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Abstract: Eu’*-(5% mol)-doped Lu;SiOs optical quality films were prepared using the sol-gel
method and dip-coating technique from lutetium and europium salts as the lanthanide precursors
and tetraethyl orthosilicate (TEOS) as the silicon source. To increase the thickness of the films,
3-Glycidyloxypropyl trimethoxysilane (Glymo) was added as the rheological agent during sol for-
mation. Structural, morphological, and luminescent properties were investigated for Lu,SiOs,
Eu3*:Lu,SiOs, and Eu®*:Lu,SiOs/Glymo in order to obtain high quality in luminescent films. X-ray
diffraction (XRD) results show that the incorporation of the Eu®* ions do not affect the A-Type and
B-Type monoclinic crystalline phase typical of LuySiOs, even after five dipping cycles on quartz
substrates and a final annealing process at 1100 °C. The morphology and topography of the films
were studied by SEM and AFM. These techniques revealed films without surfactant that were uniform
with low rugosity while the film with surfactant presented porous hills and valleys with uneven
high values of roughness. The photoluminescence spectrum of Eu®*:Lu,SiOs films showed 2 broad
emission peaks centered at 589 nm and 612 nm. The presence of Glymo in the system promoted the
formation of residual LuySi;O7 compounds with the highest lifetime values compared with films
without surfactant. The results of the films are promising for luminescent applications.

Keywords: Lu,SiOs films; sol-gel; Glymo; luminescence

1. Introduction

In the last few decades, a large number of luminescent materials consisting of oxides [1]
and doped with rare earth ions have been studied due to their exceptional properties and
potential applications such as in fluorescent lamps, LEDs, emissive displays, and medical
imaging as X-ray detectors. However, it is well stated that the most promising form for
these materials is in thin films because the optical resolution is higher compared with
particulate systems, showing higher contrast, as well as excellent adhesion to the substrate
surface [2,3]. Rare earth silicate phosphors have stimulated the interest of researchers since
the Lu,SiOs:Ce3* phosphor discovery by Melcher and Schweitzer in 1992 [4] because of
its great luminescent performance. Structurally, Lu,SiOs consists of isolated SiOy tetra-
hedrons surrounded by Lu atoms which can be coordinated with six or seven oxygen
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atoms (Lul and Lu2 sites) conforming the typical monoclinic structure for this system [5];
this ceramic material has a high density of 7.4 g/cm?, thermal stability, and high yield
emission [6,7], with Lu,SiOs being a promising material for this application. The high
density and great ability to be doped with rare earth ions enable the production of new
phosphor materials. What makes lutetium silicate an attractive host is that it presents
similar characteristics to commercial phosphors, such as the fast response of BaF,, the
high light output of Gd,O,5:Tb, and the high density of BiyGe3;O1,. Besides the chemical
stability and transparency, which allows the Lu,SiOs5 system to be doped with rare earth
ions such as Eu®*, researchers are searching for red emissions for possible application in
optoelectronic devices [3,8-10]. Since the typical route of the synthesis of this phosphor is
using a solid-state reaction, nevertheless, it is not adequate to produce transparent films.
However, rare-earth ions-doped Lu,SiOs phosphors have been synthesized by other meth-
ods, such as hydrothermal [11], pulsed laser deposition (PLD) [12], the Pechini sol-gel
method [3], Czochralski [4], and the float-zone method [9].

The aim of this investigation is to study the microstructural properties of the sol-gel
films as a function of the luminescent yield. For the first time, pure and doped Lu,SiOs films
were synthesized and modified with Glymo as a surfactant. The films were grown on quartz
substrates and heat treated reaching a temperature of 1100 °C to ensure crystallization
according to the phase diagram of rare earth silicates by Felsche [13]. The main reaction for
the formation of the Lu-Si—Glymo complex is proposed for the first time. The structural
characteristics were analyzed by X-ray diffraction. Scanning electron and atomic force
microscopies (SEM and AFM) were employed to identify the morphology and topography
of the obtained films. PL studies were recorded in order to observe the emission lines of
europium ions when excited in the UV wavelength range.

