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Abstract

In this contribution, we demonstrate room temperature growth of highly oriented
single phase nanocrystalline films of VO,(A) on glass substrates using pulsed laser deposition
(PLD) technique under high oxygen pressure and small target-substrate separation. The
structural, morphological, optical, electrical and compositional properties of the deposited thin
films have been studied by means of X-ray diffraction, atomic force microscopy,
spectrophotometry, 04 probe method and X-ray photoelectron spectroscopy, respectively. The
plasma under which VO,(A) was grown has been analyzed by means of time- and space-
resolved optical emission spectroscopy (OES) and Langmuir probe (LP) techniques. We
evidenced a correlation between growth conditions and plasma characteristics. While OES
showed that at the deposition distance corresponding to the length of the visible plasma, the
plasma species are completely thermalized and characterized by a very low degree of
excitation, LP technique indicated a formation of charged clusters within the gas phase. By
combining OES and LP data, a quadruple plasma structure has been shown. The growth of
under-stoichiometric (comparing to the parent V,0s target) nanocrystalline VO,(A) phase has
been attributed to nanoparticles formation in the gas phase under a plasma environment

rarefied in oxygen atoms due to the scattering and backscattering effects. This finding opens



up the opportunity to grow VO, polymorphs at very low temperature by PLD for novel

promising new device functionalities.
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1. Introduction

Thin films of vanadium dioxide have been considered of great interest due to their
exceptional semiconductor-to-metal transition characteristics [1]. This is motivated by
numerous applications when integrating vanadium dioxide thin films in phase change based
technological applications such as micro-optical switch device [2], energy conservation and
energy storage [3] and novel electronics, photonics, and related devices [4] . VO, has multiple
polymorphic forms with four major phases called R, M, A and B-phases [3]. Although, the
most attractive and studied phase which motivated the interest of scientists is VO,(M) phase
in relation to its transition to VO,(R) close to the ambient temperature, metastable VO,(A)
emerge to have also drawn considerable attention [5] for its novel suggested potential
applications and novel fundamentals properties [6-11].

In recent years, few works on lower temperature deposition of VO, can be found [12].
Generally, regardless of the physical methods used and the polymorph phase, high
temperatures in the range of 400 to 500°C are required to grow crystalline vanadium dioxide
thin films [9, 11, 13-16]. However, efforts have been made to reduce the synthesis
temperature, particularly for VO,(M) phase, for applications necessitating a deposit on
flexible substrates [17-19] and as multilayer films [20, 21], for thermochromic, optoelectronic
and microelectronic functional device fabrication. Due to the temperature-sensitivity for the
former case and the interfacial diffusion with the formation of undesirable compound in the

latter case, lowering the temperature at which the devices are made is required [22]. Growth



temperatures around 300°C have been reported [17-20, 22-26]. Among those latter references,
only Soltani et al. [19] employed pulsed laser deposition (PLD) method, in its conventional
format (nanosecond (ns) PLD). Despite this still limited interest on low temperature PLD of
VO,, among all fabrication techniques, only ns PLD has shown to be efficient to grow VO,
(M phase) thin films at room temperature without post-annealing. This was achieved by
Maaza et al. [27]. Conversely, femtosecond (fs) PLD, from the only study available up today,
has produced crystalline vanadium dioxide films when the deposition is carried out at elevated
temperature [28]. This could be due to the fact that oxides that have been deposited by fs PLD
often showed a low degree of crystallinity comparing to ns PLD [29].

The ns PLD is known to produce crystalline oxide thin films at room temperature [16,
30-33] through two distinct ways, either, under vacuum or very low pressure, by taking
advantage of the high kinetic energy of the ablated species within the plasma [31, 33] to
compensate the thermally activated adatoms mobility on the substrate surface or at high gas
pressure to form nanocrystalline particles in the gas phase to be deposited as nanocrystalline
thin films [30, 32, 34-36]. To date, very little is known about ns PLD synthesis of crystalline
vanadium dioxide thin films at room temperature and the related plasma dynamics remains
unexplored. This was the initial motivation for the present work. The second motivation is the
great demand of the synthesis of VO, polymorphs nanoparticles [37]. In this context,
nanoparticles assembled thin films synthesized by ns PLD have unique physical properties
[38] that could lead to superior VO, based device performances.

