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1. Introduction

In the last decades, sodium rare-earth (RE) tetrafluorides
NaREF4, with Y, Gd, La, or Lu as RE, have been deeply

investigated as inorganic hosts for energy
conversion (EC) systems doped with lumi-
nescent Ln3þ ions.[1–3] NaREF4 materials,
indeed, are considered to be one of
the most efficient host classes for EC sys-
tems, providing highly efficient lumines-
cence emissions due to their lower lattice
phonon energy and their high chemical
stability.[4–7] The most studied Ln3þ activa-
tors are Yb3þ and Er3þ, Pr3þ or Tm3þ for
upconverting systems, and Eu3þ for down-
shifting (DS) systems.[8–10]

The EC processes can be achieved
through two main processes: 1) upconver-
sion (UC), in which photons with energies
in the near-infrared region are converted
into higher energy photons, typically in
the visible or ultraviolet (UV) range; and
2) down-conversion (DC) and DS pro-
cesses, based on the principle of Stokes
shift, where high energy photons are con-
verted into lower energy radiations.

These systems have attracted much
attention due to their wide use for several
photonic applications, such as infrared and

tunable phosphors, sensing, solar cells, and bioimaging.[11–14]

Interestingly, among several technological applications, the
insertion of luminescence material in a solar cell device repre-
sents a good strategy to extend the solar response to both the near
infrared and the UV regions, which can further increase the
device efficiency. Recently, J. Wu et al. have reported a study
in which by adding NaGdF4:Er

3þ/Yb3þ nanorods into chloroben-
zene antisolvent during the preparation of the perovskite active
layer, they found that UC luminescence nanoparticles could
effectively improve the perovskite solar cell performance.[3,15]

Other type of europium-doped materials based on phosphates
and molybdates are interesting for light emitting diode[16] and
anti-counterfeiting[17] applications.

For this application, the possibility of having doped NaGdF4
fluoride in the form of thin films is highly desirable in order
to reach a homogeneous coverage and an enhancement of the
luminescence properties. To the best of our knowledge, only
one work is reported in the literature on the fabrication of UC
NaGdF4 as massive thin films using electrodeposition method
by H. Jia and co-workers,[18] while no studies are known on
DS or DC NaGdF4-based films.
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The key issue for a wide application of solar energy is the possibility to establish
an innovative photovoltaic technology that allows a more efficient energy
conversion. In this direction, the use of additional layers in the well-established
silicon-based modules represents a challenging strategy. In this context,
the present work is devoted to the optimization of a downshifting (DS) system
made of the NaGdF4 matrix in the form of thin film as a host material for
the europium-luminescent ions. The Eu-doped NaGdF4 system is fabricated
through a sol–gel approach starting from a mixture of Na(hfa)•tetraglyme,
Gd(hfa)3•diglyme, and Eu(hfa)3•diglyme in ethanol solution. The operative
parameters are finely tuned to pursue the formation of compact and poly-
crystalline films. Particularly, the annealing treatment, the nature of the
substrate, and the doping ion percentage are the key parameters for the
reproducible and selective formation of NaGdF4 in the form of the beta
(hexagonal) crystal structure with promising luminescent properties.
Morphological, structural, and compositional features are deeply studied
through field-emission scanning electron microscopy, X-ray diffraction analysis,
and energy-dispersive X-ray analysis, respectively. The luminescence investi-
gations confirm the properties of the Eu-doped NaGdF4 as DS system.
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In this field of application, thus, the possibility to design
NaGdF4-based materials in the form of thin film, with a tuning
of both structural and compositional features represents a
bottleneck. Currently, the most common synthetic procedures
for NaGdF4-based materials include thermal decomposition,
coprecipitation, and solvothermal methods.[19–22] The sol–gel
approach has been tested as well for the growth of NaGdF4 in
the form of nanoparticles or composites.[23] In this direction,
great effort has been devoted to the formation of thin films as
transparent oxyfluoride nano-glass–ceramics containing Ln-
doped NaREF4 in the form of nanocrystals or nanoparticles.
Velázquez et al. reported the synthesis of transparent oxyfluoride
nano-glass–ceramics containing undoped and 0.5 Eu3þ-doped
NaGdF4 nanocrystals.[24]

Notably, the NaGdF4 phase exists in two polymorphic forms:
cubic (α) and hexagonal (β), with the latter phase being the most
efficient host matrix for EC processes, thus playing a pivotal
aspect in the engineering of the final functional materials.[25]

Thus, to achieve the optimal EC properties, a fine engineering of
the nanostructure features, i.e. in thin film forms for photovoltaic
(PV) application, and the good homogeneity of the luminescence
centers are highly desirable.

