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ABSTRACT

In recent years, transparent thin films capable of screening and converting ultraviolet (UV) photons into
visible spectrum gained significant interest in the protection of photovoltaic devices. We investigated the
optical properties and UV screening capability of europium-doped titanium oxide (TiO,—Eu) thin films
deposited by the spin-coating method from a solution precursor for the first time in this study. We
showed that TiO,-Eu thin films demonstrate europium concentration-dependent optical properties, and
the quantum yield of the optimized sample was found to be ~10.2%. Transmittance and photo-
luminescence measurements suggested that TiO,—Eu thin film can effectively block UV photons (~30.5%
at 320 nm) at glass substrate and convert them to the red emission thanks to °Dg 4’7Fj (3j=0,1,2,3,and
4) Eu (III) electronic transitions. Photodegradation experiments with methylene blue dye revealed that
TiO,—Eu thin films offer better UV protection compared to uncoated samples. We strongly believe that

Downconversion
Spectral converter

porous TiO,—Eu thin films can be effectively utilized as a UV blocking and light conversion coating.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, thin films with excellent fluorescent/lumines-
cent properties gained substantial interest from the scientific
community. In particular, thin films with fluorescent/luminescent
properties can be employed in a range of applications, such as
remote temperature sensing [1,2], solid-state lighting [3,4],
improving solar cells efficiency [5,6], security labeling [7], white
LED fabrication [8], and so on. Despite the remarkable progress in
thin-film fabrication, conventional methods such as pulsed laser
deposition, sputtering, atomic layer deposition, and chemical vapor
deposition are resource- and time-consuming, hence, hardly
applicable for mass production [1-9]. The sol-gel method can be
considered as a low-cost process; however, it is also not suitable for
some applications because of poor control over film thickness and
surface topography [9,10]. In this regard, the development of new
methods for the deposition of luminescent films is appealing from
both a scientific and technological perspective.
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The presence of organic components in the third-generation
photovoltaic devices such as dye-synthesized, organic, and perov-
skite solar cells make them vulnerable to photodegradation under
direct sunlight exposure. Several research groups proposed inter-
face modification, the introduction of various additives, and the use
of ultraviolet (UV)-filters to address photodegradation issues
[11—14]. The deposition of transparent UV-filters based on wide
bandgap TiO2, ZnO, and WO3 materials is considered to be a
promising approach due to their abundance and inexpensive cost.
For example, a composite layer of TiO, and WO3 can improve UV-
blocking properties leading to a better stability of perovskite solar
cells [14]. Johansson et al. showed that TiO, and ZnO coatings can
also significantly reduce the transmittance of destructive UV pho-
tons [15]. On the other hand, partial blocking of UV photons can
diminish the efficiency of solar cells [14]. In this scenario, the
above-mentioned problem can be solved by the introduction of UV-
to-visible converting optical materials into the UV-blocking thin
films [16,17]. To date, the synthesis of UV-to-visible converting
optical materials and their simultaneous deposition with UV-
blocking thin films appears to be a challenging task. Several is-
sues can be outlined here such as (a) controlling the deposition of
UV-blocking film and the insertion of optical nanomaterials at the
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same time, (b) a problem with the homogeneous distribution of
optical nanomaterials in thin films, (c) issues with even film
deposition due to the presence of nanostructures, (d) potential
luminescence quenching of optical materials in UV-blocking films,
and so on. To tackle this issue, our research group has recently
proposed a facile deposition method of transparent and lumines-
cent titanium oxide-based thin films with dual functionality [7].
Here, titanium oxide-based thin films doped with a fixed concen-
tration of europium (Eu) were tested as a potential security marker
and UV blocking film [7]. However, it is well known that the
luminescent properties of lanthanide-based optical materials are
strongly dependent on the optical activator concentration and
should be optimized to avoid quenching of luminescence caused by
cross-relaxation effects [18,19]. To the best of our knowledge, a
simple solution-based coating method and concentration-
dependent study have never been reported before, making this
study fairly unique. A new experimental procedure for testing the
UV-protective properties of thin films using light-sensitive meth-
ylene blue dye solution was also introduced. Overall, it was found
that concentration-optimized Eu-doped titanium oxide thin films
can reduce the destructive UV photon transmittance and effectively
convert them into visible light photons.

2. Materials and methods
2.1. Deposition procedure

Anhydrous isopropanol (99.5%), 1-butanol (99.9%), titanium (IV)
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(Eu(NOs3)3 x 5H0, 99.9%) were procured from Merck & Co. Pre-
cursor solution synthesis was carried out using a slightly modified
version of our earlier protocol [7]. In brief, a certain amount of
Eu(NO3)3 x 5H,0 was dissolved in 0.5 mL of isopropanol and then
mixed with 1 mL of 1-butanol and 100 pL of titanium (IV) iso-
propoxide. Glass substrates were thoroughly cleaned with ethanol
and deionized water prior to deposition. A spin-coating method
(3000 rpm, 15 s) was used to deposit thin layers on the glass slides.
Coated films were allowed to dry in air for 2 h before being
annealed at 500 °C for 1 h (ramping rate of 5 °C/min).