Here, we employed high pressure ns PLD to explore room temperature deposition of
nanocrystalline vanadium dioxide thin films and to investigate the related plasma conditions.
Our results demonstrate the feasibility to grow highly oriented nanocrystalline vanadium
dioxide VO,(A) thin films at room temperature and provide key information on the plasma

properties that define the mechanisms behind this achievement. This will, in future, allow the



selective growth of vanadium dioxide polymorphs using particular conditions of the plasma at
high oxygen pressures.

2. Experimental

The plasma for thin films deposition was produced by pulsed laser ablation of a
homemade V,0s rotating target [39] using a KrF laser (A = 248 nm, t = 25 ns). As previously
described [39], the plasma was analyzed by time- and space-resolved optical emission
spectroscopy (OES) and Langmuir probe (LP) techniques. By plasma imaging and
horizontally translating onto 100 pm entrance slit of an Acton spectrometer, spatially resolved
of the optical emission of the plasma species was obtained. Coupled to a spectrometer and
connected to a digital oscilloscope (Tektronix DPO4054B), a fast Hamamatsu R928
photomultiplier provided the temporal resolved electrical signals generated by the plasma
emission. In addition to OES technique, the plasma ions were studied by a cylindrical LP
immersed into the plasma to record spatially and temporally resolved ionic currents. The LP
was biased at —40 V and connected to the oscilloscope. The study has been done under 2 Jcm
2 of laser fluence and 5 mbar of oxygen pressure. The selection of this pressure is motivated
by the fact that nanoparticles of a broad range of materials in PLD process are produced
under a gas pressure in the range of 5 to 50 mbar [40]. For a practical distance of deposition,
the lower limit of the pressure range was considered.

The thin films were grown on 1 cm x 1 cm Corning glass (1737) substrates at room
temperature for 300 laser pulses using 5 Hz laser repetition rate and 1 min of deposition.
Taking into account the plasma study, the substrate was set at a distance of 11 mm from the
target surface. After the deposition, no post-annealing has been carried out. Under these
conditions, the thickness of the deposited films was measured to be around 60 nm by surface
profilometer given an effective deposition rate of ~ 0.2 nm/pulse. Grazing incidence X-ray

diffraction (GIXRD) without Kj filtering (Bruker D8 Advance) and atomic force microscopy



(AFM) (Bruker Scan Asyst) have been used for microstructural properties. The optical
transmittance and reflectance measurements were carried out using a Cary 500 UV-vis-NIR
spectrophotometer. The electrical measurements were done using a four probe method with an
integrated heating stage and a source meter (Keithley 2400C). In order to examine the ionic
state of vanadium ions, X-ray photoelectron spectroscopy (XPS) measurements were
performed using Thermo Scientific ESCALAB Xi*XPS Microprobe. High-resolution
spectrum was recorded with 0.1 eV energy step, dwell time of 400 ms and an analyzer pass
energy of 20 eV.
3. Results and discussion
3.1 Plasma analysis

Figure 1a shows typical time of flight (TOF) signals obtained by the photomultiplier. As we
have already reported for a laser induced V,0s plasma in vacuum [39], at 2 Jem™? we have
observed the emission of VI (437.92 nm), VII (326.77 nm), VIII (237.10 nm), VIV (226.82
nm) and OI (777.19 nm) (more details about the selected atomic spectral lines can be found in
[39]). We notice the presence of a continuum emission that appears at an unchanged time
delay independently of the plasma displacement. This emission is not considered. By
recording TOF signals at different distances from the target surface (see Fig. 1b for typical
signals), we had access to temporally and spatially resolved plasma species emission and
dynamics. The distance from the target surface as a function of the time delay for the most of
the plasma species (maximum emission) and for the fast plasma species (considered at 10% of
the maximum emission) are given in Fig. 2a and 2b. First of all, due to the high plasma
confinement, the plasma species spatio-temporal trajectory doesn’t exhibit important
dependence on their mass or charge. Their expansion follows a distance-time relation

predicted by Predteceensky and Mayorov (PM) model [41-43] (see Fig. 2a and 2b) which is



based on the balance between linear momentum variation and the external pressure force
giving the plasma velocity u and position R through the governing equation:

o+, (@] = 2,

where M, is the confined plasma mass. P, and M, = 2/3 lng3 (o, being the background gas

density) are the background gas pressure and the swept-up mass.
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Fig. 1 a Typical TOF signals of VI, VII, VIII, VIV and OI emission recorded at 7.7 mm. The
intensity of OI, VIII and VIV are multiplied by a factor of 2, 10 and 20, respectively. b

Typical TOF signals of neutral vanadium (VI) emission recorded at different distances.



