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The oxidation mechanisms and the numerous phase transitions undergone by VO, thin films deposited
on Si0;/Si and Al,03 substrates when heated from room temperature (R.T.) up to 550°C in air are inves-
tigated by Raman and X-ray photoelectron spectroscopy. The results show that the films undergo several
intermediate phase transitions between the initial VO, monoclinic phase at R.T. and the final V,0s5 phase
at 550°C. The information about these intermediate phase transitions is scarce and their identification is
important since they are often found during the synthesis of vanadium dioxide films. Significant changes

Iézm%nsl;:ectmscopy in the film conductivity have also been observed to occur associated to the phase transitions. In this work,
XPS current and resistance measurements performed on the surface of the films are implemented in parallel

with the Raman measurements to correlate the different phases with the conductivity of the films. A
model to explain the oxidation mechanisms and phenomena occurring during the oxidation of the films
is proposed. Peak frequencies, full-width half-maxima, binding energies and oxidation states from the
Raman and X-ray photoelectron spectroscopy experiments are reported and analyzed for all the phases

Vanadium dioxide
Mixed-valence vanadium oxides
Layered oxides

Phase transitions

encountered in VO, films prepared on SiO,/Si and Al,03 substrates.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The vanadium-oxygen system is very rich due to the numerous
valence states of vanadium ranging from V2* to V>*. The stoichio-
metric oxides of vanadium include VO, V,03, VO, and V5,05 [1].
Among these oxides, vanadium dioxide (VO,) and vanadium pen-
toxide (V,05) have been largely studied. VO, is known to exhibit a
first order metal-insulator transition (MIT) at T ~ 68 °C[2]. The MIT
is accompanied by a crystal structural change from the monoclinic
insulating structure VO,(M1) below T, to the tetragonal metallic
structure VO,(R) above T¢ [2]. Associated to the MIT, there is a
change in resistivity of ~4-5 orders of magnitude [3]. This abrupt
change in resistivity makes VO, very interesting for electronic
and sensing devices [4]. V5,05 is the most stable vanadium-oxide
composition due to its largest O/V ratio. As a consequence, V505
is the most common compound resulting from natural aging of
vanadium-oxides by oxygen absorption from the atmosphere [5].
V,05 can be described as layers of distorted VOg octahedra stacked
together and held by weak bond interactions [6,7]. The layered
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structure and the weak bond interactions suggest that Li* ions
could be intercalated between the layers to create high-capacity
solid-state batteries [8,9]. V,05 is also widely used as a catalyst
[10], and very promising in optoelectronics applications due to its
electrochromic properties [1]. In addition to these stoichiomet-
ric oxides, mixed-valence vanadium oxides with oxidation states
between V4*-V3* suchas V013 and V307 are also possible. V307 isa
compound with a complex crystal structure formed by layers of VO5
and VOg polyhedra sharing edges and corners [7,11]. V307 is insu-
lator and stable below 677 °C [7]. V5013 exhibits metallic character
at temperatures above ~—123°C|[7]. The crystal structure of VgO13
is formed by alternated single and double layers of VOg octahedra
[7]. Due to the layered structure, these mixed-valence oxides are
also of great interest for high-energy storage and electrochromic
applications [6].

Vanadium oxide thin-films with a specific stoichiometry are
often obtained by adequately choosing a lattice-matching sub-
strate and adjusting several parameters including the deposition
technique, precursor deposition rate, pressure and temperature
[12]. Unfortunately the difficulty of accurately controlling all the
parameters and also avoiding the presence of defects results in
many cases in undesired stoichiometries and makes the synthesis
of these oxides a challenging task [12]. Due to these difficulties,
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Fig. 1. 0-260 scan of the 200 nm thick film deposited on Al,0s5. The small intensity
peakat ~65° corresponds to the (009) forbidden peak excited by multiple diffraction.

mixed-valence vanadium oxides are difficult to synthesize and
have been less studied. Mixed-valence vanadium oxides however,
are commonly encountered in the oxidation/reduction process of
VO0,-V,05 [5,13]. The transition mechanisms between the differ-
ent phases appearing during the process are not well known. Thus,
in order to better control the synthesis of vanadium-oxides films
with a specific stoichiometry and to understand the mechanisms
occurring during the oxidation process of VO,-V,0s, it would be
desirable to accurately identify these mixed-valence vanadium
oxides.

Raman spectroscopy is a non-destructible technique which
allows the characterization of numerous materials with none or
minimum sample preparation. The technique has already been
used to characterize several stable vanadium oxides including VO,
and V,05 [5,14-16]. To our knowledge however, there is no com-

prehensive Raman study of the stoichiometry evolution during the
oxidation of VO, thin films in air and the experimental data relative
to the vibrational modes in mixed-valence vanadium oxides is also
very scarce. Relevant information such as full-width half-maxima
(FWHM) values are often omitted in the published studies. In addi-
tion, there is no proper study comparing the Raman frequencies of
VO, and V,05 deposited on SiO,/Si and Al,03. The two substrates
are commonly used during the fabrication of vanadium oxides thin
films and have very different crystallographic structures. These dif-
ferences in substrate morphology may affect the characteristics of
the vanadium oxide deposited film and as a consequence differ-
ences in the Raman signature may appear.

In this work vanadium dioxide thin films deposited on SiO,/Si
and Al, O3 are oxidized inside a hermetical thermal stage in ambient
air and temperatures in the range R.T.-550°C. The oxygen absorp-
tion when the temperature is increased results in numerous phase
changes between the initial VO, monoclinic phase and the final
and most stable V505 phase. The different phase changes under-
gone by the films are investigated by Raman spectroscopy and
X-ray photoelectron spectroscopy. Peak frequencies, FHWM, bind-
ing energies and oxidation states are reported from the Raman and
XPS experiments for all the phases encountered and for the two
types of substrates analyzed. Changes in the film conductivity are
also observed to occur in parallel with changes in the films sto-
ichiometry. Precise electrical measurements for the current and
resistance associated to each phase are reported. Finally, a model
to explain the different phase changes observed during the oxida-
tion of the samples is discussed based on the experimental data
determined from the Raman and XPS experiments.

