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Abstract

Cerium oxide sol-gel-derived thin films were crystallized by pulsed excimer laser annealing (ELA). X-ray diffraction (XRD),
scanning electron microscopy (SEM), Raman Spectroscopy (RS), and Fourier transform infrared (FTIR) were employed to
analyze the effect of laser fluence and number of pulses on the structural and morphological properties of the irradiated films.
XRD and RS results, supported by thermal simulations, confirmed crystallization into cubic cerium oxide starting from
40 mJem 2. SEM micrographs showed that an increased number of pulses induced the formation of porous and complex
nanostructured surfaces, different from the morphology obtained on thermally annealed films. Finally, water contact angle
measurements revealed that the films showed a characteristic hydrophobic “petal effect”.
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Highlights

e Successful crystallization of cubic cerium oxide films by pulsed laser annealing

o Effect of laser fluence, number of pulses and film thickness was investigated

e Characterization of the surface morphology evolution was performed by FE-SEM
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1 Introduction

Solution-based approaches such as sol-gel, chemical bath
deposition and metal-organic decomposition have been
widely investigated for the fabrication of functional metal
oxide thin films [1, 2]. Conventional procedures involve
the deposition onto substrates by spin, dip or spray coating
followed by thermal annealing of the film. The temperature
reached for crystallization is sometimes incompatible with
inexpensive and temperature-sensitive substrates. Laser
annealing of a thin film is emerging as an alternative
technique for rapid crystallization at room temperature,
with the advantages of fast processing and scalability,
along with precise control of the irradiated area, surface
morphology, and in-depth thermal profile by tuning the
laser parameters [3].

Crystallization of sol-gel metal-oxides by an excimer
laser has been already reported [4—7]. Dellis et al. demon-
strated the crystallization of indium oxide films induced by
photochemical conversion and their potential application in
thin-film transistors [8]. Tsay et al. investigated the effect of
energy density on the electrical properties of InGaZnO films
at a fixed number of pulses (15) [9]. Several authors
explored the laser annealing of zinc oxide and doped zinc
oxide films on glass substrates [5, 6, 10]. Other groups
fabricated mesoporous titania and titania-doped films with
multiphase structures depending on the processing condi-
tions for potential application in photocatalysis [4].

Among the metal oxides, cerium dioxide (CeO,) has
attracted attention for its unique properties, including high
oxygen storage capacity, excellent lattice match and similar
thermal expansion coefficient to silicon, high refractive
index and band gap values, electrochromism, transparency
in the VIS-NIR regions with high thermal and chemical
stability, hydrophobicity, non-toxicity, antibacterial activity
and antioxidant activity [11, 12]. It has found a wide range
of applications, ranging from sensing, optics, catalysis,
corrosion resistance and protective coatings, smart windows
and electrochromic displays, and medicine [11-15].

Several techniques have been reported for the fabrication
of cerium oxide thin films, including magnetron sputtering,
atomic layer deposition, electron-beam, spray pyrolysis,
pulsed laser deposition, chemical deposition and sol-gel
[16-19]. Regarding the sol-gel process, several works report
the synthesis of cerium oxide films. Ansari et al. developed
a nanoporous film on indium-tin-oxide-coated glass for
cholesterol biosensors [20]. Ceria thin films prepared using
an ethanolic precursor sol containing cerium chloride and
citric acid by dip coating technique were reported by
Gokdemir et al. [21]. Acosta-Silva et al. investigated the
effect of annealing temperature on the morphological,
structural and optical properties of cerium oxide sol-gel
films prepared by spin coating [22].
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Here, we explored the effect of Excimer Laser Annealing
(ELA) using a pulsed KrF (248 nm) laser on the micro-
structural and morphological evolution of sol-gel cerium
oxide thin films prepared from a cerium nitrate ethanolic
solution. To the best of our knowledge, this is the first report
on the use of laser irradiation on cerium-derived sol-gel
films. We demonstrated that pulsed laser irradiation induces
rapid crystallization of cubic cerium oxide and generates
unique nanostructured topographies, which can be exploited
for the fabrication of wettability gradient surfaces, gas
sensors or nano-porous layers for catalysis [15, 23, 24]. We
studied the influence of irradiation parameters on the
microstructure, surface morphology and wettability of thin
films by employing X-ray diffraction, Raman spectroscopy,
scanning electron microscopy and water contact angle
measurements. Simple numerical simulations were per-
formed to estimate the temperature gradient along the film
thickness.