PM model provides a clear and general description of the plasma species propagation into the
oxygen gas. Initially, the plasma species propagates with vacuum-like behavior over a very
short distance and starts to follow a dynamic regime where the plasma species slows down
due to the combined influence of gas accumulated at the contact front and the force exerted by
the background gas pressure [43]. The data obtained by PM model enabled us to determine
the average and the maximum velocities of the plasma species and then their kinetic energy
(KE) throughout their flight to the distance of deposit (Fig. 2c). As can be seen in Fig. 2¢, Kg
drops sharply with increasing the distance from the target. Near the target surface, the
maximum kinetic energy for the vanadium species is 45 eV, and this drops to 0.17 eV at a
distance of 11 mm from the target. For more details, we present Kg of all the plasma species
near the target surface and at a distance of 11 mm from the surface in Table 1. It can be

concluded that the plasma species arrive completely thermalized at this distance.
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Fig. 2 Distance-time plots of the plasma species, a maximum population and b fast
population. The horizontal dashed line is an aid to the eye to show the deposition distance. ¢
Kinetic energy of plasma species versus the distance from the target surface. Average and fast

in the graph concern the Kg of the most and fast plasma species, respectively.



Table 1 Average and maximum energies of plasma species at the target surface and at a

distance of 11 mm.

Plasma Average Kpnear  Average Kpat  Maximum Kg Maximum
species target surface (eV) 11 mm (eV) near target Kg at

surface (eV) 11mm (eV)

Vanadium 21.5 0.08 45 0.17
(ions and

neutrals)

Oxygen 6.7 0.025 14 0.05
(neutral)

In addition to the plasma kinetic energy, the plasma internal energy, represented
qualitatively by the energy involved in the plasma species excitation/emission, is of a great
interest in thin films deposition process [44]. Figure 3 shows the maximum emission intensity
of neutral species V and O, and ionized species V*. An interesting observation in Fig. 3 is that
there are two distinct regions. The first region before Smm where the maximum emission
intensity is increased. The second region beyond 5 mm is characterized by a sharp drop of the
emission intensity. The increase in the maximum emission intensity of the plasma species in
the first region is due to the substantial accumulation and heating of the plasma in the shocked
gas region [45]. It is well known that with sufficient background gas pressure, the interplay
between plasma species and gas molecules results in shock wave formation in the plasma
front-gas interface which tends to increase both the amount of ablated species and its

excitation degree [46]. This starts from the initial expansion of the plasma due to the high



oxygen pressure used here. At a distance of 11 mm, the plasma species emission intensity

reaches a very low level (the plasma is almost completely extinguished).
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Fig. 3 Maximum emission intensity of VI, VII and OI versus the distance from the target

surface

In order to give more insight into the observed drop of the plasma emission intensity,
we analyzed the distance travelled by the plasma front using the analytical shock-wave model
where the time evolution of the shock front position depends on the plasma expansion

symmetry [42]. In Fig. 4, it is clearly seen that initially the plasma expansion symmetry is

2/3 25
).

planar (d ~ t*), and this later changes to hemi-spherical, following the power law (d ~ ¢
The distance from which the plasma expansion symmetry passes from planar to hemi-
spherical, i.e., the plasma passes from highly forward peaked to more homogenous expansion,
coincides with the distance where the plasma emission drops, i.e., ~ Smm. This symmetry
transition leads to larger volume evolution of the plasma. Consequently, the plasma internal
energy spreads over this larger volume, reducing by this way the plasma emission intensity.
Further, due to the observed plasma clustering (this will be discussed further below), plasma

species coalesced and this led to the reduction of the number of emitting plasma species that

could contribute to the drop of plasma emission.
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Fig. 4 Distance-time plot analyzed through shock-wave model using VI data.
A secondary vanadium and oxygen species component is observed up to a distance of
7.7 mm for neutral vanadium (VI) (see Fig. 1 for VI). Neutral oxygen (OI) and ionized
vanadium (VII) were observed in a very limited region around 2 mm at a time delay of 2.6 pus
(Fig. 5). We think that is due to the high energy involved in excitation and ionization of those

