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ARTICLE INFO ABSTRACT

Keywords: The thermochromic properties of vanadium dioxide (VO3) offer great advantages for energy-saving smart win-
Vanadium oxide dows, memory devices, and transistors. However, the crystallization of solution-based thin films at temperatures
Sol gel lower than 400°C remains a challenge. Photonic annealing has recently been exploited to crystallize metal ox-
Laser . ides, with minimal thermal damage to the substrate and reduced manufacturing time. Here, VO3 thin films,
Thermochromic

obtained via a green sol-gel process, were crystallized by pulsed excimer laser annealing. The influence of
increasing laser fluence and pulse number on the film properties was systematically studied through optical,
structural, morphological, and chemical characterizations. From temperature profile simulations, the tempera-
ture rise was confirmed to be confined within the film during the laser pulses, with negligible substrate heating.
Threshold laser parameters to induce VO, crystallization without surface melting were found. With respect to
furnace annealing, both the crystallization temperature and the annealing time were substantially reduced, with
VO, crystallization being achieved within only 60 s of laser exposure. The laser processing was performed at
room temperature in air, without the need of a controlled atmosphere. The thermochromic properties of the
lasered thin films were comparable with the reference furnace-treated samples.

Smart windows
Photonic curing

1. Introduction

The efficient production of energy through green and low-impact
approaches is a fundamental challenge of this century, since the
increasing energy demand needs to be satisfied while simultaneously
minimizing greenhouse gas emissions. As buildings’ fenestration and
heating, ventilation and conditioning systems are currently responsible
for 30-40% of the world’s energy consumption, [1] energy-saving de-
vices have been proposed to reduce the energy misuse, with a particular
focus on smart windows and chromogenic coatings. The optical prop-
erties of the latter can be manipulated via external stimuli such as
applied voltage, gas involving reactions, or environmental temperature,
which dictate the overall behavior of electro-, gaso- and thermochromic

* Corresponding author.
E-mail address: alex.martucci@unipd.it (A. Martucci).

https://doi.org/10.1016/j.apsusc.2023.157507

materials, respectively. Electro- and gasochromic materials offer prom-
ising performance for these applications, however, it remains chal-
lenging to apply them in large-scale manufacturing due to long-term
instability resulting in limited switching cycles [2].

Thermochromic coatings are the most investigated chromogenic
materials, among which vanadium dioxide (VO3) has emerged for its
outstanding properties. VO, offers passive control of the transmitted
sunlight, since drastic changes of its optical transmission in the near
infrared (NIR) can be induced by environmental temperature oscilla-
tions above and below a specific critical temperature (T.) [1]. Corre-
spondingly, the coating’s electrical resistivity manifests variations up to
four orders of magnitude as a function of the external temperature [3].
This temperature dependence of optical and electrical properties
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provides a clear path to reduce the reliance on fossil fuels, without the
need for active inputs such as voltage or gaseous components. None-
theless, if an active control is preferred, pressure, strain or electrostatic
fields can also be used to trigger the optical and electrical switching of
VO, [4]. The underlying mechanism causing the switching is attributed
to a concurrent structural and electrical transition. At room tempera-
ture, VO, exhibits a monoclinic crystalline structure, which allows the
transmission of NIR wavelengths coupled with semiconducting
behavior. Above its T., the atoms rearrange into a tetragonal rutile
structure, leading to reflection of the NIR frequencies and metal-like
behavior. The metal-insulator transition (MIT) of pure VO3 occurs at
68°C, but the T can be increased or decreased by doping or by intro-
ducing strain, defects, or non-stoichiometry in the crystal structure
[5-7]. The lattice and electronic switch to the metallic phase involves
disordering of vanadium dimerized pairs and band collapsing at the
femtosecond scale. Tens to hundreds of picoseconds are then needed for
the rutile metallic phase to locally nucleate and grow [8,9].

VO films and coatings have been conventionally deposited through
sputtering, chemical and physical vapor deposition. These require
complex and expensive equipment and can be time-consuming [6].
Solution-based methods are based on simple and straightforward pro-
cesses, which can offer precise control of coating properties, lower cost,
and scalability over large-area substrates [10].

Generally, as-deposited solution-processed metal oxide (MO) coat-
ings are amorphous and require thermal treatments to obtain a crys-
talline structure. This is achievable only for substrates that can
withstand the high temperatures (i.e., above ~400°C) required by the
crystallization process, which therefore excludes polymers and low
melting temperature metals. Alternative solutions, such as the incor-
poration of previously crystallized nanoparticles in polymeric matrices,
are more sensitive to the environment and cannot achieve uniform op-
tical or electrical performance, due to low connectivity between indi-
vidual particles [1]. The successful crystallization of uniform metal
oxide coatings on temperature-sensitive substrates would make a wide
range of innovative solutions available to tackle the increasing world-
wide energy demand. Unconventional techniques, such as photonic
curing, have gained attention for the development of actuators,
memory-devices, transistors and flexible electronics, based on VO, or
other MOs [1,11]. Photons of appropriate wavelengths are used to
induce localized photothermal and/or photochemical effects in the
coating, avoiding thermal damage of the underlying substrate. The three
main types of photonic curing, namely deep ultraviolet (DUV) irradia-
tion, lasers, and flash lamps, substantially differ in terms of temporal and
spatial energy distribution inside the film, process timescale, and irra-
diation range [12-14]. Among them, laser annealing is a particularly
promising alternative to conventional thermal treatments, offering ac-
curate control of the energy distribution inside the coatings in both
space and time.

The extremely fast laser processing allows reduced manufacturing
time, roll-to-roll versatility, and scalability over large substrate areas
[12,15,16]. Currently, few studies exploit photonic annealing to crys-
tallize metal oxides at temperatures lower than 400°C [14,17].
Considering VOo, Jo et al. decreased the crystallization temperature of
sol-gel coatings by combining deep ultraviolet (DUV) irradiation and
combustion, while Nishikawa et al. laser-treated metal-organic depos-
ited films [18,19]. Other groups used UV lasers as post-crystallization
treatments, to improve the electrical connectivity between particles, to
change from diamagnetic to ferromagnetic behavior, or to modify the
morphology and color of crystalline films [20-22].