2 Experimental
2.1 Materials

Cerium nitrate hexahydrate (Ce(NO;);-6H,0, Aldrich,
98%), absolute ethanol (EtOH, Sigma-Aldrich), citric acid
monohydrate (CA, ACS reagent, 299.0%, Sigma-Aldrich),
ethylene glycol (EG, anhydrous, 99.8%, Sigma-Aldrich).

2.2 Preparation of Ce02 precursor solution

A cerium-based solution was prepared following a sol-gel
approach adapted from the literature [21, 22]. Briefly,
Ce(NO3)3 - 6H,O was dissolved in EtOH with a molar ratio
with respect to the solvent of 1:50. Separately, a second
solution of citric acid and ethylene glycol in ethanol was
prepared (molar ratio 1:1:50 CA:EG:EtOH). Both solutions
were kept under stirring for 30 min at room temperature and
then mixed together. The final solution was stirred for 1 h at
room temperature before the deposition.

2.3 Preparation of Ce02 thin films

Thin films were deposited on silicon wafers (5 x 5 cm) by
spin coating. Before the coating, substrates were cleaned by
sonication in ethanol, followed by sonication in acetone,
and blown dry with N,. Then the surfaces were treated with
air plasma (model PDC-32 G-2; Harrick Plasma, Ithaca,
NY) for 2min. Coatings with a tunable thickness were
deposited by sequential spin coating deposition. A first spin
cycle was at 500 rpm for 3 s and a second at 2000 rpm for
30 s. Immediately after the deposition, the films were sub-
mitted to a heat treatment at 300 °C for 10 min for each
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deposited layer. Samples with 1 layer (1L_CeO,) or 5 layers
(5L_CeO,) were prepared with this protocol. The as-
deposited films were treated with an excimer laser at dif-
ferent fluences or annealed in an oven at different tem-
peratures (500—1000 °C, heating rate 10 °C/min) for 1 h as a
reference.

2.4 Excimer laser annealing

The as-deposited films were irradiated with a KrF laser
(248 nm, Coherent - Compex PRO 201 F) at fluence values
of 40, 70, 100 mlJ/cm? for 1, 5, 10, 100 or 1000 pulses, that
lasted 22 ns at a repetition rate of 10 Hz. For each condition,
an area of the films of 10 x 5 mm? with <2% uniformity was
irradiated in air.

2.5 Characterization

The crystalline structure of the films was evaluated by
glancing angle X-ray diffraction (Philips PW1710 dif-
fractometer), using a 2° incidence angle and CuKa radiation
at 30kV and 30 mA. Crystalline phases were identified by
using the software Match! Diffraction Analysis and the
crystallite size (D) was determined by using the Scherrer
equation, D = (KA/fcosf), where K is the Scherrer constant
(K=0.94), 4 is the wavelength of the incident X-ray
(A=0.15401 nm), g is the full width at half-maximum
intensity of the 111 peak, and @ is the Bragg diffraction
angle (20 = 28.5°).

The morphology of the samples was examined using
field-emission scanning electron microscopy (FE-SEM,
Zeiss Sigma HD) operating at 5kV and collecting signals
by means of a secondary electron detector. Some samples
were mechanically fractured for cross-section images. All
the samples were observed as prepared without further
modification of the surface.

Thickness and optical constants (n and k) of the as-
deposited film were determined by ellipsometry (Woollam
Co., WVase 32). Measurements were conducted at two
angles of incidence (65°-75°), in the 280-1200 nm wave-
length range. For data analysis, a model of the measured
sample was created using a layer of silicon as substrate and
a GENOSC layer for the cerium oxide film with a Tauch-
Lorentz oscillator. Reflection and absorption coefficient at
248 nm for the simulations were generated by using the
Woolam software, starting from the model created.

FTIR spectra of the samples were collected in transmis-
sion mode with a Jasco FT-IR 4200, in the 4500—400 cm”!
range, at 64 scans min~! and with a resolution of 4 cm™!, by
collecting the background on a bare silicon substrate.