two species in contrary to neutral vanadium atoms [39].
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Fig. 5 Typical TOF signals of VI, VII and OI emission of the main plasma and backscattered
components recorded at 2.2 mm. The dashed vertical line shows the appearance time of the

backscattered components. Inset: the emission signal of the backscattered oxygen (OI).
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From VI data presented in Fig. 1b, we highlight the temporal profile of the secondary
VI component for typical distances in Fig. 6. From figures 6 and 1b, we distinguish two
secondary components, one is moving backwards and the other is moving forwards with
largely delayed time. While the backscattered component reaches the target surface at 4.2 us,
the delayed one reaches a distance of 5.5 mm and the main plasma component arrives at 10
mm. This clearly reveals the internal triple structure of the plasma as reported by Yousfi et al.
[47] for an expanding Carbon plasma under relatively high argon pressure. The plasma
components which move back and forth probably consist of atoms which first backscattered
from the plasma when colliding with oxygen molecules, then interact with the incoming
slower plasma species to form a secondary delayed component [48] or diffuse to reach the
target surface. Our observations support strongly the backscattering mechanism involved in
the formation of the delayed plasma component as suggested by Canulescu et al. [48],
Amoruso et al. [49] and Itina et al. [50] through, respectively, their OES, fast imaging and

Monte Carlo simulation data.
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Fig. 6 Typical TOF signals of the secondary VI component. The dashed and the dotted lines
show the appearance time of the backward and forward moving components. Inset: backwards

moving component recorded near the target surface.
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For additional information about ionized species, we collected ionic TOF signals by
setting the Langmuir probe at 11 mm (Fig. 7). The fast narrow peak at almost zero time is due
to photoelectrons emission from the metal of the probe tip induced by scattered laser photons
and UV photons from the plume [51]. Three distinct peaks were observed corresponding to
three populations of ionic species. Using a LP, a complex three modal distribution of plasma
ions was observed in laser induced plasma of different materials [52, 53]. Generally, the fast
population was considered to be those ions that have suffered almost no collisions with the
oxygen particles [43, 52, 53]. If one considers the initial plasma velocity (0.9 x 10° cm/s from
Fig. 2a), the arrival time of the fast ions should be 1.2 ps which is lower than that of the
present case (2us). Further, using oxygen gas, the fast ion population has been commonly
observed for pressures less than 1 mbar [54-56]. For a higher pressure as used in this study,
these ion populations are completely transferred to the main delayed plasma component
through multiple-scattering process [57]. Considering the analysis provided by Wood et al.
[58] and the collisions laws given in [59], if one considers the case of head-on elastic
collisions between the heavier plasma species (vanadium atoms) and ambient oxygen
molecules, the latter should have a velocity greater than that of vanadium species (neutral and
ions). This suggests that if oxygen molecules were ionized, the LP would detect them at an
earlier time delay. From the OES study, the plasma expansion is planar over half the path way
before arriving at the LP, which suggests that head-on collisions between plasma species and
oxygen molecules are effective. Further, considering the ionization potential of oxygen
molecules (12 eV) [60] and the internal and kinetic energies (up to 45 eV) available in the
plasma, it would be possible to ionize oxygen molecules. Further, including the ionized
oxygen molecules into the fast ions observed by the LP would be feasible.

The second population represents ions that have been slowed down by collisions with

oxygen molecules. Their time of arrival (3.9 ps) to the LP match well with that of the leading
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edge of the plasma observed by OES (~ 4 us). In view of its very late arrival time (around 14
us), the third population represents very slow-moving ions indicating cluster formation
through condensation of plasma species by means of gas-phase collision [52, 53, 61].
Effectively under such a high gas pressure, a part of the primary flux of atoms and ions
changes to include small clusters and eventually, significant numbers of nanocrystals [52].
The supersaturation, the plasma temperature and ionization play a dominant role in the
formation of clusters in laser ablation plumes. At high gas pressure, a large number of atoms
are available in a very small volume due the high plasma confinement leading to a very high
plasma density. Jointly with the rapid lowering of the plasma temperature (quenching effect)
[62] this will result in attaining a high degree of supersaturation driving to the plasma species
to condensate, to produce clusters and nanoparticles by further collision-aggregation of
clusters. Further, according to Tillack et al. [61] in addition to the supersaturation effect,
ionized clusters are produced through ion-induced nucleation mechanisms. It was reported
that charged ions tend to be jacketed by surrounding neutral atoms leading to a high
homogeneous nucleation rate [61]. This is effective in our case, since at the fluence used here