In the present work, vanadium oxide thin films were deposited
through a green sol-gel synthesis, based on a non-toxic precursor and
solvent without supplementary additives. The films’ densification and
crystallization to VOy was achieved by excimer laser irradiation. In
contrast to conventional thermal treatments, which require inert at-
mospheres to avoid the formation of other vanadium oxides [6], the
laser treatment was performed in air. Since the influence of laser energy
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density and number of pulses on VO, films is not yet fully understood,
the two parameters were systematically varied to gain in-depth knowl-
edge of their effect. The threshold values for laser-induced crystalliza-
tion of VO, were found for silicon and fused silica substrates.
Crystallization was reached within 1 min, in contrast with time- and
energy- consuming thermal annealing in a furnace. The influence of
laser parameters and substrate type on the films’ optical, chemical, and
morphological properties were explored through several techniques,
including X-ray diffraction (XRD), soft and hard X-ray photoelectron
spectroscopy (SXPS, HAXPES), transmission and scanning electron mi-
croscopy (TEM, SEM), and UV-Vis-NIR spectroscopy.

2. Materials and methods
2.1. VO, thin film synthesis and deposition

Silicon wafers (P-type, (100), single-side polished, Silicon Materials)
and fused silica substrates (Quartz, Electro optical technology) were
rinsed in absolute ethanol (EtOH, 99.9%, Emsure, Sigma Aldrich, UK)
and dried with nitrogen. Residual organic contaminants were removed
by atmospheric plasma cleaning (Plasma Cleaner, PDC-002-CE, Harrick
Plasma, USA). The starting solution, adapted from Pan et al. [23], was
prepared by dissolving vanadyl acetylacetonate powder (VO(acac)o,
98%, Sigma-Aldrich) in absolute ethanol in a 0.125 M concentration.
The solution was stirred at 85°C in a round-bottom flask under reflux for
9 h, after which it was aged for 15 h at room temperature. Subsequently,
the solution was filtered with 0.2 pm sized syringe filters and spin coated
on the pre-cleaned substrates at 2000 rpm for 30 s. Only for drying
temperature tests, the films were deposited by dip coating at 300 mm/
min. Samples were coated from 1 to 3 layers to tune the thickness of the
film. Each layer was dried at 85 °C on a hot plate for 15 min prior to the
deposition of the following one. After the deposition, the films were
dried on a hot plate in air for 10 min, at temperatures ranging between
80 and 300°C.

2.2. Densification and crystallization by laser and furnace annealing

The dried films were laser-annealed one day after the deposition. A
KrF excimer laser system (248 nm, Coherent COMPex 201F, 22 ns pulse
duration) was used to irradiate the samples in distinct and isolated parts
of the total surface. Each spot had a 5 x 5 mm? size, with uniformity of
2%. The irradiation was carried out in air at room temperature with a
variable number of pulses (#), at fixed repetition rate of 10 Hz with a
laser fluence between 40 and 700 mJ/cm? for the initial energy density
scan and 40-200 mJ/cm? for the following tests. Fluence was controlled
through a motorized attenuator paired with an in-line energy meter,
with an accuracy of 1%. Reference samples were annealed in a tube
furnace at 550°C for 1 h, with a heating ramp of 10°C/min in a nitrogen
environment.

2.3. Characterization

Thickness, refractive index (n), and extinction coefficient (k) of the
films were obtained with a J.A. Woollam Co. spectroscopic ellipsometer
(Woollam M2000) across 300-1200 nm at incident angles of
65°-70°-75° for silicon wafers and 50°-60°-70° for fused silica. The
materials were modeled using GenOsc models with Tauc-Lorentz, Lor-
entz, and/or Drude oscillators. On the silicon substrates, the absorption
coefficient (a) was calculated from Equation (1):

4ﬂkl
a=—>"

1 @

in which k; is the extinction coefficient and A is the laser wavelength (1
= 248 nm). The penetration depth (8) of the laser radiation can be
calculated as the inverse of the absorption coefficient (§ = 1/x). The
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extinction coefficients at 248 nm were generated from the ellipsometric
fittings. The estimated penetration depths are reported in Table S2 in the
Supporting Information (SI). The transmittance spectra were collected
with a UV-Vis-NIR spectrophotometer (Jasco V770), at 200 nm/min in
the wavelength range 190-2500 nm. The transmittance was collected
both at 20°C and 90°C with the aid of a custom-made heating cell
attachment. The transition temperature (T,) was calculated as the mean
value between the transition temperature during heating (Theq) and the
transition temperature during cooling (T¢oor). The Theqr and T Were
obtained from the first derivative of the transmittance respect to the
temperature during the heating and cooling cycles, respectively. The
luminous transmittance (Tym) and the solar modulation ability (ATsy
and AT2000 nm) Were used to evaluate the thermochromic performance
[24]. The integrated luminous transmittance (Ty,,) was obtained by Eq.

(2):

T["m _ f@lum(l)T(}’)d(’l) (2)
j‘@lum(/l)d(’l)

in which @y, represents the photonic vision luminous efficiency func-

tion and T), represents the transmittance at wavelength A. The standard

integration range for luminous transmittance is 380 to 780 nm. The solar

modulation ability (ATs,) was obtained by Equation (3):

ATsor = Torie = Tsotm 3

in which Ty, is the solar transmittance at low temperature (i.e., sem-
iconducting state — 20°C) and Ty is the solar transmittance at high
temperature (i.e., metallic state — 90°C). The solar transmittance (T,
was calculated as Equation (4):

_ [ 2T

Tml - f @30[ (ﬂ)d(ﬂ) (4)

where @, is the standard solar radiation spectrum for the air mass 1.5
(AM 1.5) and the standard integration range is 250 to 2500 nm. Finally,
the solar modulation ability at a fixed wavelength of 2000 nm was
calculated by AT2000 nm = T20°¢c — Too°c-

The crystal structure of the films was characterized with glancing
angle X-ray diffraction (XRD) on a Philips PW1710 diffractometer
equipped with a grazing incidence Cu Ka X-ray source (1 = 1.5406 A).
The silicon substrate contribution at ~34° was cut from the graphs to
exclude the substrate influence. The Scherrer equation D = K1/(wcosf)
was used to estimate the average crystallite size (D), with K = 0.94, 1 =
0.15406 nm X-ray wavelength, 0 the Bragg angle, and w the full width at
half maximum of the latter Bragg angle. Raman spectra were collected
using a Renishaw inVia Raman Microscope with a 633 nm He:Ne laser,
with three iterations of 30 s accumulation time in the range 100-540
em™! and 540-1000 em™! to exclude the signal from the silicon
substrate.

