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The ultrashort pulsed laser deposition of vanadium oxide thin films has been carried out by a frequency-
doubled Nd:glass laser with a pulse duration of 250 fs. The characteristics of the plasma produced by the
laser—target interaction have been studied by ICCD imaging and optical emission spectroscopy. The results
confirm that an emitting plasma produced by ultrashort laser pulses is formed by both a primary and a secondary
component. The secondary component consists of particles with a nanometric size, and their composition
and spatial angular distribution influence the deposited films. In fact, these films, analyzed by X-ray
photoelectron spectroscopy, X-ray diffraction, scanning electron microscopy, and atomic force microscopy,
are formed by the aggregation of a large number of nanoparticles whose composition is explained by a model
based on equilibrium thermal evaporation from particles directly ejected from the target. On these basis, the

presence in the films of a mixture of V,05 and VO, is discussed.

1. Introduction

Pulsed laser deposition (PLD) is a well-known technique,
widely used to deposit thin films of materials of a technological
interest.! PLD can be performed by using both short and
ultrashort pulse lasers, and the results are often very different
even if the starting material is the same. This is the case, for
example, of AlgsCuysFe;, quasi-crystal and TaC. For the first
system short pulse PLD leads to films formed by a mixture of
quasi-crystalline and metallic alloy phases,? while by ultrashort
PLD it is possible to obtain films entirely formed by the quasi-
crystalline phase.? For the second system, on the contrary, the
only way to obtain stoichiometric TaC films is to use short pulse
PLD.* In fact, when the ablation is carried out by an ultrashort
pulse laser, the result is the deposition of Ta,C films.’ Another
recent example of thin film material that is possible to obtain
only by ultrashort PLD is rhenium diboride.®

Vanadium oxides are a class of materials that are very
important for their physicochemical properties.” Among these
compounds, vanadium pentoxide occupies a special position,
especially in the form of a thin film, due to its high potential
for the development of electrochromic devices, electronic
information displays, and color memory devices.®® V,0s thin
films can be deposited by nanosecond PLD only in an oxygen
atmosphere. In fact, the deposition performed in vacuum leads
to films with a large oxygen deficiency.!®!! In this paper we
have studied the PLD, performed in vacuum by a femtosecond
pulse laser, of a V,0s target material with the aim of investigat-
ing the ablation-deposition mechanism of a molecular system.
The proposed model, already qualitatively applied to tantalum
and chromium carbides,>'? relates the film morphology and
composition to the characteristics of the plasma obtained from
the target’s ablation.
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Figure 1. Scheme of the experimental setup.

2. Experimental Section

2.1. Ablation—Deposition Apparatus. The ablation and
deposition experiments were performed by using the experi-
mental apparatus shown in Figure 1. It consists of a stainless
steel vacuum chamber, evacuated to a pressure of 1.5 x 107
Pa, equipped with a rotating target and a heatable substrate
holder.

A Light Conversion frequency doubled Nd:glass laser (527
nm emission wavelength, 250 fs pulse duration, 10 Hz repetition
rate) was used for the ablation and deposition experiments. The
laser fluence was varied between 0.2 and 3.0 J cm™2 by changing
the laser energy and while maintaining the same spot area (0.1
mm?).

The laser beam was incident at an angle of 45° on the target
surface. The ablation targets were crystalline hot pressed V,0s
pellets, and the deposition substrates were (111) oriented silicon
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from Cerac, FTO coated glass from Solaronix, and ITO-coated
glass obtained by a sol—gel method. The substrate temperature
was varied between 25 and 500 °C. The target—substrate
distance was 6 cm.

2.2. Plasma Characterization. The optical emission spectra
were detected using a Princeton ICCD device (1024 x 1024
pixels). The width of the entrance spectrograph slit and the
grating employed were of 80 yum and 150 grooves/mm. Thus,
the spectral widths obtained were of about 150 nm with
resolutions of 0.5 nm. The gated system had best time resolution
of 2 ns and each acquisition was integrated over 50 laser shots
in order to increase the signal-to-noise ratio. By varying the
position of the optical elements by a micrometric translation
stage, it has been possible to obtain space-resolved emission
spectra at different distances from the ablated target surface.
The same ICCD system equipped with 105/35 mm quartz
Nikkor lenses was used for acquiring gated, lateral view, images
of the overall plasma plume emission (200—800 nm) induced
by a single laser pulse. The spatial resolution achieved by this
system was 25 um. The acquisitions were performed by
accumulating up to 20 shots, thereby avoiding previously
irradiated surfaces. Both ICCD fast imaging and time-resolved
spectra were accomplished by delaying the data acquisition of
the plasma emission with respect to the laser pulse.

