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Phase Control of Multivalent Vanadium Oxides VO, by

lon-Beam Sputter-Deposition
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Angelika Polity, Peter J. Klar, and Sangam Chatterjee

Vanadium—oxygen materials are of interest for various applications and fields of
solid-state physics owing to the unequaled plethora of different phases. The
wealth of phases and complexity of its phase diagram infer a strong sensitivity on
the growth parameters for each phase. Thus, the reproducible growth of
vanadium-oxide thin-films of defined phases by nonequilibrium techniques is
challenging. Here, it is shown that ion-beam sputter-deposition (IBSD) is a
powerful tool to reproducibly deposit defined polycrystalline vanadium oxide
films by precisely controlling oxygen flux and substrate temperature in the growth
process. Hence, it is demonstrated that IBSD has the potential to reliably produce
binary phases (including unstable phases) from the vanadium-oxygen phase
space. X-ray diffraction (XRD) and Raman spectroscopy are used to establish a
map of the different crystalline phases dependent on the growth parameters. In
particular, it is proved that thin-film V507 can be realized by IBSD and its Raman

or composition. For instance, vanadium
oxides comprise one such prototypical sys-
tem. Its phases have triggered research in
manifold applications such as batteries,* %!
electrochromic devices,' ™% and thermo-
chromic  smart  windows."”2%  The
different possible oxidation states of vana-
dium allow for the formation of several
binary phases with complex properties.
Combinations of the four oxidation states
(V2H, V3, v**, or V°*) belong to homolo-
gous series, the Magnéli phases V,,0,,,1
(m>1), and the Wadsley phases
ViOamy1, respectively. The “extreme” rep-
resentatives of the Magnéli phases are
V,0; and VO, with a single oxidation state

fingerprint is unambiguously identified.

1. Introduction

The metal-oxygen bonding in transition-metal oxides (TMOs)
can vary between the extremes of a metallic and a completely
ionic bonding. Furthermore, the transition metal ions can adopt
their valence in a wide range according to their bonding
environment. Consequently, TMOs exhibit an unusual range
of electronic, magnetic, and optical properties. Some representa-
tives offer an outstanding richness of different condensed matter
phases, which are adjustable by choosing the right stoichiometry.
Furthermore, structural phase transitions may occur at fixed
stoichiometry as a function of temperature, pressure, excitation,
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of V** and V**, respectively. Both VO, and

V,0; show a metal-to-insulator transition

(MIT) with an abrupt change in optical

and electrical properties.*'*?! The Wadsley
phases can be considered as vanadium oxides arising from mixing
VO, with the Magnéli phases. This family including V4O13, V305,
and V,0s, exhibit average oxidation states in the range between
Vv and V*F.

Thin films of the various vanadium oxides have been
deposited by various techniques such as evaporative methods,****
sputtering processes,’”*" chemical vapor deposition,”! atomic
layer deposition,”>*®! pulsed laser deposition (PLD),*'?? and
hydrothermal synthesis.[**! In all cases, the formation of a specific
phase can be selected in the growth process by adjusting the
growth parameters. However, for most deposition methods not
all known crystalline VO, phases can be realized within the
boundaries of the available growth parameter space.

In case of ion-beam sputter deposition (IBSD), tuning param-
eters like oxygen flux, radio frequency (RF) power, or substrate
temperature during the growth process allows one to selectively
deposit thin films of defined V:O ratio as a pure phase or phase
mixtures. Synthesis by sputtering ensures especially precise
control over the stoichiometry of growing films and even enables
the growth of metastable phases under nonequilibrium growth
conditions.>* However, several issues remain unclear despite
the vast research efforts. Open questions are, for example, which
deposition technique yields the best-quality thin films overall or
is the best quality realized by a specific method rather phase
specific or even application-dependent. The quality issue is
particularly challenging as the morphology of the synthesized
VO, also affects its properties and hence, the desired
performance or application. For example, nanostructured
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V,0s is characterized by a large electrochemical surface area and
good interconnectivity for electronic conductivity compared to
the bulk material.™® Thus, the electrochromic performances
will depend on several parameters, including the coating
processes which determine film morphology and thickness.
Similarly, the MIT for both phases V,0; and VO, is closely
linked to the size and shape of the crystallite grains comprising
the sample.>>¢!

Here, we demonstrate the immense capabilities of IBSD for
controlled growth of virtually any desired phase of the multiva-
lent vanadium oxide system. This unique versatility goes beyond
any achieved by prior employed sputter techniques. It is enabled
by the accurate control of the composition of the gas mixture of
Ar and O, inside the ion source and thus in the growth process.
This high degree of control of the reactive species in the growth
process is one of the numerous advantages of IBSD. Others are
its great flexibility in the choice of target material and sputter
geometry. Furthermore, the gas discharge is contained inside
the ion source and not in contact with the substrate and the
deposited film. Thus, the plasma cannot infer materials damage.
More information on the fundamentals of IBSD and its applica-
tion in material processing can be found elsewhere.*’* Making
use of these advantages, we grow thin films of vanadium oxides
across an unprecedented compositional range using the same
deposition technique and apparatus.

