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This study investigated the physicochemical properties of a V,05 thin film deposited on c-plane sapphire through
thermal evaporation at a relatively high pressure. Using atomic force microscopy (AFM), X-ray diffraction (XRD)
and a suite of X-ray spectroscopic techniques, it was shown that a high quality epitaxial V,0s thin film was
achieved. AFM step height analysis demonstrated that the film thickness was ~50 nm with a surface roughness
of 1.5 A, as determined by root mean square roughness measurements. XRD analysis verified that the film was
highly crystalline with a (0001) orientation on the substrate. Vanadium was predominantly in the 5+ oxidation
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Vanadium oxide state, with contributions from V4™ states at the surface, shown by X-ray photoemission spectroscopy analysis X-
Thin films ray absorption spectroscopy further confirmed the predominant presence of V°* in an octahedral crystal field.

The existence with bulk V4™ states was shown through V L-edge X-ray emission spectroscopy which demon-
strated the presence of d-d crystal field transitions in an otherwise d° transition metal oxide. The data suggests
that by increasing the partial pressure of oxygen in the vacuum chamber during growth, thermal evaporation

Thermal evaporation
X-ray emission
X-ray absorption

can be used as a cheap and efficient way of growing stoichiometric V,0s thin films.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Correlated oxides, such as vanadium pentoxide (V,0s), exhibit di-
verse electronic and magnetic properties, which can be tuned by varying
the carrier density, magnetic field, or strain. This makes these materials
promising platforms for the development of nanoscale, multifunctional
electronic and spintronic devices [1,2]. Many of the envisioned devices
take advantage of the unique electronic properties and easily accessible
insulator to semiconductor transition (SIT) as shown in highly stable
V705 thin films (with a SIT of ~257 °C) [3]. For instance, fast electronic
switches, coatings on smart windows, and optical shutters have all
exploited the ultra-fast SIT as a switching mechanism [4,5]. While these
applications are based off the SIT, other devices, like electrochromic dis-
plays, utilize the multicolored electro-chromism of crystalline V,0s thin
films [1,2]. In the arena of green energy, V,0s has gained attention as a
potential means of increasing the energy density of capacitors to improve
the storage of electricity [6]. To facilitate the rational design and optimize
the performance of such devices, it is important to understand the intrin-
sic electronic characteristics of V,0s. Various methods have been used to
grow V,0s thin films, including flash-evaporation of V,0s, pulsed-laser
deposition, magnetron sputtering, chemical vapor deposition, and spray
pyrolysis [7-9]. However, in many of these cases, sub-stoichiometric
films (i.e., containing V4*) were obtained [10-14]. These studies also in-
vestigated the structural and bulk electronic properties for pure and
doped vanadium oxide thin films demonstrating a variety of thicknesses.
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Not only was a mix of oxidation states obtained, but most films synthe-
sized from these techniques were amorphous or polycrystalline [15].
More generally, a full electronic and structural characterization of highly
ordered and smooth V,0s films synthesized by a simple growth tech-
nique suitable for advanced synchrotron facilities studies has yet to be
reported.

In this study, we describe the fabrication and characterization of an
epitaxial V,0s thin film grown on c-plane sapphire by a thermal evapo-
ration process at relatively high pressure (~10~> Pa). Thermal evapora-
tion, where a plume of source material is deposited onto a substrate, is
found to be a relatively simple and cheap method for growing V,05
films in a well-controlled manner. The morphology of the as-grown
films were examined using X-ray diffraction (XRD), atomic forced mi-
croscopy (AFM) and X-ray photoemission spectroscopy (XPS). In addi-
tion, we apply XPS along with X-ray absorption (XAS) and X-ray
emission spectroscopy (XES) to investigate the surface and bulk elec-
tronic properties of the as-grown V,0s thin film [16-18].

2. Experimental

V,05 powder (>99.6%) was deposited from a tantalum boat onto c-
plane (0001) sapphire via thermal evaporation. The film was grown in
a high vacuum chamber with a base pressure of 10~ Pa. Prior to
growth, the substrate surface was cleaned by firstly rinsing with deion-
ized water, then dipping in 1:1:100 H,0,:NaOH:H,0, and finally
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sonicating the substrate in ethanol. Growth was achieved by passing
35 A of current through a tungsten filament (wrapped around the tan-
talum boat) for half an hour. No post deposition annealing was per-
formed following growth.

Crystal phase analysis of the V,05 thin film was carried out using a
Bruker D8 high resolution XRD. Radiation from a Cu K, source (A =
1.5418 A) was refined by a Gobel mirror to filter Cu K radiation, and
two 0.2 mm width slits; one positioned directly in front of the sample
and the other directly prior to the lynxeye detector. The system was op-
erated at 45 kV and 40 mA with an angular resolution of 0.001° across a
26 range of 15-65°. The surface morphology and thickness of the thin
film was also examined using a Digital Instruments AFM in the tapping
mode.