2.3. Thin Films Characterization. The deposits morpho-
logical analyses were carried out by a scanning electron
microscopy (SEM) apparatus (Philips, FEI ESEM X1.30) and
by atomic force microscopy (AFM, Park XE 120). X-ray
photoelectron spectra (XPS) were acquired by a LH-Leybold
100 spectrometer using unmonochromatized Mg and Al Ko
radiations. The curve-fitting procedure was performed with a
“Googly” program.'3 The peak assignments were referred to
the binding energies to the C 1s signal of aliphatic carbon set
at 285.0 eV and based on previous work and published database
available online (www.nist.gov).

The films crystallinity was evaluated by X-ray diffraction
(XRD, Siemens D5000), using Cu Ko, radiation.

The particle size was measured from AFM images by using
Gwyddion 2.16 data analysis software.

2.4. Thermodynamic Calculations. The Fortran program
Thermo (B. Ebbinghaus and L. Brewer) was utilized for
thermodynamic calculations. This program is designed to
calculate the change in Gibbs energy for reactions between the
elements and their oxides. The equilibrium constant is also
calculated as a function of the temperature. The program also
provides an estimate of the uncertainty in both the equilibrium
constant and the Gibbs energy.

3. Results and Discussion

3.1. Plasma Analysis. The analysis of the plasma obtained
by the laser—target interaction shows the typical features already
found in femtosecond ablation.'* Optical emission spectroscopy
(OES) reveals the presence of a primary emission of material,
showing the presence of vanadium, neutral and ionized, together
with ionized oxygen, with velocities of the order of 10° cm s™.
In particular, the velocity of V(I) was 5.0 x 10° cm s™!, while
that of O(IT) was 7.5 x 10° cm s™L. It was impossible to calculate
the velocity of V(II) from the low intensity of the detected
signals while the total absence of O(I) emission is probably due
to the high intensity of V(I) peaks. An example of the time
evolution plots of optical emission in the case of V(I) is reported
in Figure 2. After the end of this emission, that lasts less than
1 us, a second emission of material has been detected, lasting
up to 12 us. This secondary emission shows a blackbody-like
spectrum.
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Figure 2. Normalized time evolution plots of the emission of V(I)
(471.06 nm), collected 0.5, 1.0, and 1.5 mm from the target. The laser
fluence was 3.0 J cm™2. The lines which connect the experimental data
were added to facilitate understanding of the graphic.

The measurements of the primary plume velocity, performed
by ICCD imaging, give data in good agreement with the OES
results. In fact, the velocity of the primary plume front, obtained
by considering the position of the plume front in ICCD images
recorded at different time delays, is 7.3 x 10% cm s7!, very
similar to the velocity of the O(II) particles, the faster particles
detected by OES. On the other hand, the velocity of the
secondary plume front, calculated in the same way by ICCD
imaging, is lower (4.0 x 10* cm s7") as already found for other
systems.'* In Figure 3 two intensity contour plots, obtained from
ICCD images, for the primary (a) and secondary (b) plumes
are shown.

The angular distribution of the material ejected from the target
during ablation can be represented by the equation 1(6) = I,
cos” 8, where 1(6) is the flux intensity along a direction forming
an angle 6 with the normal to the target surface, I is the intensity
corresponding to @ = 0, and n is a parameter related to the
anisotropy of the angular distribution. The value of the cosine
exponent is n = 7.2 for the primary plume and n = 3.6 for the
second one. The angular distribution of the ejected material is
very important since it can influence the shape, thickness, and
composition of the deposited films.

The characteristics of the two plumes do not show any
significant dependence upon the laser fluence, in the range of
our measurements, but there is an increase of the general
emission intensity with the raising of the fluence, probably due
to the increasing quantity of the ablated material.

3.2. Thin Films Analysis. SEM photomicrographs of the
deposited films (Figure 4a) show the presence of a large number
of nanoparticles, as already found for all the other systems
ablated by ultrashort pulse lasers,>>!>' but AFM images
evidence that the dimension of these nanoparticles can vary from
the center to the borders of the deposits. In Figure 4b the
morphology of the film center is reported, while Figure 4c shows
that of the film border, at a distance of 4.5 cm from the center.
It is evident that the particles in the center are smaller, even if
aggregated in larger structures. In fact, the particle size
distribution, a log-normal distribution in both cases, shows a
mean particle diameter of about 45 nm in the center (Figure
5a) and of about 75 nm at the border (Figure 5b).

