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ABSTRACT

V203 presents a complex interrelationship between the metal—insulator transition and the structural rhombohedral-monoclinic one in temperature, as a function of
sample thickness. Whilst in bulk V203 the two transitions coincide on the temperature scale, at 15 nm thickness a fully independent Mott-like transition occurs at
lower temperature, with no corresponding structural changes perhaps related to epitaxial strain. It is therefore of relevance to investigate the thin and ultrathin film
growth to pinpoint the chemical, electronic and structural phase phenomenology and the role of the interface with the substrate. Here we present results on the
thickness dependent properties of V203 from 1 nm up to 40 nm thick as grown on c-plane Al203 substrates by exploiting variable sampling depth probes. The
surface morphology of stoichiometric ultra-thin V203 layers evolves from islands-like to continuous flat film with thickness, with implications on the overall

properties

1. Introduction

V,03; material is studied from a long time [1,2] due to its potential
for technological applications [3-5]. In the bulk it exhibits a metal
insulator transition (MIT) coupled with a structural phase transition
(SPT) at around 165 K, changing from a high-temperature rhombohe-
dral metal to a low-temperature monoclinic insulator [6-12]. To these
transitions in bulk V,0; correspond a large volume change [13].
Recently the research has concentrated on the thin film regime, where
bulk-like properties are measured with no destructive transition [14-18]
showing the way towards multiple applications in systems such as
hybrid magnetic heterostructures [19-23], hybrid ferroelectric hetero-
structures [3,24], Mottronics [25,26] or MEMS [4,27]. The growth
process has a crucial role in the ultrathin and thin film V,03 as the MIT
[15,18] depends on several parameters, such as the deposition tem-
perature [15], the residual ambient pressure during growth [15], the
doping of the material [28-30], the strain and symmetry imposed by the
choice of substrate [12,15,16,18,31-34]. Among the various possible
substrates, Al,O3 sharing the same rhombohedral R-3c crystal symmetry
than V,0s; is one of the most used due to its high crystalline quality and
availability. The growth can be accomplished by different techniques

including pulsed laser deposition (PLD) [10,20,34], magnetron sput-
tering [7,22,35] and molecular beam epitaxy (MBE) [31,32,36]. The
sapphire substrate c-plane, i.e. (0001), implies approximately a 4.1 %
lattice mismatch with the V,0; film whose effect is crucially reflected as
a function of the thickness of the layer. While the material is first
strained by the substrate in the ultrathin film regime, relaxation via
introduction of misfit dislocations occurs after a critical thickness of few
nm [18]. Once relaxation occurs, residual strains accompanied these
dislocations before reaching an entire bulk-like V,03 form for a thick-
ness large enough. These strains together with the surface morphology
of the films [12,34,38,39] are sources of controversies in literature.
Different studies report on the growth of various types of VV,0; for very
thin film thickness [37,38-41], showing that V.03 can present in this
regime either metal-to-semiconductor or metal-to-insulator transitions,
or even no transitions, with pure insulator or metallic behaviors. On the
other hand, we showed in a previous study [41] how the residual strains
can freeze the structural transition of V,0; films in temperature
revealing only a pure electronic behavior of the system undergoing the
MIT.
These variabilities and non-reproducibility of the thin film growth
could jeopardize the adoption of V,0; in technology. We deemed urgent
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Fig. 1. Transport measurements collected for 8 (orange) and 40 nm (red) thick
V203 thin films. For 40 nm, the left branch corresponds to the cooling ramp and
the right branch to the heating one. As highlighted by the dotted line, the MIT
of 40 nm thick sample has been evaluated at around 185 K. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

to address the V,0; film growth issue by conducting a systematic
thickness-dependent study of V,0; on (0001)-oriented sapphire by
means of PLD, from 1 nm up to 40 nm. By combining scanning tunneling
microscopy (STM), synchrotron soft X-ray photoemission spectroscopy
(PES) and X-ray absorption spectroscopy (XAS) measurements, and ex
situ electron transport measurements, we reveal how the material grows
with the expected stoichiometry, but with variable morphology from
islands to continuous flat films as the thickness is increased. In addition

to the epitaxial strain that dominates at the lowest thickness the surface
morphology changes are to be connected with the large changes of the
MIT in temperature or its disappearance.