Raman spectra were collected using a Horiba XploRA™
Plus System with a 532 nm laser through a 50x magnifi-
cation objective. Each spectrum was acquired in the

200-800 cm ™! range by averaging 10 consecutive expo-
sures with an integration time of 2 s each. The contribution
from the silicon substrate at 521 cm™' was excluded from
the spectra.

Dynamic contact angles (advancing and receding) were
measured by the addition-removal method, by dispersing
and withdrawing a water droplet of about 5 pul volume. The
measurements were conducted with a home-made set-up
consisting of a dispersing microfluidic syringe, a sensor
camera (DCC1545M CMOS, Thorlabs GmbH®, Berg-
kirchen, Germany) and sensor lens (MVL7000, Thorlabs
GmbH®, Bergkirchen, Germany).

2.6 Numerical simulations

Simulations of thermal profiles as a function of time were
performed by numerical solutions of the heat equation. Heat
flow calculations were performed by employing the LIMP
software (Laser Induced Melting Prediction), the Harvard
simulation software package and calibrated on CeO, and
silicon optical and physical data. The former were extra-
polated from ellipsometry measurements performed in this
work, while the latter were obtained from the literature [25].

3 Results

Cerium-based sol-gel films were deposited on silicon sub-
strates by a multilayer spin-coating deposition (1 and 5
layers), according to the protocol reported in the Experi-
mental section. The films were dried at 300 °C for 10 min
before the following deposition to ensure solvent evapora-
tion and stabilization of the layers. The final thickness of the
1L_CeO, and 5L_CeO, film were about 170+ 10 and
510 £ 15 nm, respectively, as measured by ellipsometry.
Samples were then irradiated with the pulsed KrF excimer
laser. Different combinations of laser fluences (40, 70,
100 chm*Z) and number of pulses (1, 5, 10, 100, 1000)
were exploited to analyze the influence on the formation of
crystalline cerium oxide. Thermal crystallization of the
prepared xerogels was confirmed by X-ray diffraction
analysis on samples annealed in a furnace at 500 °C and
1000 °C (Fig. S1).

3.1 X-ray diffraction analysis

Figures 1 and 2 show the X-ray diffraction patterns of the
different samples irradiated with ELA compared to the as-
prepared ones. According to XRD analysis, the dried sam-
ples (Figs. la and 2a) were amorphous. A single pulse did
not lead to crystallization in any of the fluences considered
for 1- and 5-layer samples. By increasing the number of
pulses, diffraction peaks appear at 28.5° and 33.1°, that
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Fig. 1 (111) and (200) diffraction peaks of 5L._CeO, films prepared on
silicon substrates after pulses excimer laser annealing as a function of
number of pulses (1, 5, 10, 100 and 1000 pulses) at varies laser

fluences: 40 mJecm 2 (a), 70 mJem ™2 (b), and 100 mJem ™2 (c). The
diffractogram of the untreated sample is reported as reference
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Fig. 2 (111) and (200) diffraction peaks of 1L_CeO, films prepared on
silicon substrates after pulses excimer laser annealing as a function of
number of pulses (1, 5, 10, 100 and 1000 pulses) at varies laser

26 28

correspond respectively to the (111) and (200) reflections of
cubic CeO, (JCPDS #43-1002). Concerning the influence of
pulses, a different behavior was observed among all the
samples depending on the laser fluence considered.

In the case of the 5L_CeO,, at an energy density of
40 mJem 2, a number of pulses 2100 was found to be
necessary for the formation of crystalline cerium oxide. At
higher fluences (70—100 mJem ), diffraction peaks appear
after only 5 pulses.
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A similar trend is shown in the diffraction patterns of
1L_CeO, films (Fig. 2). However, a weak peak at 28.5°
appears at 40 mJem 2 and 10 pulses, corresponding to the
emerging cubic phase. Compared to the thicker SL samples,
the higher signal noise of the 1L_CeO, patterns should be
considered. This is likely due to the morphology of the films
after the laser irradiation, as we will discuss later.