XPS data were collected using a hemispherical analyzer with mono-
chromatic X-rays generated by an aluminum K, anode. The base pres-
sure of the vacuum chamber was 24 x 1077 Pa during
measurements. The spectra were calibrated against the C 1s signal
from adventitious hydrocarbons. XAS and XES were both performed at
beamline 8.0.1 of the Advanced Light Source, Berkeley, CA. XAS mea-
surements were performed in both the more surface sensitive total elec-
tron yield (TEY) mode, with a penetration depth of ~10 nm, and in the
more bulk sensitive total fluorescence yield (TFY) mode, with a probing
depth of ~100 nm. Agreement between TEY and TFY spectra indicated
that the sample did not charge during measurements, and that the
TEY signal was also illustrative of the bulk. The energy scales of XAS
spectra at the V L- and O K-edges were calibrated with reference to
the Ti L- and O K-edge XAS spectra of rutile TiO,. Spectral resolution

was ~200 meV at full width at half maximum (FWHM). The photon
flux was 2.2 x 10'2 photon s~ !. XES spectral resolution was 700 meV.
XES data were calibrated with reference to the Lo ; and Ly second
order emission lines of Zn. The analysis chamber pressure was below
107 Pa during XAS and XES measurements.

To remove undesirable high frequency noise components from the
intensity signals of noisy spectra, a Finite Impulse Response (FIR) Low
Pass (LP) filtering method was implemented. The method has been de-
scribed comprehensively in our previous publications [19,20].

3. Results and discussion

The XRD pattern, presented in Fig. 1(a), shows a singly oriented, or
epitaxial, V,0s thin film deposited onto c-plane sapphire via thermal
evaporation. A sapphire substrate was chosen as both a-Al;03 and
V,05 are in the same space group (R3c), thus the lattice parameters
will be well matched to the natural bond lengths of V,05 [21]. As deter-
mined by XRD, the film is oriented in the (110) direction, with a lattice
constant of 4.95 A. The FWHM of the (220) reflection was found to be
0.11°, suggesting that the film is highly crystalline. AFM images
(displayed in Fig. 1(b)) show smooth surfaces with root mean square
roughness of ~1.5 A. The relatively smooth film surface reflects the ef-
fectiveness of the substrate cleaning procedure described within in
the experimental section. AFM depth profiling indicated that the thick-
ness is approximately 50 nm (Fig. 1c). Films grown under comparable
conditions by atomic layer deposition, which is considered a more
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Fig. 1. (a) XRD 6-26 scans for a 50 nm V,0s film grown on a c-sapphire substrate. (b) AFM images of the 50 nm V05 film showing a clear, flat and smooth surface, with a root mean square

roughness of 1.5 A. (c) Step heights through AFM shows that the film thickness is ~50 nm.
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refined technique than thermal evaporation, exhibited an equivalent
surface roughness at a similar thickness [22].

Fig. 2 shows an XPS survey scan of the V,05 thin film across a binding
energy range of 0-1250 eV. AV 2p core level XPS scan is shown at the
inset. In addition, the binding energies (Eg) and FWHM values of critical
core levels are listed in Table 1. As indicated on the survey scan, the
identified peaks correspond to photoelectron emission from carbon, va-
nadium, and oxygen. This would suggest that the film was atomically
clean apart from the expected presence of adventitious hydrocarbons.
Fig. 3(a) and (b) shows V 2p5,, and O 1s core level scans, respectively,
for the V505 thin film. Both the V 2p5,, and O 1s core level features
were fitted with two peaks, corresponding to contributions from V>*
and V4* oxidation states, as denoted by subscripts A and B, respectively
in Fig. 3. The fitted peaks at Eg(V 2p3,2a) = 516.98 eV, Eg(V 2p3/28) =
515.5 eV, Eg (0 1s4) = 530.00 eV, and Eg(O 1sg) = 530.80 eV (summa-
rized in Table 1) are in excellent agreement with previous experiments
and indicate that vanadium is predominantly exists in the 5 + oxidation
state [23,24]. Because XPS is a surface sensitive measurement, by taking
the ratio of the area between the V° fitted peak and the total peak area
it was found that 75% of the surface layer exists in the V> oxidation
state. It should be noted that the same calculation used to obtain the
percentages of V°* and V*™ at the surface could be performed using
the O 1s peak. However, as the difference in energy between O 1sp
and O 1sg is almost half that of the corresponding value for the V 2ps,
2a and V 2p; g, computing the ratio of oxidation states present by this
method is less reliable.