The paper is organized as follows. Section 2.1 describes the
experimental details for the fabrication of the samples. The Raman
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Fig. 2. Raman spectra at R.T. for the VO, films deposited on SiO,/Si and Al,0s. For the films deposited on SiO,/Si, the peak at ~520 cm~! from the silicon substrate is still
visible. For the films deposited on Al,O3 substrates, the main peak at 417 cm~! is slightly visible (the sapphire spectrum from the films deposited on Al,03 substrates is
included as a reference). Insets: Fitting of the 262 and 265 cm~! peaks (left) for the films deposited on Al,03 and the 588, 613 and 661 cm~! peaks (right) for the films

deposited on SiO, /Si.
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Fig. 3. (Color online) (a) Raman spectrum evolution and (b) current and resistance
variation with temperature for the VO, films deposited on Al,03. Dotted line indi-
cates the region where the current and resistance evolution is observed to be time
(and temperature) dependent.

and XPS setup and the electrical measurements are detailed in Sec-
tion 2.2. Section 3 presents the results of the Raman and electrical
measurements in different temperature ranges (Sections 3.1-3.4).
The XPS measurements are presented in Section 4. Section 5 dis-
cusses the results and presents a model to explain the different
phenomena observed during the oxidation of the samples. Finally,
the main conclusions are summarized in Section 6.

2. Experimental details
2.1. Samples fabrication

VO, films with thicknesses of 100 and 200 nm were deposited
on Si0O,/Si and Al,03 (sapphire) respectively. The films were fabri-
cated by electron beam evaporation of a metallic vanadium target
under oxygen atmosphere (P ~8 x 10~2Pa). The films deposited
on c-type sapphire substrates and on thermally oxidized SiO,/Si
substrates (SiO, thickness ~1 mm) were grown at the same condi-
tions at substrates temperatures of ~500 °C and deposition rates of
0.05 nm/s. After the initial deposition step, the films were cooled
down at room temperature and submitted afterwards to a post-
deposition annealing step at 550 °C under oxygen atmosphere for
15 min (base pressure of 0.5 Pa).

XRD measurements confirmed that the obtained VO, films, for
both types of substrates, consisted of the monoclinic (M1) phase.
The films deposited on sapphire exhibited single (010) orientation
with respect to the underlying (001) sapphire substrate (Fig. 1).
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Fig.4. Raman spectrum of the vanadium oxide films deposited on SiO,/Si and Al, 03
after being oxidized and then cooled down to 30 °C. Films were cooled down imme-
diately after the first peak of the V,05 phase appeared at ~400°C. A complete
mixture between the VO, and V,05 phases is observed.
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Fig. 5. Raman spectra evolution of the V,0s5 phase for the films deposited on Al,03
during the cooling process from 550 °C down to 30 °C. A frequency shift with temper-
ature is observed with most of the modes. The largest shift (dotted line) is observed
with the mode at ~700 cm~'. A significant increase of the FWHM of this peak with
increasing temperature is also observed.
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Fig. 6. Current evolution with time and temperature for the 200 nm-thick films
deposited on sapphire. Between the MIT temperature and ~325°C, the film is at
the VO, rutile phase and the current is constant with time. At temperatures above
~400°C, the current shows a decrease with time more pronounced with increasing
temperature. Raman spectroscopy shows also the formation of a new phase with a
vanadium/oxide ratio between 2 and 2.5. At ~475 °C, the current decrease with time
is maximized and after ~1 h the film stoichiometry completely changes to V,0s.
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Fig. 7. Raman spectrum of the vanadium oxide films deposited on SiO,/Si and Al, 03
after being oxidized and then cooled down to R.T. Films were cooled down right after
the main peaks of the VO phase appeared at ~450 °C (black dots).

The films deposited on SiO,/Si exhibited poly-crystalline orienta-
tion (Fig. 9a) with all the peaks assigned to the (M1) phase. Raman
analysis in Section 3.1 also confirmed the good quality of the mon-
oclinic phase (M1) on both types of substrates. Additional details
about the XRD setup and measurements can be found in Ref. [17].

For the statistical analysis and to favor uniform heating, each
film was cutin ~9-12 dies of ~5 x 5 mm? each. The dies were heated
and characterized individually.

2.2. Raman and XPS setups and measurement conditions

Raman measurements were performed in backscattering con-
figuration using a LabRam HR 800 confocal laser system with a laser
wavelength A =488 nm and a 2400 gr/mm grating. The spectral res-
olution for this configuration is ~0.5 cm~!. No polarization was
used during the experiments. The laser power delivered to the sam-

ples (Ps) was minimized in order to avoid local heating. Avoiding
local heating is especially important with vanadium oxide samples
since it may cause oxidation or even trigger an undesired phase
transition. Local heating usually results in the broadening and red-
shift of the Raman peaks. Preliminary tests were undertaken for
each film to determine the maximum laser power (Pg) that could be
delivered to the samples before data interpretation becomes erro-
neous. After that, an optical density filter was mounted in the laser
optical path before reaching the sample to limit the delivered power
to 50% of the maximum laser power Py, i.e., Ps<0.5-Py.

The temperature at the sample was controlled by an HFS600E-
PB4 thermal stage from Linkam Scientific Instruments. The heating
and cooling element of this stage consists of a cylindrical silver
block of 22 mm-diameter with a temperature stability 0.1 °C. The
electrical measurements were performed by two tungsten gold
plated tips incorporated within the stage and controlled by a Keith-
ley 2400 source meter. A constant voltage of 1V was applied and
the current circulating between the tips was measured as a func-
tion of the temperature. The separation distance between the tips
was ~1 mm. During the heating and cooling of the sample, a long
working distance lens with N.A.=0.5 was used with the Raman
microscope to monitor the film stoichiometry evolution. Measure-
ments at and below 30 °C however, were performed with a X100
magnification lens with N.A.=0.85 to increase accuracy.

XPS experiments were performed in a ThermoFisher Scientific
K-alpha system equipped with a monochromatic AlK, X-ray radi-
ation (1486.6eV) in ultrahigh vacuum conditions (base pressure
P~2 x 1077 Pa). Survey scans were performed at constant pass
energy (200 eV) and high resolution measurements at 25 eV.