The surface morphology of the samples was investigated by scanning
electron microscopy (FE-SEM, Zeiss). The cross-section of the films was
prepared using the Thermo Scientific Helios 5 UX FIB-SEM. Deposition
of Carbon and Platinum were applied to protect the surface. The
elemental distribution was studied by the FEI Tecnai G2 F20 S-TWIN
transmission electron microscopy (TEM) with the Bruker X-ray detector.

Chemical analysis using laboratory-based soft X-ray photoelectron
spectroscopy (SXPS) was performed on a Thermo Scientific K-Alpha X-
ray photoelectron spectrometer, with a 2 x 10~° mbar base pressure. A
monochromated Al Ka was used as the X-ray source (hv = 1486.7 eV,
further referred to as 1.5 keV for simplicity). Survey and key core level
spectra were collected using 200 eV and 20 eV pass energy, respectively,
with a 400 pm spot size. A flood gun was used to minimize sample
charging. Synchrotron-based hard X-ray photoelectron spectroscopy
(HAXPES) was performed at beamline 109 at the Diamond Light Source,
UK, using an X-ray photon energy of 5927.4 eV (further referred to as
5.9 keV for simplicity). The analysis chamber of the beamline end
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station has a base pressure of ~3.5 x 1071° mbar and measurements
were performed in grazing incidence and near normal emission geom-
etry to allow efficient spectra collection. Survey and core level spectra
were collected using a pass energy of 200 eV. For both SXPS and
HAXPES, the binding energy (BE) scale of all spectra was aligned to the
adventitious carbon peak in the C 1s spectra at a binding energy (BE) of
284.8 eV (determined from peak-fit analysis). The spectra were
normalized to the total V 2ps,» spectral area, after the removal of a
Shirley-type background. The Avantage software package was used to
analyze the data. The QUASES software package was used to estimate
the maximum inelastic mean free path (Aqvpp) for bulk VO, with values
of ~3 nm at 1.5 keV (SXPS) and ~9 nm at 5.9 keV (HAXPES) [25]. The
total probing depth can be estimated as 95% of the signal intensity (i.e.
3Amvrp), giving values of ~9 nm and ~27 nm for SXPS and HAXPES,
respectively.

Simulations of the temperature profiles and their evolution during
laser processing were produced as a function of both depth (i.e. film
thickness) and laser irradiation time. Numerical solutions of the heat
equation based on heat flow calculations were performed by employing
the LIMP software (Harvard simulation software package) [26] and
calibrated on VO, and fused silica physical and optical data. The former
were chosen from the literature [27,28], whereas the latter were
calculated from experimental data obtained in this work. The absorption
coefficient (o) was calculated from the equation a = (A4)/t, in which 1 is
the laser wavelength (4 = 248 nm). The penetration depth (5) of laser
radiation can be calculated as the inverse of the absorption coefficient (§
=1/a).

3. Density functional theory calculations

To corroborate peak analysis in SXPS and HAXPES, core BE calcu-
lations were performed to estimate the relative BE distance between O
and C atoms in the precursor structure. Calculations were performed
using density functional theory (DFT) [29,30], using the CASTEP plane
wave DFT code [31]. The PBE exchange—correlation functional [32] was
used alongside norm-conserving pseudopotentials with 13 valence
electrons for V, a kinetic energy cut-off of 1200 eV (1000 eV) for the
geometry optimization (core BE calculations) and a Monkhorst-Pack
[33] k-point grid of 2 x 2 x 1. The geometry optimization employed
the empirical dispersion correction scheme of Tkatchenko-Scheffler
[34], while both the atomic positions and unit cell were allowed to
relax. Relative core BEs were then calculated for the relaxed structure,
using the ASCF approach with on-the-fly generated core hole PSPs. The
core BE calculations were performed using spin polarization; this was
found to have little impact on the geometry optimization, and so was
neglected in the latter case.

4. Results and discussion

A general process overview for the laser-induced crystallization of
sol-gel VO, thin films is reported in Fig. 1. Following the synthesis and
deposition steps (see Experimental section for detailed procedure), the
thin films were dried at low temperature and photonically treated with a
KrF excimer laser. The evolution of the sol-gel films during laser
annealing was studied on silicon and fused silica substrates, exploiting
different combinations of laser fluence (i.e., energy density) and number
of pulses.

4.1. Low temperature drying

As reported by Yarali et al. [12], the initial film quality is expected to
have a substantial influence on the final properties and application of
the photonically-cured material. Past research on similar sol-gel films
has evidenced the need of a low-temperature treatment prior to or
during the photonic curing, with minimum temperatures of 250-300°C
[18]. This step helps to reach a proper film densification and adhesion to
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Metal-organic +  Filtering . Hot plate . KrF excimer laser
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Fig. 1. Schematics of sol-gel VO, thin films preparation, including the following stages from left to right: synthesis, deposition, drying and laser annealing.

the substrate, avoiding the film ablation observed upon direct exposure
to laser light [35]. Here, the drying temperature was studied to promote
sol-gel condensation and impurity removal, with the goal of simulta-
neously avoiding film ablation and uncontrolled crystallization. Single-
layer films were deposited on silicon substrates and XPS was used to
compare four different drying temperatures, in the 80-300°C range. The
lowest value was chosen just above the boiling point of the solvent
(~78°C) to allow for a gentle evaporation [36]. The highest value was
chosen to strongly promote film condensation and densification along
with removal of organic components. These temperatures are lower than
those used in conventional thermal treatments of similar solution-based
films, where the minimum reported temperature for VO, crystallization
is 440-550°C [2,23,37].