2.2. Characterization of Eu-doped TiO; thin films

The morphology, surface texture, and roughness of formed films
were studied using atomic force microscopy (AFM, SmartSPM
1000) and scanning electron microscopy (SEM Crossbeam 540).
Energy dispersive X-ray spectroscopy (EDX, Aztec, Oxford In-
struments) was used to determine the elemental composition of
the thin films. The X-ray diffraction (SmartLab X-ray Diffractometer,
Rigaku Corp.) was utilized to analyze the structural properties of
thin films. The chemical surface analysis of obtained films was
examined using X-ray photoelectron spectroscopy (XPS, Nexsa G2,
Thermo Fisher Scientific Inc.). A Genesys 50 UV—Vis spectropho-
tometer (Thermo Fisher Scientific Inc.) was used for absorbance/
transmittance measurements. Photoluminescence (PL) analysis of
TiO»-Eu thin films was performed using an absolute quantum yield
spectrometer (C11347-11, Hamamatsu Photonics K.K.). All mea-
surements were repeated three times at room temperature
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Fig. 1. (a) Quantum yield dependence on the salt concentration. (b) Transmittance spectra of TiO,-Eu thin film. (c) Photoluminescence spectra of TiO,-Eu thin film.
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3. Results and discussion

Table ST1 (Supporting Information) summarizes recent advances
in the fabrication of TiO,-based films for UV protection. As one can
see, the solution-based deposition of luminescent TiO, films has
never been done before, highlighting the novelty of the current
study. A PL spectrometer was used to determine the optimal euro-
pium doping concentration in TiO, thin films. Fig. 1A depicts the
quantum yield (QY) dependence on the mass of europium salt added
to precursor solutions. As can be seen, films with 15 mg of
Eu(NOs3); x 5H,0 achieve the highest QY (~10.2%), which then de-
creases due to cross-relaxation quenching [18,19]. The same sample
also exhibited higher luminescent and better UV-blocking proper-
ties, as shown in Figs. S1 and S2 (Supporting Information). Figs. 1B
and C show the light transmission and emission characteristics of the
film with the highest QY, i.e. optimized sample. The prepared film is
optically transparent (Fig. 1B), ensuring photon transmission in the
visible-IR range [20]. However, detailed analysis revealed that all
TiO,-Eu films significantly reduces the transmittance of destructive
UV photons. In particular, the UV photons’ transmittance at 320 nm
and 365 nm for optimized sample (Fig. 1B) was decreased to 30.5%
and 20.9%, respectively. It is also worth mentioning that there are no
significant differences in the transmittance of films deposited at
different speeds, i.e. the transmittance of films deposited at 2000,
3000, and 4000 rpm was reduced to 29.9, 30.5, and 29.4% at 320 nm,
respectively. From one side, UV blocking can protect UV-sensitive
devices and ensure their long-term operational stability. On the
other hand, a partial loss of photons reaching the active layer of solar
harnessing systems can reduce their effectiveness. Hence, conver-
sion of UV photons into visible photons can partially compensate loss
of UV photons, because emitted visible photons can be absorbed by

3o
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active materials in some photovoltaic devices. Fig. 1C shows the PL
emission spectra of the optimized TiO,-Eu thin film (Aexc = 310 nm).
Four characteristic Eu emission peaks centered at 594 nm (°Dy
—7Fy;’F1), 617 nm (°Dg — "F>), 651 nm (°Dg — ’F3), and 701 nm (°Dy
— "F4) were detected in the PL emission spectra [21]. The intensity of
the ®Dy-’F, transition at 617 nm clearly dominates; thus, the lumi-
nescence of TiO,-Eu thin film appears red to the naked eye (Fig. 1C
inset). The Tauc method was used to evaluate the optical bandgap of
the optimized TiO,-Eu thin film [22]. The optical bandgap of the
optimized film was found to be ~3.37 eV (Fig. S3, Supporting Infor-
mation), while the optical bandgap of anatase TiO; is known to be
~3.21 eV [15]. The difference in optical bandgap values between TiO;-
Eu and TiO, can be explained by the presence of Eu dopant, as the
bandgap of bare Eu,03 was reported to be 4.3 eV [23].