XPS data was analyzed with the CasaXPS software. Mixed
Gaussian-Lorentzian functions, GL(m), with m representing the
Lorentzian percentage, were used to fit the peaks. Several factors
affect the optimal mixture percentage including the instrument
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Fig. 8. XPS experimental data, fitted model and peak deconvolution for the vanadium oxide films at different oxidation states. (a) As-received VO, films. The O1s energy
level is deconvolved into the ~532 eV component, due to surface contamination from C species, and the component at ~530 eV due to O-V bonds. The V2p energy level splits
into the V2p;, and V2ps; components due to orbital splitting. (b)-(d) V2ps3, peak deconvolution of the films oxidized at 400, 450 and 550 °C, respectively, and subsequently

cooled down to 30 °C. Dotted line indicates the Shirley background.
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Fig. 9. SEM images of the vanadium oxide films deposited on SiO,/Si at different
oxidation stages at R.T. (a) as-received VO,, (b) immediately after the appearance at
400°C of the peaks at ~156, 829, 870 and 921 cm™', (c) after 2 h oxidation at 550 °C
(V20s).

and resolution [18]. In this work, GL(10-30) were used to fit the
O1s peaks and GL(70-90) for the V2p peaks. Values for the bind-
ing energies (BE) were charge corrected to the O1s peak at 530eV.
In vanadium oxide compounds, the O1s energy level have shown
to be a better reference than the Cls level of adventitious carbon
[18]. The area ratio between the V2ps3, and the V2p,, energy lev-
els, resulting from the orbital splitting of the V2p energy level, was
fixed to a 2:1 ratio and the energy separation between the two
levels to 7.45+0.10eV [18,19]. The background between the O1s
and V2p peaks was modeled with a Shirley function. The O1s level
was included within the Shirley background subtraction since the
intensity of this signal is sufficiently strong and the position close
enough to the V2p;, level as to have some influence [19].

Table 1
Raman peak frequencies and FWHM for the as-deposited VO, films on SiO;/Si and
Al, 03 substrates at R.T.

VO,(M1)/SiO/Si VO,(M1)/AL,05
Freq. FWHM Freq. FWHM
(em™1) (cm™1) (em™!) (cm™1)

140 124 - -
192 8.5 194 9.8
223 49 224 6.0
260 49 262 6.2

- - 265 10.8
308 8.5 308 11.2
338 6.5 337 9.5
387 133 383 18.4
395 15.8 397 22.4
440 16.2 440 18.4

- - 452 9.5
482 16.2 477 214
497 12.2 498 17.6
588 18.4 580 141
613 325 616 38.5
661 36.7 656 34.8
823 419 823 393

3. Raman measurements
3.1. VO, films at R.T

Fig. 2 shows the Raman spectra of VO, at R.T. for the films
deposited on SiO,/Si and Al,03. The peak in the Raman spectrum at
~520cm~! of the 100 nm-thick films deposited on SiO,/Si relates
to the first order Si peak from the Si substrate. For the 200 nm thick-
films deposited on Al,03, the main peak of the sapphire substrate
at ~417 cm! is still slightly visible. This indicates that the pene-
tration depth for the 488 nm radiation on VO,(M1) is ~200 nm and
that the radiation has probed the entire film thickness.

Above the MIT temperature, if no external strain is applied, VO,
exhibits a tetragonal phase (rutile) with P4;/mnm symmetry. In
this phase, each vanadium atom is at the center of an oxygen octa-
hedron aligned along the c-axis direction. Oxygen octahedra share
edges with neighboring octahedra along the c-axis and corners with
neighboring octahedra in the (001) plane [20]. Below the MIT tem-
perature, VO,, with no applied external strain, crystallizes in the
monoclinic M1 phase with P2q/c symmetry [20]. In this phase, the
vanadium atoms dimerize and tilt with respect to the rutile c-axis
[20]. The P21 /c space group has 18 Raman active modes with Ag and
B symmetries [15]. Most of these modes are visible at R.T. with no
applied polarization (Fig. 2). For clarity, only the peak frequencies
corresponding to the films deposited on SiO,/Si are shown in Fig. 2.
Table 1 details the average peak frequencies and full-width half-
maxima obtained for all the films on both substrates (SiO,/Si and
Al,03). The lowest frequency peak at ~140 cm~! has been ascribed
to soft phonon vibrations [15,21]. The existence of a soft-phonon
(associated with the electron-phonon mechanism during the phase
transformation in VO, ), has however long been debated [22-24].
For the films deposited on Al,0s3, a broader and redshifted peak,
compared with that of the films deposited on SiO,/Si, is observed.
As shown in Fig. 2, the Raman signature of Al O3 from the substrate
(included as a reference in Fig. 2) shows no peak nearby the ~140
cm~! frequency. This suggests that the broadening of the peak may
result from additional modes appearing at the interface between
the VO, layer and the Al, 03 substrate. Low frequency modes nearby
the ~140 cm~! frequency have already been reported in many lay-
ered vanadium oxides [5]. The low frequency modes arise as a
result of the relative motions between the units constituting the
layered structure [5]. In case of the films deposited on Al,03, lay-
ered modes may result from the interface between VO, and Al,03
due to the similar lattice spacing between the two materials. A
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non-homogenous layered structure would result in multiple low
frequency modes adding together and broadening the ~140 cm™!
peak.

The peaks at ~192, 223, 260, 308, 338, 387, 395, 440, 482, 497,
588, 613, 661 and 823 cm™! are readily assigned to the VO,(M1)
phase [14,15,22], (the broad peak at ~613 cm~! is a convolution of
the peaks at 588, 613 and 661 cm~! (Fig. 2, right inset)). The low
frequency phonons at 192 and 223 cm~! relate to lattice motion
involving V=V bonds [20]. The rest of the peaks are assigned to
vibrational modes of V—0 bonds [20]. In addition to these peaks,
another mode at ~265 cm~! has been reported [15]. Due to the low
intensity and the proximity to the 260 cm~! peak, the character-
ization of the 265 cm~! mode at R.T. has always been challenging
[15,25]. In order to accurately characterize the peak at ~265cm™1,
the acquisition time for the films deposited on Al,03 was increased
up to ~1 h (Fig. 2, left inset). For the films deposited on SiO, how-
ever, the peak at ~265 cm~! was not observed despite the increase
in the acquisition time. Several factors, including temperature and
strain are known to affect the peak position, the full-width at
half-maximum (FWHM), and the intensity of the Raman peaks
[26]. Internal strain in VO, films originates as a result of the dif-
ferences in thermal expansion coefficients between the VO, film
and the underlying substrates during the high temperature depo-
sition process and the subsequent cooling [17]. Due to a larger
difference in thermal expansion coefficients between VO, and SiO,
(ayoz/asioz ~40) [27,28], compared with that between VO, and
Al;03 (ayoz/oapos ~4) [27,28], the films deposited on sapphire
will undergo less internal strain than those deposited on SiO,. This
difference in internal strain explains also some of the discrepan-
cies observed in Table 1 between the frequencies observed with
the two types of substrate. As shown in Table 1, the larger discrep-
ancies are observed with the high frequency peaks at ~588, 613
and 661 cm~!. The frequencies of these peaks mainly involve oxy-
gen bonds connecting vanadium chains along the c-axis [20]. These
frequencies scale with the reduced masses of the oxygen and vana-
dium atoms and are expected to be highly affected by strain. Other
factors including the spectral resolution of the equipment and the
uncertainties introduced during the peak deconvolution may also
affect.