The core level spectra for the dried samples are shown in Fig. 2 (a)-
(b) and in Fig. S1 (a) in SI. The three main features visible in the C 1s
core levels are assigned to adventitious carbon and C—C/C—H envi-
ronments (284.8 eV), 0—C—O0 (~286.6 €V) and O—C=0 (~288.6 eV)
environments, respectively [38]. With increasing drying temperature,
the overall intensity of the C 1s spectra decreases relative to the V 2p3 2
spectral area. This can be explained by the release of acetylacetone
(Hacac) during the oxidation of VO(acac), in alcohol, as previously
observed by Grybos et al. [39]. The removal of Hacac during drying is
favored at temperatures between 150 and 200°C, which are above the
boiling point of acetylacetone (~140°C) [40]. At the highest drying
temperatures, the thermal decomposition of residual metal precursor,
which was found to start at ~220°C, may also contribute to the reduc-
tion observed in the C signal intensity [41,42].

Alongside the observed changes in the C 1s core level, the O 1s core
level was used to monitor the changes in the oxygen chemical state,
namely the metal-oxide conversion and the hydroxyl contribution. From
peak fit analysis and theoretical calculations (see Fig. S1 (b-c) and
Fig. S2 in SI), two main features were attributed to V—O—H (~531.7
eV) and V—O—V (~530.5 eV) environments, alongside with a smaller

(a)C1s T (b) O 1s

—— Dropicast % —— Drop cast
——150%C - ——150°C
——200°C ——200°C
——300°C 300 °G

Norm. Intensity / arb. units

0-C=0
l\ 0-C-0

Z
Q
=

288 286 284 282

Binding energy / eV

200
Binding energy / eV

535 534 533 532 531 530 529 528

contribution from organic C—0O/C—O environments (~533 eV)
[14,38,43]. The presence of hydroxylated V—OH groups, which is
strongly evident in the drop-cast solution and in the film dried at 80°C,
decreases when the drying temperature is higher than 150°C. This goes
hand-in-hand with a decrease in the V—O—H:V—O0—V ratio, which
highlights the progress of condensation reactions and the development
of V—O—YV networks.

Additional characterizations were performed to investigate eventual
changes in thickness and structural properties. Ellipsometry measure-
ments showed a moderate film densification from 80 to 300°C, with a
~13% decrease in thickness (see Table S1 in SI). XRD was performed on
the 300°C dried sample, which displayed amorphous characteristics
with no detectable diffraction peaks (Fig. 4 (a)). Interestingly, the TEM
analysis (Fig. 2 (c-d)) evidenced the presence of small crystallites in the
overall amorphous matrix. These crystallization seeds were only ~1-2
nm in dimension and could not be detected by XRD.

Based on the previous results, a drying temperature of 300°C was
selected for all further sample preparation as it allows for the best
removal of impurities, provides good film densification, and avoids
direct ablation before the laser-induced crystallization.

4.2. Laser-thin film interaction

Following the exploration of the appropriate film drying tempera-
ture, the interaction between sol-gel coating and UV laser setup was
investigated for silicon substrates. The exhaustive review by Yarali et al.
examined the complexity of laser-matter interaction in detail [12].
Numerous principal factors contribute to this, including pulse number,
laser fluence, and energy density profile of the laser, as well as optical
path, absorption coefficient, morphology, and thermal conductivity of
the film material, which influence how the laser energy is distributed
inside the film. Additionally, the complexity of the sol-gel process itself,
which typically involves hydrolysis and condensation reactions as well

Fig. 2. Key core level XP spectra of the drop cast solution and of the samples dried using temperatures from 80 to 300°C, including (a) C 1s and (b) O 1s. The
reference lines represent the position of the main identified spectral features. (c-d) TEM cross-sections of the dried thin film at 300°C. The relative scale bars are

inserted at the bottom of each image.
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Fig. 3. XP spectra of laser annealed thin films at 100 mJ/cm? with varying pulse numbers, including (a)-(c) C 1s, O 1s and V 2p core level spectra. The reference lines
represent the position of the main identified spectral features. V4* and V°* oxidation state populations from peak fit analysis of the V 2ps 5 core level spectra, for (d)
films treated at 100 mJ/cm? with varying pulse numbers and for (e) films treated with 600 laser pulses at varying laser fluence, respectively.
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Fig. 4. (a) XRD pattern and (b) Raman spectra of the dried film and of the lasered spots, at laser parameters of 70 mJ/cm? 100-300 # and 100 mJ/cm? 300 #. The
reference symbols and lines in (a) and (b) represent the VO, XRD pattern and Raman spectral profile, respectively. (c) SXPS and (d) HAXPES collected V 2p3,, core

level spectra of the dried film and of the furnace treated film, respectively.

as interactions with additives, further increases the challenges of un-
derstanding the mechanism of laser-matter interactions [44].

Based on existing studies of KrF laser-treated sol-gel films
[12,43,45-47], the first sample set in the present study was prepared by
exposing a dried film to single ns laser pulses (#) of increasing laser
fluence, which was varied in the range of 30-700 mJ/cm?. The initial
film thickness (t) was determined using ellipsometry and found to be 33
+ 3 nm. Each single-pulse lasered spot had an area of 5 x 5 mm? and a
separation of 5 mm from the next laser spot to exclude the influence of
thermal diffusion. The edges and inner surface of the lasered spots were
analyzed with a profilometer (see Fig. S3 in SI). A single pulse in the
fluence range of 30 to 80 mJ/cm? led to an increase in surface roughness
with unclear boundaries around the irradiated area. The edges became
more defined above 100 mJ/cm?. Above 600 mJ/cm? the step height at
the edge of the lasered area matched the film thickness (i.e., 33 nm),
indicating that a complete ablation of the film material occurred.
Therefore, on the subsequent sample set the laser fluence was varied
between 40 and 200 mJ/cm?, to investigate the influence of consecutive
pulses and simultaneously reduce the thermal load of a single pulse. The
reduction of the energy density is beneficial for the ultimate goal of
extending metal oxide densification and crystallization on polymeric
substrates.