2. Materials and Methods
2.1. Preparation of the Films

LupSiOs, Lu,pSiOs:Eu®t, and Lu,SiOs:Eut /Glymo phosphor samples were prepared
by the sol-gel method and the dip-coating technique. Lutetium oxide (LuyO3), nitric
acid (HNO3, 99.9%), tetraethyl orthosilicate (TEOS Si(OC,Hs)s, 99%), europium nitrate
(Eu(NO3)3, 99.9%), ethanol (CoH50H, 99%), and acetylacetone (Acac CsHgO,, 99%) were
used as starting materials. Glycidyloxypropyl trimethoxysilane (Glymo) was used as a
surfactant modifier of sol viscosity. The doping concentration of Eu** was 5% mol and the
Glymo:LuySiOs molar ratio was 1.3. The luminescent lutetium silicate films were prepared
according to Figure 1.

The elaboration of Lu,SiO5 was carried out in two steps. Firstly, the Luy O3 sol was
prepared by dissolving LupO3 powder in concentrated HNO3; the reaction took place under
vigorous stirring and heating (100 °C) to obtain Lu(NO3)3 crystals [14]. Then, 0.5 mmol
of Lu(NO3); was mixed in ethanol and AcAc as the chelating agent in a Lu:AcAc molar
ratio of 1:1 under vigorous stirring for an hour [14-16]. In the second part, the SiO; sol
was prepared from 2 dissolutions: (1) an amount of 7.6 mL of TEOS was added to ethanol
(molar ratio TEOS:ethanol = 1:4) and (2) HCl was added to deionized water with a molar
ratio of 530:1 of H,O:HC], respectively. Each dissolution was stirred for an hour, and then
both dissolutions were mixed and stirred for 21 h [17]. Afterwards, 1 mol of Lu,;Oj3 sol and
1 mol of S5iO, sol were mixed and stirred for 2 h [18]. Finally, an appropriate amount of
Eu’* ions were introduced to the obtained sols and also the surfactant was added according
to Table 1.

In Figure 2, the main reactions of lutetium silicate formation by mean of the sol-gel
method are presented. In Figure 2A,B, the hydrolysis and condensation reaction of lutetium
oxide and silicon oxide is shown. In Figure 2C, the reaction mechanism of lutetium silicate
is proposed. As can be observed in Figure 2C, water and ethanol solvate the alkoxy group
from TEOS being protonated and the electronic density of TEOS is favored towards the
oxygen atoms; therefore, the silicon acquires an electrophilic character, thus becoming more
susceptible to attack by solvents [19].
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Figure 1. (A) Schematic representation of the procedure steps to elaborate Eu-doped Lu,5iOs films
by the sol-gel method and dip-coating technique and (B) scheme of the main steps for film deposition
by the dip-coating technique.

Table 1. Name label and molar conditions used for the elaboration of Lu,SiO5 powder and films.

Glymo:Lu,SiO5

Type Matrix Sample Eu®* (%Mol) (Molar Ratio) # Dips
Film Lu,SiOs LS1 - - 5
Film LuySiOs LS2 5 - 5
Film Lu,SiOs LSG2 5 1.3 5
Powder Lu,SiOs p-LS1 - - -
Powder Lu,SiOs p-LS2 5 - -
Powder Lu,SiOs p-LSG2 5 1.3 -
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Figure 2. Schematic representations of the main reactions for (A) lutetium oxide, (B) silicon oxide,
and (C) lutetium silicate formation through the sol-gel method.

When lutetium is in contact with silicon oxide sol, it can be attracted to oxygen from
alkoxy groups displaced from the chelating agent, thus forming a new silicium-lutetium
complex. This complex later becomes a precursor of the three-dimensional network of
the solvated gel by the combination of water and ethanol in an aqueous medium. The
obtained sol was filtered using a 0.2 mm syringe filter to elaborate the highly transparent
and stable precursor solution ready for deposition on quartz glass substrates (QSI quartz,
Quartz Scientific Inc., Lake Country, OH, USA). The substrates were cleaned using a
special protocol prior deposition stage in order to obtain optical and reproducible films [20].
The substrates were dip coated following the steps according to Figure 1B and using a
withdrawal speed of 0.5 cm s~! for all films. After dipping the films were dried at 100 °C
for 10 min to remove the most volatile solvents as water and alcohol; this procedure was
repeated for each coating up to 5 cycles.
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In the 5th and last coat, the films were annealed from 300 °C to 1100 °C for 10 min at
each temperature at an interval of 200 °C obtaining a high-quality transparent film as shown
in Figure 3. The films without Glymo (Figure 3A,B) revealed a homogenous and transparent
surface, while the films containing Glymo as a surfactant showed a compromised film
quality as can be observed in Figure 3C.

(A) (B) ©)

Figure 3. Images of the (A) synthesized Lu,;5iOs, (B) Eu’*:LuySiOs, and (C) Eul*:LuySiOs/ Glymo
films obtained after annealing to 1100 °C.