3.2. VO, films at temperatures in the range 30-350°C

In order to monitor the changes in the film structure with tem-
perature, Raman spectra were acquired at different temperatures
in the range 30-550°C during the heating and the cooling cycle.
The current and resistance variation of the film with temperature
was monitored in parallel with the Raman measurements during
the complete temperature cycle. Fig. 3 shows the Raman spectrum
evolution and the I(T) and R(T) variations for the films deposited
on Alz O3.

Upon heating the films above the MIT temperature (~68-75°C),
the initial monoclinic phase changes to rutile. The Raman spectrum
of the rutile phase (curve 2 in Fig. 3a) is dominated by a promi-
nent luminescence background, indicative of the metallic behavior
of the rutile phase, and a broad peak which extends from ~300
to 750 cm~! (arrow in Fig. 3a) [29,30]. The change from the mon-
oclinic structure to rutile is also accompanied by a large change
in resistance, ~3-4 orders of magnitude (point 2 in Fig. 3b). This
phase transition is reversible with temperature, i.e., a temperature
decrease down to R.T. results in the monoclinic phase (M1) being
recovered. The temperature onset for the recovery of the mono-
clinic phase is however lower during the cooling cycle than during
the heating cycle. This difference results in a thermal hysteresis
whose width has been related to the film grain morphology [31].

As observed in Fig. 3b, the current (resistance) reaches its max-
imum (minimum) value at ~150°C (point 3 in Fig. 3b). The film,

as evidenced by the Raman spectrum, remains at the rutile phase
up to ~350°C (point 4 in Fig. 3a). During this temperature range,
~150-350°C, the current (resistance) slowly decreases (increases)
at~-20 wA/°C.This slow decrease (increase)in current (resistance),
is ascribed to an increase in carrier scattering with increasing tem-
perature characteristic of the metallic behavior of the rutile phase.

3.3. VO, films at temperatures in the range 350-400°C

Between ~350-400°C, the characteristic Raman spectrum of
the rutile phase starts changing. A new peak at ~136 cm~! emerges
at ~375°C followed by other peaks with lower intensity at ~400°C
(curve 5, Fig. 3). This change in the Raman spectrum indicates that
a change in stoichiometry is taking place at the surface of the film
(oxidation). In parallel with the appearing of these new peaks, an
increase in the current (resistance) variation with temperature is
observed (~-80 wA/°C) compared with that measured during the
previous temperature range ~150-350°C (~-20 pwA/°C).

In order to identify the new peaks, two additional experi-
ments were performed. In a first experiment, the temperature was
decreased down to 30 °C immediately after the appearance of the
136cm~! peak. During the cooling process, N, was pumped into
the chamber to minimize the oxidation. The output valve of the
thermal chamber was kept open during the pumping process to
allow N to flow and replace air within the chamber. The Raman
spectra of the two films at 30°C (Fig. 4) reveal that the VO,(M1)
phase is still present (triangles in Fig. 4) although some other peaks
not related to the VO,(M1) phase are also observed. By comparison
with the literature these other peaks can be ascribed to the V,05
phase (open circles in Fig. 4) [5,32,33]. The peak frequencies of the
V,05 phase at 30 °C were however shifted compared with the fre-
quencies observed at 400 °C. To confirm that the peaks observed at
400 °Crelate to the V5,05 phase and the observed shift is only due to
a temperature gradient, a second experiment was performed with
anew set of samples. This is important since some vanadium oxides
such as Vg013 have a crystal structure very similar to that of V,05
and exhibit also a similar Raman spectra [5]. In this second experi-
ment, the samples were heated up to 550 °C and maintained at this
temperature for 2 h for a complete oxidation. After that, the samples
were progressively cooled down to 30 °C. Fig. 5 shows the evolution
of the Raman spectra for the samples deposited on Al, 03 during all
the cooling process from 550 °C down to 30°C. No sign of the VO,
phase was observed in this second experiment and all the frequency
peaks measured at 30°C perfectly agreed with those previously
reported for the V5,05 phase [5,32,33], indicating that the samples
had completely oxidized. The shape and peak positions of the spec-
tra at 400°C (Fig. 5) coincided with the peaks ascribed to the V,05
phase in the first experiment also at 400°C. This confirmed that
the phase observed during the first experiment at 400°C was the
V,05 phase. Table 2 summarizes all the peak positions and FWHM
determined for the V,05 phase at 30°C. As observed in Fig. 4 how-
ever, the V,05 phase appears mixed with the VO,(M1) phase. This
denotes that not all the VO, in the bulk of the films has converted
to V,0s5. The VO, observed at 400 °C is however in the rutile phase
as evidenced by the luminescence background and the still visible
broad peak extending from ~300 to 750 cm~! characteristic of the
VO,(R) phase (curve 5, Fig. 3). This is in contrast to the monoclinic
phase of VO, observed at 30°C in Fig. 4.

V,05 belongs to the orthorhombic space group with Ppnm sym-
metry. From symmetry considerations and under the factor group
Dy, 21 vibrational modes are expected to be Raman active [34].
With the Raman setup detailed in Section 2.2, the Raman modes
observed in this work were found at ~102, 145, 197, 284, 304,
405, 481, 528, 700 and 995cm~! (only minor differences in the
frequencies of the Raman modes between the two substrates were
found)(Table 2). The lowest frequency modes at ~102, 145 and 197
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Table 2
Raman frequencies and FWHM at R.T. for the films obtained after 2 h being oxidized
at 550°C (V, 05 phase) on SiO,/Si and Al, O3 substrates.

