and photoluminescent spectroscopy. The measurement of the
absorption spectra was performed using a Cary-500 Scan (USA) spec-
trophotometer operating in the wavelength range from 200 to 1300 nm.
The colloid was placed in a 1 cm quartz cuvette.

The photoluminescence (PL) spectra of the prepared colloids were
measured at room temperature using a Fluorolog-3 spectrofluorometer
(HORIBA Scientific, USA) equipped with Peltier-cooled silicon Syncerity
CCD-detector (visible range) and liquid-nitrogen cooled InGaAs Sym-
phony II CCD-detector (NIR range). NIR PL excitation spectra were
measured with liquid-nitrogen cooled R5509-74 PMT-detector (Hama-
matsu, Japan). All the registered spectra were measured in front-face
geometry and were corrected for the spectral sensitivity of the
spectrofluorometer.

3. Results and discussion

3.1. Morphology studies

As expected, the liquid environment has a strong influence on the
structural and morphological parameters of the NPs prepared by laser
ablation. As it follows from the Figure 2, the particles average size
reduced and size distribution narrowed for the sample prepared by laser
ablation in Nd(NO3)3 solution (Figure 2b) as compared to the pure
aqueous colloid (Figure 2a). Indeed, the diameters of the particles formed
Figure 2. TEM images of the NPs prepared by laser ablation of Zn target in water (a
Figures (d)–(f) show the corresponding size distributions for the NPs in distilled wa
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in distilled water were mainly distributed in the range 1–50 nm
(Figure 2d), while in the salt solution the particles were distributed in the
range 1–10 nm (Figure 2e).

The particles formed by laser ablation in Nd nitrate solution were
found to be round-shaped and uniform. The average diameter of the
particles is lower in the sample prepared by laser ablation in a salt so-
lution: for the particles prepared in water it was found to be 14 nm while
in Nd(NO3)3 it reduces down to 4 nm. In addition, particles appear to be
less aggregated in the salt solution while non-spherical structures found
in the sample prepared in pure water were not observed in the case of
synthesis in the salt solution.

The reduction of the particles diameter can be attributed to the
mechanisms of nanoparticle formation in laser-induced plasma. It is
known that pulsed laser action on a bulk target placed in a liquid results
in the formation of a plasma plume near the target surface (Figure 1b).
During laser ablation, the formation of particle nuclei begins in the
plasma medium within the first few hundred of nanoseconds. In the
next microseconds, NPs can undergo structural rearrangements in the
cavitation bubble and are finally released into the surrounding liquid
[22].

The change in the charge on a particle surface by the addition of
electrolytes during the ablation process can serve as a tool for adjustment
of the colloids stability and NPs size, since the surface charge can also
arise in result of the adsorption of charged particles present in the solu-
tion. In this case, the processes of charging and aggregation of particles
will depend on the pH, ionic strength and nature of the ions present in the
solution [23]. Although typically an increase in the solution ionic
strength reduces the colloid stability, the adsorption of ions at a tar-
get/liquid interface can promote the transfer of ions charge to the NPs
surface, leading to the repulsive interactions between growing NPs and
their subsequent stabilization [24]. The authors in [24] pointed out that
the ions in the colloidal solution also induce the confinement effect on
the NP growth during PLAL thus resulting in the NPs average size
reduction and size distribution narrowing.

After laser irradiation, the particles diameters are distributed within
the range 1–14 nm while the average size reduces up to 2.3 nm
(Figure 2f). The fragmentation of the particles may be a consequence of
NPs heating by nanosecond laser pulses. However, the formation of
larger aggregates is also observed after laser treatment (Figure 2c).
) and in Nd(NO3)3 solution before (b) and after (c) additional laser irradiation.
ter (d) and Nd(NO3)3 solution before (e) and after (f) laser modification
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3.2. Structural analysis

The phase composition of laser-synthesized NPs was analyzed using
X-Ray diffraction technique. Figure 3 shows the XRD pattern of the
ZnO:Nd sample before and after laser irradiation along with the sample
prepared by laser ablation in distilled water presented for comparison.
The latter sample shows the features typical to the distorted nano-
structures: broad peaks with low intensity that can be attributed to the
hexagonal ZnO phase. The major peaks in the sample prepared in water
are observed at 2θ ¼ 31.8�, 34.4�, 36.1�, 47.6�, 56.5�, which correspond
well to the (100), (002), (101), (102), (110), planes of the crystalline
hexagonal wurtzite ZnO phase having the space group P63mc (JCPDS
36�1451).