2. Experimental details

Highly (0001)-oriented c-plane sapphire substrates were cleaned
with acetone and ethanol in an ultrasonic bath, and outgassed in air at
400 K for 30 min before being introduced in the ultra-high vacuum
(UHV) deposition and characterization apparatus.

Different thicknesses of epitaxial V.03 (0001) films were then
deposited on the substrate by PLD technique using a Nd:YAG laser of
1064 nm wavelength (first harmonic [42]) and a laser repetition rate of

5 Hz, leading to a deposition rate of 1.3 nm.min—!. We selected 1, 3, 8
and 40 nm thicknesses. The films were deposited at 1000 K at a pressure
lower than 1077 mbar, with a substrate to target distance of 60 mm.
After transferring the as-grown samples in situ under UHV from the
deposition chamber to the NFFA APE-HE beamline at the Elettra syn-
chrotron radiation facility [43], photoemission spectroscopy (PES)
analysis was performed with linearly polarized radiation of 650 eV
photon energy for the survey scans including the core levels and of 430
eV for the valence band states (\VB), corresponding to a probing depth of
order 1 nm. The photoemission spectra were measured at room tem-
perature (RT), with the sample surface oriented at 45° with respect to
the incident photon beam and normal to the analyzer axis. The binding
energies of the photoemission peaks were calibrated with respect to the
Fermi level of an Au reference sample. XAS spectra were recorded in
total electron yield (TEY) mode at V-L,3 and O-K edges at RT, with the
same incident angle of 45¢, corresponding to probing depth of order 5
nm, and normalized to the incident photon flux. The spectra were
further corrected using the Au reference sample to remove instrumental
artifacts, in particular across the O-K edge. The surface topography of
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Fig. 2. STM measurements performed at RT on 3 (a, light green), 8 (b, orange) and 40 (c, red) nm thick V203 films. The same lateral size scale and black/white
height contrast are used for all images. Height profiles along the colored lines drawn on STM images are plotted in (d). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. RT PES survey (a), O-1 s plus V-2p core level (b) and VB (d) scans of V.03 films (1 nm (green), 3 nm (light green), 8 nm (orange) up to 40 nm (red)) using an
incident photon energy of 650 eV for survey plus core levels and 430 eV for the VB. All the experimental curves are normalized to the maximum intensity of the
spectra, i.e. O-1 s, and vertically shifted. To help at the comparison, digitalized reference curves of bulk V203 have been also added in full grey ([9] for both core
levels and VB). Fitting of the core levels by symmetric Lorentzian-Gaussian line shapes plus their Shirley backgrounds are presented on (b) with different colors
(orange for both the main and satellite V-2ps;2 peaks, pink for both the main and satellite V-2p12 peaks, green for the main O-1 s peak and violet for the additional V
peak at lower binding energy). The calculated atomic concentration percentages are presented in (c) with similar color code in thickness and circles and squares for V
and O respectively. An error bar of 3 % has been here estimated. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)



the as-grown films was also probed by STM, at RT on an interconnected
chamber. Transport measurements as a function of temperature were
performed subsequently, ex situ, by using the four-probe van der Pauw
method.

3. Results & discussions

A critical check on V,03 samples is the temperature of occurrence of
the MIT. We measured the MIT for different film thicknesses, as a
function of temperature with a resistivity setup (see Fig. 1). We present
results for the 8 (orange) and 40 (red) nm thick films, as the signal for
the thinnest V,0; films of 1 and 3 nm was above the sensitivity of our
measurements.