V,05/Si0, /Si V,05/Al, 04

Freq. FWHM Freq. FWHM

(cm™1) (cm™1) (cm™1) (cm™1)
102 4.6 102 4.1
145 6.5 145 5.6
197 6.2 197 7.4
284 7.3 284 6.5
304 12.6 304 104
405 103 405 8.6
481 26.9 483 21.9
528 22.0 528 20.5
700 24.2 702 213
995 5.7 995 4.6

cm~! can be ascribed to layered modes (external modes) in V,05
[16]. The intermediate frequency peaks at ~284, 304, 405, 481,
528 and 700 cm™! relate to the bending and stretching vibrations
(internal modes) of vanadium-oxide bonds in V,0s5. The highest
frequency peak at ~995 cm~! corresponds to the stretching mode
of the terminal oxygen (vanadyl). The vanadyl bond is the shortest
vanadium-oxygen bond in V,05. The peak position of the vanadyl
bond at ~995 cm~! agrees with that reported for bulk crystal (~994
cm~1) [34]. The agreement in the vanadyl peak position with that
reported for bulk and the absence of a mode at ~840 cm~!, reported
to become Raman active in defective V,0s5, confirms the good crys-
tallinity of the V5,05 phase within the film [16].

As a final remark from this experiment, it was observed that
once the 136 cm~! peak appears (indicative of the formation of the
V,05 phase), the structural changes in the films are not reversible
when the temperature is decreased down to R.T,, i.e., the initial
VO,(M1) phase and the V,05 phase coexist in a proportion which
depends on the degree of oxidation undergone. This is in contrast
to the complete reversibility of the phase change occurring at the
MIT temperature between the VO,(M1) and the VO, (R) phases in
the temperature range R.T.-350°C.

3.4. VO, films at temperatures in the range 400-550°C

Increasing the temperature above ~400 °C causes new peaks to
appear in the Raman spectrum. The first peak observed, emerges
at ~870cm~! (~450°C). After the appearance of this peak, three
more peaks develop at ~156, 829, and 921 cm~! (curve 6 in
Fig.3a). All these peaks appear mixed with the V,05 phase. Immedi-
ately after the appearance of these peaks, the current (resistance)
rapidly decreases (increases) with increasing temperature (point
6 in Fig. 3b). Also, above ~400°C, the current is not stable with
time for a given temperature. Fig. 6 shows the time dependency of
the current for different temperatures in the range ~325-475°C.
Below 400 °C, the current is reasonably constant with time. Above
~400°C however, the current starts decreasing with time and the
decreasing rate pronounces with increasing temperature. This is
especially noticeable at ~475 °C (point 7 in Fig. 3b). At this temper-
ature, the current decreasing rate with time is most pronounced,
i.e., from 30 mA down to 50 pA in 60 min (~3 orders of magnitude
in current decrease). This pronounced decrease (increase) in cur-
rent (resistance), coincides with a maximum in the Raman intensity
of the new peaks (curve 7 in Fig. 3a). During the current decrease
down to 50 pA, the new peaks gradually vanish. At~ 500°C, all the
peaks in the Raman spectrum can be ascribed to the V,05 phase.
Increasing the temperature up to 550 °C does not result in any other
change in the Raman spectrum (curve 8 in Fig. 3a). The V,05 phase
is observed to remain after the temperature is decreased down to
30°C (curve 9 in Fig. 3a).

Table 3

Raman peak frequencies and FWHM for the films obtained at ~450°C and subse-
quently cooled down to 30°C on SiO,/Si and Al, O3 substrates. The data correspond
to a vanadium oxidation state ~4.6-4.7. Peaks corresponding to the V,05 phase are
not included for clarity.

VOy/SiO, /Si VOy /Al 03

Freq. FWHM Freq. FWHM

(cm™1) (em™1) (cm™) (ecm™1)
165 5.8 167 34
787 214 791 34.4
845 15.7 845 17.6
881 8.3 881 7.9
912 10.8 912 19.5
934 11.0 934 9.8
1031 10.2 1033 7.5

Gilberd et al. [35], studied the thermal oxidation of vanadium in
bulk vanadium and He implanted vanadium samples in O, at dif-
ferent temperatures. It was observed that in bulk vanadium below
450°C, oxygen diffused from the growing oxide layer into the bulk
following a log(t) dependency [35]. In contrast, it was observed that
at 450 °C the oxide growth changed to a t'/2 dependency. They also
observed, a new phase identified as the V307 phase appearing at
350 and 400°C. At 350°C, the V307 phase was mixed with the VO,
phase. At 400°C however, the V307 phase was the predominant
phase (a minor amount of V,05 was also detected). As mentioned
in the introduction, V307 is a valence-mixed oxide phase com-
monly observed in an oxidation/reduction VO,-V,05 process. This
phase exhibits insulator character at temperatures below 677 °C
[7]. These observations suggest that the new peaks appearing in the
Raman spectrum above 400 °C (curve 6 in Fig. 3a) may correspond
to the formation of the V307 phase. The insulator character of the
V307 phase would also explain the pronounced current decrease
observed in the films at temperatures above ~450 °C (points 6 and
7 in Fig. 3b). Unfortunately, to our knowledge, there is no exper-
imental information about the Raman vibrational modes in pure
V307 crystals and thin films. Thus, in order to confirm this hypoth-
esis, the same protocol detailed in Section 3.3 was performed with
a new set of samples, i.e., the temperature was decreased down to
30°Cimmediately after the appearance of the new peaks at ~450°C
and N, was pumped into the chamber to avoid further oxidation
during the cooling process. Fig. 7 shows the Raman spectra at 30°C.
The peaks corresponding to the V,05 phase dominate the spectra
and only those most intense peaks of the VO, phase at ~195, 223
and 610cm~"! are still observed. This indicates that most of the
initial VO, of the film has transformed to V,0s5. The new peaks
observed at ~450°C appear blue-shifted at 30 °C with frequencies
at ~167, 845, 881 and 934cm~!. Also, three peaks not present at
~450°C were also observed at 30 °C with weak intensities at ~791,
912 and 1033 cm~!. Table 3 summarizes the frequency and FWHM
of all these peaks at 30°C.