For the ZnO NPs obtained by laser ablation in a neodymium nitrate
solution before and after irradiation with the second harmonic of the
Nd:YAG laser (532 nm), a number of additional peaks were found.
Namely, the presence of excess neodymium nitrate hexahydrate was
observed in both cases. Besides, the phase of neodymium oxynitrate
NdONO3 having orthorhombic structure appears that can be due to the
decomposition of the Nd(NO3)3 present in the solution. The intensity of
the peaks attributable to this phase significantly decreases after addi-
tional laser treatment due to its decomposition under heating by intense
laser pulses. In addition, the diffraction peaks attributable to the re-
flections of the hexagonal and cubic neodymium oxide were also
observed.

The intensity of these phases is also susceptible to the additional laser
irradiation as the intensity of cubic neodymium oxide peaks sufficiently
decreases after the laser treatment while the hexagonal oxide phase
peaks were not found. These results indicate that laser irradiation in-
duces decomposition of the impurity phases thus causing the purification
of the sample.

As for the Zn-containing phases, the presence of the metallic Zn was
observed that was concluded from the observation of (100) and (101)
reflections of the zinc phase with hexagonal structure. The peaks corre-
sponding to the Zn phase are rather intensive and narrow and thus it can
be assumed that they come from the large particles obtained through the
ejection mechanism from the target.

The peaks corresponding to the hexagonal ZnO phase were observed
in all the samples. However, synthesis in the Nd(NO3)3 solution results in
the peaks shift and the intensities re-distribution as can be seen in
Figure 3: the (101) peak significantly broadens and drops in intensity in
the Nd-containing samples while the (002) and (100) peaks intensity
Figure 3. X-ray diffraction patterns of ZnO NPs obtained by laser ablation in water a
the second harmonic of the Nd:YAG laser (532 nm).
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increases. Typically, redistribution of the ZnO peaks intensities indicates
the distortion of its lattice that may be caused by the incorporation of
dopant atoms. Wurtzite has an open structure with interstitials, thus the
rare earth atoms may occupy Zn2þ site or Zn interstitial position thus
replacing or displacing Zn2þ ions in the crystalline structure [25]. Due to
the Nd3þ ion larger ionic radius (0.94 Å) compared to the Zn2þ ion (0.74
Å) [25] doping with neodymium introduces significant strain into the
ZnO lattice and increases the amount of structural defects, such as oxygen
vacancies. In the both samples obtained in Nd(NO3)3, the (002) and
(101) diffraction peaks get shifted towards the lower angle that can be
caused by the expansion of the unit cell along c and a-axes because of the
large ionic radius mismatch. Such a behavior is related to the substitution
of Zn2þ by Nd3þ ions and therefore confirms the ZnO NPs doping.

3.3. UV-Vis absorption

The UV-Vis spectroscopy was used to clarify the absorption properties
of the prepared colloids of Nd3þ doped ZnO NPs in the wavelength range
200–1300 nm. The absorption spectra of NPs obtained by laser ablation
of a zinc target in a neodymium nitrate aqueous solution before and after
laser-induced modification are shown in Figure 4a. It can be seen from
the absorption spectra that doped ZnO has a sufficiently high trans-
mittance in the visible and near IR regions. In addition, the spectra of NPs
in solution exhibit a rather sharp absorption edge at about 375 nm, on the
edge of the fundamental absorption band of zinc oxide. Thus, the ab-
sorption spectra prove the formation of the colloid containing zinc oxide
NPs.