The measured resistivity values at RT of both films shown in Fig. 1
are consistent with what reported in literature [16,18,20] and close to
the bulk value of 0.5 mQ.cm [28]. The thick film resistivity value at RT is
slightly lower than the one of the thin film, as expected [16,34].

For 40 nm thick V.03 (red curve), one can appreciate a change of
slope as well as an opening of the loop in temperature in correspondence
to the MIT: the MIT temperature has been estimated from the first de-
rivative of the transport curve and is marked with a vertical dotted line.
The bulk MIT is expected around 165 K [28], whilst our thin film has a
slightly higher value of 185 K [10,15,18]. For 8 nm thick V,03, no MIT
was found in this temperature range: the slope of both cooling and
heating curves evolve monotonically with no sign of transition down to
77 K. Additional XAS measurements done at both room and liquid ni-
trogen temperature confirmed this absence of transition (see Fig. S1).

Since the growth protocol was the same for both thicknesses, this
different behaviour points to the role of interfacial effects for the thin-
nest samples.

A careful morphological analysis has been thus undertaken using
STM measurements. The RT images are presented in Fig. 2 (a), (b) and
(c) for 3 (light green), 8 (orange) and 40 (red) nm thick V,03 respec-
tively. Together with these topography images, height line profiles are
plotted along the colored lines drawn directly on the images. The 1 nm
thick sample was impossible to measure due to charging effect.

The V,03; morphology grown at relatively high temperature but in
accordance with what reported in literature [29,37,38-40] changes
drastically, passing from islands-like shape at low coverages (3 and 8 nm
in aand b respectively) to merge in a continuous surface as the thickness
increases (40 nm in c). Island coalescence models developed by
Granqvist and Buhrman [44-46] show the strong dependence on the
growth parameters such as the pressure, the temperature and so on.

Here the observed islands develop sharp borders, reflecting a strong
V,0; crystallinity. This was already noticed in our previous works
[10,20] for thicker films displaying sharp and intense V,0O5; (0001)
diffraction peak as well as hexagonal LEED pattern.

The density of islands is decreasing when raising the thickness,
reaching an average size of 400 nm? for 3 nm thick V.03 and over
thousands of nm? size for 8 nm. The morphological gaps between the
islands are evaluated to approximatively 30 % and 15 % of the average
surface for these two thicknesses. While the height of the islands is about
5 nm for 8 nm thick V,0;, it corresponds approximatively to the
deposited thickness for the 3 nm thick layer. Based on this last obser-
vation, the remaining parts in-between the islands correspond to the
Al,Oj3 substrate and to a thin layer of VV,03 for 3 nm and 8 nm thick V,03
respectively. The presence of an insulating substrate below the metallic
V05 islands may explain the increase of resistivity lowering the tem-
perature for 8 nm thick V,Os3 (see Fig. 1).

Remarkably the surface RMS roughness for 40 nm thick V.03 is 0.45
nm, which revealed a very flat surface and a bidimensional growth mode
after the initial ;O3 islands coalescence.

The composition of the V,0;3 thin films were investigated by PES
surveys as summarized in Fig. 3 (a), with green, light green, orange and
red curves representing 1, 3, 8 and 40 nm thick samples. The mea-
surements were obtained at RT, i.e. in the metallic phase. The details O-

1 s and V-2p core levels are shown in Fig. 3 (b) and the valence band
spectra in Fig. 3 (d). Core levels were background subtracted by the
Shirley function and then fitted using standard Lorentzian-Gaussian
curves by fixing the V-2p3/2: VV-2p1/2 area ratio to statistical 2: 1 and
by freeing the other parameters. The atomic concentration was
computed from the raw peak area divided by the total photoionization
cross section values at hv = 650 eV. Results of the different estimated
compositions as a function of the film thickness are presented in Fig. 3
(©).