2.2. Preparation of Powders

After the film preparation, the remnant sol was dried at 100 °C for 24 h. The obtained
xerogel were calcined at 300 °C, 500 °C, 700 °C, 900 °C, and 1100 °C for 2 h at each
temperature in order to obtain the Lu,SiOs crystalline powders labeled according to Table 1.

2.3. Characterization

The crystalline structure of the samples was characterized by X-ray diffraction (XRD)
using a powder diffractometer Bruker D8 Advance with Cu k4 radiation (A = 1.5418 A) at a
scan rate of 0.02° between 10 and 80° at 2q. The morphology of the crystalline films and
the topography were measured using a Quanta FEG 250 Scanning Electron Microscope op-
erated at 15 kV and an atomic force microscope Nanosurf Naio AFM equipment directly on
the film’s surface in a tapping mode. The photoluminescence studies were carried out with
an F-7000 FL Spectrophotometer, Hitachi High-Technologies Corporation, Tokyo, Japan.

3. Results and Discussions

Figure 4 shows the XRD patterns for the p-LS1, p-LS2, and p-LSG2 powders calcined at
1100 °C. Two different phases of Lu,5iOs, A-type and B-type, were identified. A monoclinic
phase was identified for the powder systems, and the presence of 2 different symmetries,
P21/c and C2/c, was due to an incomplete phase transition from the A-type (P21/c) to
the B-type (C2/c) LupSiOs (Figure 4B). The addition of Glymo as a surfactant influenced
the crystalline phase as shown on the XRD pattern of the pLSG2 sample, benefiting the
formation of the A-type Lu;Si;Oy (Figure 4C). This can be explained by the proposed
reaction of the precursor solution and Glymo (Figure 5). Based on the characteristic peak
of the Lu,5iO5 system at 26 = 30.15°, the crystallite sizes of the p-LS1, p-LS2, and p-LSG2
samples were obtained according to Scherrer’s formula [21]:

_ kxA
- Bxcosb

)

where D is the average crystallite size, k is the shape factor constant (typically equal to 0.9),
A is the X-ray wavelength, f is peak width at FWHM, and 0 is the Bragg angle.
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Figure 4. XRD patterns of the (A) Lu,SiOs powder systems calcined at 1100 °C for 2 h, (B) Lu,SiOs

A and B types of monoclinic structures, and (C) LuySi;O; A type of tetragonal and B type of
monoclinic structures.
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Figure 5. Scheme of the lutetium silicate reaction into the sol formation stage using Glymo.

The average crystallite sizes of the p-LS1, p-LS2, and p-LSG2 systems were 14 nm,
16 nm, and 36 nm, respectively. In addition to the crystalline phase, the incorporation of
Glymo as a surfactant has an influence on the crystallite size, which increases in relation
to the pure and doped system with Eu®*. Due to the addition of Glymo as a surfactant, a
Lu-Si-Glymo complex is formed, where Glymo acts as a crosslinker agent.

According to the reaction mechanism proposed for the formation of the precursor
solution (Figure 5), the addition of Glymo favors the growth of the 3D network that will
form the gel, obtaining a larger crystallite size compared with systems that do not contain
Glymo. Figure 6A illustrates the X-ray diffraction patterns of pure, Eu-doped, and Eu-
doped (Glymo) Lu,SiOs films calcined at 1100 °C. The broad signal from ~ 10-30° is
ascribed to the amorphous structure of quartz substrates [22-24]. Characteristic peaks
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of the B-type Lu,SiO5 were identified according to the standard diffraction data (ICSD
#279584) for the LS1 and LS2 samples.

(A) (B)

ICSD #279584 Films
= LS1 (Lu,SiO,)
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m —_—
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S o
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Figure 6. (A) XRD patterns and (B) luminescence images excited by UV lamp at 254 nm of the
LuySiOs films heat treated at 1100 °C for 10 min.

When the Glymo was incorporated into the system as a surfactant (LSG2 sample), a
weak diffraction peak of the B-type Lu,SiOs was identified at 20 = 34.77°. This peak is
related to the phase transition into the A-type LuySipO7, which is observed in Figure 4A
when the same system is prepared as a powder. It is known that the typical and stable
phase of Lu,SiOs is the B-type (C2/c symmetry). For the LS1 and LS2 film systems, the
typical phase is obtained, even with the incorporation of the Eu**. Europium ion does not
affect the crystalline phase due to the similar atomic radius between the Lu atoms and the
Eu3* ions. A shift in the signals on the XRD pattern does not exist, which suggests that the
Eu* ions successfully substituted the Lu atoms of the host.