XRD analyses indicate that the films are always amorphous
and XPS spectra of the deposits, reported in Figure 6, give
evidence for the presence of vanadium pentoxide and vanadium
dioxide peaks. In these spectra the doublets at binding energies
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Figure 3. Overall emission from V,0s plumes recorded: (a) 400 ns
and (b) 7 us after the laser shot. The gates were 100 ns in the first case
and 500 ns in the second one. The laser fluence was 3.0 J cm™2. The
light intensity is shown in terms of 20% density contour plots.

Figure 4. (a) SEM micrograph of the surface of a film obtained by
ablation of a V,Os target. The deposition time was 1.5 h and the laser
fluence 3.0 J cm™2. AFM image of the surface of the center (b) and of
the border (c) of a film obtained by ablation of a V,0s target. The
image dimensions are 700 nm x 700 nm. The deposition time was
1.5 h, and the laser fluence 3.0 J cm™ 2.

(BE) = 517.2 and 524.6 eV (V*2p3;; and V™2py),) and 516.0
and 523.5 eV (V™2ps;, and V™2py),) are assigned to oxygen-
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Figure 5. Diameter—probability plots for size distribution of vanadium
oxide particles obtained by analysis of AFM images reported in Figure
4: (a) center of the film; (b) border of the film. The solid line fit
represents a log-normal size distribution. The value at 50% probability
gives the mean value of the particle distribution.
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Figure 6. (O 1s V 2p) region of a XPS spectrum of a film obtained
by ultrashort PLD of a V,Os target: dashed line, V' 2p doublet; dotted
line, V™ 2p doublet; dotted-dashed line, O 1s bonded to vanadium;
double dotted dashed line, O 1s bonded to carbonaceous contaminations.
The laser fluence was 3.0 J cm™2.

bonded vanadium, while the peaks at BE 530.7 and 532.4 eV
are assigned to vanadium bonded and contamination oxygen,
respectively.

None of the film characteristics are changed by changing
either the laser fluence or the substrate temperature and are
completely independent from the type of substrate.

The data show that the films deposited by femtosecond PLD
are composed of both V,0s and VO,, and this situation is
completely different from that found in nanosecond PLD where
the films, deposited in vacuum, show a stoichiometry corre-
sponding to VO,_..!' The composition of the plume in nano-
second ablation, consisting mainly of vanadium and oxygen, is
very similar to that of the femtosecond primary plume and the
proposed deposition mechanism is a direct condensation from
the gaseous phase.?

3.3. Ablation—Deposition Mechanism. The ablation—depo-
sition mechanism producing the morphology found in the
femtosecond PLD films is still a matter of debate. In general,
there is experimental evidence of the presence of melted material
on the target?"?? and in the expanding plume,> so the ablation
mechanism should involve the emission of both gaseous material
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and melted particles. Some of the possible candidates include,
explosive melt removal,>* phase explosion,? and hydrodynamic
models.? For example, considering the explosive melt removal
model, proposed by Tokarev and Kaplan, the parameters of our
system satisfy the conditions for a volumetric heating during
the target—laser interaction. These conditions are y7 < 1/,
where y is the thermal diffusivity, 7 the laser pulse duration,
and a the absorption coefficient. In our case we have
considered*”?® 7 =250 fs, . = 2.0 x 10*cm™!, and y = 5.8 x
1073 cm?¥s. In volumetric laser heating there are two possibilities
according to the value of 7.y, in comparison with the laser pulse
duration 7:

T, <T @)

T >7T (2)

In these expressions 7., is defined as ho/v,, where v is the
velocity of sound in the material and hy = (1/o) In (F/Fy), F
and F,, being the laser energy density incident on the material
surface and the melting threshold energy density, respectively.
When inequality (1) is satisfied, an equilibrium melting takes
place, while in the second case we have a strong nonequilibrium
situation. The value of &, obtained for our system is 900 nm,
leading to Ty, = 900 ps, so, in this case, the inequality (2) is
clearly fulfilled. In this situation, the layer A is in a strongly
overheated and compressed nonequilibrium state, and one may
expect a strong explosive expulsion of the & layer in the form
of vapor and molten droplets. In this case the material removal
is mainly transverse to the laser spot surface, with the lateral
component of material expulsion strongly suppressed,?’ in good
agreement with the high directionality of our plumes.

Even considering thin film growth, there is no indubitable
evidence about the mechanism, and the relative importance of
the material present in primary and secondary plumes is difficult
to state. In general, our studies on the variation of the
composition with the film angular distribution, in quasi-crystals
and metal alloys, indicate a contribution from both primary and
secondary plumes, with the larger contribution due to the
material from the latter.***! These results are supported by
molecular dynamic'®?? and experimental® studies indicating
nanoparticles ejected from the target as the main constituents
of the plasma and confirmed by the negligible effect of the
substrate characteristics on film growth.