Following the findings for single pulses, the influence of increasing
pulse number and fluence was separately studied using XPS. Two
identical thin films with t = 21 + 2 nm were deposited on 5 x 5 cm?
silicon substrates. To study the influence of the number of pulses, six
spots were lasered at a fixed energy density of 100 mJ/cm? with pulse
numbers of 1, 5, 20, 100, 300 and 600. The C 1s, O 1s and V 2p core
levels, shown in Fig. 3 (a-c), were used to monitor the chemical varia-
tions of the films. As expected, the C 1s features (Fig. 3 (a)) decreased in
intensity with increasing pulse number. In both the O 1s and V 2p spectra

(see Fig. 3 (b-c)) continuous changes up to 100 pulses were visible,
which stabilized thereafter. In the O 1s core level, the main lowest BE
feature between 529.5 and 530.5 eV is related to the O~ ions of the
amorphous or crystalline metal-oxygen network [48], and the second
feature at a BE of ~531.7 eV arises from hydroxyl groups. No clear trend
could be observed between the lower BE oxide feature and the hydroxyl
peak as the latter depends on a range of surface-related factors
(including surface chemistry and roughness), which all change in a
complex fashion when the number of laser pulses changes. The highest
BE feature at ~533.5 eV, which intensity increased with increasing
pulses, can be related to the native oxide layer covering the substrate
[49]. The increasing pulses probably led to a reduction of film’s thick-
ness, which allowed to partially probe the silica layer below the film. A
systematic shift to lower BE of the lowest BE feature is observed with
increasing pulse number with a maximum BE difference of ~0.4 eV. This
variation can arise from an interplay between changes in (i) the chem-
ical environment due to differences in V-O-V network development, (ii)
the V oxidation state, and (iii) the amorphous-to-crystalline structural
changes. Similar shifts in O 1s BE were seen in other studies [50,51].
The V 2p core level spectra also showed systematic changes with
increasing number of pulses (Fig. 3 (c)). They are dominated by two
features at ~517.2 eV and ~516.1 eV, stemming from V>' and V**,
respectively. A smaller shoulder at ~514.5 eV arising after higher pulse
numbers is attributed to V3t [37,52,53]. From peak fit analysis of the V
2p spectra the contributions of the V> and V** states could be quanti-
fied and are shown in Fig. 3 (d). Before laser curing, the oxidized Vo
state was predominant in the film with a ~60% contribution. A single
pulse at 100 mJ/cm? did not lead to significant changes, whereas with
increasing pulse exposure, the population of V> decreases in favor of
V#*. The contribution from V3* was below 10% for all samples. Above
300 pulses the V** contribution reaches a maximum at ~60%. Bordelet
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et al. [54] speculated that the reduction to V** could be favored by the
decomposition of residual organic species inside the film. Considering
the Ellingham diagram, VO, crystallization is not expected at room
temperature in air but could be expected at lower oxygen partial pres-
sures (pO3) [55,56]. Even if the 10 min drying treatment at 300°C
favored a decrease in carbon content, a residual organic component was
expected due to the short time and low temperature of drying as
confirmed in the XPS spectra (Fig. 2 (a)). The increasing pulse numbers
led to a progressive reduction in the carbon content (Fig. 3 (a)), which
was concurrent with the progressive increase in the V4*/V°* ratio (Fig. 3
(c)). This could be evidence that the mechanism suggested by Bordelet
et al. applies in the present case.

The influence of energy density was also explored by applying a fixed
pulse number of 600 and laser-curing three spots at 40, 70, and 100 mJ/
cmz, respectively. All three XPS core levels (see Fig. S4 (a-c) in SI)
presented the same features described for the pulse effect. With respect
to the 100 mJ/cm? treated sample, a lower fluence of 40 or 70 mJ/cm?
did not lead to higher organic residuals in the C 1s spectra. This can be
related to the high number of pulses, which was effective in reducing the
organic content even at lower energy densities. The V 2p spectra were
again peak fitted to evaluate the contribution of each oxidation state
(Fig. 3 ()). Compared to the non-lasered film, the V>*/V** ratio did not
vary significantly at 40 mJ/cm?, with V°* being predominant (~60%).
In contrast at fluences of 70 and 100 mJ/cm? a clear increase in V**
contribution is observed.

In literature, the main accepted mechanism for the densification or
crystallization during photonic curing is attributed to photochemical
and/or photothermal processes. The selective and extremely fast laser
irradiation induces a localized heat over a nanosecond timescale, only
partially involving the superficial layers of the substrate without
affecting the bulk. Respect to a continuous laser, a pulsed laser irradi-
ation allows to control the heat distribution inside the film, since the
short timescales and large temperature gradients do not induce high
energy transfers to the surrounding areas. This leads to a great reduction
of the heat-affected zones, both laterally and in-depth. Respect to UV
lamps, which lead to continuous annealing times within seconds to
minutes, the pulsed laser annealing is performed over 1-1000 ns. The
heating rates differ by orders of magnitude, from 10-10° K/s for halogen
lamps to > 108 K/s for pulsed lasers [57].

Regarding laser annealing, there is no complete agreement whether
the underlying mechanism is to be attributed only to photothermal ef-
fects or to photochemical reactions as well. According to Yarali et al.
[12], pulsed lasers induce different effects in function of the pulse
duration: nanosecond pulses are mainly responsible for thermal effects,
whereas femtosecond pulses can lead to cold ablation of the films. The
authors highlight the difference between the two processes: the photo-
thermal effect of ns lasers can trigger chemical reactions and precursor
conversions, while photochemical reactions and metal-organic bond
breaking can be reached with fs lasers. When sol-gel films are consid-
ered, the energy absorbed during the ns laser pulses leads to a local
increase of temperature, which aids the conversion to a metal-oxide
film.

