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Abstract: Nanosized coatings of ZrO: were deposited on silicon substrates using sol-gel and spin
coating techniques. The precursor solutions were prepared from ZrOCl2.8H20 with the addition of
different percentage (0.5-5%) of rare earth Gd* ions as dopant. The thin films were homogeneous,
with average thickness of 115 nm and refractive index (n) of 1.83. The X-ray diffraction analysis
(XRD) revealed the presence of a varying mixture of monoclinic and tetragonal ZrO: polycrystal-
line phases, depending on the dopant, all of which with nanosized crystallites. Scanning electron
microscopy (SEM) as well as atomic force microscopy (AFM) methods were deployed to investi-
gate the surface morphology and roughness of the thin films, respectively. They revealed a smooth,
well uniform and crack-free surface with average roughness of 0.8 nm. It was established that the
dopant concentration affects the photoluminescence (PL) properties of the samples. The undoped
films exhibited broad violet-blue PL emission, while the addition of Gd3?* ions resulted in new
narrow bands in both UV-B and visible light regions, characteristic of the rare earth metal. The in-
tensive emission located at 313 nm can find useful application in medical lamps for treatment of
different skin conditions.
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1. Introduction

Zirconium dioxide thin films have been investigated for a long time as nano coat-
ings suitable for wear resistance and corrosion protection layers, sensors and bio im-
plants due to their thermal and chemical stability, high hardness, corrosion resistance
and biocompatibility [1-4]. Recently, they attract attention as candidates for applications
in the optical fields as well because of their high refractive index, large optical band gap,
low optical loss and high transparency in the visible and near infrared region [5]. The Zr*
ion itself do not exhibit photoluminescence properties, but this could be affected strongly
by the local defects. Typically, they include different types of impurities, oxygen vacan-
cies, free radicals, etc. that can facilitate broad band PL emission [6]. The sol-gel deposi-
tion technique is known to promote the formation of these types of defects in the thin
films. Another approach to activate the PL emission is incorporation of luminescent
materials, including transition metals and lanthanide ions into the host lattice of ZrOs.
The low-phonon energy of ZrO: opens up the possibility of more efficient luminescence
from the activator ions incorporated in it [7]. This is due to the fact that the lower the
phonon energy of the host, the higher the probability of radiative transitions of rare earth
3+ions [8]. In the present work, we incorporated different amounts of Gd3* ions in sol-gel
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deposited ZrO: thin films and monitored the changes in the PL emission as well as the
surface morphology, optical properties and phase composition of the films.

2. Materials and Methods

The different sols used for spin coating deposition of the ZrO: nano films were
prepared using ZrOCl-8H20 which was dissolved in ethanol under vigorous stirring.
The zirconium concentration was fixed to 0.25 M in all of them. Small amounts of HNO:s
and acetyl acetone were also added to serve as catalyst and complexing agent respec-
tively in molar ratios as follows: ZrOCl2:HNOs:AcAc = 6:1:1. The source of Gd** ions used
as a doping agent was Gd(NOs)s.6H20 which was added in different concentrations to
form four new precursor solutions: with 0.5, 1, 2 and 5% Gd with respect to the zirco-
nium.

The sol-gel deposition was carried out with a commercial spin coating apparatus
(Ossila Spin Coater L2001A3) on silicon substrates, which were cleaned previously in
ethanol. The deposition program was set to 5000 rpm with spinning duration of 3 s. After
each layer the films were dried at 150 °C for 10 min in air and then annealed at 600 °C for
1 hin air to achieve better crystallinity. This procedure was repeated three times until the
films thickness reached about 115 nm.