It is important to note that the B-type monoclinic structure of the Lu,SiOs5 film was
obtained at 1100 °C by the sol-gel method, i.e., a lower calcined temperature compared
with other preparation methods previously described such as the combustion method.
Xu et al. obtained the Lu,SiO5 system at 1550 °C [25], spark plasma sintering at 1350 °C
was obtained by Jianjun Xie et al. [26], a solid-state reaction at 1300 °C was synthesized by
Yinzhen Wang et al. [27], and a pressure-less sintering was proposed by Lingcong Fan et al.
with a thermal treatment at 1500 °C [28]. Furthermore, even by the sol-gel method, the
common obtaining temperature for Lu,SiOs is 1200 °C as previously reported by Xiaolin
Liu et al., C. Mansuy et al., and Xiaoxing Zhang et al. [29-31].

Figure 7 reveals the surface morphology by SEM observations of monolayer Lu,SiOs:Eu*
(a), monolayer Lu,SiO5:Eu’* /Glymo (b), and mapping of the Lu,SiOs:Eu3* film (c).
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Figure 7. SEM images of (A) monolayer Eu’*:Lu,SiOs, (B) monolayer Eul*:Lu,SiOs/ Glymo, and
(C) mapping of the Eu®*:Lu,SiOs5 film.

As expected, a dense film with a homogenous distribution of nanometric particles and
crack-free Lu,SiOs:Eu®* layer was formed without Glymo as can be seen in Figure 7A.

The sample with Glymo shown in Figure 7B suggests that the larger amount of ethyl
groups present in the Glymo precursor produced TEOS chains, which disrupt the stability
of the LuySiOs film's surface, thus modifying the evaporation of the organic compounds.

A fluffy and porous morphology resulted from the modified surface with Glymo
because of the controlled heat treatment at a different temperature which eliminated the
organic component of the surfactant on the Lu,SiO5:Eu* /Glymo coatings. Reaffirming
the results of X-ray diffraction by means of EDS mapping analyses, Figure 7c shows that
the homogeneity distribution of the Eu-doped ion is equally distributed on the surface of
the lutetium mono-silicate films.

The surface roughness of Eu3*:Lu,SiOs and Eu*:Lu,SiOs/Glymo films are presented
in Figure 8A,B respectively. It should be noticed that the film without surfactant is crack
free, homogeneous, and mainly consists of closely packed fine particles, and the surface is
well crystallized and very smooth with an RMS roughness of 4.28 nm.
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Figure 8. AFM images of (A) Eu®*:Lu,SiOs and (B) Eu®*:Lu,SiO5/Glymo films.

However, the film containing Glymo as a surfactant exhibited the shape of the hills
and valleys with a roughness of 17.4 nm, and particles were not observed due to the
surface having a plasticized, coated shape. As previously described in XRD results, the
incorporation of Glymo benefits the formation of the Lu—Glymo-Si complex, where the
growth of the 3D network took place inducing huge separations between lutetium silicate
particles as shown in Figure 8B.

The absorption spectra of LS2 and LSG2 films are shown in Figure 9A. An Eu**—O
charge transfer band (CT) was identified at 258 nm in both systems [30,32]. For the LS2
system, the electronic transitions between 5Dy + "Fy, °Gy «+ "Fy, and °Lg < “F levels are
identified at 361 nm, 380 nm, and 393 nm, respectively [33]. The incorporation of Glymo
into the system benefits the J-mixing effect, which can be identified in the absorption spectra
of the LSG2 system where the absorption band at 414 nm is higher than the Eu>*—O CT
band. This band corresponds to the 5Dj «+ 7F, transition; however, this transition is weak
due to being an electric dipole transition and the absence of inversion symmetry at the Eu®*
sites is due to the incorporation of the surfactant [9]. According to the Judd—Ofelt theory,
the °D5 « 7F; transition can be made more intense by the J-mixing effect [34,35]. Under
UV irradiation (Aexc = 258 nm for films), the Lu,SiOs:Eu®* film (LS2) exhibits strong red
emission, unlike the Lu,SiO5:Eu’* / Glymo system film (LSG2) where it is evident that the
incorporation of Glymo as a surfactant decreases the luminescence intensity due to the
inefficient energy transfer as shown on the emission spectra of the systems in Figure 9B.
Moreover, it can be associated with the presence of different phases; this effect is better
observed in the XRD pattern of the p-LSG2 powder (Figure 4). The emission bands observed
in both systems correspond to the Eu’* 4f—4f transitions [30].