In the present work, we report for the first time the optimiza-
tion of the sol–gel/spin-coating approach for the synthesis of
down-converting layer of Eu-doped NaGdF4 film starting from a
solution of Na(hfa)•tetraglyme, Gd(hfa)3•diglyme, and Eu(hfa)3•
diglyme precursors. A fine tailoring of the annealing process has
been the key point for the stabilization of the NaGdF4 as cubic
and/or hexagonal crystalline structure in a reproducible and
selective way. The effect of the process parameter has been
investigated also on the morphological features of the undoped
and Eu-doped films. To our knowledge, this work represents the
first report on synthesizing compact Eu-doped NaGdF4 systems
through a sol–gel approach. The crystalline structure and the
morphological and compositional features of the as-prepared
NaGdF4 thin film have been in-depth studied through X-ray dif-
fraction analysis (XRD), field-emission scanning electronmicros-
copy (FE-SEM), and energy-dispersive X-ray analysis (EDX),
respectively. The functional properties of the Eu-doped films as
DS layer have been investigated through luminescence measure-
ments under UV irradiation.

2. Results and Discussion

For the sake of clarity, a scheme of a combined sol–gel/spin-
coating process and the annealing treatments tested in the
present work is shown in Figure 1. Na(hfa)•tetraglyme, Gd(hfa)3•
diglyme, and Eu(hfa)3•(diglyme) have been successfully applied
for the sol–gel synthesis of undoped and Eu-doped NaGdF4
phase. The deposition process of the sol has been conducted
through a spin-coating procedure in order to obtain the desired
material as thin films. A multistep procedure in which the spin-
coating process is alternated with a fast-annealing treatment
ensures the formation of compact layers, as already established
in our previous work for Ln-doped CaF2 and NaYF4 films.[26–28]

Structural characterization of the undoped and doped systems
has been performed through XRD analysis and reported in
Figure 2 as a function of the annealing temperatures, doping

percentage and substrate nature. The effect of the annealing
treatment in the phase formation and in the stabilization of
the hexagonal NaGdF4 structure has been observed in the pat-
terns reported in Figure 2a. In particular, at lower annealing tem-
peratures, i.e., 200 °C, the diffractogram displays only barely
visible peaks at 27.6°, 45.9°, and 54.4°, which could be likely
assigned to the 111, 220, and 311 reflections of the cubic phase.
At the temperature of 250 °C, the pattern shows several peaks
associated with the formation of the pure β-NaGdF4 phase film.
The stabilization of the hexagonal phase under this condition is
also confirmed at higher annealing temperatures, i.e., 300, 350,
and 400 °C, with an increase in the peak intensities, suggesting
the formation of a highly crystalline β-NaGdF4 structure. Notably,
the selective stabilization of the pure β-NaGdF4, using an anneal-
ing temperature as low as 250 °C, represents an added value of
the current synthetic approach, due to the very low thermal bud-
get required. The effect of the Eu doping ions in the structure has
been investigated as well. Both the undoped and 10% Eu-doped
NaGdF4 samples show the formation of the pure hexagonal
structure without any impurities (Figure 2b). Considering
the similar ionic radii of the Eu3þ and Gd3þ, 1.12 and 1.107 Å,
respectively, located in nine coordinated sites, it is likely that
the Eu ions are substitutional to Gd.[29] This trend was recently
confirmed in our previous work on the analogous NaYF4 system
doped with Yb3þ and Tm3þ species.[27] Furthermore, the β phase
is obtaineds independently on the substrate nature, as shown in
Figure 2c, for the 10% Eu-doped NaGdF4 films grown on silicon
and quartz substrates. Thus, the treatment temperature plays
a key role in determining the NaGdF4 structure, while the
substrate does not affect the nature of the formed crystalline
structure.