To better investigate the chemical variations observed with XPS, the
lasered area for each combination of fluence-pulses was extended to 1.5
x 1.5 em? to characterize its crystalline structure, phase, and morpho-
logical properties. A thin film was deposited on a 5.5 cm? silicon wafers
with a thickness of 29 + 2 nm. The film was laser-treated with four
combinations of laser fluence and number of pulses, each performed on a
separated area of the film. The process parameters were chosen
considering the influence of pulse number and fluence previously
investigated and selected to be 70 mJ/cm? at 100-300 — 600 # and 100
mJ/cm? at 300 #. A reference sample was prepared by thermally
annealing a film at 550°C in a tubular furnace under a nitrogen
atmosphere.

The material structure of the lasered spots was characterized by XRD
(Fig. 4 (a) and Fig. S5 (a) in SI) and Raman spectroscopy (Fig. 4 (b)),
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which both confirmed the successful crystallization into monoclinic VO,
(M1). To enhance the quality of these characterizations, the lasered
spots were reproduced with the same laser parameters on a thicker film
(92 + 3 nm). In the former, the main peak at 27.8° highlighted the
formation of a predominant (011) orientation, while the two smaller
peaks at 37.1° and 42.2° corresponded to (200) and (210) phases of
VO, (M1) [58-60]. The reference sample, furnace treated at 550 °C,
showed a more pronounced (011) orientation (Fig. S5(b) in SI). The
average crystallite size (~13 nm) did not vary among the samples.
Coherently with XRD, the Raman spectra shown in Fig. 4 (b) displayed
peaks at 143, 193, 223, 261, 307, 334, 389, 437, 497 and 615 cm ™!
which commensurate with VO, [52,61], whereas the other visible peaks
were due to the silicon substrate [62].

Previous studies have shown that a thin oxidized overlayer forms
when VO, is exposed to air and that a gradual transition to V505 can be
induced in conditions of high relative humidity [63,64]. Here, hard X-
ray photoelectron spectroscopy (HAXPES) was employed to probe
deeper within the film respect to soft XPS (SXPS), to ascertain a depth
distribution profile of the V°* oxidation state (see Experimental Section
for probing depth estimations). This was done by comparing the varia-
tions in oxidation state by peak fitting the V 2p3,5 core level. The
amorphous dried film was compared to the thermally annealed sample
(Fig. 4 (c-d)), on which the presence of bulk VO, was previously
confirmed by XRD (Fig. S5 (b) in SI). From the photoelectron spectros-
copy measurements on the amorphous dried sample, the V°* state was
confirmed to be dominant even at deeper probing depths, since the ratio
between V°* and V** did not significantly change with increasing
probing depth. The presence of residual V** state could be due to
incomplete oxidation of the precursor during the initial synthesis. On the
contrary, the V°F state was seen to decrease on the two crystallized
samples when the probing depth was increased by HAXPES. The varia-
tions found with increasing probing depth from SXPS to HAXPES to bulk
XRD confirmed the superficial nature of the oxidized state.

Following the XRD, Raman, and XPS characterizations, the SEM and
TEM analysis is reported in Fig. 5 and Fig. S6 in SI. Fig. S6 (a) shows that
the dried film (i.e., before laser-annealing) had a smooth, compact and
uniform surface morphology. Fig. 5 (a) shows that 100 pulses at a flu-
ence of 70 mJ/cm? induced the formation of a porous surface network,
containing nanometer-sized holes. Increasing the pulse number to 300
(Fig. 5 (b)) and 600 (Fig. S6 (b) in SI) gradually transformed the
morphology to a closely-packed structure, with fewer and smaller holes
inside them. Similar patterns were found after KrF laser irradiation on
other metal-oxide sol-gels films.[65,66] When the fluence was increased
to 100 mJ/cm?, while keeping constant the pulse number (300 #, Fig. 5
(c)), more pronounced variations of the surface morphology were
obtained.

The STEM and TEM cross-sections (Fig. 5 (e-f)) confirmed the film
thickness measured with the ellipsometer (Table T2 in SI) and the suc-
cessful crystallization induced by the laser irradiation. Moreover, the
EDX analysis (Fig. 5 (g)) verified that major inter-diffusion between film
and substrate did not occur after laser annealing. The higher fluence of
100 mJ/cm? induced the formation of complex-shaped packed ag-
glomerates, which resembled the morphology of the furnace annealed
VO, but with bigger dimensions (Fig. 5 (d)). The reference sample
showed the typical packed nanoparticle morphology of crystalline
solution-based VO, [67,68].

The difference in nanoparticle dimension and shape can be attrib-
uted to the different heat generation and distribution in the film. During
conventional furnace annealing, the heat is uniformly and isothermally
distributed throughout the film, whereas the heat generated upon laser
light absorption follows an adiabatic regime [57]. The amount of heat
generated during laser annealing is influenced by the film’s absorption
[12]. High energy photons are delivered to the material within each 22
ns laser pulse: the extremely rapid heating and cooling cycles experi-
enced by the film do not allow the gradual heat distribution typical of
conventional furnace treatments. According to our simulations (see
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(c) 100 mJ/cm?

Applied Surface Science 631 (2023) 157507

Fig. 5. SEM images of the lasered spots at (a) 70 mJ/cm? 100 #, (b) 70 mJ/cm? 300 #, (c) 100 mJ/cm? 300 #. (d) SEM image of the reference sample thermally
treated at 550°C. (e) STEM and (f) TEM cross-section of the lasered spot at 100 mJ/cm? 300 #. (g) EDX analysis of the lasered spot at 100 mJ/cm? 300 #. The relative

scale bars are inserted at the bottom of each image.

Fig. 6 (d)), which will be thoroughly discussed in the following section,
the high temperature experienced by the films during a single pulse is
lowered back to room temperature within a few hundreds of nanosec-
onds. Moreover, temperature gradients are generated between the sur-
face of the film and the interface with the substrate, which enhances the
complexity of the spatial and temporal heat distribution.