The bandgap values Eg can be obtained from the spectra analysis
using the Tauc method (Figure 4b). As ZnO is known to be a direct-
bandgap semiconductor, plotting the absorption spectrum in the (αhν)2

vs hν coordinates allows to find the optical bandgap. The corresponding
results are shown in Figure 4b. It is noteworthy that the optical bandgap
of the ZnO:Nd NPs is slightly larger than that of the sample prepared in
water in similar conditions: 3.33 eV vs 3.30 eV. This slight bandgap in-
crease can be explained by Burstein-Moss effect [26] due to zinc oxide
doping or by NPs size reduction. From the analysis of the NPs absorption
spectra near the edge of the ZnO fundamental absorption band (about
375 nm), it can be concluded that the additional laser irradiation does
not significantly change the bandgap of the sample but can improve the
quality of the crystal lattice, exhibiting a sharper absorption edge near
375 nm. Besides the absorption band of ZnO, several additional ab-
sorption peaks were found in the spectra, that can be attributed to the
nd in neodymium nitrate solution before and after irradiation of the colloid with



Figure 4. Absorption spectra (a) and (αhν)2 vs hν (b) dependences for the NPs obtained by laser ablation of a zinc target in a neodymium nitrate solution in water
before and after 532 nm laser irradiation. The inset table shows the corresponding bandgap values for the samples.
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transitions of neodymium ion from the 4I9/2 ground state to the following
excited levels: 2K13/2þ4G9/2, (at 512 nm), 4I9/2→4G7/2þ4G9/2þ2K13/2
(522 nm), 4I9/2→4G5/2þ2G7/2 (575 nm), 4I9/2→4F7/2þ4S3/2 (740 nm) and
4I9/2→4F5/2þ2H9/2 (794 nm) (Figure 4a) [27, 28].

3.4. Photoluminescence analysis of the Nd3þ incorporation into ZnO
nanoparticles

To further study the incorporation of the Nd3þ into the structure of
the prepared NPs the luminescence measurements of the colloids were
carried out in the visible in near-infrared regions (Figure 5). The pre-
pared samples emit the luminescence in both regions under UV excita-
tion. ZnO:Nd colloids exhibit luminescence in the entire visible region,
showing the features typical to the distorted ZnO nanostructures: namely,
two intensive broad bands centered at around 430 nm and 600 nm are
registered (Figure 5a). The broad emission in ZnO nanostructures is
commonly observed and is typically ascribed to the defect-induced
transitions such as oxygen and zinc interstitials, their vacancies and
antisites [29]. The formation of defects is typical to the particles prepared
by laser ablation in liquids; however, additional defect levels may be
formed upon the incorporation of neodymium atoms into the zinc oxide
structure that can trap free carriers resulting in a higher visible emission.
It is noteworthy that several spectral dips are observed at around 522 nm,
575 nm and 740 nm that correspond well to the absorption of Nd3þ ions
(see Figure 4a) and thus can be attributed to the re-absorption of the
emitted light by Nd3þ ions.

Internal defects of the oxide matrix, such as zinc (VZn) and oxygen
(VO) vacancies, interstitial oxygen (Oi) and zinc (Zni) atoms, as well as
ZnO and OZn antisite defects create defect levels near the conduction and
valence bands. Thus, the broad luminescence band in the visible region of
Figure 5. Photoluminescence spectra of ZnO NPs colloidal solutions prepared by las
(a) and near-IR regions (b) at different excitation wavelengths. Figure c illustrates
absorption and emission transitions in the near infrared region.
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the spectrum is the result of superposition of radiation from the different
levels emitting simultaneously. According to [30], where the energy
levels between different defect centers were calculated, the blue emission
can be associated with the transitions from the interstitial zinc level to
the valence band. The corresponding transition energy is 2.9 eV (about
425 nm), which corresponds to blue emission from ZnO. Zni typically acts
as a shallow donor and the corresponding defect level is situated slightly
below the conduction band-edge. According to a number of works, the
blue emission can also be associated with an electronic transition from
the donor energy level of the interstitial zinc atom to the acceptor energy
level of zinc vacancy [31].

Green luminescence with transition energies in the 2.4–2.5 eV range
is the most studied defect emission in ZnO and can be attributed to the
several sources: VZn, VO, Oi, Zni and VOZni clusters [30]. The yellow
emission band, observed in the range of about 2.2 eV, is associated with
interstitial oxygen atoms or hydroxyl groups bounded to the surface of
ZnO NPs [32]. Orange, orange-red, and red luminescence bands are also
observed in ZnO, and they can be attributed to the transitions associated
with interstitial oxygen atoms [33], complexes of zinc vacancies [34] and
interstitial zinc atoms [35], respectively.