Morphological characterization has been carried out through
FE-SEM on samples obtained at different annealing tempera-
tures and reported in Figure 3. All the morphologies obtained
suggest a good adhesion of the film onto the substrate during
the deposition processes and thus confirm the formation of a
well-reticulated gel. Particularly, the NaGdF4:10% Eu sample
obtained at 200 °C (Figure 3a) shows the formation of a homo-
geneous film over a large area and a very smooth surface that can
be likely due to the formation of the low crystallinity cubic
NaGdF4 phase (see Figure 2a, black line). The samples treated
at 250 and 300 °C in Figure 3b,c, respectively, display, indeed,
a well-structured and porous structures, associable to the more
crystalline features of the NaGdF4:10% Eu as β phase. Finally, at
higher annealing temperatures, i.e., 350 and 400 °C in Figure 3d,
e, the surfaces present slightly more porous structures and the
formation of some outgrowths. This evidence can be rationalized
considering different aspects: 1) the density of the sol and the
good wettability of the substrates are responsible for the homo-
geneous and compact coverage independently from the subse-
quent temperature treatment; 2) the features of the films in
terms of flat or porous structure are due to the annealing steps.
This second trend can be likely due to different solvent evapora-
tion and/or densification at the various intermediate and final
annealing temperatures. Furthermore, the atomic force micros-
copy (AFM) characterization of the β-NaGdF4:10% Eu films at
200, 300, and 400 °C (Figure 3a’,c’,e’) confirms as well the homo-
geneity of the layers with fully coalesced grains, and the increase
of the surface porosity with a root mean square roughness
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(measured on a 10� 10 μm area) of about 29, 53, and 61 nm,
respectively.

Thereafter, the effect of post-additional annealing treatment
on the sample NaGdF4:10% Eu on Si obtained at 200 °C is illus-
trated in Figure 4. The XRD pattern of the sample NaGdF4:10%
Eu treated first at 200 °C displays very weak signals related to the
presence of the cubic phase, as already observed for the undoped
analog sample (see Figure 2a, black line). This film has been sub-
jected to post-annealing treatment at 250 °C in air for 1 h, con-
firming the formation of the cubic phase due to the presence
of well-defined peaks at 27.86°, 32.10°, 46.06°, and 54.60°, asso-
ciated with the 111, 200, 220, and 311 planes of the cubic struc-
ture. After that, under the same operative conditions, the sample

has been treated at the temperature of 300 and 350 °C. The pat-
terns obtained in this case match the formation of both cubic and
hexagonal NaGdF4 phases, as confirmed by the presence of addi-
tional peaks at 16.95°, 29.63°, 30.10°, 38.85°, 42.66°, and 52.65°
due to the β phase. Finally, another annealing treatment at 400 °C
has been executed resulting in the stabilization of the pure hex-
agonal phase, without the presence of any peaks associable to the
cubic one.

This interesting trend can be rationalized by considering a dif-
ferent balance between kinetic and thermodynamic aspects in
the stabilization of the β versus α phase. In the case of samples
directly annealed at the final temperatures from 200 to 400 °C
(see Figure 2), a low-crystalline cubic phase is observed at the

Figure 1. Scheme of the synthetic process from the sol–gel and spin-coating deposition to the annealing treatments of the films: Part A) indicates that
films are obtained through a direct temperature treatment at the indicated temperature; Part B) indicates that films are obtained as cubic phase at 200 °C
and subsequently treated at increasing temperature. The structures were derived through the Vesta program using the cif of ref. [40] for the hexagonal
structure.

Figure 2. XRD patterns of a) undoped NaGdF4 films on Si (100) as a function of the annealing treatment; b) comparison of undoped and β-NaGdF4:
10% Eu films obtained at 250 °C on Si (100); and c) β-NaGdF4:10% Eu films deposited of Si and quartz substrates.
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lowest temperature (200 °C), while the pure hexagonal phase sta-
bilizes already at 250 °C, suggesting that the β phase is more
thermodynamically stable. Conversely, the sequential annealing
treatments of the same sample (Figure 4), in which the 200 °C
produced low-crystalline cubic phase is sequentially subjected
to a heating process of 1 h at T: 250, 300, 350, and 400 °C, seems
to favor the stabilization of the cubic phase at the lowest temper-
atures (250–350 °C), and the hexagonal one at higher tempera-
tures. This result suggests that the formation of the cubic phase
grains at 200 °C may act as seeds for the stabilization of the pure,
crystalline α phase at 250 °C.