AFM and SEM were further used to examine the surface
morphology and thickness of the optimal TiO,-Eu thin film. Both
AFM and SEM measurements (Fig. 2A—F, and S4 (Supporting In-
formation)) revealed that the TiO,-Eu thin films has a porous
structure (pore size ~45 + 12 nm), which is most likely the result of
NOy gas release during the thermal treatment. Indeed, AFM analysis
of an undoped TiO; film and doped TiO;-Eu films (Fig. 2) confirms
our hypothesis, as the density of pores increases with the amount of
europium salt for films with 15, 20, and 25 mg of salt, respectively.
The thickness of the prepared TiO,-Eu thin films deposited at
3000 rpm was in the range of ~32—35 nm, as shown in Fig. S4
(Supporting Information). According to several studies, porous
structures can serve as effective light-trapping and anti-reflective
coatings [24,25]. Hence, it is anticipated that porous TiO2-Eu thin
film with UV blocking/conversion ability can be a promising
candidate for the potential protection of UV-sensitive components
in third generation solar cells.

5

O

s

Fig. 2. AFM analysis of (a) bare TiO,, (b) TiO,-Eu (5), (¢) TiO2-Eu (10), (d) TiO,-Eu (15), (e) TiO,-Eu (20), and (f) TiO,-Eu (25) films. AFM, atomic force microscopy.
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Fig. 3. (a) XPS full scan survey spectra of TiO,-Eu thin films. XPS spectra of (b) Ti 2p, (c) O 1s, (d) Eu 3d, and (e) Eu 4d regions. XPS, X-ray photoelectron spectroscopy.

Surface and elemental analysis of the optimized film were
further tested using XPS and EDX. EDX elemental mapping (Fig. S5,
Supporting Information) confirmed that Ti, O, and Eu elements are
uniformly distributed in a selected area. The full XPS survey scan of
TiO,-Eu thin film is shown in Fig. 3A. The survey spectra reveal the
presence of titanium, oxygen, europium, and carbon on the surface
of the film. The presence of a carbon peak at 284.9 eV is usually
attributed to the surface contamination [26]. Fig. 3B shows a high-

resolution Ti 2p spectrum with two peaks at 459.1 eV (Ti 2p3p2) and
464.8 eV (Ti 2py2), indicating that Ti has the highest (Ti**) oxida-
tion state [27]. The narrow scan spectra of O1s (Fig. 3C) revealed
that the main peak at 530.6 eV is associated with oxygen atoms
bonded to (Ti**), whereas the peak at 532.5 eV is attributed to the
hydroxyl (—OH) groups or adsorbed water molecules [28]. Fig. 3D
shows the 1135.1 eV (Eu 3dsp;) and 1164.8 eV (Eu 3ds,2) spin-orbit
split peaks in the Eu3d core-level spectrum. Furthermore, two
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Fig. 4. Degradation kinetics of MB dye with uncoated/coated FTO substrates. FTO,
fluoride tin oxide; MB, methylene blue.

peaks were detected at 136.6 eV (Eu 4dsp2) and 142.4 eV (Eu 4d32)
corresponding to the Eu* oxidation state, which is well consistent
with the PL emission spectrum [29].

A light sensitive aqueous solution of methylene blue (MB) dye
(1 x 107> M) was used to assess the UV blocking properties of
TiO,—Eu thin films. Protective coating was applied to fluorine-
doped tin oxide (FTO) glass substrate (commonly used substrate
in photovoltaics) and then placed in front of quartz cuvettes with
MB solution. A bare FTO glass substrate was used as a control. A
commercial UV lamp (A = 365 nm, 8 W) was placed 5 cm away from
the samples at dark room conditions and has been used as a source
of UVA radiation. The degradation of the MB dye was monitored
every 20 min at 664 nm using a UV—Vis spectrophotometer. Fig. 4
clearly shows that the degradation of MB is effectively reduced with
coated FTO glass substrate as compared to uncoated one. In
particular, it was found that the film-protected MB dye degraded to
42.1% less in 1 h than that of the control sample. These indirect
measurements clearly show that TiO,—Eu coating can provide
adequate protection to UV-sensitive components. Furthermore, the
porous structure and UV to visible light conversion properties of
TiO,—Eu coating make it a good candidate for use with third gen-
eration photovoltaic devices such as perovskite and dye-sensitized
solar cells.

4. Conclusions

In conclusion, a simple and straightforward solution-based
strategy for the deposition of porous TiO,-Eu films with UV-
blocking and downconversion properties was proposed. It was
revealed that the optimized sample can effectively block UV radi-
ation (~30.5% at 320 nm) and convert UV to visible light with a QY of
~10.2%. MB degradation experiments successfully confirmed the
UV-blocking properties of TiO,—Eu coating. We strongly believe
that a proposed methodology can be implemented for the protec-
tion of photovoltaic devices and for the development of new UV-
blocking coatings.
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