The Raman signature for the peaks appearing at ~450°C has
been observed in works with vanadium oxide nanotubes (VONTS)
[36,37], and with vanadium oxide thin films deposited by PLD
(Pulsed Laser Deposition) from a V,0s5 target [17]. The crystal
structure of the VONT walls has been determined to be very sim-
ilar to that of ethylene diamine V;01¢ [6,38]. In ethylene diamine
V7016, the amine molecule is embedded between the oxide lay-
ers [38]. This prevents the rolling and scrolling of the oxide layers
[38]. Recently, the same signature was found in vanadium oxide
thin films deposited by PLD [39]. Based on the similarity between
the crystals structure of the VONT walls and that of ethylene
diamine V;01¢, the observed signature was ascribed to the triclinic
V7016 phase [39]. Unfortunately, V;016 has never been synthe-
sized as pure bulk crystal and the Raman signature identified.
Also, the V;046 phase has never been detected during the oxi-
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dation/reduction process of VO,-V,05 [13,40]. Thus, in order to
confirm the oxidation undergone by the films, XPS measurements
were performed for all the oxidation states previously identified.

4. XPS study of the films oxidation states

XPS measurements were performed on eight vanadium oxide
films with different oxidation states. Two as-received films, one
fabricated on SiO,/Si and another one on Al,03 were used as a ref-
erence for the VO, phase. Two more films, one on each type of
substrate, were oxidized at 550 °C during 2 h and used as a refer-
ence for the V,05 phase. The V,05 phase was confirmed by Raman
spectroscopy and no other peaks corresponding to other phases
were observed. Finally, one film with similar oxidation state as that
observed at 400 °C in Section 3.3 and another with similar oxida-
tion state as that observed at 450°C in Section 3.4 were fabricated
on each type of substrate. These films presented an almost identical
Raman signature at 30 °C as those shown in Figs. 4 and 7 and were
expected to exhibit a vanadium oxidation state between 4* and 5,
i.e., between that of VO, and V,0s. Thus, four different degrees of
oxidation were analyzed; one for the as-received VO, samples (no
thermal treatment) and the other three for the samples thermally
oxidized at 400, 450 and 550 °C, respectively.

Fig. 8a shows the XPS narrow spectra (O1s and V2p levels)
obtained from an as-received vanadium dioxide film on a SiO,/Si
substrate. The two higher energy peaks relate to the O1s energy
level. The peak at ~530 eV relates to the BE of the O—V bonds. The
peak at ~532 eV is ascribable to surface contamination mostly from
C bonds (C—0, C=0 and C—(OH)). The deconvolution of the V2p3,
and V2p, peaks exhibits two components corresponding to the
V4* and V5* oxidation states, respectively. The presence of the V°>*
component in the VO, samples denotes an over-oxidation, most
likely due to the existence of V,05 at the surface of the films from
air exposure. The existence of V,05 at the surface has also been
reported in vanadium oxides with a high chemical purity [41], and
is easily detected by the XPS measurements since the technique is
mostly sensitive to the first ~10 nm beneath the surface of the films
[42]. Also, the presence of the V,05 at the surface of the films was
confirmed by performing a 5-s Ar* etching within the XPS chamber.
After 5s of Ar* etching, the V>* component in the as-received VO,
samples was barely discernible (data not shown). Unfortunately,
Ar* etching is also known to preferentially etch oxygen atoms. This
results in a reduction of the oxidation state of the sample which
prevents an accurate determination of the oxidation state even if
slow ion etching is performed [41].

Figs. 8b-d show the narrow XPS spectrum of the V2p3), energy
levels for the thermally oxidized samples at each oxidation tem-
perature, i.e., 400, 450 and 550 °C. Excellent fittings are obtained in
all cases. An average BE for the V5" component of the V2p3,, signal
is found at ~517.3eV and a FWHM ~1.1 eV. For the V4* compo-
nent the average BE is ~516.0eV and the FWHM ~1.5eV. These
values perfectly agree with those previously reported in the litera-
ture[18,19]. Table 4 summarizes all the values for the BEand FWHM
of the V2p energy level determined from the XPS experiments.

Several methods have been reported to estimate the oxida-
tion state in transition metal oxides [19]. As already mentioned
by Silversmit et al. [19], the classical method based on the sen-
sitivity factors may result in significant inaccuracies when used
with transition metal oxides. This is because the sensitivity fac-
tors for the 2p binding energies of transition metals largely vary
due to the multi-electron processes dependency of the chemical
state [43]. Alternatively, an averaged oxidation state can be deter-
mined by computing the weighted percentage of the areas (WPA)
of the V2p3j, components. In this method, the percentage of each
area deconvoluted from the V2p3, signal is multiplied by an inte-

ger factor according to the valence number corresponding to each
component. Further details of the WPA technique are given in Ref.
[19]. Table 4 details the vanadium oxidation state determined for
all the samples by the two methods. In principle, by using the WPA
technique and knowing the Ar* etching ratio of each oxide stoi-
chiometry it is possible to estimate the fraction or thickness of a
given oxidation state. Nevertheless, in order to accurately estimate
the thickness of the oxidation layer, accurate values of the etching
ratios corresponding to each oxide stoichiometry and correction
factors to account for the preferential etching of oxygen atoms are
needed at each etching step. This is not done in this work and values
in Table 4 refer only to those computed with no Ar* etching bom-
bardment. It is also important to mention that compared with the
weighted percentage method, the use of sensitivity factors yields
systematically smaller values for the oxidation state. This discrep-
ancy between the two methods was also reported in the work of
Silversmit et al. [19], and it was concluded that the use of sensitivity
factors to determine the oxidation state was not accurate enough.
Thus, in this work, only the values from the WPA method will be
used.