The morphological characterization associated with the
sequential annealing treatments commented earlier is shown

in Figure 5. The NaGdF4:10% Eu film treated at 250 °C in
Figure 5a displays a homogeneous, compact, and flat surface
which is quite similar to the one found for the NaGdF4:10% Eu
sample obtained at 200 °C (Figure 3a).

In addition, only a few outgrowths are barely visible. The mor-
phology remains almost unchanged during the treatment at 300
and 350 °C (see Figure 5b,c). Finally, the film treated at 400 °C in
Figure 5d shows a comparable flat surface.

The compositional features of the NaGdF4 films have been
assessed through EDX analysis to ensure both the clean fabrica-
tion process and the well-controlled amount of Eu doping ions
for DS properties. In Figure 6, the spectra of the 10% and 15%
Eu-doped β-NaGdF4 films, obtained on Si (100) at 350 °C, have
been reported. Notably, all the samples show the peaks at 0.67
and 1.06 keV due to the Kα peaks of fluorine and sodium, respec-
tively, together with the signals at 1.20 keV, and in the range of
6.04–7.3 keV arising from the Mα and L lines, respectively, of the
gadolinium. The spectra display also the peaks due to the L lines
of the europium in the range of 5.60–6.8 keV. Notably, the
absence of peaks associable to the presence of C in all the spectra
points to an efficient sol–gel process of the precursors, which do
not remain as unreacted impurities. The peaks of O and Si at 0.54
and 1.74 keV, respectively, are instead arising from the substrate.
Interestingly, the quantitative analyses reported in the table in
Figure 6 confirm the correct stoichiometry of the NaGdF4 phase,
with a Na:Gd ratio of about 1:0.95, and the Eu percentages of
8.5% and 13.1% for the β-NaGdF4:10% Eu and 15% Eu films,
respectively, which match the values set in the starting mixtures.

2.1. Luminescence Characterization

The Eu-doped NaGdF4 samples, used for the luminescence
characterization, have been prepared following the procedure

Figure 3. FE-SEM images of the β-NaGdF4:10% Eu films deposited onto Si (100) substrate with annealing treatment at a) 200 °C; b) 250 °C; c) 300 °C;
d) 350 °C; and e) 400 °C. The corresponding AFM topographical images of β-NaGdF4:10% Eu films at a’) 200 °C; c’) 300 °C; and e’) 400 °C are shown.

Figure 4. XRD patterns of the NaGdF4:10% Eu film on Si (100) initially
annealed at 200 °C and sequentially treated at temperatures of 250,
300, 350, and 400 °C for 1 h.
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described in Figure 1, Part A. The excitation spectra of the
lanthanide-doped NaGdF4 film samples show a series of bands
typical of the Eu3þ ions, as shown in Figure 7. In particular,
the strongest band around 395 nm is due to the 7F0 ! 5L6
transition. Other bands are observed due to other transitions,
mainly from the 7F0 (ground state). Furthermore, the first excited
level, 7F1, is populated at room temperature according to the
Boltzmann distribution law:

N1

N0
¼ e�

ΔE
kBT (1)

where N1 and N0 represent the 7F1 and the 7F0 ground-state
populations, respectively, kB is the Boltzmann constant, T is the
absolute temperature, and ΔE is the energy gap between the two
coupled levels.[30]

A transition starting from the populated 7F1 level gives rise to
the excitation band located around 535 nm (see Figure 7).

Room-temperature emission spectra of the Eu3þ-doped
NaGdF4 films, deposited on Si (100) and on quartz substrates at
several annealing temperatures, are shown in Figure 8. All the
samples exhibit emission bands due to transitions of the Eu3þ

ions from the 5D0 excited level to the lower-lying 7FJ multiplets
(J= 0, 1, 2, 3, 4). The two main observed bands in all the spectra
correspond to the 5D0 ! 7F1 (in the 580–600 nm range) and
5D0 ! 7F2 transitions (in the 605–630 nm). While the 5D0 ! 7F2
transition is electric dipole allowed, only for lanthanide sites

without inversion symmetry, the 5D0 ! 7F1 transition is a mag-
netic dipole transition, not dependent on the local environment
around the lanthanide ion.[31] The ratio between the intensities of
the emission bands due to these two transitions is useful for
investigating the asymmetry of the local environment of the
Eu3þ ions.[32] The important quantity called asymmetry ratio
(R) is defined as

Figure 5. FE-SEM images of a NaGdF4:10% Eu film on Si (100) sequentially treated in temperature at a) 250 °C, b) 300 °C, c) 350 °C, and d) 400 °C for 1 h.