The average crystallite size diameter among all the samples
was estimated between 17 and 28 nm (see Table S1). No clear
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Fig. 3 Raman spectra of (a
5L_CeO, (a) and 1L_CeO, (b)
films on silicon substrates after
pulses excimer laser annealing
as a function of number of
pulses (1, 5, 10, 100 and 1000
pulses) at 70 mJem ™2 laser
fluence
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relations between the average size and the fluence or pulses
could be determined. However, we can observe that the
crystallite size is generally higher than that calculated for the
thermally treated samples, which was in the 67 nm range for
samples annealed at both 500 °C and 1000 °C. Similar values
were obtained by sol-gel processes using the cerium nitrate
precursor [22]. In general, the increase in crystallite size
during laser annealing is caused by a local increase in
annealing temperature. The decrease at higher fluences has
been explained by laser ablation phenomena, which intro-
duces defects and grain boundaries [26].

3.2 Raman spectroscopy

The crystallization of CeO, films after ELA was further
confirmed by Raman Spectroscopy. Figure 3 shows the
Raman spectra of 5L_CeO, and 1L _CeO, treated at
70 mJem 2 with a different number of pulses, measured in the
300800 cm ™! range. The peak at 300 cm™! is due to the Si
(100) substrate [27]. The peak near 464 cm™', which appears
after 5 pulses, is associated with the F,, Raman active mode
of crystalline cubic CeO, [27, 28]. The same characteristic
peak is evident in the thermally annealed sample (Fig. S1b).
No peaks are present in the spectra of the pristine samples and
in the 1 pulse-ELA, due to negligible crystallization in
accordance with XRD results. The position of the peak shifted
between 463-465cm™!, as the number of pulses increased
from 5 to 1000. Moreover, the full width at half maximum
(FWHM) of the F, band decreases on ELA samples com-
pared to the thermally annealed films (see Table S1). This is
associated with an increase in particle size [29, 30], as already
determined by XRD. The weak peaks at 600 and 670 cm ™ in
the samples treated with 1000 pulses could be attributed to

oxygen vacancies [29, 30], although they could also be
related to second order Raman features [31].

3.3 FTIR characterizations

FTIR measurements were carried out to investigate the
chemical evolution of the coatings after the treatments.
Figure 4 show the FTIR spectra of the coatings as-prepared,
after conventional thermal annealing (500 °C) and photonic
curing at 100 mJem 2 and 5 pulses.

The spectra of the pristine samples show a pronounced band
at 3500-3400 cmfl, attributed to the -OH stretching vibration
belonging to the hydrated species, such as physisorbed H,O or
from surface Ce—OH groups. Another vibrational contribution
of adsorbed water is also observed at 1640 cm™'. The band in
the range 1400-1700cm™" can be assigned to the residual
nitrate groups from the precursor [32]. Furthermore, there is a
possible overlap at 1700 cm ™! with the vibrational mode from
the C = O bond in the ester groups formed during the reaction
between the ‘COOH groups in citric acid and -OH groups in
alcohol. The peaks are attenuated after 5 pulses of ELA at
100 mJem 2 and disappear after calcination at 500 °C. The
band below 800 cm ™' corresponds to Ce-O vibrations in CeO,
crystals [21]. The peak at 900cm ™' is assigned to C-H
deformation, while the band at 1100 cm ™" could be assigned to
C-O stretching vibrational modes. The FTIR spectra confirm
the formation of cerium oxide bonds and the removal of resi-
dual groups during the annealing.

3.4 Surface morphology

The surface morphology of the as-prepared samples after
ELA are shown in Figs. 5 and 7. As seen from the top-view
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Fig. 4 FTIR spectra of 5L_CeO, (a)
film (a) and 1L_CeO, (b) films
as prepared and after different
annealing treatments
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Fig. 5 FE-SEM images of the surface morphology of SL_CeO, films
prepared by excimer laser irradiation under different conditions:
a 40 mJem 2and 1 pulse; b 40 mJem2and 5 pulses; ¢ 40 mJem 2and
10 pulses; d 40 mJem ™2 and 100 pulses; e 40 mJem ™2 and 1000 pul-
ses; £ 70 mJem 2and 1 pulse; g 70 mJem 2 and 5 pulses; h 70 mlem 2