In conclusion, a synergistic effect of both pulse number and fluence
on the film’s properties was found. The starting dried film was suc-
cessfully crystallized into monoclinic VO,, by using a 70-100 mJ/cm?
and above 100 pulses. Respect to the pulse number, the fluence had a
predominant impact on the final film properties.

4.3. Substrate influence

Another major factor of influence on photonic curing processing is
represented by the substrate underlying the film. Depending on the
optical penetration of laser radiation through the film, the UV light may
penetrate enough to reach the substrate, which can in turn display
different interactions with the radiation in function of its optical and
thermal properties [35]. Here, fused silica was employed to consider the
influence of a lower thermal diffusivity and lower laser light absorption
with respect to silicon. The thermal diffusivity of fused silica is ~1.4
mm?/s, one order of magnitude lower with respect to silicon (~88 mm?/
s). As shown in Fig. S7, the fused silica substrate displayed a ~15%
absorption at the laser wavelength (i.e., 248 nm), while the dried
vanadium-based film absorbed >70% of the radiation. Following the
previous studies on silicon, the effect of both pulse number and fluence
was studied on fused silica substrates. Three identical thin films were
deposited on 1.5 x 1.5 cm? substrates, with a 33 + 5 nm thickness. The
laser parameters were varied among 40-200 mJ/cm? and 10-1200 #, to
expand the range of interest.

The thermochromic efficiency was studied by monitoring the
changes in optical transmittance at 20°C and 90°C, i.e. below and above
the T.. For each sample, the luminous transmittance (Tym,) in the
380-770 nm range, the solar modulation ability at 2000 nm (AT2000 nm)
and in the 250-2500 nm range (ATs,) were calculated as described in
the Experimental section. As a general trend in literature, increases of
the solar modulation ability are linked to decreases of the luminous
transmittance. The latter is usually less than ~40% for films with a high

magnitude of AT,. The current challenge is to simultaneously increase
both the parameters, to guarantee a high visible transmittance through
the windows (T, > 60%) as well as a robust solar modulation ability
(AT > 10%) [2,6].

As shown in Fig. 6 (a-e), 100 pulses at 40 mJ. /cm? were not sufficient
to reach a solar transmittance modulation, since no significant varia-
tions of the transmittance above the T, was detected. The increase in
pulse number (300 or 600 #) did not lead to different results. A differ-
ence in transmittance between 20 and 90°C was instead reached by
increasing the fluence to 70 mJ/cm?. At this fluence, 100 # led to ATz00
nm = 15.4% and AT,y = 2.6%, with a luminous transmittance of 79.5%.
Similar efficiencies were obtained by increasing the pulse number from
100 # to 600 # (see Fig. 6 (a)). At 100 #, further increasing the fluence
to 100 mJ/cm? led to a lower thermochromicity respect to 70 mJ/cm?,
whereas a higher pulse number led to an increased solar modulation
(AT2000 nm = 16.4% and AT, = 3.2% at 600 #). Despite the increased
solar modulation, the luminous transmittance was stable around
76-80%. A considerable increase in the solar modulation was reached
by doubling the pulse number from 600 # to 1200 # at 100 mJ/cm?,
which led to AT, = 4.1% and AT2p00 nm = 28.7% (see Fig. 6 (b)). This
lasered sample exhibited a higher thermochromic performance in terms
of both Ty, and ATy respect to the corresponding reference sample,
which was thermally annealed in the furnace at 550°C (see Fig. 6 (e) and
Fig. S8 in the SI). The obtained values align well with single-layer VO5
thin films in the literature and display a particularly high Tj,,, which is
usually compromised when high values of AT, are reached (Table S3)
[2]. A common approach to further increase AT, is the combination of
VO, with other materials (e.g., TiO, ZnO, WO3) in a multilayer
configuration [1,2,6]. The T, of the lasered and furnace-annealed sam-
ples is reported in Fig. S12. The T, of the 70 mJ/cm?-300# sample was
found to be 68°C, while the T, of the furnace annealed sample was
slightly higher (75°C).

To better understand the heat distribution throughout the film and
the temporal scale involved, numerical simulations were used to
compare the effect of the fluence during a single pulse. Two types of
profile were considered, the temporal profiles (Fig. 6 (d)) and the depth
ones (Fig. S9 in SI). As visible in the profiles, the material was subjected
to a ns-scale temperature gradient of hundreds of degrees Celsius. The
temperature rapidly decreased below 300°C within ~300 ns. The
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Fig. 6. (a) Transmittance at 20°C and 90°C of the laser-annealed spots on the fused silica substrates, at increasing values of fluence (40-100 mJ/cm?) and pulse
number (100-600), respectively. (b) Transmittance at 20°C and 90°C of the laser-annealed spots at fixed fluence of 100 mJ/cm? and increasing values of pulse
number (100-1200). (c) Transmittance at 20°C and 90°C of the laser-annealed spots at fixed pulse number of 600 and increasing values of fluence (70-200 mJ/cm?).
All the spectra are related to the 33 & 5 nm lasered thin films. (d) Simulations of the temperature profiles over time throughout the films on fused silica substrates,
during a single pulse of laser irradiation, at increasing fluence between 40 and 200 mJ/cm?. For each fluence, the temperature was simulated at the film’s surface
(solid line) and at the interface between the film and the substrate (dashed line). (e) Thermochromic efficiency values of the lasered spots and of the reference furnace
annealed film on the fused silica substrates, including the luminous transmittance (Ty,n), the transmittance modulation efficiency at 2000 nm (AT2pp0 nm) and the

solar modulation efficiency (AT;,).

temporal evolution of the temperature was simulated both at the film
surface and at the substrate interface (Fig. 6 (d)). The maximum surface
temperature was reached between 22 and 25 ns for all the fluences
(40-200 mJ/cm?). A single pulse at 40 mJ/cm? increased the surface
temperature to a maximum peak of ~380°C, while fluences of 70-100
mJ/cm? led to peak temperatures of ~620-840°C. The simulated tem-
peratures were close or above to the crystallization range during con-
ventional heating, which is usually located at 400-600°C [23,37].
Considering the depth profiles (Fig. S9 in SI), simulated for single pulses
at 40, 70, and 100 mJ/cm? at increasing irradiation time, the temper-
ature increase involved all the film thickness and propagated into the
first few hundreds of nm of the substrate. After 22 ns, a 100 mJ/cm?
fluence led to a peak surface temperature of ~840°C (Fig. S9 (c) in SI).
At the same timescale, the temperature experience at 500 nm depth from
the surface was ~300°C (Fig. SO (d) in SI). The depth profiles confirmed
the heat confinement allowed by laser annealing, which minimizes the
thermal damage of the substrate respect to conventional furnace
treatment.