The stoichiometry of the film was calculated from the peak areas at
Eg (V 2p3/24) = 516.98 eV and Eg (O 1s5) = 530.0 eV using;
N. B I,- )\j()—jTj

1

Nj I; )\io_jTj (1)
here, N; is the number of moles, I; the background corrected intensities
or peak areas of the photoelectron emission line, A; the attenuation
length, 0; the atomic sensitivity factor for photoionization, and T; is the
transmission coefficient of the spectrometer for the photoelectrons
emitted by oxygen, denoted by subscript i, and V, denoted by subscript
j. The O:V ratio is equal to 2.55. The stoichiometric ratio calculated from
this method is within 2% error of V505, A high degree of crystallinity
present in the film is shown by the largest FWHM of a V,05 peak
being small (2.94 eV) [23-26]. These observations are consistent with
the XRD results presented in Fig. 1a.

XAS, a powerful method of addressing the electronic structure of
complex materials, was used to probe the unoccupied element-
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Fig. 2. Room temperature XPS spectra for V,05 grown on a c-sapphire substrate. The inset
shows V 2p5,, V 2p; 2, and O 1s core level spectra.

Table 1
Binding energy (Eg) and FWHM of the O (1s), V (2p), C (1s) peaks for an as grown V,05
film on c-sapphire substrate.

Peak Position (eV) FWHM (eV)
O 1s4 530.0 1.7
O 1sg 530.8 3.5
V 2p3/n 517.0 1.7
V 2pso8 5155 15
Cls 283.2 3.0

specific partial density of states (pDOS). Fig. 4(a) shows V L-edge XAS
spectra in both the TEY (black) and TFY (red) modes. The V L-edge spec-
tra are dominated by two regions; L (transitions from V 2ps,, core
levels into unoccupied V 3d states) and L, (transitions from V 2p,,,
core levels into unoccupied V 3d states). The main feature on the L,
(~525.8 eV) has been attributed to the e; molecular orbital [16]. Crystal
field splitting within the V 3d states splits the L3 edge into the tyg
(~516.6 eV and ~517.8 eV) and eg (~519.5 eV) molecular orbital levels
due to the approximate octahedral geometry. Spectral broadening ob-
served in the TEY mode as compared to the equivalent TFY spectra is at-
tributed to surface contamination, which is also supported through the
appearance of C 1s peak in the XPS spectra (Fig. 2d). While electronic
features from both oxidation states were readily seen in the XPS spectra,
the characteristic doublet of V4™ is masked by the much larger V> sig-
nal. Contributions from V37 states are not evident in any of the spectra.
Based on the observations of Mendialdua et al. [25], the peak energies in
the V 2p spectrum are consistent with the V> oxidation state (Fig. 3a).
Due to the consistency in the overall spectral shape between the TEY
and TFY data, the film is believed to be homogeneous.

Fig. 4(b) shows O K-edge XAS spectra for V505 in the TEY (black) and
TFY (red) modes. X-ray absorption at the O K-edge corresponds to tran-
sitions from O 1s core levels to unoccupied O 2p states within the CB.
The large absorption intensity provides a good indication of covalent in-
teractions within the material. From the parent molecular orbitals, the
primary metal character of each band can be inferred [22-35]. A prom-
inent doublet near the onset of absorption, ~528-535 eV, is attributed to
0 2p states hybridized with V 3d states in an octahedral crystal field.
This splitting of the O K-edge is the result of both ionic and covalent con-
tributions. Briefly, in V,05 the V 3d2 and V 3d2 % , states have the
greatest overlap with the oxygen ligand states, resulting in the forma-
tion of o bonding and ¢* anti-bonding molecular orbitals upon interac-
tion with the O 2p states. Similarly, the V 3dy, and V 3d,, linearly
combine with the O 2p orbitals, forming 1 bonding and 7" antibonding
molecular orbitals. Thus, the 0™ is the highest energy antibonding orbital
as it is comprised of atomic orbitals which have the most overlap. The
energy of the 0™ and * molecular orbitals was found to be 532.51 eV
and 530.24 eV, respectively. The O K-edge splitting observed in Fig. 4b,
which is a direct consequence of the formation of 0%, is a general feature
of vanadium oxides, however the distribution of intensity within the O
K-edge is unique to the geometric structure. Unsurprisingly, XAS on sin-
gle crystal phase V,05 reflects the same splitting pattern, which further
supports this molecular description for orbital splitting [36].