Figure 6. EDX spectra of the β-NaGdF4:10% Eu and 15% Eu films obtained at 350 °C on Si (100) and related table with atomic percentages.

Figure 7. Excitation spectrum (λem= 615 nm) for the β-NaGdF4:10% Eu
film on Si (100) prepared at 350 °C (Figure 1, Part A) and band assignments.
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R ¼ Að5D0 ! 7F2Þ=Að5D0 ! 7F1Þ (2)

where A represents the integrated area of the 5D0! 7FJ (J= 1, 2)
transitions. R is highly dependent on the symmetry of the site
where the lanthanide ion is accommodated: the R value increases
on decreasing the degree of the lanthanide site symmetry.
The NaGdF4 film prepared at 200 °C on quartz shows emission
bands typical of Eu3þ ions in a very disordered environment. The
calculated R value for this sample is 3.9� 0.2, denoting a remark-
able asymmetry of the site (Figure 8a). This observation is com-
patible with the presence of a predominant amorphous structure
for the sample, demonstrated by its XRD pattern (Figure 4), in
which very low intensity reflections for the α-NaGdF4 phase are
observed.

Differently, the emission spectrum for the β-NaGdF4:10% Eu
film prepared at 350 °C (Figure 8b) is compatible with that
observed for Eu3þ-doped β-NaGdF4 nanocrystals by Ptacek et al.
prepared by a wet chemical synthesis.[33,34] Moreover, the
observed emission spectrum is also in agreement with that
found by Ghosh et al. for hexagonal nanorods prepared by a
solvothermal method involving an ionic liquid technique.[35]

For this sample, the asymmetry R value is 2.5� 0.1, indicating
a higher symmetric environment around the lanthanide ion with
respect to the mainly amorphous NaGdF4:10% sample prepared
at 200 °C. Similarly, the emission spectrum of the β-NaGdF4:15%
Eu sample prepared at 350 °C (Figure 8c) is also typical of Eu3þ-
doped β-NaGdF4, in agreement with the XRD results (Figure 4).
For this thin film, the calculated R value is 1.9� 0.1, confirming
the slight asymmetry around the lanthanide ion, similar to what
has been found in the previous sample. The slight difference
between the R values for the two differently doped β-NaGdF4
samples prepared at 350 °C indicates a different local environ-
ment around the Eu3þ ion. In particular, the 15% doped sample
is characterized by a slightly more symmetric environment for
the Eu3þ ions with respect to the 10% doped sample.

To get further insight into the dynamics of the lanthanide
excited states, we measured the emission decay curves for the

β-NaGdF4:10% and 15% Eu-doped films on Si (100) prepared at
350 °C and the NaGdF4:10% film on Si (100) prepared at 200 °C.
To this aim, we monitored the emission at 615 nm, correspond-
ing to the 5D0 ! 7F2 transition, and the decay curves are shown
in Figure 9.

The emission curves for the β-NaGdF4 samples show a strong
non-exponential behavior, suggesting different local environ-
ments for the Eu3þ ions. The emission intensity I of the decay
curves (shown in Figure 9) has been fitted with a biexponential
function, defined as

I ¼
X

i

Aiexp � t
τi

� �
(3)

where Ai and ti represent the weight and decay time of the ith
contribution. The intensity-weighted average lifetimes tav are
defined as[36]

τav ¼
P

i Aiτi
2

P
i Aiτi

(4)

The calculated values of weights, decay times, and intensity-
weighted average lifetimes are reported in Table 1.

Remarkably, the intensity-weighted lifetime of the 5D0-excited
energy level results is 3.86� 0.06ms for the β-NaGdF4:10% Eu
on Si (100), prepared at 350 °C. This value is similar to that found
by Van Do et al. (4.72ms)[37] for nanocrystalline NaGdF4 doped
with 10% of Eu3þ ions, a value much smaller than for lighter-
doped NaGdF4 samples. In the present sample, since the amount

Figure 8. Emission spectra (λexc= 390 nm) for a) film of NaGdF4:10% Eu
on quartz, prepared at 200 °C; b) film of β-NaGdF4:10% Eu on Si (100),
prepared at 350 °C; and c) film of β-NaGdF4:15% Eu on Si (100), prepared
at 350 °C. All these samples have been prepared following the procedure
described in Figure 1, Part A.