On the other hand, the intensity ratio R of the 5Dy — 7F, to °Dy — ’F; transitions can
provide some information on the local crystal field environment around the Eu®* ion located
in the host lattice since it is well known that the °Dy — ’F, red and °Dy — “F; orange-red
emissions are electric dipole and magnetic dipole transitions, respectively, with the first
one being a hypersensitive transition and, therefore, very sensitive to the site symmetry,
and the second one being insensitive to the symmetry of the crystal environment [36]. The
calculated R values diminish from 3.66 for the Glymo-free sample to 1.1 for the Glymo-
modified sample. Therefore, the asymmetry of the Eu?* environment is higher for the
Glymo-free sample, indicating that the Glymo presence tends to promote the Eu* cation to
localize in a centrosymmetric site or at a high symmetry site. This effect can be explained
by the fact, as observed in XRD, that the Glymo presence tends to retard the condensation
reactions on the LuySiOs5 system.
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Figure 9. (A) PL excitation spectra, (B) PL emission spectra and energy transfer mechanism, and
(C) CIE diagram of Eu**:Lu,SiOs (LS2) and Eu®*:Lu,SiOs/Glymo (LSG2) systems.

The chromaticity diagram according to the International Commission on Illumination
(CIE 1931) is shown in Figure 9c for Eu**-doped and Eu®** /Glymo-doped lutetium mono-
silicate films (LS2 and LSG2 samples).

The chromaticity diagram provides a visual understanding of the properties of the
colors [37]. For all systems, the color coordinates (x, y) are in the red region of the diagram,
very close to the edge of the diagram, which is known as the spectral locus, and in the CIE
diagram it represents pure monochromatic light, that is, the closer the color coordinates are
to the spectral locus, the more color is in the spectrum. The color coordinates for the LS2
system are x = 0.6531, y = 0.3643 and for the LSG2 system the coordinates are x = 0.6355,
y = 0.3640, which are in the reddish region represented in the CIE diagram.
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Finally, the luminescence decay of the Eu** was monitored for the Eu**:Lu,SiOs film
(LS2) and the Eu®*:Lu,SiO5/Glymo system film (LSG2) by exciting at 258 nm and collecting
the emission of the °>Dy —7Fj transition at 612 nm, as shown in Figure 10a,b, respectively.
Both can be fitted by a mono-exponential function in the region from 0 to 15 ms according
to the following equation:

I(t) = Ipe " )

where I(t) and Ij are the luminescence intensities at time t and t = 0, respectively, while
T is the luminescence decay time (ms). This study shows the lifetime increases from the
Glymo-free sample (2.1819ms =+ 0.00307, R? = 0.99908) to the Glymo-modified sample
(3.48548 4- 0.00447, R? = 0.99936). Longer emission lifetimes indicate a lower probability of
non-radiative energy transfer; therefore, it can be expected that the Glymo presence tends
to minimize the content of remnant hydroxyl groups and promotes a better homogeneity
of the Eu distribution on Lu,SiOs.

LSG2
1000 4 LS2
(A) ExpDecayl| ;409 ExpDecayl
rexc= 254 nm

E] Jem=618nm |3
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- 100 -
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Figure 10. Decay curves of (A) Eu’*:Lu,SiO5 (LS2) and (B) Eu?*:Lu,SiOs/ Glymo (LSG2) systems.

4. Conclusions

Lu,SiOs, Eu*:LuySiOs, and Eu®*:Lu,SiOs / Glymo films and powders were prepared
successfully by the sol-gel method in combination with the dip-coating technique. The
Lu,SiOs systems crystallized first in P2;/c (A-type) followed by an incomplete phase
transition to the C2/c phase (B-type) at 1100 °C. The incorporation of the Eu®* ion does not
affect the crystalline phase of the system, unlike the incorporation of Glymo as a surfactant,
which influences the crystalline phase of the system according to the XRD results, obtain-
ing a mixture of the LuySiOs and Lu,SiyO7 systems. A characteristic red luminescence
was obtained for the Lu,SiO5:Eu* and Lu,SiOs:Eu®t/ Glymo systems. Nevertheless, the
Lu,SiOs:Eu’* (LS2) sample exhibited a major luminescent emission line in Aepy = 612 nm.
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