As shown in Fig. 8, the ratio between the V5* and V4* areas
in the XPS spectra of the films increases with increasing oxidation
temperature. For the films oxidized at 550°C the estimated vana-
dium oxidation state is ~4.86. This confirms that these films mainly
consist of the V,05 phase. In case of the as-received VO, samples,
the average vanadium oxidation state is ~4.34. This value is con-
sistent with the over-oxidation observed due to the presence of
the V5* component in the XPS spectrum (Fig. 8a). With respect to
the samples heated up to 400 and 450 °C, the estimated vanadium
oxidation states are ~4.49 and 4.66, respectively. These oxidation
states cannot be ascribed to any specific vanadium oxide phase
since the Raman experiments clearly show the existence of a mix-
ture between two or more phases (Figs. 4 and 7). Also, the oxidation
state value for the samples heated up to 400 °C coincides with that
expected for a balanced mixture of the VO, and V,05 phases (as
shown by the Raman measurements in Fig. 4). The value is also
smaller than that expected in pure V7046 and V307, i.e., ~4.57 and
4.66 respectively. This confirms that at this temperature (~400°C)
none of these two phases (V701 or V307) may have been formed in
a relevant proportion within the film composition. In contrast, the
samples heated up to 450 °C show an oxidation state value identical
to that expected in pure V307 (~4.66) and slightly higher than that
of V;016 (~4.57). Nevertheless, since the films contain V,05 (and
some minor amount of VO, as identified by the Raman experiments
(Fig. 7)), it is possible that the average oxidation state character-
ized by the XPS technique might be higher than that expected in
pure V;046. Thus, within the accuracy of the technique it has to
be concluded that the oxidation state for the samples heated up
to 450°C is ~4.6-4.7. It is also important to mention that due to
the low probing penetration of the XPS technique, the oxidation
state values determined in this section are more representative of
the surface of the films. Thus, these values are likely to be slightly
overestimated compared with those expected for the bulk.

5. Discussion

Based in all the above results, a model to explain the oxida-
tion undergone by the films which account for all the different
phenomena observed during the experiments is proposed.

As already mentioned in Section 3.2 in the temperature range
~R.T.-350°C, upon heating the films above the MIT temperature
the initial VO,(M1) phase changes to VO,(R). Both phases are
clearly identified by Raman spectroscopy. The phase change is
reversible with temperature, i.e., a decrease in temperature below
the MIT temperature restores the original monoclinic phase. The
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Table 4

Vanadium oxidation state, BE and FWHM values determined for the as-received vanadium dioxide films and those oxidized at ~400, 450 and 550 °C. The BE values are charge

corrected to the O1s peak at 530eV.

V2ps)s (V1) V2psp (VA) V2p1pp (V1) V2pyps (VA) Vanadium valence

Film BE (eV) FWHM (eV) BE (eV) FWHM (eV) BE (eV) FWHM (eV) BE (eV) FWHM (eV) WPA? RSP
VO, (as-received) 517.37 1.27 516.10 147 524.92 2.40 523.62 2.57 4.34 3.58
VOy (400 — 30°C) 517.32 1.24 516.00 1.45 524.64 2.64 523.49 2.72 4.49 4.46
VO (450 — 30°C) 517.23 1.20 515.94 1.50 524.60 2.55 523.42 2.86 4.66 440
V505 (550 2h— 30°C) 517.18 0.94 516.03 1.45 524.66 2.60 523.33 2.82 4.86 472
Average 5173 11 516.0 15 524.7 2.6 5234 2.8 - -

Std. Dev. 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.1 - -

2 Calculated from the weighted percentage areas method (WPA).
b Calculated from the relative sensitivity factors (RSF).

reversibility of the process is possible due to the negligible oxygen
absorption from air in this range of temperatures.

Above ~350-400°C however, VO, progressively transforms to
V,05 by absorbing oxygen from the air. The absorption of oxygen in
this temperature range is very limited though. The transformation
of VO, to V505 originates at the surface and exponentially decreases
with increasing V,0s5 thickness. The poor oxygen absorption in this
temperature range limits the amount of VO, that transforms to
V,05 to a critical thickness. In the Raman spectrum, the V,05 layer
growing at the surface is identified by an initial peak appearing
at 136cm!. This peak is quickly followed by other less intense
peaks assigned also to the V,05 Raman signature. At this point, a
decrease in temperature down to R.T., do not recover all the initial
VO,, i.e., the VO, that has been transformed into V,05 do not revert
to VO, once the temperature is decreased down to R.T. The amount
of transformed V,05 depends on the time that the film has been
exposed to air at temperatures above ~350°C.

Increasing the temperature above ~400 °C accelerates the oxy-
gen absorption from the air and allows the diffusion through the
bulk of the film. This allows the VO, beneath the V,0s5 layer at
the surface to oxidize. The oxidation rate is however slow com-
pared with that occurring at the surface. The slow oxidation rate
and the presence of the top V5,05 layer may favor the formation
of mixed-valence vanadium oxides with layered structure. This is
because layered oxides such as VgOq3 and V30~ are constituted by
single and double layers of vanadium oxide polyhedra as those of
the top V505 layer [7]. The coexistence and stability of a mixed-
valence vanadium oxide phase such as VgOq3 and V,05 has already
been confirmed by reactive molecular dynamics simulations [44].
In their work, Jeon et al. [44]. studied the surface stoichiometry
and chemical stability of several vanadium oxides including VO,
V013 and V,0s. After analyzing the charge distribution and the
corresponding pair-distribution functions, the authors concluded
that VO, in proximity to a free surface could evolve into a mixture
of Vg0O13 and V,0s. This mixture would be stable in both bulk crys-
talline and thin films and thus agree with the findings in this work.
Also, in the work of Jeon et al. [44], it is suggested that a lower sta-
bility of V013 compared with that of V,05, may result in VgO13
partially or completely transforming into V,0s. The results in this
work thus confirm this hypothesis.

During the layered structure formation, water molecules and
other particles from the air may diffuse and result trapped between
the oxide layers in a similar structure of that of xerogels. The struc-
ture of xerogels is known to consist of V,05 bilayers with water
intercalated between the bilayers [8,45]. Evidences for the for-
mation of this structure have already been observed within the
Raman experiments in this work. First, the peak at ~167 cm™!
(at ~30°C), identified as a layered mode, reveals the formation
of a layered structure. Second, the appearance of the peak at
~881cm~! (at ~30°C) has already been observed and ascribed
to the structure of V,05.nH,0 and V307-nH,0 xerogels [45-47].