Thus, the appearance of luminescence in the visible region can be
attributed to the transitions related to the defects created in the ZnO
structure. At low concentrations, internal defects can increase the prob-
ability of transitions of rare-earth ions incorporated into the matrix and
thus increase the luminescence intensity of rare-earth ions incorporated
into the ZnO matrix. However, due to the fact that during the formation
of internal defects, such as oxygen vacancies, the crystallinity of the
samples is disturbed, an increase in the concentration of intrinsic crystal
defects more commonly leads to the quenching of luminescence associ-
ated with the transitions of rare-earth ions [36].
er ablation of metallic zinc in neodymium nitrate aqueous solution in the visible
a simplified diagram of the energy levels of the Nd3þ ion, showing the main
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The spectral features in the visible region do not significantly change
upon the variation of the excitation wavelength in the 310–360 nm re-
gion while the positions of the bands remain mainly unchanged. Still,
with the increase of the excitation wavelength the intensity of the short-
wavelength emission increases while the long-wavelength defect-related
band shows a complex behavior with overall decrease in intensity.

The room-temperature PL spectra of the ZnO:Nd sample in water in
the NIR region obtained for the 330 and 360 nm excitation are shown in
Figure 5b. The spectra are dominated by a broad asymmetric band in the
1040–1080 nm region that can be attributed to the emission of Nd3þ ions
from 4F3/2 excited level to 4I11/2 ground state (see Figure 5c). The
observation of Nd3þ emission bands under UV excitation, where Nd3þ

does not have characteristic absorption bands, gives a direct evidence of
Nd3þ incorporation into the ZnO matrix: in this case the emission occurs
through ZnO excitation with the subsequent excitation energy transfer
from the ZnO host to the introduced neodymium ion. Such indirect
excitation has been previously reported for the Nd3þ incorporated into
ZnO [37, 38] and TiO2 [39,40] matrices that results in a more complex
emission spectrum than in the case of direct excitation [38].

The NIR PL band consists of several overlapping counterparts mainly
at 1047 and 1075 nm that indicates that Nd3þ is present in several
luminescent sites in the prepared nanostructures. The position and shape
of the bands does not significantly change upon the increase of the
excitation wavelength from 330 to 360 nm but the intensity of the NIR PL
band decreases that is consistent with the overall decrease of the visible
long wavelength defect-related emission upon the increase of the exci-
tation wavelength (Figure 5a).

For further modification and control over the Nd3þ incorporation and
emission two strategies were applied: additional laser modification and
variation of the solvent used for laser ablation. The spectra of the ZnO:Nd
sample in water before and after additional 532-nm laser treatment are
shown in Figure 6. The spectrum of the solvent (0.01 M Neodymium III
Nitrate Hexahydrate (aq)) is shown for comparison. It is noteworthy that
in the latter case no detectable PL emission was observed. On the con-
trary, in the prepared samples both before and after laser irradiation the
colloids demonstrate the emission band at around 1060 nm that again
confirms excitation energy transfer from ZnO matrix and thus the
incorporation of Nd3þ into the ZnO lattice. The peak is, however, broad,
asymmetric and non-uniform that can be attributed to the formation of
several luminescent sites by Nd ions. In the spectra of both as-prepared
and irradiated samples the characteristic features are the same: two
components can be highlighted: at around 1047 and 1075 nm. After laser
irradiation, these features blue-shift and the overall intensity of the PL
Figure 6. Emission spectra of ZnO: Nd3þ NPs in an aqueous solution before and
after laser modification under the 370 nm excitation; the spectrum of the
Nd(NO3)3 aqueous solution is shown for comparison.
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band increases that can be indicative of the increase of the Nd incorpo-
ration in result of the laser-induced modification.

Laser action on the colloidal solution results in the absorption of the
laser radiation with further relaxation of the absorbed energy that in the
case of nanosecond laser pulses results in heating of the particles. In case
if incident energy is high enough, the particles can be melted and rapidly
re-crystallize. At this point, the interaction of the heated particle is
possible with the surrounding liquid that still contains the Nd3þ ions that
are adsorbed at the surface and stabilize the particles. Therefore, laser-
induced modification may further increase the concentration of the
dopant in the ZnO NPs structure through the processes of laser-induced
heating of the NP in dopant-containing colloid.