Figure 9. Emission decays (λexc= 395 nm, λem= 612 nm, 5D0 ! 7F2
transition) for a) the β-NaGdF4:15% Eu film on Si(100) prepared at
350 °C, b) the β-NaGdF4:10% Eu film on Si(100) prepared at 350 °C,
and c) NaGdF4:10% film on Si(100) prepared at 200 °C. Solid lines:
exponential fits of the emission decay data.
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of Eu3þ ion doping is high (10%), the relatively short lifetime of
the 5D0 excited energy level is most probably due to energy
migration processes among the Eu3þ ions. When the excitation
energy reaches defect traps, it can be non-radiatively relaxed,
therefore diminishing the experimental lifetime. Moreover, the
emission decay curve for the β-NaGdF4:15% Eu on Si (100), pre-
pared at 350 °C, is shown in Figure 9a. From the figure, it can be
noted that a further increase of the Eu3þ concentration in the
β-NaGdF4 induces a notable shortening of the lanthanide life-
time, from 3.86� 0.06ms for the 10% doped sample to
2.1� 0.1 ms for the 15% doped one. This behavior is perfectly
in line with the trend observed by Van Do et al.[37] who found
a monotonic decrease of the emission decay times on increasing
the Eu3þ concentration in nanocrystalline β-NaGdF4.

The emission decay curve for the NaGdF4:10% Eu film on
Si (100) prepared at 200 °C is shown in Figure 9c. The experi-
mental data can be reasonably fitted with a single exponential
decay, and the result is reported in Table 1. The decay time
(4.2� 0.3ms) is similar, within the experimental uncertainties,
to that found for the β-NaGdF4 sample with the same Eu3þ

concentration. Moreover, the decay time is slightly higher than
that for a 10% doped sample of α-NaGdF4 nanocrystals (3 ms)
found by Ptacek et al.[33]

3. Conclusions

In summary, the present approach proposes a high yield produc-
tionmethod, using an inexpensive equipment, for the fabrication
of lanthanide-doped ternary fluoride films having high crystallin-
ity and very homogeneous surface. To the best of our knowledge,
the herein work is the first report on the fabrication of Eu-doped
NaGdF4 thin film using a sol–gel process. Furthermore, the use
of Na(hfa)•tetraglyme, Gd(hfa)3•diglyme, and Eu(hfa)3•(diglyme)
as starting precursor mixture represents an added value of the
process, due to 1) the possibility of easily tune the doping ion
percentage and 2) their clean decomposition yielding pure
undoped and doped films. In addition, the presence of fluorine,
deriving from the fluorinated ligands, makes these compounds
single-source precursors for all the required elements, thus
avoiding the use of an additional fluorine source.

The annealing treatment and the temperatures tested have
reproducibly and selectively allowed to fine control the crystalline
structure of the films, i.e., cubic versus hexagonal NaGdF4 struc-
ture. Furthermore, the morphological features of the as-prepared
systems have been correlated to the annealing temperatures. The
incorporation of dopant Eu3þ ions in the NaGdF4 films has been
established by the luminescence measurements, in particular

from emission spectra and decays, which have assessed the
energy DS properties of the prepared layers and confirmed
the potentiality of the systems as efficient DS layers in PV
technology.

4. Experimental Section

Film Preparation: The metalorganic adducts of Na, Gd, and Eu, i.e.,
Na(hfa)•tetraglyme, Gd(hfa)3•diglyme, and Eu(hfa)3•(diglyme) (where
Hhfa = 1,1,1,5,5,5-hexafluoro-2,4-pentanedione), tetraglyme =2,5,8,11,
14-pentaoxapentadecane, and diglyme is bis(2-methoxyethyl) ether), were
synthesized as previously reported in refs. [28,38,39].

Starting from a mixture of Na, Gd, and Eu precursors, a water/ethanol
solution was prepared for the sol–gel reaction. Under acid condition,
established through trifluoroacetic acid, the hydrolysis and condensation
reactions took place for a duration of 20 h under stirring and refluxing at
60 °C. The adducts were mixed in different molar ratio values for the prep-
aration of undoped, 10% and 15% of Eu-doped NaGdF4 films, respectively.