FE-SEM micrographs in Fig. S2, the surfaces of the as-
prepared 1L_CeO, and 5L_CeO, before irradiation are
quite smooth and without cracks.
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and 10 pulses; i 70 mJcm~2 and 100 pulses; j 70 mJem ™2 and 1000
pulses; k 100 mJcm ™2 and 1 pulse; 1 100 mJecm ™2 and 5 pulses;
m 100mJem ™2 and 10 pulses; n 100mJem 2 and 100 pulses;
0100 mJem ™2 and 1000 pulses

After laser irradiation, the FE-SEM images reveal a gra-
dual evolution of the morphology and roughness that
depends on the laser fluence and the number of pulses.
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Fig. 6 Cross-sectional view of
the FESEM image of the
SL_CeO, samples prepared at
40 mJem™2 (a) and 100 mJem 2
(b) for 100 pulses and at

100 mJem ™2 for 10 (c) and 1000
(d) pulses

100 pulses

40 mJ/cm?

100 mJ/cm?

10 pulses

Considering a 5L_CeO, film (Fig. 5a), a single pulse at
40 mJem 2 causes an increase in rugosity with the formation
of an “orange peel” texture on the surface. By increasing the
energy density (Fig. 5f, k), or the number of pulses to 10 (5b
and 5c), while maintaining constant fluence, the surface is
gradually transformed into a porous network. At 100 pulses
the microstructure of the surface appears to be formed by
micrometer rough areas separated by cracks (5d and e), that
do not extend through the thickness of the sample, as shown
in a characteristic cross-section image in Fig. 6a.

The rise of the laser energy to 70 mJem 2 emphasized the
transformation of the surface from a branched network
morphology (Fig. 5g, h) to rough isolated islands (Fig. 51, j).
Nanospheres appear on the surfaces as seen in the high-
magnification images. The evolution of these morphologies
into more spherical and isolated nanostructures is shown
when the samples are irradiated at 100 mJem 2.

These features have a dimension of 300-600 nm in
length (Fig. 51-o0 and Fig. S2) and 600-700 nm in height
(Fig. 6b—d). Looking at the cross-section images in Fig. 6,
we can observe that these nanostructures are developed
throughout the overall film thickness only for 2100 pulses.
They have a characteristic blob-like shape, with nanopores
and cracks on the surface (Fig. S3). The formation of cracks
is likely due to degradation of residual chemical groups of
the precursors, as confirmed by FTIR spectra of the films
before irradiation. Indeed, cracks were noticed on corre-
sponding thermally annealed samples (see Fig. S2d). The
formation of pores or cracks on solution-processed cerium
oxide films was attributed to shrinkage during drying,
caused by the removal of hydrate species, and the increasing
degree of crystallization [33]. Simonenko et al. reported the
formation of more textured coatings as well as an increase
in the size of pores between agglomerates with increasing

1000 pulses

calcination temperature in sol-gel CeO,—Y,03 [34]. Islands
or bubbles were already observed after KrF irradiation of
solution-derived oxide films [26], while ball-like shapes
were formed by ELA of crystalline ZnO nanorods [6].

For 1L_CeO, no variation in the morphology was
observed after 1 pulse at 40 mJem ? (Fig. 7a). Increasing
the number of pulses up to 10 (7b-c) or the energy density
(7f-k) causes the formation of holes in the films and partial
exfoliation of the layer, as observed for the SL_CeQO,. In all
the other conditions considered, spherical particles appear
on the top surface (Fig. 8). Interestingly, the same mor-
phology consisting of randomly distributed nanoparticles
was obtained for 70 and 100 mJem ™2 with 210 pulses. The
nanoparticles have an average diameter of 130—170 nm and
they are hollow, as detailed in a characteristic SEM image
in Fig. S4. Considering both the results of XRD and SEM,
we can define a threshold condition of 70 mJcm 2 and 5
pulses for the formation of crystalline nanoparticle patterns
in the case of 170 nm thick films.

3.5 Numerical simulations of thermal profiles

Because of the extremely short width (22 ns) of the laser
pulse, it is complex to quantify the exact surface tempera-
ture and temperature profile distribution across the films.
Numerical simulations were performed to estimate the heat
distribution and the maximum temperature reached at the
different laser fluences during a single pulse. It is worth
noting that the literature offers a broad range of values
depending on the processing conditions. More details about
the parameters employed are reported in the Experimental
and in Tables S3 and S4 in the SI. Figure 9 shows the
simulated temperature profiles for SL_CeO, (500 nm thick)
and 1L_CeO, (170 nm thick).