Together with the expected V and O core levels, C and Al contribu-
tions, from aluminum oxide, are present in the survey scan for all
samples. The C contribution is attributed to small contamination of the
substrate surface. The aluminum oxide signal is also linked to the sub-
strate with the V,03; islands growth regime observed on STM measure-
ments (see Fig. 2). The aluminum oxide signal decreases with increasing
V,03 thickness, becoming negligible for 40 nm thick V,0s3 (red curve of
the Fig. 3 (a)). By calculating the elemental concentration for each
thickness, we reveal a presence of approximatively 30 % of aluminum
oxide for a 3 nm thickness, which corresponds to the uncovered sub-
strate as observed by STM (cf. Fig. 2 (a)).

Both O-1 s and V-2p spectra display multiple contributions, and those
depend on the thickness. At the energy value highlighted by ° in Fig. 3
(b), one can appreciate the asymmetric O-1 s peak shape, developing
more pronounced for thick films and bulk reference spectrum. Due to the
complete absence of a C-1 s signal for thick film, we interpret this
asymmetric shape as an intrinsic satellite structure of the V-2p spectrum,
already being observed in [1,9,47]. The separation from the corre-
sponding satellite peaks to the main ones is typically 10-13 eV for V,0;
and their relative intensities are a first guess to identify here the V3+
oxidation state [1,9,47].

As evidenced by * in Fig. 3 (b), V-2p peaks present a lower binding
energy shoulder. Its attribution varies with the sample thickness. For
ultrathin V,0; films, the peak energy position may correspond to an
under-oxidized VV?+ minor phase [48,49], as already observed in the case
of 3 monolayers (approximatively 4 nm) of V,0; deposited on a Pd
(111) substrate [50], or to the same V3+ phase shifted due to an
emerging charge transfer, as also observed in many other materials
[51,52]. The peak energy position does not change in thickness, which
reflects eventually only an interfacial effect. On the other hand, a
shoulder, albeit less intense is also present increasing the thicknesses,
requiring a different attribution. In V,0; material [13] as well as other
related systems [53-55], it corresponds to a shake-down shoulder of the
V-2p core level peak that has been interpreted as a fingerprint of ma-
terial metallicity.

As observed in Fig. 3 (b), the peak energies of the main V,03 con-
tributions are in agreement with the literature [1,9,10,47,56] and
remain set for all sample thicknesses. The VV-2p photoemission spectrum
of V,0; shows a spin—orbit splitting of 7.1 eV, consistently with reported
values in literature [56,57]. The difference in binding energies between
the O-1 s and V-2p3/2 core levels is also an indicator of the oxidation
state of the vanadium oxides, we measure a value close to 14.5 eV,
consistent with other reports on V,0; films [1,9,10,47,57].

Using the fits of the core levels done with a Lorentzian-Gaussian
curve and a Shirley function as background, the whole V:O ratio
calculated for the different thickness are 0.39, 0.58, 0.65, 0.67 for 1, 3, 8
and 40 nm respectively (see Fig. 3 (c)), revealing the exact V,0; stoi-
chiometry for thick films but deviating from it at the lowest thicknesses.
The extra oxygen signal at the lowest thicknesses, and the unchanged V-
2p energy always set at the V,03 bulk value, must originate from the
partially uncovered substrate, therefore not involving the film compo-
sition. This islands coalescence regime should complete at around 10—
12 nm. In a previous work [41] a continuous surface was detected for 15
nm thick V.03 deposited under the same growth conditions.

The VB density of states spectrum of 40 nm thick V,03; is shown in
Fig. 3 (d) and its overall shape is almost identical with the V,03 refer-
ence in grey [9]. It is dominated by V-3d close to the Fermi level and O-
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Fig. 4. XAS measurements taken at RT for the different oxide thicknesses with the same color code used in previous figures (a). Thermally treated bare Al203
substrate and V203 bulk reference spectrum [9] are added in black and full grey respectively for comparison. XA spectra normalized to the V-Lz edge (b).