To further study the formed sites, the PL excitation spectra were
analyzed, the results are presented in Figure 7. The spectra were recorded
for the 1075 nm emission line. Overall, three bands were detected: at
around 521 and 576 nm, that correspond well to the absorption bands of
Nd3þ ion, and a broad intensive band at around 300–400 nm that is
dominating the spectrum.

The latter can be attributed to the excitation of the ZnO lattice as it
corresponds well to the ZnO NPs exciton absorption (see Figure 4). It is
noteworthy that in the spectra of neodymium nitrate solution, shown in
Figure 7 for comparison, the bands at around 524 and 576 nm were also
observed, though differing in shape, whereas in the UV region a low-
intensity symmetric band was observed that is also in agreement with
the absorption spectroscopy observations. The Nd3þ peaks in the ZnO
matrix are slightly red-shifted with respect to those in Nd(NO3)3 solution
possibly due to the strong crystal field affecting the Nd3þ in the ZnO
matrix. These results additionally prove the incorporation of Nd3þ into
the ZnO lattice and excitation energy transfer from the excited ZnO
nanocrystals to the Nd3þ ions resulting to the emission of the latter.

3.5. Study of the effect of liquid composition on the formation of
neodymium-doped ZnO nanoparticles

Determination of the optical properties and structural characteristics
dependence on the synthesis conditions makes it possible to optimize the
process of NPs production having given properties. Among the experi-
mental parameters affecting the physicochemical processes of NP for-
mation, one of the crucial ones is the composition of a liquid medium
where the target is ablated. The thermophysical properties of a liquid
determine the cooling processes of NPs formed as a result of a plasma
plume expansion and collapse that subsequently have an effect on the
morphology, size, and phase composition of particles. In particular,
Figure 7. NIR PL excitation spectra of ZnO:Nd3þ NPs in an aqueous solution
and Nd(NO3)3 in distilled water.
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different cooling rates of particles in different liquids makes it possible to
vary the defect structure, while a cooling time shortening allows creating
non-equilibrium conditions that contribute to an increase in the con-
centration of introduced impurities and the production of metastable
phases. Different density and viscosity of a liquid media can lead to a
change in the pressure in the plasma plume, as well as vary the intensity
of shock waves generated during ablation, which, in turn, can affect the
size and morphology of NPs. Particle size distribution is another impor-
tant parameter that depends on the composition of the solvent, in
particular, in a synthesis in polar solvents containing ionic additives that
determine the NPs surface charge.

Finally, the chemical properties and polarity of solvents determine
the chemical and phase composition of the resulting NPs due to the re-
actions of ablated target material with solvent molecules both inside the
plasma and at its boundary, and through the liquid reactions with the
surface of formed particles, determining their structure (core-shell, oxide
particles).

For the determination of the liquid impact on the luminescence
properties of NPs, the synthesis of zinc oxide NPs was carried out in a
solution of neodymium nitrate in two different liquids: water and
ethanol. The choice of solvents is explained by the good solubility of
neodymium nitrate in both cases as well as by difference in their prop-
erties, such as chemical composition, heat capacity, thermal conductiv-
ity, density, viscosity, polarity, etc. The experiments were done by
focusing the beam of the fundamental harmonic of the Nd:YAG laser on a
Zn target surface immersed in a 0.01 M solution of Nd(NO3)3⋅6H2O in
water or ethanol. The results of the optical properties study of NPs ob-
tained in the aqueous and alcohol solutions of neodymium nitrate are
shown in Figures 8, 9, and 10. The studies were carried out by optical
absorption and luminescence spectroscopy.

As can be seen from the absorption spectra shown in Figure 8,
colloidal solutions obtained in both solvents are characterized by an
intense absorption band in the region of 200–450 nm, typical to the ZnO
nanostructures exciton absorption, that may indicate the formation ZnO
NPs in both cases. As can be seen, the intensity of the exciton band is
much higher in water than in ethanol that may signify of more efficient
ablation of zinc in water compared to ethanol.

Additional laser irradiation leads to a decrease in the intensity of
absorption bands. In addition to the exciton absorption band of ZnO, the
spectra also exhibit peaks at 521 nm, 578 nm, and 794 nm, which are
characteristic absorption bands of the Nd3þ ion.