@ Springer
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40 mJ/cm?

70 mJ/cm?

100 mJ/cm?

Fig. 7 FESEM images of the surface morphology of 1L_CeO, films
prepared by excimer laser irradiation at different conditions:
a 40 mJem and 1 pulse; b 40 mJem 2and 5 pulses; ¢ 40 mJem2and
10 pulses; d 40 mJem™2 and 100 pulses; e 40 mJem 2 and 1000 pul-
ses; f 70 mJem 2and 1 pulse; g 70 mJem 2 and 5 pulses; h 70 mJem ™2

200 nm

Fig. 8 Cross-sectional view of FE-SEM image of 1L_CeO, sample
laser irradiated at 40 mJ/cm? for 100 pulses

As is evident from the profiles, the maximum tempera-

tures reached after a single pulse at the film surfaces for a
510 nm thick film (Fig. 9a) are in the range 300-700 °C,
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and 10 pulses; i 70 mJem 2 and 100 pulses; j 70 mJem 2 and 1000
pulses; k 100 mJem ™2 and 1 pulse; 1 100 mJem™2 and 5 pulses;
m 100mJem ™2 and 10 pulses; n 100 mJem™> and 100 pulses;
0100 mJem ™2 and 1000 pulses

respectively 300 °C (40 mJem?), 550 °C (70 mJem ™ 2) and
800°C (100 mJem 2). The fast process causes a large
temperature gradient between the film surface and film/
substrate interface, with surface-interface differences ran-
ging from 250 °C (40 mJem™?) to a maximum of 700 °C
(100 mJem™?). Indeed, the maximum temperature reached
by the film/substrate interface after 22 ns is about 54 °C
(40 mJem2), 76 °C (70 mJem™?) and 97 °C (100 mJem ).

When the thickness is reduced to about 170 nm (Fig. 9b),
the temperature differences along the thickness are sig-
nificantly lower (80-245 °C). At the film/substrate interface,
the calculated temperatures are higher, being respectively
120°C (40 mJem™2), 200°C (70 mJem %) and 282°C
(100 chm*Z), while at the film surface they are lower,
200°C (40 mJem™2), 350°C (70 mJem™2) and 530 °C
(100 mJ cmfz). This is the result of the direct heating of the
Si substrate due to the laser penetration depth (about
200 nm) larger than the film, and the fast heat dissipation
through the Si substrate.
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Fig. 9 Temperature profiles of
5L_CeO, film (a) and 1L_CeO,
(b) on silicon substrate. The
simulated fluences are 40, 70
and 100 mJ/cm?. Solid and
dashed lines respectively
indicate the temperature at the
film surface and at the film/
substrate interface

800

600

T/°C

400

200

800

Table 1 Advancing (Adv) and receding (Rec) water contact angles of
SL_CeO, films as-prepared, heat treated at 500 °C and laser irradiated
at different laser fluences (40, 70, 100 chm_z) and number of pulses
(10, 100, 1000)

Surface (b) Surface
——100 mJecm? 100 mJem™2
——70 mJem? —— 70 mJem2
—— 40 mJem? 600 1 40 mJem?
Interface Interface
= = 100 mJem? 1S — =100 mJom?
- =70 chmj . 400 — — 70 mJem?2
= — 40 mJem = — — 40 mJem'?
2001
e’/:’,’_.______ ——meea T
T T T T 0 T T T T
0 50 100 150 200 250 0 50 100 150 200 250

time /ns time /ns

Table 2 Advancing (Adv) and receding (Rec) water contact angles of
1L_CeO, films as prepared, heat treated at 500 °C and laser irradiated
at different laser fluences (40, 70, 100 chm_z) and number of pulses
(10, 100, 1000)