The phase composition of the samples was studied by X-ray diffraction with
CuKoa-radiation (Philips PW 1050, Eindhoven, The Netherlands). The size of crystallites
was calculated using Scherrer’s formula. A scanning electron microscope JEM-200CX
(JEOL, Tokyo, Japan) was used for morphology observation of the films. The images
were taken in secondary electrons mode (SE) at accelerating voltage of 80 keV. The sur-
face topography of the samples was studied with NanoScopeV atomic force microscope
(Bruker Inc., Billerica, MA, USA), operating in a tapping mode in air. The scanning rate
was set at 1 Hz and all images were subsequently smoothed by means of the Nanoscope
software. The optical reflectance spectra of the samples were measured using
UV-VIS-NIR spectrophotometer Cary 5E (Varian) in the spectral range 320-800 nm. The
photoluminescence measurements were performed at room temperature at an excitation
wavelength of 230 nm by a FluoroLog3-22 Spectrofluorometer (Horiba Jobin Yvon, Pal-
aiseau, France).

3. Results and Discussion
3.1. Phase Structure

The investigation of the phase structure of the films was carried out with XRD
analyses and it revealed that all samples possess a mixture of tetragonal (PDF 88-1007)
and monoclinic (PDF 37-1484) ZrO: crystallographic phases (Figure 1). The formation of
these phases usually depends on the annealing temperature (Tam) used for crystalliza-
tion: monoclinic structure forms at Tann < 1170 °C, while tetragonal structure stabilizes at
Tann between 1170 and 2370 °C [9]. In our case, the addition of Gd resulted in preferential
stabilization of the tetragonal phase at lower temperature (Tann = 600 °C). This however is
not an unusual phenomenon when rare earth metals are used as dopants in sol-gel pro-
duced ZrO: [9]. It is also observed that the crystallites associated with the main 101 te-
tragonal peak on the 2% Gd sample have decreased in size with 1/3 compared to the
undoped ZrO: film.



Mater. Proc. 2021, 4, 4 3 of 7

400 ‘ 400 T
a) ‘ T - tetragonal ZrO,  t,;, = 24 nm b) ‘ T - tetragonal ZrO, t,,, = 16 nm
| M - monoclinic ZrO, t,, =18 nm & \ M - monoclinic ZrO, t,, =20 nm

200 ‘ S - silicon substrate 0 \ S - silicon substrate
) | @z |
a a |
g \ g ‘
= 200 M = 200 ‘ |
@ M I"| ‘ B ‘ ‘
5 m o ff p:_J ‘ | \
= Ih 101# c “ M| ‘

1
1004 || ﬂi} s 1004 M ’II' s | -
Pt J ” - m | Y ‘
MT ¥ M M T
M A M 1% J ‘\f"/ IL‘, M M I\‘Jw
et Nequst ol s
0 —— — ——— — 0 T —— — — ————
25 30 35 40 45 50 55 60 65 25 30 35 40 45 50 55 60 65
20 (degrees) 20 (degrees)

Figure 1. X-ray diffractograms of undoped ZrO: thin film (a) and thin film doped with 2% Gd (b).

3.2. Surface Morphology

In order to investigate the surface morphology of the thin films, SEM and AFM
techniques were deployed. Figure 2 depicts SEM images at 10,000 and 100,000 magnifi-
cations of doped and undoped ZrO: coatings. No difference can be seen between the two
samples—both films possess very smooth, homogeneous and crack free surface.

L == 100nm x 100-000 a0 kel = 100nm x100:000 80 keV

— lpm *x10 000 80 keV.

— ipm 10 000 80 keV

Figure 2. SEM images of undoped ZrO: thin film (a) and thin film doped with 2% Gd (b).

Similar observations can be made from the AFM images on Figure 3. At low con-
centration, the dopant does not change the fine, uniform morphology of the thin films
surface. At 5% Gd however, slight changes are present: the underlaying of the film be-
comes smoother on the account of secondary particles being formed on the surface. There
is also a slight increase of roughness with the increase of dopant concentration, while the
average roughness of the films is about 0.8 nm (Table 1).

Table 1. Root-mean-square roughness (nm) of the thin films surface as measured by AFM analyses.