(2 Jem™), the V,0s plasma has already reached its higher degree of ionization [39].
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Fig. 7 Ion current versus time collected at a distance of 11 mm as measured by the LP.
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For thin films deposition, we selected a distance of 11 mm. As generally known in
PLD processes, the oxygen pressure and target-to-substrate distance are not independent
parameters [63]. High quality oxide thin films grown in an oxygen environment match with
the distance between the target and the substrate equivalent to the length of the visible plasma,
i.e., where the kinetic energy of ablated species has been completely dissipated [64, 65]. This
is motivated by the oxygen [64] and the microstructure (low roughness, dense morphology,
high crystallinity) [53, 66, 67] adjustment and thereby the physical properties of the thin films
[64, 66]. Furthermore, nanoparticles formation in the gas phase that lead to nanocrystalline
films depends on the target-substrate separation. At high gas pressure (> 1mbar, few mbar),
nanoparticles are rather formed near the plasma luminous length, when the plume energy is
largely dissipated [68, 69]. In our case, all those plasma conditions are closely fulfilled at the

indicated distance of 11 mm.

3.2 Thin films analysis

3.2.1 Structural properties

The X-ray diffraction pattern (background subtracted) of the deposited thin films and
the normalized substrate and films XRD patterns are displayed in Fig. 8. Firstly, the figure
shows that the deposited films are mainly crystalline (no obvious of any amorphous
component). The XRD films pattern resembles to that presented in a previous report [9] where
a (220) oriented tetragonal VO,(A) with the dominant peak at 29.62° (29.5 ° in our case) has
been reported (in agreement with JCPDS card No. 80-0690). This also adheres to what was
reported by Ji et al. [70] where VO,(A) nanorods were preferentially grown along [110] plane
direction. Noting that (110) reflection which should be actually the strongest diffraction line is
missing here as in [9], even if an elemental compositional analysis showed VO,
stoichiometry. This feature has also been observed for other tetragonal material where the

dominant (220) reflection line has been attributed to the short-range crystalline order [71].
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VO,(A) is highly oriented and shows a high crystalline quality (FWHM = 0.13°). The average
out-of-plane crystallite size of the deposited films was calculated to be 67 nm using Scherrer’s
formula (D = 0.94/f cos ), where D is the crystal size, 4 is the wavelength of X-ray, 6 is the
Braggs angle, and f is the full width at half maximum of the peak [72]. We notice that while
in our case, we stabilize a VO,(A) single phase at room temperature and on amorphous glass
substrate, in Srivastava et al. [9] work, VO,(A) thin films have been epitaxially grown on
SrTiO; single crystal at high substrate temperature (500°C). This is also the case of Lee et al.
work [11], where VO,(A) has been grown by pulsed laser epitaxy PLE on selective perovskite

oxides single crystals at ~ 400 °C.
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Fig. 8 XRD pattern of VO,(A) thin films after background subtraction. Inset: normalized

substrate and film XRD patterns to the maximum of background noise.

Generally, in addition to the substrate temperature, it was reported that plasma
conditions such as the kinetic and the internal energy (the excitation state) of impinging
species on the substrate play a significant role in influencing the PLD growth process of
complex oxides [44, 46]. According to the plasma study presented above, the kinetic and
internal energy of the plasma species are significantly reduced. This allows the assumption
that the contribution of the plasma internal and kinetic energy to the nucleation and growth

16



process on the substrate surface is unimportant. Thus, the latter process should be considered
in the gas phase [34]. The formation of clusters during plasma expansion observed by means
of the LP clearly shows the possibility of the gas-phase synthesis of nanocrystalline vanadium
oxide particles (nanoparticles). Those nanoparticles are condensed onto the substrate to form
the crystalline thin film.