Sample Adv (°) Rec (°) Sample Adv (°) Rec (°)
Silicon substrate 56 42 Silicon substrate 56 42
As-prepared 98 67 As-prepared 73 <5
500 °C 104 <5 500 °C 113 73
40mJem—>-10pulses 104 <5 40mJem—>-10pulses 120 <5
40mJem~2-100pulses 115 <5 40mJem™2-100pulses 112 <5
40mJem~2-1000pulses 140 <5 40mJem~2-1000pulses 130 <5
70mJem~>-10pulses 115 <5 70mJem~>-10pulses 102 <5
70mJem~2-100pulses 129 <5 70mJem~2-100pulses 117 56
70mJem~2-1000pulses 141 <5 70mJem~2-1000pulses 130 50
100mJcm™~2-10pulses 141 <5 100mJem™210pulses 105 54
100mJecm ™2 100pulses 136 <5 100mJecm ™2 100pulses 117 60
100mJem™2-1000pulses 105 <5 100mJem™2-1000pulses 122 40

It was already reported that the crystallization of sol-gel
cerium oxide starts between 200-500 °C, depending on the
processing conditions [22]. The simulated temperatures at
the interface were close to or above the crystallization
temperature, but they do not correspond to the XRD results
for a single pulse. The differences could be explained by
considering the large temperature gradient generated
between the surface and interface, and the extremely rapid
heating cycle. The short duration of the single pulse could
be insufficient to initiate crystallization of the films. The
formation of very small crystallite seeds, not detected by
XRD analysis, cannot be excluded [3, 7]. However, if we
considered an increased number of pulses not accounted for
in the simulations, an agreement with diffraction results
could be found since crystallization occurs preferentially for
fluences >70 mJcm 2,

3.6 Surface wettability

The wettability of SL_CeO, and 1L_CeO, films was eval-
uated through advancing/receding contact angle measurements

(see Table 1 and Table 2). The as-prepared 1_layer sample
shows a hydrophilic behavior with an advancing contact angle
of 73° and no receding contact angle. On the contrary, the 5L
sample presents a hydrophobic surface with an advancing
contact angle of 98° and a hysteresis (defined as the difference
between the advancing and receding contact angle) of 31°.
The hydrophobicity is consistent with the densification of the
sol-gel layer due to the repeated annealing at 300 °C. By firing
the samples at 500 °C, an increase in hydrophobicity is
observed for the thinner one, with an advancing/receding
contact angle of 113°/73°. Similarly, the advancing angle of
SL_CeOj; evolved to 104°, but no receding was measured.
This effect is likely due to the presence of cracks on the
surface, as shown in the SEM images, that could induce a
pinning of the water droplets.

The ELA process induces a significant increase in the
advancing contact angle for all the conditions investigated,
with a value ranging from 104° to 130°. These values are
comparable with the literature, and they are associated with
crystallization along the (111) orientation and the surface
roughness of the films [35]. Indeed, the water contact angle on
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the (111) surface has been reported to be greater than that on
the (110) surface [36]. Adsorption of hydrocarbons on the
surface, which could contribute to the hydrophobicity, cannot
be excluded [37]. On the contrary, by considering the
receding contact angle, differences could be noticed between
the samples. In particular, all the 5_CeO, ELA films show no
receding, with high adhesion of water droplets as also visible
in a representative video (Video S1, SI). This behavior,
known as the “petal effect”, is attributed to the presence of a
wetting composite-Cassie-Baxter state, in which the liquid
only partially penetrates and wets the gaps between the pillars
while suspended atop the nanoscale features [38].

4 Discussion

This work investigated the effect of KrF excimer laser
annealing on the microstructure evolution of sol-gel cerium
oxide films. The X-ray diffraction measurements enable
changes in the CeO, films to be observed as a function of
laser fluence and the number of pulses. We found a threshold
condition for the crystallization of the cubic CeO, phase at
40mJem 2 and 100 pulses or 70 mJem 2 and 5 pulses. At
these fluences, the temperature estimated by simulations at
the film surface was above 300 °C for the five-layer film,
close to the crystallization temperature reported for the sol-gel
cerium oxide coatings. The crystallization into cubic cerium
oxide was further corroborated by Raman spectroscopy.
Although it is complex to predict the origin of the dif-
ferent morphology, there are some general factors that can
be considered. During pulse laser irradiation, the heat dis-
tribution is not uniform along the film thickness [39]. The
amount of heat generated is influenced by the amount of
laser photons absorbed in the film, expressed by the optical
penetration depth (I, =« '). From optical measurements,
we estimated a penetration depth of about 200 nm (see
Table S4); consequently, only half of the thickness of the
5L_CeO, sample is impacted by the process during the first
pulse of irradiation. Numerical simulations confirm the
presence of a large temperature gradient between the film
surface and the interface in the case of the thick samples. In
addition, a chemical transition to the metal-oxide phase
occurs during ELA of sol-gel (as confirmed by FTIR
measurements), causing a variation in the morphological,
chemical and thermal properties that influences the laser-
matter interaction during a multiple-pulse process.
Furthermore, the rapid heating and cooling cycle could
introduce thermal stress in the material, resulting in material
degradation [39]. For instance, spherical particles and par-
tial removal of the one-layer film from the substrate could
be caused by ablation or dewetting induced by thermal
reflow [40, 41]. Indeed, heat accumulation during ELA with
multiple pulses could lead to a temperature higher than that