Considering the hypothesis that the melted material, produced
by one of the nonequilibrium processes mentioned above, could
have the target composition, the initial composition of the
particles would be the same and every variation would depend
on the material loss they might experience during their flight
to the substrate. The main material loss mechanism is vaporiza-
tion from the particle surface, and it depends on the physical
properties of the melt and on the temperature. As a consequence
of this loss, the particle diameter, a, would change with time
as

M
da v( RT )1/2 3)

dar ~  PorT\27M,

where p is the density of the particle, T is the temperature of
the particle, p is the vapor pressure, and M, is the vapor
molecular weight.
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Figure 7. Negative standard Gibbs energy of formation from the
elements of the vanadium oxides as a function of the temperature.

In quasi-crystals and metal alloys, the melt retains no memory
of the structure of the starting solid material and it can be
considered as a solution, either ideal or not. In these cases the
material loss, experienced by the molten particle during the flight
to the substrate, will actually depend only on the diverse vapor
partial pressures of the different elements present in the melt.
For A165C1.123F612, A170CU20F610, and A170Pd20Mn10 systems the
agreement between experiments and calculations has been quite
good. 03!

When we are in the presence of molecular systems, the situation
is different. In this case the material loss from the particles, and so
the film composition, will depend on the vaporization thermal
equilibriums established in the particles at the different tempera-
tures. Considering the vanadium oxide films deposited by femto-
second PLD, we can explain their composition by studying the
thermal vaporization of V,0s at different temperatures.

Thermodynamic calculations have been carried out in order
to evaluate the relative stability of the most common vanadium
oxides, with respect to the elemental vanadium. The needed
data have been obtained by linear extrapolation of lower
temperature Gibbs energy values computed by the Fortran
program Thermo, utilizing the database included in the program
package. The results are shown in Figure 7, where the negative
standard Gibbs energies of formation of vanadium oxides are
reported as a function of temperature. To facilitate comparison,
the data are normalized to a vanadium content of 1 mol in each
compound.

To calculate the particles temperature, we have used the OES
of the secondary plume that gives the typical blackbody-like
spectra, indicating the presence of particles. The temperature
data for the secondary plume front have been obtained by fitting
the whole UV —vis detected range of secondary plume emissions
by the Wien equation (I; o< e(1/A%)e™<*sD) at different time
delays. Following Mie theory,* the emissivity ¢ of a particle
has been calculated by the relation

47N 2 _
- m"Im{’" 1} @

e =
A m* + 2
where A is the wavelength of the emitted light, Ny, is the re-

fractive index of the medium, m = N, /N,, where N, is the
refractive index of the particle and a the particle diameter. The
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Figure 8. Temporal evolution of the temperature of the secondary
plume expanding front. As an example, the inset shows the fitting of
a secondary plume emission spectrum giving a temperature of 2270
K. The laser fluence was 3.0 J cm™2. The data are fitted by a cooling
curve calculated for a V,0s particle with a diameter of 80 nm.

results on the plume temperature are reported in Figure 8. The
first point corresponds to a distance of 0 mm from the target, a
delay of 250 ns after the laser pulse, with a 500 ns gate. The
other points have been taken at 0, 0.4, 0.8, 1.2, 1.6, 2.0 mm,
with temporal delays of 1, 2, 3, 4, 5, and 6 us, respectively,
while the gate of 500 ns was used in all cases.

The initial temperature is about 3200 K and it decreases to
about 2300 K after 6 us, and this temperature decrease is clearly
related to the energy loss experienced by the particles during
flight. As already seen for other systems®>3!-** the main cooling
contribution, in this range of temperature and in this time scale,
is due to vaporization, and so we have compared the temperature
variation of the front of the secondary plume during its
expansion with calculations on the particles cooling rate. With
this regard, the following cooling rate equation for melted
particles has been used, neglecting the radiative and thermionic
contributions

dT 6 [ M,/ RT \12AH,
=~ sealrrr{zmn) ®

dr — pC,al| RT\27M,) M

Here again p is the density of the particle, C, is its thermal
capacity, a is the particle diameter, p is the vapor pressure, M,
is the vapor molecular weight, AH, is the vaporization enthalpy,
and M is the molecular weight of the particle. In order to
determine the temporal dependence of the particle’s temperature,
this equation, coupled with eq 3 which gives the variation of
the particle diameter, has been integrated by the Euler method.
The resulting curve, calculated for a particle with an initial
diameter of 80 nm is overimposed to the experimental points
reported in Figure 8 and confirms that evaporation is the most
important cooling process.