Concerning the crystallinity of the nanoparticles, this is related to the available thermal
energy (plasma temperature) at the position in the plume where they grow. Considering the
good agreement between our experimental data and the shock wave model predictions
presented above, an estimate of this temperature can be made considering a strong shock
conditions in the region of plasma-oxygen gas interface [73]. Accordingly, the following

relation was used:

ekl

where 75 is the temperature of the shocked region, yis the specific heats ratio (y ~ 1.2 [73]),
M = v/cgis the Mach number related to the sound velocity in oxygen ambient (cs= 317.5 m/s
at room temperature [74]) and to plasma species velocity deduced from the above plasma
front position-time plots; Ty is the temperature of the undisturbed gas (taken as room
temperature). In the late stage of expansion corresponding to the plume length, 7 decreases
down from thousands degrees to a value of several hundred degrees (~ 500°C). Even if this
latter is given as an approximate indication, such temperature value is high enough to ensure
crystallization, stabilization, preferential orientation and even a heterogeneous growth of the
nanoparticles. Furthermore, the growth of a pure single phase indicates that the nanoparticles
are grown in homogenous plasma region in terms of temperature and elemental composition.
This supports the fact that stable nanoparticles formation occurs at a limited distance range,
probably at the later stage of expansion of the plume as previously reported in a few reports

[68, 69].
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The growth of under-stoichiometric VO,(A) phase compared to the stoichiometry of
V,0s parent target indicates a non-stoichiometric transfer of the target elements to the
substrate. This can be explained as follows. It has been reported that from the same target
composition, a wide range of film composition could be obtained [75]. In our case, three main
processes could be responsible for the obtained oxygen poor films, incongruent ablation,
collisions induced scattering and backscattering of the plasma species. The former process is
valid when the laser fluence is around the ablation threshold [65]. The fluence (2J cm'z) used
for the present study is, however, much higher compared to the ablation threshold (~ 0.3 Jem
%), previously reported [39]. Thus, we consider hereafter the two last processes.

It's well established that the background gas has a strong influence on the films
composition through collisional scattering effect induced by numerous collisions between the
plasma species and the gas molecules or atoms. In such events, lighter plasma species diffuse
to larger angles [65, 75-77]. This effect is accentuated when the mass of the light elements is
lower than that of gas molecules [78]. In our case, high V/O and O,/O mass ratios could be
one reason leading to oxygen deficiency in the plasma central region and thereby in the
composition of the nanoparticles grown in the gas phase and in the deposited films. Further,
the backscattering effect is likely to contribute to this oxygen deficiency. According to the
OES results, the heavy vanadium atoms experience a clear backscattering effect, while the
backscattered light atoms of oxygen were hardly observed for the reason already explained.
However, it's well known from simulation [50] and experimental [78] data, that
backscattering is more intense for light elements leading, in the present case, to a still larger

reduction of oxygen atoms.
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3.2.2 Morphological properties

The surface morphology obtained from AFM analysis of VO,(A) thin films is
displayed in Fig. 9. The VO,(A) films consist of assembled quasi-spherical Nps with in-plane
size in the range of 40 - 70 nm giving an average size of 55 nm. This latter value is very close
to the out-of-plane crystallite size calculated from XRD patterns. Also, scattered throughout
the analyzed surface, large aggregates, hundreds nm in size, resulting from nanoparticle
coalescence are observed. The surface roughness is about 13 nm. The variation of Nps size
can find its origin in the dependence of this size on the time Nps spend in the gas phase and
the region of the plume where they form. Further, the obtained compact structure with a
complete substrate coverage, despite the use of high pressure, is due to the position of the
substrate relative to the plume length, instead of the typical (conventional) deposition distance
(few centimeters) used in PLD. At high pressure, this leads to porous [79] and fractal [80]

structures.

Fig. 9 AFM image of VO,(A) nanocrystalline thin films (inset: high magnification image).
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3.2.3 Optical properties

The transmittance and reflectance spectra of VO,(A) films in the wavelength region of
250-2500 nm are shown in Fig. 10a. In the region of strong absorbance and assuming a direct
transition between the valence and the conduction bands, the optical bandgap (Eg) was
estimated using Tauc’s relationship between the absorbance coefficient a and the photon
energy (hv) [81]: (ahv)® = A(hv-E,) where A is a constant. To evaluate the absorption
coefficient «, the transmittance (7)) and reflectance (R) data have been used in the relation: o =
(1/d)In [(1-R)*/T)], where d is the thickness of the film. In order to calculate the optical band
gap energies of VO,(A) films, a plot of (ahv)* as a function of the photon energy (hv) is made.
The energy gap (Eg) values of VO,(A) films are determined by extrapolating the linear part of
the plot relating (ochv)2 vs. (hv) to (ahv)Z:O (see Fig. 10b). Two linear portions were obtained
giving Eg values of 0.66 eV and 2.8 eV consistent with, respectively, intra-band and inter-
band gaps transitions observed in VO,. It was reported that VO,(A) has V3d intra-band gap
transitions from occupied 72g to unoccupied 2g orbitals in 0.5-0.7 eV range [6, 8, 9, 82]. The
obtained Eg value of 2.8 eV corresponds to the intra-band transition from an oxygen O2p to