Undoped ZrO: Gd 1% Gd 5%
Rq at 2 um measurement 0.702 0.819 0.910
Rq at 5 um measurement 0.618 0.856 0.940
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Figure 3. AFM images of undoped ZrO: thin film (a) and thin films doped with 1% (b) and 5% Gd (c).

3.3. Optical Properties

The optical reflectance spectra of the samples were measured at normal light inci-
dence. The optical constants (n and k) and the films thickness were determined from the
reflectance spectra of the films using previously developed calculating procedure [10].
All films dispersion curves obeyed normal dispersion. The data for the refractive index
and the extinction coefficient is taken at wavelengths of 600 nm. A summary of the
thickness and optical constants for the whole series of thin films is presented in Table 2.

Table 2. Thickness (nm), refractive index and extinction coefficient of the thin films.

% of Gd Thickness n k
Undoped 106.3 1.83 0.004
0.5% 104.3 1.84 0.006
1% 106.9 1.84 0.003
2% 125.0 1.81 0.002
5% 136.1 1.63 0.013

The photoluminescence spectra of the samples were obtained in the wavelength
range of 245-800 nm with excitation radiation of 230 nm (5.39 eV). The PL emission con-
sisted of two distinctive narrow peaks in the UV-B and red regions and one broad band
between them, centered at about 425 nm (Figure 4a). Lin et al. reported that tetragonal
ZrO2 nanocrystalline powders showed whitish blue emission at 425 nm owing to some
carbon defects [11]. Indeed, the existence of these defects may lead to charge imbalances
in local regions of the crystal structure that could be eliminated by the recombination of
holes and electrons, facilitating the PL emission. These carbon defects could have been
introduced in our thin films via the sol-gel precursors. The two other peaks in the PL
spectra are due to the rare earth metal ions as they appear only in the doped films. The
UV-B band at 313 nm is very typical of the Gd* ions and it’s related to transitions corre-
sponding to the ¢P72 — 8572 energy states [12] as depicted on Figure 4b. This type of radi-
ation is known to be effective for treating skin diseases such as vitiligo vulgaris, psoriasis,
and periodontitis [13-18].
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Figure 4. PL emission spectra of the films (a) and energy levels diagram of Gd>* transitions (b).

The red emission peak at 628 nm can be attributed to the 6G72 — P32 transition as the
excitation energy of 5.39 eV should be enough for the excited electron to reach the con-
duction band of the host material where the ¢Gj energy state of Gd*" is located [19]. The
overall emission color of our thin films is pinpointed on the CIE chromaticity diagram
shown in Figure 5a. It is observed that the dopant addition results in a slight red shift
from the light blue of the pure ZrO: film towards more violet colors. It has been estab-
lished that the optimal dopant concentration that gives the highest intensity of UV-B and
red emission in our experiment is 2% Gd. At 5% the quenching effect already takes hold,
and the intensity of the PL emission decreases (Figure 5b).
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Figure 5. CIE chromaticity diagram with color coordinates for each sample (a) and evolution of the main emission peaks
with dopant concentration (b).

4. Conclusions

A series of thin, homogeneous films of ZrO:, doped with different amounts of Gd
(0.5-5%) were successfully deposited by spin coating technique. The phase structure
analyses revealed the presence of both tetragonal and monoclinic ZrO: crystallographic
phases. It was established that the rare earth dopant promoted the stabilization of the
tetragonal phase as well as the decrease of the crystallites size with one third. The surface
morphology of the thin films was very smooth (average roughness of 0.8 nm), without
visible cracks and with no great alterations from the presence of the dopant. The refrac-
tive index of the films remained high (about 1.83) for the most part of the series. Upon
excitation with 230 nm radiation, the samples exhibited violet-blue PL emission. It was
established that the rare earth dopant led to a red shift in the film’s emission. The UV-B
band at 313 nm caused by the °P72 — 8572 energy transition of the Gd** ion has potential
application in phototherapeutic devices for treatment of different skin conditions. The
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maximum PL intensity in this series of ZrO2 thin films was found to be at 2% concentra-
tion of Gd.
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