2p at higher binding energies. The VV-3d spectral weight close to the
Fermi level possesses however multiple contributions that can be fitted
using a minimal set of two components (yellow fits in Fig. 3 (d)).
Comparing with literature [41,47,58], we identified first the contribu-
tion closest to the Fermi level to a quasiparticle (QP), which is another
sign of the metallic phase. Another peak appears increasing the binding
energy and corresponds to the lower Hubbard band (HB).

We further explored the electronic structure of the ;03 thin films
with XAS at V-L,; and O-K edges at RT, i.e. in the metallic phase. The
raw spectra are shown in Fig. 4 (a). In a restricted region of interest, we
normalized the spectra to the main V-L; edge (see Fig. 4 (b)). Together
with these spectra, we added for comparison the XAS of the bare Al,O3
substrate thermally treated as during the V,03 growth and a bulk V,03
reference spectrum of the metallic phase, taken from [9].

Comparison of the overall spectral features of VV-L, 3 and O-K edges

with those of V,0; bulk single crystals (in grey on Fig. 4 (a))

[9,17,59,60] reveals that the spectral line shapes are similar with those
of bulk, albeit the sharpness of these features is increasing with thick-
ness. In particular a sharp V-L; edge, anticipated by a shoulder peak and

a small pre-peak contribution, then followed by an additional one in-
between V-L; and V-L, edges, with the latter presenting a marked
double-peak feature. All these multiplets are characteristic of the V ion

in the 3d? configuration, where the two electrons occupy the t,4 orbitals
in the slightly distorted octahedral crystal field of VVOg cluster. Then the
double-peaked feature of the O-K V“3d” edge splits the 3d in a lower-
lying tog and a higher-lying ey states [9,61-64]. The relative intensity
between the two peaks, i.e. the ratio of empty orbitals tz4: €5, changes
drastically with the V valences, becoming larger for higher oxidization
state. Here the ratio is close to 0.8, as expected from a 3d? state [65—67].
Further structures appear centered at around 543 eV or on broad
energy range at about 560 eV. We notice that for increasing thicknesses
from 1 up to 8 nm thicknesses the V-L, 3 as well as the O-K V“3d” edges

increase in intensity, accordingly with the sampling depth of about 5

nm, while the other signals decrease in intensity keeping the same
shape. These peaks are attributed to the Al,O; substrate, as also
observed on the pristine substrate (black curve in Fig. 4 (a)) or on
[68,69], and their reduction is consistent with island coalescence. The
full agreement of XAS bulk reference and film spectra is verified only for
the 40 nm thick sample [9,65].

Since the Al,O3 substrate do not possess a spectral signal at the main
V-L,3 and O-K V“3d” edges, we further normalized all the spectra to the
V-L; edge and focused on this region of interest, as displayed in Fig. 4
(b). Features highlighted by black arrows show small differences for
instance with the disappearing of the double-peak at the V-L, edge, the
one in-between V-L; and V-L, peaks and the double peak at O-K edge
decreasing the thickness. This reflects a different chemical environment
at the interface with the substrate. As the energy and relative intensities
of the spectral features are identical for all samples, we conclude that the
V,03 stoichiometry is independent on thickness and morphology, and

the additional shoulder observed on the V-2p peaks by PES measure-
ments (Fig. 3 (b)) is most probably due to a charge transfer at the
interface with the substrate.

4. Conclusion

V,0; grows epitaxially on Al,O3 c-plane substrates for all explored
thicknesses (1-40 nm) with the full stoichiometry, with the formation of
islands that grow and eventually merge into a flat continuous thin film.
This growth phenomenology, rather common when the epitaxial strain
is large, determines different behaviour of the thin films with respect to
the collective phenomena, like transport and phase transitions e.g.
shifting the temperature range of the MIT or SPT with respect to bulk
V,03. Albeit the tunability of MIT of V,0; could be an attractive feature,
the ultrathin film morphology may challenge the design of electronic or
spintronic junctions.
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