unoccupied f2g orbitals [82].
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Fig. 10 a Transmittance and reflectance spectra of VO,(A) films. b (ahv)* versus energy (hv).

(inset: the infrared region).

3.2.4 Electrical properties

The resistivity vs. temperature of VO,(A) films displayed in Fig. 1la shows a
semiconducting behavior. The resistivity drops from 12 Qcm at room temperature to 0.17
Qcm at 200°C. The metal-insulator transition is not observed in our VO,(A) films which is
consistent with what was reported by Srivastava et al. [9] for films with the same thickness.
The authors considered that this result is not surprising, as even in the bulk material, the
observed transition was quite weak in view of Oka et al. work [83]. However and more
recently, Wang et al. [84] proved that the phase transition in VO,(A) nanowires is a size
dependent. They observed a one and a half order of magnitude jump in electrical conductivity
of VO,(A) nanowires with a large width of a um order. Nevertheless, the phase transition is
suppressed when the width of VO,(A) nanowires is reduced to 72 nm. This later value is close
to the grain size of our VO,(A) films. This was explained in terms of finite-size effect related

to the reduction of suitable nucleating defects that decreases the probability to trigger the
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metal—insulator transition in the VO,(A) nanowires with a small size [84]. This is a general
rule in triggering the phase transition in VO, material as it has been deeply studied for the

VO,(M) phase [85].

For more details about the electrical properties, we investigated an important
parameter which is the activation energy E, of the electrical conductivity. The latter can be
calculated according to Arrhenius type relation o = gy exp(-E/KpT) where o is the electrical
conductivity, gyis a constant, K, is the Boltzmann’s constant and 7 is the absolute temperature
[86]. Using the resistivity vs. temperature curve, Ln (o) vs. (1/K,T) shows a linear behavior
(Fig. 11b) permitting the calculation of E, to be 0.29 eV. The latter Ea value can be compared
with the previously reported values. Ea of the present study is very close to that reported for
an individual VO,(A) nanobelts (0.28 eV) [87] while it’s much smaller than that obtained for
a pressed VO,(A) powder [83]. Further, comparing Ea and Eg values of our VO,(A) films,
it’s clear that Eg = 2 Fa. This indicates an intrinsic like semiconducting state of VO,(A)

nanocrystalline material.
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Fig. 11 Evolution of a the resistivity of VO,(A) films as a function of the temperature and b

the conductivity of VO,(A) films as a function of (1/T).

3.2.5 Surface compositional properties

Figure 12a shows the as-measured high resolution XPS spectra of the deposited films
with three intense peaks corresponding to the core level orbital of O (1s) and V (2ps;) and a
less intense peak corresponding to the V (2p;») core level orbital. After extracting the
background, the O (1s) and V (2ps/,) signals were deconvoluted and then corrected to the O
(1s) (VOx) core level for charge referencing, taken at 530.0 eV [88]. The deconvolution of O
(1s) spectrum (Fig. 12b), using Gaussian fit, reveals a sum of four peaks with binding
energies associated with, double charge effect (526 eV) [89], O (1s) binding energy of the
oxygen atoms in the reconstructed structures (528 eV) [90], V-O bond (530 eV) [88], and
V5+(2p3/2) satellite (531.37 eV) [88]. V (2ps2) spectrum could be fitted by three components
related to V¥ (513.5 eV) [91], V** (516 eV) and V** (517.3 eV) [88] (Fig. 12¢). The presence
in the film’s surface of V**and V*° valence state by XPS in addition to V** valence state is
inconsistent with the XRD results, which indicated the presence of only VO, compound, i.e.,