2. Results and Discussion

All crystalline phases of the VO thin films obtained by IBSD are
mapped in Figure 1 as a function of oxygen flux f,, and heater
temperature during growth. The symbols denote individual sam-
ples. The dashed lines are guides to the eye for the boundaries
between the growth regimes of different vanadium oxide phases.
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Figure 1. Map of the thin film phases as a function of oxygen flux and
substrate temperature based on the X-ray diffraction (XRD) analysis
and Raman spectroscopy. Clearly, different growth regions are addressed:
a) V,0; (pentagons), b) 6-V,0s (squares), c) a-V,Os (circles), d) VeO3
(triangles), e) a-V,05/V¢O;3 (hexagons), f) VO, (diamonds), and
g) samples potentially V30, (open symbols, the shape indicates possible
admixtures of the adjacent phases VO, or V,0s). The Roman numerals
designate two samples that will be used as examples in the following
discussion.
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We identify: a) V,05 (pentagons), b) 6-V,0s (squares), c¢) a-V,0s
(circles), d) VeOi; (triangles), e) a-V,0s5/VsO13 (hexagons),
f) VO, (diamonds), and g) V;0; (open symbols, the shape indi-
cates possible admixtures of the adjacent phases VO, or V,0s).
The map is derived based on the results of XRD analysis and
Raman spectroscopy. Note the two different ordinates indicating
that nominal heater temperature and substrate surface tempera-
ture differ. In the following, we will discuss our results in terms
of the (nominal) heater temperature, since this temperature is
the one to be controlled and monitored in operando throughout
the entire growth study (cf. Figure S1, Supporting Information
for the calibration procedure).

Exemplary XRD patterns for seven different thin films are
given in Figure 2. The broad reflection around 20°, seen in all
diffractograms, is due to amorphous material. However, thin
films grown at low heater temperatures and with oxygen fluxes
below 3 sccm additionally exhibit the rhombohedral corundum
structure of bulk V,0s3, see Figure 2a. The diffractogram shows
two distinct maxima at 20=38.8° and 20 = 64.87°, which
correspond to reflections from the planes (006) and (300), respec-
tively.*”) Higher order reflections are not observed in the 26
range shown. Both the reflections present in the thin film are
at higher Bragg's angle as compared to those of the bulk material
and, thus, there exists slight compressive strain along the growth
direction. This out-of-plane compressive strain will produce an
in-plane tensile strain. At higher heater temperatures, V,0;
changes to other phases or a phase mixture.

Increasing the oxygen fluxes above 3 sccm yet keeping low
heater temperatures yields, at first sight, amorphous material,
cf. Figure 2b. As shown in the following, the Raman spectra
of this sample correspond to 6-V,0s. Figure 2c shows the
XRD data for a polycrystalline a-V,0s film that has been depos-
ited at 200 °C with an oxygen flux of 6 sccm. Owing to the amor-
phous quartz substrate, a multitude of different out-of-plane
orientations of the a-V,0s polymorph is present in the corre-
sponding diffractogram. The XRD data suggest that all films
deposited at heater temperature above 600 °C are composed of
V6013 regardless of the set oxygen fluxes. Exemplarily, XRD data
for a thin film deposited with a reactive gas flow of 6 sccm are
shown in Figure 2d. In total, we observe seven X-ray reflections at
20 values of 17.82°, 27.01°, 36.22°, 45.66°, 55.46°, 64.70°, and
76.65°, respectively. All belong to the {001} family of planes.
Keeping the oxygen flux above 3 sccm, in a rather broad range
of heater temperatures between 400°C and 600°C neither
VO3 nor a-V,0s are obtained phase-pure, cf. Figure 2e.
Interestingly, the V50,3 phase still exhibits a preferential orien-
tation along (001), independent of the a-V,0s fraction included
in the thin film. The a-V,0s phase for these growth conditions,
besides small traces of (110)-oriented crystallites exhibits mainly
the low-index reflection (010) and its higher order reflection
(020). Here, clearly, the presence of the additional V40,3 phase
triggers growth along low-index orientations with the relative
intensity ratio of (010) and (110) being reversed in comparison
with the unperturbed a-V,0s growth. However, (010) being the
most robust crystal orientation of a-V,0s upon phase transfor-
mation to V¢O;3 comes by no surprise, as (010) is the natural
cleavage plane and possesses the lowest relaxed surface energy
in the a-V,0s structure.*! Intriguingly, oxygen fluxes as low as
2.5-3sccm access a small growth window for crystalline
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Figure 2. XRD patterns of thin-film samples representative for the differ-
ent growth regimes: a) V,03, b) “amorphous” VO,, c) a-V,0s, d) VO3,
e) a-V,05/VeOs3, f) VO, and g) top II): almost pure V305, bottom 1): V305
with VO, secondary phase.