According to recent literature, a proposed explanation regarding the
amorphous-to-crystalline conversion during laser annealing is related to
the effective annealing time (t,5) [69]. The latter is defined as the time
over which the temperature experienced by the film exceeds the heat-
induced crystallization temperature. The t.; was found to be less than
a hundred ns in several compounds. This can explain the successful

crystallization of the films even within a minute of laser irradiation,
since 600 pulses at 10 Hz frequency correspond to 1 min. The simula-
tions can only describe the temperature distribution and teff during a
single pulse, therefore the influence of increasing pulse number was not
accounted. The physical parameters used in the simulations were chosen
according to the literature, which offers a broad range of values in
function of the fabrication technique [70], whereas the optical absorp-
tion was calculated from ellipsometry data (see Experimental section).
Due to the nature of sol-gel process, the increasing number of pulses
determines an evolution of the film in terms of morphological, physical,
and thermal properties, which in turn influence the real temperatures
experienced throughout the film. Nonetheless, the simulations offer a
useful estimation of the temperature distribution during the pulsed
irradiation, since the simulated temperatures match with our experi-
mental results.

Following the identification of the crystallization threshold on fused
silica substrates, the fluence was further increased to verify the eventual
presence of an upper threshold (Fig. 6 (c-e)). The increase of fluence to
150 mJ/cm? led to a decrease of the transmittance modulation (ATzgg0
nm = 5%), which almost disappeared at 200 mJ/cm? (AT2000 nm ~ 0%).

To explain the gradual modulation decrease and disappearance seen
after 100 mJ/cm?, a chemical and morphological analysis were carried
by XPS and SEM (Fig. S10 in SI and Fig. 7). The key core levels from XPS
showed the same key features as discussed for the silicon substrate
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(c) 150 mJ/cm? 600 #

(d) 200 mJ/cm?

Fig. 7. SEM images of (a) the dried film and (b-d) the lasered spots on the fused silica substrates, including (b) 70 mJ/cm? 600 #, (c) 150 mJ/cm? 600 #, (d) 200 mJ/

em? 600 #. The relative scale bars are inserted at the bottom of each image.

(Fig. S10 in the SI). A higher V>*/V*" ratio was detected on the samples
which showed a degradation in the optical modulation (i.e., 150-200
mJ/cm?). From the SEM analysis, before laser curing the dried sample
displayed a smooth and uniform morphology, in analogy with the silicon
substrate (Fig. 7 (a) and Fig. S6 (a)). While 600 # at 70 mJ/cm? led to
the formation of similar nanofeatures as found for the silicon substrate,
the samples cured at the two highest fluences (150-200 mJ/cmz) dis-
played different morphologies. At 150 mJ/cm?, molten-like islands were
formed on the sample’s surface. An increase of fluence to 200 mJ/cm?
determined the extension of the molten area, which covered most of the
surface and caused the degradation of solar modulation.

From the simulations (Fig. 6 (d)), single pulses at 150-200 mJ/cm?
determined increases in temperature up to ~1100-1400°C in a nano-
second timescale, respectively. The melting of bulk VO, happens at
~1500°C [71], even though several studies on VO thin film found that
melting could occur below 1000°C [72]. The smooth interconnected
island morphologies in Fig. 7 (c-d) could be related to the partial melting
of the film’s surface, since the heat distribution during laser irradiation
follows a non-equilibrium process, happening over an extremely fast
timescale respect to conventional furnace heating. As shown before, the
surface is covered by a thin oxidized layer, which could have addition-
ally helped the non-equilibrium melting due to its lower melting tem-
perature of ~690°C [71]. Similar superficial melted morphologies were
found when threshold laser fluences were reached on both sputtered
crystalline V505 films [73] and on amorphous sol gel ZnO films [74], in
which the melting threshold was found to be higher on silicon substrates
respect to polyimide. To verify the influence of the substrate, the in-
crease of the fluence above 100 mJ/cm? was done on the silicon sub-
strate as well. On the latter, the molten morphology was reached with a
300 mJ/cm? fluence (Fig. S11 in SI). The higher fluence required to
reach the melted morphologies on silicon can be explained by the higher
thermal diffusivity respect to fused silica, as well as the higher light
absorption at 248 nm. The latter may have led to lower temperatures
inside the film at the same fluence and lower exposure time to the
photogenerated heat.

5. Conclusion

VO, thin films, obtained via a green sol-gel process, were crystal-
lized by pulsed excimer laser annealing and the effect of laser fluence
and pulse number was separately studied. Threshold laser parameters to
aid the VO crystallization and avoid the surface melting were found.
The VO, crystallization was achieved within only 60 s of laser exposure,
performed at room temperature in air, after a 10 min drying step at
300°C. The temperature profile simulations confirmed the heat
confinement within the film during the laser pulses, with negligible
substrate heating. The thermochromic properties of the lasered thin
films (Tym = 71.2%, AT2000 nm = 28.7%, AT = 4.1%) displayed a high
Twm and were comparable with both the reference furnace-treated films
and with other single-layer VO, thin films in literature. Further increase
in ATs, without compromising the Ty, could be obtained by

combining VO, with other materials in multilayer configurations. The
thin film crystallization by pulsed laser annealing opens multiple pos-
sibilities to exploit the MIT of VO, for several applications, from smart
windows to flexible electronics to metamaterials.
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