V* valence state. The presence of V** could be attributed to surface oxidation due to air
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exposure [92]. v+ might be produced by direct plasma deposition of VO compound.
According to the OES and LP results, at the deposition distance, a part of the plasma elements
preserve its atomic nature. We consider that the deposition of VO compound might be
originated from this part of the plasma. As discussed above, at the distance of deposit, the
plasma is rarefied in oxygen by the mechanisms given previously, but also by VO,
nanoparticles formation (consuming more oxygen than vanadium atoms). Thus, one could
suggest that the plasma in this case reaches the substrate in a state where vanadium and
oxygen atoms are in a concentration balance to favor the formation of VO compound. Such
complex vanadium oxidation state in VO, thin films was reported by Cui ef al. [93] using
depth profiling XPS analysis. In addition to V**, V** was detected at the surface of the films,

while V** was detected in bulk region of the films.
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Fig. 12 a X-ray photoelectron spectra as measured (not corrected). b Deconvoluted and
corrected O (1s) corelevel spectra after extraction the background. ¢ Deconvoluted and

corrected V (2p3/2) core level spectra after extracting the background.

Finally, our achievement on room temperature synthesis of VO,(A) Nps is of
particular interest. Commonly, VO,(A) is synthesized as elongated nanostructures [37]. Thus,
thin films of VO,(A) consisting of self-assembled Nps open new opportunities for
fundamental studies and technological applications. Further, the present study paves the way
to more investigations on room temperature growth of the much desired VO,(M1)

nanocrystalline thin films for nanothermochromic application. Recently, a strong
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improvement in the thermochromic properties has been shown for ideal film models
consisting of dispersed spheroidal VO, Nps, among other conditions [94, 95]. Particularly,
PLD deposition process offers the opportunity to tailor the surface density and size of the
nanoparticles by means of setting the position of the substrate beyond the plume length [68].
This could be a new pathway to fabricate VO,-based nanothermochromic films consisting of
self-assembled Nps on a rigid or flexible substrates for potential applications in ‘“smart
windows” for energy saving [94, 96] and sunshields for smart spacecraft thermal radiator
application [19]. Even if the PLD process is disadvantaged by small area uniform coating, this
could be of great benefit to exploring unique properties of nanoparticles fabricated by PLD

[97].

4. Conclusion

By combining optical emission spectroscopy (OES) and Langmuir probe (LP) analysis
techniques of the laser induced plasma of V,0Os under a typical high oxygen pressure used in
pulsed laser fabrication of nanoparticles and the corresponding thin films deposition, we have
clarified the plasma conditions leading to the synthesis of nanocrystalline VO,(A) films.
Plasma analysis reveals complex temporal variations in plasma dynamics as a function of the
distance through the observation of four different plasma components. Three components are
observed by OES where the main one undergoes a slow-down effect in juxtaposed to the
second delayed forward and backscattered components. Plasma species kinetic energy and
emission intensity drop to a very low level at a distance which corresponds to the visible
plume length. Time of flight (TOF) signals recorded by the LP at the distance of the plume
length show a much delayed fourth plasma component consisting of ionic clusters formed
within the gas phase due to a high plasma confinement. This latter is regarded from the
similarity of the plasma light, heavy and charged species spatio-temporal dynamics

trajectories. Even though X-ray photoelectron revealed the presence of a mixed vanadium
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oxide phases, the room temperature films deposited at the distance of the plume length is a
judicious choice to grow highly oriented nanocrystalline vanadium dioxide thin films (A-
phase) identified by means of structural, optical, electrical and compositional
characterizations; at least for the oxygen pressure of 5 mbar used here. This is related to
nanoparticles formation in the gas phase considering the observed ionic clusters plasma
component. The obtained pure single nanocrystalline phase supports the fact that stable
nanoparticles formation occurs at the distance of the plume length. Further, at this distance,
we estimate a sufficient temperature, which originates from the shock wave generation in
plasma-oxygen gas interface, is available to ensure the crystallinity of the nanoparticles.
Finally, we consider the scattering and the back-scattering effects responsible for the
nonstoichiometric transfer of the target elements to the substrate. The next research step will
focus on finding the plasma conditions to grow the well desired VO,(M1) phase at room
temperature by considering distance-pressure and fluence relationship. This will only occurs
by means of a combination of PLD parameters leading to a control of the plasma composition
and temperature in order to pave the way for a selective growth of nanoparticles of a
particular vanadium dioxide phase. This will open the way for development of low

temperature innovative devices.
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