The intensity of the different features at the O K-edge absorption
edge is related to the strength of the metal-ligand hybridization. This
is directly reflected in the relative intensity of the hybridized O 2p-V
3d bands, which increase with respect to the V 4sp bands as one goes
from V,03 to V,05 [28]. Fig. 4(a) and (b) shows that there is a marked
increase in the relative intensity of V 3d bands with respect to the V
4sp bands between VO, and V,0s. This enhancement is related to in-
creased V 3d to O 2p hybridization for higher vanadium valences, in
turn indicating that the contribution of the V 3d electrons to the bonding
increases from VO, to V505 [15,16,37]. Effects stemming from this hy-
bridization are also observed in the XES spectrum shown below.

XES is a direct probe of a materials occupied density of states. The
technique becomes site specific when the energy of the incident
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Fig. 3. V505 thin film core level XPS spectra for (a) V 2p and (b) O 1s fitted with V4* and V°* oxidation states and (c) C 1s used for calibration.
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Fig. 5. XES spectra for as grown V,05 samples on c-sapphire substrate at 300 K: (a) excited on the L;-edge at 519.5 eV and plotted on an energy loss scale with excitation energy
(b) excitation energy above the O K-edge at 535 eV, which shows the shift in spectral intensity from the V L, to O K for different excitation energies.

radiation is tuned to that of a particular absorption feature (i.e. resonant
XES, or ‘RXES’). Fig. 5(a) shows the V L, emission of the V,0s thin film
collected using an incident photon energy of 519.5 eV. To compare
these results with those of previous studies, the V L3;-edge resonant
XES spectrum was shifted to an energy loss scale relative to the elastic
peak, 519.5 eV. It has been show that the broad feature at around
—8.3 eV arises from the V 3d-O 2p hybridization on the Ls-edge [16].
A sub-band of local d-d transition, is found around — 1.6 eV on an energy
loss scale, a feature which is observed in other similar materials
(Fig. 5a). While this might seem unexpected, because V> is a nominal
d° system, there is contribution from V**, which is a d' system, to the
— 1.6 eV portion of the spectrum, due to d-d transfers within this sys-
tem. The intensity of the sub-band of the local d-d excitations can be ex-
pected to be rather weak because of the small amount of V4™ present.
These results are consistent RXES spectra at the V L, 5 edge of VgO13
oxide, performed by Schmitt et al. A prominent feature at a constant off-
set (~—1.6 eV) from the elastic peak was also found. The Raman-like
feature was assigned in Ref. [36] to local d-d excitations within the crys-
tal field split 3d multiplet (transition e; — t55). Additionally, Schmitt
et al. [34] attributed features occurring at approximately — 7 eV to be
charge transfer transitions between V 3d and O 2p states on the V L-
edge based on cluster model calculations [34].

Fig. 5(b) shows O K-edge XES for the V,0s thin film. When the exci-
tation energy is shifted from the V L-edge (Fig. 5a) to above the O K-
edge threshold (Fig. 5b) there is a corresponding intensity shift from
the V L, band to the O K, band. As expected, within Fig. 5b, the V L
emission band (V 3d — V 2py ;) is not observed due its superposition
with the more intense O K, band [37]. It should also be noted that,
due to this overlap, the V Ly band cannot be detected in VO, V,05 and
VO, [38]. To clearly observe the V L band for vanadium oxides, excita-
tion for XES by an electron gun is required.

While in V,05 vanadium assumes its highest formal valence charge,
the @ bonds also carry a significant covalent character, as shown in the
XAS spectrum. Recent ab-initio DFT calculations of the electronic struc-
ture of Vg0, 3 indicate that vanadium contributes between 20 and 25% of
the total DOS in the valence states [34].

4. Conclusions

This study described the growth and physicochemical characteriza-
tion of an epitaxial V,0s thin film deposited on c-plane sapphire. With
the aid of AFM, XRD, XPS, XAS, and XES we have shown that a high qual-
ity epitaxial V,0s thin film has been achieve through the simple and
cheap method of thermal evaporation at relatively high pressure. AFM
measurements demonstrated that the film thickness was ~50 nm with

a highly smooth surface of 1.5 A root mean square roughness. XRD mea-
surements confirmed that the film was highly crystalline and epitaxially
grown on the (0001) oriented sapphire substrate. XPS demonstrated
that vanadium was predominantly in the 5+ state within the V,05
thin film as determined by the shape and fitting of the core level spectra.
The data suggests that increasing the partial pressure of oxygen inside a
vacuum chamber would yield stoichiometric V,0s films. Soft X-ray XAS
and XES spectroscopy was used to probe the bulk electronic structure of
the V,0s thin film and verified the oxidation state of vanadium. Through
this suite of techniques it was shown that relatively high pressure ther-
mal evaporation is an efficient method of growing highly crystalline
V505 thin films.
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