@ Springer

estimated for a single pulse-inducing material ablation.
Similar morphologies were found on crystalline CeO, films
(thermally annealed at 500 °C) after ELA at 100 mJcm >
and 1000 pulses (data not shown). Finally, light scattering
phenomena caused by the increasing surface roughness can
lead to the high absorption of the laser compared to the
absorption of the initially smooth surface [3]. For instance,
Charpentier et al. [42]. considered the morphological and
microstructural modification of ZnO:Al sol-gel films above
a certain fluence threshold as a consequence of a melting
and recrystallization phenomenon, with a melted top layer
of increasing thickness, by increasing the laser fluence.

Changes in cerium oxide morphology as a function of the
layer thickness have been reported for magnetron-sputtered
films. Lavkova et al. observed the formation of nonporous
layers on graphite foil with a morphology changing from a
smooth surface through a fractal-like character to hilly-like
structures as the layer thickness increased [43]. De Jesus
Acosta Silva et al. noted a variation of surface morphology of
sol-gel cerium oxide films on glass substrates with annealing
temperature. The film annealed at 250 °C was smooth, while
films annealed at 450-550 °C showed a granular morphology
[22]. Nanoporous granular morphology has been described for
sol-gel films thermally annealed at 400 °C obtained by a water-
based cerium nitrate solution dip coated onto ITO substrates
[14]. It is worth noting that for the SL_CeO2 film at 40 mJcm?
and 100 pulses, we obtained a continuous crystalline film (see
Fig. 6a) with a relative smooth surface (see Fig. 5d).

For the 5L._CeO, sample, the morphological evolution led
to the formation of a 3D nanostructured surface, which shows
a characteristic “rose effect” wettability, with high contact
angle but significant contact angle hysteresis. This behavior
was recently employed for the fabrication of water-transport
surfaces by Li et al. In their work, they fabricated CeO,
nanotubes through a hydrothermal method showing a pre-
valent (111) orientation, superhydrophobicity and pinning of
water droplets. They explained the water-adhesion of the
CeO, nanotube film as the combined effect of the van der
Waals forces, the negative pressures produced by the sealed
air and hydroxyl groups on the surface. Interestingly, the
peculiar wetting behavior was durable even under UV irra-
diation and was easily restored by thermal annealing [23].
The use of laser annealing could be an alternative way for the
fabrication of coatings with controlled wettability and be
further explored for the fabrication of hydrophobicity gra-
dients, as recently demonstrated for cerium oxide films pre-
pared by magnetron sputtering [35].

5 Conclusions

In this manuscript we reported a preliminary investigation of
the pulsed excimer laser annealing on sol-gel cerium oxide
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films. XRD and Raman spectroscopy confirmed that ELA
induced the formation of cubic cerium oxide. Threshold
parameters for crystallization were found at 40 mJem? and
100 pulses or 70 mJem? and 5 pulses, which corresponded to
an estimated temperature at the film surface in the range of
300-500 °C. The crystallization occurs with a morphological
evolution with an increase in the surface nanostructuring by
increasing the film thickness. ELA caused cracking and
dewetting on one-layer films, while porous nanostructured
films were achieved by increasing the number of pulses on
five-layer films. Continuous crystalline films with a relatively
smooth surface were obtained on five-layer samples at
40 mJem? and 100 pulses. Although further work is required
to reduce the cracking by controlling the temperature gradient
inside the films, we expect that ELA could find application for
the fabrication of nanostructured films on thermally-sensitive
substrates for wettability-gradient surfaces or gas sensors.
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