The different molar ratios used for the fabrication of the films are
reported as in the following: 1) for NaGdF4: 1 Na(hfa)•tetraglyme:
1 Gd(hfa)3•diglyme: 43 C2H5OH:1.5 H2O:0.4 CF3COOH; 2) for NaGdF4:
Eu (10%): 1Na(hfa)•tetraglyme: 0.9 Gd(hfa)3•diglyme: 0.1 Eu(hfa)3•
diglyme: 43 C2H5OH:1.5 H2O:0.4 CF3COOH; and 3) for NaGdF4:
Eu(15%): 1Na(hfa)•tetraglyme: 0.85 Gd(hfa)3•diglyme: 0.15 Eu(hfa)3•
diglyme: 43 C2H5OH:1.5 H2O:0.4 CF3COOH.

The deposition process was carried out through spin-coating method
on Si (100) and quartz substrates using a multistep procedure in which
three times of spin-coating deposition were alternated with fast annealing
steps in air for 10min. Finally, the films were annealed in air for 1 h and a
slow cooling step of 10 °C min�1 was setup. A wide range of annealing
temperatures was tested, from 200 to 400 °C. For the deposition, a
Spin-Coater SPIN-150 SPS Europe system was used with a spinning rate
of 3000 rpm and a time of 60 s for each step. Different sets of undoped and
doped NaGdF4 films were synthesized on Si (100) and quartz at different
annealing temperatures. The undoped samples were directly treated at dif-
ferent temperature values, i.e., 200, 250, 300, 350, and 400 °C, for both the
intermediate fast annealing and the final annealing step (Figure 1, Part A;
and related pattern in Figure 2a). Distinctly, the NaGdF4:10% Eu sample
initially annealed at 200 °C was subjected to additional heating treatments
at 250, 300, 350, and 400 °C to test the effect of annealing in the already
α-NaGdF4-crystallized structure (Figure 1, Part B; Figure 4).

Characterization: Structural characterizations were performed
through XRD analysis in grazing incidence mode (0.5°) using a SmartLab
Rigaku diffractometer operating at 45 kV and 200mA, equipped with a
rotating anode of Cu Kα radiation. The film morphologies were studied
through FE-SEM using a ZEISS SUPRA 55 VP field-emission microscope.
Additionally, topographic features of the samples were investigated
through AFM adopting an Au-coated silicon probe with a nominal 35 nm
tip curvature radius and a typical force constant of 0.1 N. Quantitative
analysis of the doped samples was performed through EDX analysis,
recorded using an INCA-Oxford windowless detector, having a resolution
of 127 eV as the full-width half-maximum of the Mn Kα.

Table 1. Decay times τi (i= 1, 2), weights Ai (i= 1, 2), and intensity-weighted average lifetimes τavg calculated by two-exponential fits of the emission
decay curves for the β-NaGdF4:10% Eu and 15% Eu films on Si(100) prepared at 350 °C. Decay time calculated by one-exponential fit of the emission decay
curve for the NaGdF4:10% Eu film on Si(100) prepared at 200 °C.

Sample τ1 [ms] A1 τ2 [ms] A2 τavg [ms]

β-NaGdF4:15% Eu 0.51� 0.09 0.55� 0.07 2.4� 0.1 0.45� 0.08 2.1� 0.1

β-NaGdF4:10% Eu 1.52� 0.05 0.46� 0.02 4.57� 0.07 0.51� 0.02 3.86� 0.06

NaGdF4:10% Eu 4.2� 0.3
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Spectroscopic Characterization: The emission spectra were excited using
a UV light-emitting diode (LED) flashlight and a band pass filter centered
at 390 nm. The spectra were collected with a 90° geometry with a 4�
microscopy objective. A long-pass edge filter at 550 nm (Thorlabs) was
used to reject the scattered exciting radiation. A Czerny–Turner monochro-
mator (Andor Shamrock 500i) equipped with a 300 lines mm�1 grating
and with a Peltier-cooled (�80 °C) CCD camera (Andor, iDus) was used
to collect the luminescence spectra. A slit width of 10 μm was used for the
measurements. The excitation spectra were measured with a spectrofluo-
rometer (Fluorolog, Horiba), using an optical resolution of 1 nm. The
same experimental setup, in pulsed mode, was also used to measure
the emission decays.
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