It was found that the composition of a liquid in which laser ablation
occurs also affects the luminescence properties of the resulting NPs. As
Figure 8. Absorption spectra of the colloids obtained by laser ablation of zinc in
the aqueous and ethanol solutions of Nd(NO3)3.
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shown in the previous section and in Figure 9, the ZnO:Nd colloid pre-
pared in water exhibits luminescence in the entire visible region, which
consists of two bands with maxima at about 420 and 600 nm, which is
typical of defect-containing zinc oxide nanostructures. However, in the
case of particles obtained in ethanol, no long-wavelength defective
luminescence band is observed (Figure 9) that can be indicative of
different defect sites created in the samples prepared in water and
ethanol.

The luminescence spectra recorded in the IR range are shown in
Figure 10. Figures 10 (a)–(d) demonstrate the differences in the PL
emission spectra for the samples in water and ethanol at a selected
excitation wavelength. The spectra of the initial solutions of Nd salt are
presented for comparison. As can be seen from the presented spectra,
excitation at wavelengths in the UV range leads to the appearance of
emission in the 1050–1080 nm range, associated with the 4F3/2 → 4I11/2
transition of the Nd3þ ions [37]. Under the excitation in the UV region
(330 and 360 nm), the intensity of the above mentioned PL band is
higher in the prepared colloidal ZnO:Nd solutions both in water and in
ethanol than in the spectra of the initial solvents.

Under the UV excitation, this band is asymmetric and broad on the
contrary to the solvents luminescence, consisting of two major parts at
around 1057 and 1075 nm, which indicate the presence of several Nd3þ

emission centers in the solution. On the contrary, in the spectra of the
initial solutions of neodymium nitrate in water and ethanol, the weak
luminescence band appears under UV-excitation that is symmetric and
narrow, with a maximum at 1054 nm for both solutions. Thus, the feature
in the colloids at 1057 nm most probably is attributable to the excess of
the Nd3þ ions in the solution while the long-wavelength band is associ-
ated with the incorporation of Nd3þ into the ZnO structure. This
conclusion is supported by the lower intensity of the 1075 nm band in the
PL spectra of ZnO:Nd in ethanol that corresponds well to the lower in-
tensity of the exciton absorption in this colloid due to the lower ablation
efficiency.

The luminescence spectra recorded at 360 nm excitation show similar
behavior as at 330 nm: the luminescence of the ZnO:Nd colloid in ethanol
shows lower intensity PL emission than the colloid in water. In addition,
in the Nd-based solutions in ethanol the second emission line was
observed at around 1325 nm attributable to the 4F3/2→4I13/2 transition.
This band is very weak and broad but is not observed in aqueous samples.
Thus, the broad inhomogeneous luminescence band observed in the PL
spectra of colloidal solutions in comparison with the initial solutions of
neodymium nitrate indicates the doping of zinc oxide with neodymium.
In addition, UV excitation of the luminescence of neodymium ions, which
does not have absorption bands in this region, may indicate the transfer
of excitation from zinc oxidematrix to Nd3þ, which additionally confirms
the incorporation of Nd3þ into the ZnO lattice as a result of the synthesis.

Although the exact mechanism of excitation transfer from the ZnO
host to the Nd3þ is unknown, we suggest based on the PL and PL exci-
tation spectra (Figures 7, 9, and 10) that the energy transfer most prob-
ably occurs through the localized defect state within the ZnO band gap.
After the band gap excitation of ZnO nanocrystals, the broad band PL in
the visible region which is typical to the defect-containing zinc oxide
nanostructures and NIR emission associated with the 4F3/2 → 4I11/2
transitions of Nd3þ ions were observed. The defect states are excited in
result of the energy transfer following the recombination of electro-
n–hole pair (exciton) formed upon the band gap excitation of ZnO. The
defect states within the band gap of ZnOmay further transfer energy non-
radiatively to the 4F3/2 level of neodymium ion with the subsequent
emission in the range 1050–1080 nm. Similar energy transfer mecha-
nisms were considered in the literature [37, 38, 39, 40].