Finally, two more peaks at ~845 and 934cm~! (at ~30°C) have
been observed to appear after the occurrence of the 881 cm™!
peak. The ~845 cm~! peak has been ascribed to a normally Raman-
inactive mode which becomes active in the presence of some
structural disorder [16,48,49], and the 934cm~! mode to the
V4* =0 bonds in amorphous V,0s5 [33,36]. Thus, the presence of all
these modes in the Raman spectrum, fully supports the hypothesis
of the formation of a xerogel structure based on a layered oxide.
Finally, after the temperature is increased up to 500-550°C, the
Raman peaks observed at ~167, 845, 881 and 934 cm™1, ascribed
to the xerogel formation, start vanishing progressively. Thereafter,
only those peaks corresponding to the V,05 crystalline phase are
observed in the Raman spectrum. It is also important to mention,
that despite the differences in thermal conductivity between the
SiO,/Si and the Al,03 substrates, no significant changes in the
Raman spectra evolution with temperature were observed for the
samples deposited on both substrates from R.T. up to 550 °C (only
minor differences in the temperature onset for each phase change
were observed with the two substrates). This suggests that the oxi-
dation dynamics and the stability of the top oxidized layer are not
significantly compromised depending on the type of substrate. Due
to the limitations of the Raman technique however, it is difficult to
accurately determine the impact of the substrate on the interfacial
layer between the substrate and the vanadium oxide on top.
Despite that the structure of xerogels has been widely stud-
ied and several models exist in the literature, the structure and
formation of xerogels is not yet completely understood [8,45,50].
Kristoferssen et al. [50]| proposed a model for the structure of a
V,05-nH,0 xerogel to account for the results of existing experi-
ments. In this model, the xerogel structure consists of V, 05 bilayers
with water intercalated between the bilayers and with the vana-
dium atoms in the bilayers separated ~2.8-2.9A. The xerogel
composition has also to conform as a Brensted acid to explain the
presence of H30" found in previous experiments [8]. Finally, for
n values lower than 0.3 the results of previous experiments sug-
gest that the xerogel structure is unstable and assimilates that of
crystal V,05 [45,50]. In case of xerogels samples prepared in aque-
ous medium, the temperature for crystallization occurs at ~350°C
[50]. Above this temperature, the water particles trapped between
the oxide layers are desorbed and the structure changes to the
orthorhombic V,05 phase. In our work however, the Raman peaks
denoting the xerogel formation disappear at ~500°C. The higher
temperature compared with that reported for xerogels prepared in
aqueous medium (~350 °C) would be consequence of the heteroge-
neous composition of the samples used in this work, i.e. Si/SiO, or
Al;03 substrate, interface and vanadium oxide film and the differ-
ences in thermal conductivity between these materials. Thus, from
all the above conditions, it is clear that the formation of a xero-
gel structure is limited within a narrow range of temperatures. In
the low temperature limit, the formation of a xerogel is limited
by the initial formation of a bilayer structure with water interca-
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lated between the bilayers. In the high temperature limit, water is
desorbed ant the xerogel structure changes to that of crystal V,0s.

Fig. 9 shows SEM images of the vanadium oxide films deposited
on Si0,/Si analyzed in this work at R.T. for different degrees of oxi-
dation. As it can be seen, the morphology of the as-received films
(Fig. 9a) and those oxidized at 450°C and cooled down to 30°C
immediately after the appearance of the Raman peaks at ~156,
829, 870 and 921 cm~! (Fig. 9b) do not show significant differ-
ences. However, as observed in Fig. 9¢c, the morphology of the films
oxidized during 2 h at 550°C drastically changes. This structural
change clearly occurs at temperatures above ~450 °C and confirms
the hypothesis of an ongoing structural disorder in correspondence
with the appearing of the peaks at 845 and 934 cm~!. Also, the van-
ishing of the Raman peaks when the temperature is increased up
to 500-550°C is consistent with the increase in symmetry from
monoclinic VgO13 and V307, to orthorhombic V,05. From a sym-
metry point of view, an increase in symmetry involves a reduction
in the number of peaks in the Raman spectrum as observed in the
measurements.

Thus, from all the above evidences and the observations in Sec-
tion 3.4, we believe that those structural changes observed in this
work at 450°C, are most likely due to the formation of a xerogel-
type structure mediated by an intermediate phase such as that of
VgOq3 or V307.

6. Conclusions

The oxidation process of VO, thin films deposited on SiO,/Si
and Al,03 substrates with temperature in the range R.T.-550°C
was investigated. The numerous phase changes occurring during
the oxidation were monitored by Raman spectroscopy and X-ray
photoelectron spectroscopy. Current and resistance measurements
on the films were performed in parallel with the Raman measure-
ments to correlate the different phases with the conductivity of
the films. Peak frequencies, FHWM, binding energies and oxidation
states were reported for all the phases encountered and for the
two types of substrates. In addition to the measurements, a model
to account for all the phenomena observed during the oxidation
process was proposed.

It was found that when the films were heated above the MIT
temperature, the phase of the films changed from VO,(M1) to
VO, (R) and remained in the rutile phase up to 350°C. Decreasing
the temperature down to R.T. completely restored the monoclinic
phase. The reversibility of the process at temperatures below 350 °C
is possible due to a limited oxygen absorption which prevents
the oxidation of the film. When the films were heated above
~350-400 °C however, V,05 was found to be formed at the surface
of the films. It was observed that a decrease in temperature down
to 30°C did not restore all the initial VO, and the fraction of the
film already oxidized did not convert to VO,. Raman spectroscopy
showed that the two phases, VO, and V,0s, coexisted within the
film at R.T. In this temperature range, i.e., ~350-400°C, there is
still little oxygen absorption. This little oxygen absorption, limits
the growth of the V,05 layer to a critical thickness. Heating the
films above ~400°C favored the oxygen absorption and allowed
oxygen to diffuse towards the bulk of the film. This resulted in
the oxidation of the VO, beneath the V,05 layer. It was suggested
that the presence of the V,05 layer at the surface of the film and
the reduced oxygen diffusion favored the formation of a mixed-
valence vanadium layered oxide such as V305. This was supported
by the XPS measurements which determined that the vanadium
oxidation state at this temperature was ~4.6-4.7. The presence of
this mixed-valence vanadium oxide, coincided with a drastic fall
in the current of the film which was explained considering the
insulator character of the V307 phase. It was also proposed that a

xerogel-type structure may have been formed during the formation
of this mixed-valence vanadium layered oxide by absorbing some
contaminants from the surface e.g. water particles. These particles
would result trapped between the oxide layers and form a xerogel
structure. The formation of this xerogel structure was explained
from the particular Raman signature observed at this temperature.
Finally, this Raman signature was observed to disappear at temper-
atures above ~500 °C. This was explained by considering that at this
temperature the water molecules trapped between the oxide layers
might be desorbed and the crystal structure restored to orthorhom-
bic V,05. SEM measurements of the surface of the films confirmed
a drastic change in morphology in those films heated above 450°C.
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