The integration of eq 3 alone confirms that vaporization is
an important mechanism of material removal for temperatures
over 2500 K. From the graph of Figure 7 it is evident that
V,05(1) is the most stable species up to about 2500 K, and in
any case its stability is comparable to that of VO,(s,]) over a
wide range of temperatures. This indicates that liquid vanadium
pentoxide may coexist in equilibrium with the condensed phase
of vanadium dioxide up to 3500 K. So whatever the particle
initial composition may be, either V,0s or a mixture of V,0s
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Figure 9. Variation of the film composition as a function of the
distance from the film center, obtained by XPS spectra. The points
represent the average values recorded on a 1.0 cm? area. The deposition
time was 1.5 h and the laser fluence 3.0 J cm™2

and VO,, during the flight, there will be an increase of vanadium
dioxide percentage at the expense of vanadium pentoxide. In
fact the equilibrium between the two species is V,0s(l) <>
2VO,(1) + '/,04(g), even if the material loss is not only due to
oxygen production. The presence, in the vapor in equilibrium
with liquid V,0s in the temperature range from 1750 to 2250
K, of a large number of different complex species, namely,
V40g, V6014, Vﬁolz, V204 but especially V40]0, the most
abundant,*>*® indicates that a vanadium loss also takes place.

The presence of particles with different dimensions in the
different parts of the films is not surprising. In fact, as reported
by Glover,?® the initial lattice temperature influences the
dimensions of the emitted particles, in the sense that a higher
temperature corresponds to smaller fragments. The initial target
temperature depends on laser fluence and in our case the energy
distribution of the laser beam presents a Gaussian profile, giving
probably a higher temperature in the center of the spot. A
combination of higher temperature and higher surface volume
ratio could also affect the evaporation rate from the smaller
particles, influencing their composition.

In fact, the relative ratios, V,0s/VO,, on the film surface,
obtained by XPS analysis, are not constant but they vary with
increase of distance from the film center (Figure 9). This
difference in the film composition is attributed to the effect of
two different factors, the higher vaporization rate of the small
particles in the center of the secondary plume and the different
angular distribution of the primary and secondary plumes, both
leading to the same result. In fact, the higher vaporization rate
of the small particles could move the V,05—VO, equilibrium
in the direction of vanadium dioxide formation. By contrast,
the high value of the cosine exponent of the primary plume (n
= 7.2) indicates that the impact of its highly energetic ions and
atoms concerns only the central part of the film. With regard to
this, it is well-known that the effect of sputtering by high
energetic particles is reduction of the species present on the
film surface,” so it is not surprising to find the presence of a
large amount of VO, and even V,0j3 in the central part of our
film. These data confirm again that the deposits are mainly
formed by the coalescence of the nanoparticles of the secondary
plume, having a large angular distribution (n = 3.6).

The low efficiency of the oxidation process for the V,Os
system also supports the hypothesis that the films are formed
by oxide particles ejected directly from the target. In fact, as



14974 J. Phys. Chem. A, Vol. 113, No. 52, 2009

already seen, while in the case of short pulse PLD it was possible
to obtain stoichiometric V,0s film by operating in an oxygen
atmosphere,!! this procedure is not so successful in ultrashort
PLD since preliminary results show only a slight increase of
V,0s percentage, even for quite high oxygen pressure (1500
Pa). The explanation could be found in the difficulty of oxidizing
efficiently melted or even solid droplets, while in the case of
short pulse PLD the process probably takes place in the gaseous
phase.

4. Conclusions

In conclusion, the results obtained on ultrashort PLD of V,0s5
confirm the previous data on metallic and quasi-crystalline
systems. These results indicate that, in the hypothesis that the
most important components of the deposited films are nano-
particles, ejected directly from the target, the film composition
is related to the material loss from these nanoparticles. The main
mechanism of material loss is the thermal vaporization, that the
particles experience during their flight to the substrate. In the
case of V,0s as starting material, the thermal equilibriums
indicate that the particles should be formed of a mixture of
vanadium pentoxide and dioxide, and this is exactly the situation
we find in the deposited films. Moreover, some film character-
istics, such as the variation of the composition from the center
to the borders and the different particle size, can also be
explained in the same way.

From the point of view of applications, these results seem to
confirm some limits of ultrashort PLD. In fact if thermal
evaporation from the particles is the most important process
influencing the film composition, this technique will eventually
experience many of the limitations of the techniques relying
on thermal processes.
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