Under the direct excitation at 580 and 800 nm, i.e. at the resonant
lines of Nd3þ ion, the recorded luminescence spectra consist of two bands
corresponding to the emission of Nd3þ ions with a dominant band at
1052–1057 nm and a band at around 1325 nm, which are related to
radiative transitions from the 4F3/2 level to the levels of the low-lying
multiplet 4I11/2 and 4I13/2, respectively (Figures 10 (c-d)). It is



Figure 9. Photoluminescence spectra of the colloids prepared by laser ablation of zinc in Nd(NO3)3 solutions in water and ethanol registered in the visible region
under 330 nm (a) and 360 nm (b) excitation.

Figure 10. NIR PL emission spectra of the colloids obtained by laser ablation of Zn in Nd(NO3)3 aqueous and ethanol solutions at different excitation wavelengths:
330 nm (a), 360 nm (b), 580 nm (c), 800 nm (d). The PL spectra of the initial Nd(NO3)3 solutions in water and ethanol are shown for comparison.
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noteworthy that under both 580 and 800 nm excitation wavelengths the
NIR PL peaks position differed from those observed under the indirect UV
excitation The difference in NIR luminescence spectra under indirect and
direct excitation can be a result of the influence of crystal field envi-
ronment on the Nd3þ energy levels positions, that may serve as an
additional confirmation of the Nd3þ introduction into the ZnO matrix
[38].

It should be noted that the position of the 4F3/2→4I11/2 peak in the
aqueous ZnO:Nd sample differs from their position in the solution of
neodymium nitrate salt. Also in the case of ZnO:Nd colloids, the positions
and shapes of the bands in recorded luminescence spectra differ from
Nd2O3 NPs spectra provided in the literature [41], which gives the
additional evidence of the Nd3þ inclusion into ZnO nanocrystals.

Thus, laser ablation of a zinc target in a neodymium nitrate solution
allows fabricating zinc oxide nanocrystals doped with Nd3þ. As indicated
above, the interest to this kind of nanostructures is related to their po-
tential application for biovisualization of tissues, since they have a
number of suitable excitation and emission bands in the biological
8

transparency windows and are characterized by low toxicity and long-
term luminescence independent of the particle size.

As an example, the luminescence spectra of the obtained colloids
recorded under 800 nm-excitation (Figure 10d) at room temperature
exhibit characteristic emission bands of Nd3þ ions centered at about
1060 and 1334 nm. Our experiments showed that luminescence of these
bands can be effectively excited by laser diodes with an emission
wavelength close to 800 nm, where the absorption of water is minimal,
these results serve as a prerequisite for the further biomedical application
of the prepared ZnO nanocrystals doped with neodymium ions as lumi-
nescent biomarkers.

4. Conclusion

To conclude, the method of laser ablation in combination with laser-
induced modification can be used to prepare ZnO nanocrystals doped
with Nd3þ ions with NIR luminescence characteristic to the Nd3þ ions.
The formation of neodymium-doped ZnO nanocrystals of a hexagonal
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wurtzite structure with a particle average size in the range 1–10 nm was
confirmed by the TEM and X-ray diffraction measurements.

It has been found that the efficient way to incorporate neodymium
ions into the ZnO nanocrystals is to use the laser ablation method in an
aqueous solution of a neodymium salt, that is confirmed by the obser-
vation of the IR luminescence of the Nd3þ ions in the prepared samples.
The characteristic NIR luminescence of Nd3þ ions upon UV excitation
indicates the transfer of excitation energy from the zinc oxide matrix to
neodymium ion that proves the formation of neodymium-doped zinc
oxide NPs. It was found that upon synthesis in both aqueous and ethanol
solutions, the luminescence band of Nd3þ in the range 1054–1079 nm
has a wide inhomogeneous profile, which indicates the formation of
emission centers of different origin. Additional laser irradiation of the
formed colloid allows increasing the emission intensity and improving
the crystallinity of the formed NPs by their laser-induced heating.

The results of the optical properties study confirm that a liquid me-
dium can serve as a tool for control over the characteristics of ZnO:Nd
NPs obtained by laser ablation in a liquid. The preparation of NPs in an
aqueous solution allows obtaining higher concentrations of particles than
in ethanol, as evidenced by a more intense absorption band of ZnO. In
addition, the experiments showed that the method of laser ablation in an
aqueous solution allows obtaining particles with a higher NIR-
luminescence intensity than in the case of synthesis in an ethanol solu-
tion. On the other hand, the intensity of defect luminescence in the
visible region is also higher in the aqueous colloids than in alcoholic
ones.
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