vanadium dioxide (VO,) for heater temperatures above 500 °C.
These films exhibit a preferential (011) orientation, cf. the
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diffractogram of a thin film deposited at 550 °C heater tempera-
ture and 2.75 sccm oxygen flux in Figure 2f. Observing a reflec-
tion in this angular range is common for layers deposited on
glass substrates, although it is often assigned to as (201) orienta-
tion of monoclinic VO,.1*” However, (011) is the more convinc-
ing interpretation, as our layers are grown above the transition
temperature and, thus, as VO, in its high-temperature rutile
structure. Here, theoretical investigations on the low-index
crystal surfaces and their stability suggest (110) to be the by
far most stable surface dominating the equilibrium morphol-
ogy.l** As the rutile (110) surface corresponds to the monoclinic
(011) surface, we expect this surface to dominate in our randomly
oriented VO, crystallites.

Note that some diffractograms show additional reflections to
those discussed in context with the distinct phases V,03, @-V,0s,
V013, and VO,, or the a-V,05/VcOq3 mixture. There exists
another growth window between those of V,0; VO,, and
a-V,0s, cf. open symbols in Figure 1. We assign this window
to V305. The boundaries to the adjacent phases in the parameter
space are rather broad. Thus, some of the samples belonging to
this window exhibit an adjacent phase (indicated by the symbol
shape) as a secondary phase. All assignments of the crystalline
phases by XRD are supported by X-ray photoelectron spectros-
copy (XPS) results, cf. depth profiles of exemplary samples in
Figure S2, Supporting Information. In particular, the stoichiom-
etry of the thin films of the phase-pure crystalline VO, samples is
confirmed by the XPS results, even when the samples exhibit an
amorphous secondary phase. This strongly suggests that the sec-
ondary amorphous phase is of the same stoichiometry as the
crystalline phase. This finding is somewhat anticipated as the
V:O ratio can be accurately controlled in IBSD.

Figure 2g shows two diffractograms representative of samples
of the V305 growth window. All sharp reflections can be assigned
to those of polycrystalline V505 in case of the top trace.[* In case
of the lower trace, which corresponds to a sample grown with
parameters closer to those of the VO, regime, additional
sharp reflections occur which can be assigned to VO, as a
secondary phase.

In this context, we would like to stress that the growth diagram
presented in Figure 1 does not match expectations from the well-
known Ellingham diagram, in which one might determine the
stable vanadium oxide phase at a given combination of tempera-
ture and oxygen partial pressure.*”) However, as the Ellingham
diagram is based on thermodynamic data for selected reactions
in bulk material, it may not be used for determining the temper-
ature ranges for metastable material in thin-film growth.
Especially, as sputtering is known to facilitate thin film growth
under nonequilibrium conditions and, thus, enables the
formation of nonequilibrium phases not included in the
Ellingham diagram.

Figure 3 depicts scanning electron microscopy (SEM) images
of sample surfaces of thin films belonging to the different growth
windows of the VO, phases. First, we clearly stress the general
influence of elevated temperatures on grain growth. Hence,
a) V,03, b) 8-V,0s, and ¢) a-V,0s, the phases grown at lower
temperatures, exhibit smooth surfaces and consist of very small
crystallites with a maximum size of a few nanometers, while the
d) VO3, €) a-V,05/V0q3, and f) VO, thin films consist of
grains of at least several 10 nm. The grain size of the VO, sample
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Figure 3. SEM images of thin-film samples representative for the different growth regimes: a) V,03, b) §-V,0s, ¢) a-V,0s, d) VOi3, €) a-V,05/VeOs3,

f) VO,, g) V507 with VO, secondary phase, and h) almost pure V;0;.

shown (550 °C, 2.75 sccm oxygen flux) is even around 1 pm. The
surface of a-V,05/VO;3, shown in Figure 3e, appears to consist
of rectangular-shaped crystallites. These crystallites, however, are
smaller than those typical for pure VO3 in Figure 3d, but are of
a similar appearance. The decrease in size while keeping the
shape somewhat corroborates the transition from VO3 to
a-V,0s with decreasing heater temperature revealed by the
X-ray data. Figure 3g illustrates the surface of a sample grown
at 550°C and an oxygen flux of 2 sccm (sample I). The grains
are obviously smaller than for the VO, sample grown at the same
temperature but with a slightly higher oxygen flux, cf. Figure 3f.

Hence, the heater temperature is clearly not the only factor
that influences the grain size: one rather has to carefully adjust
the Ar:O, ratio as well. We tentatively expect V305 to be present at
grain boundaries of dissembled VO, crystallites (yellow high-
lights in Figure 3g) since the sample at hand did also
show V3;0;-related reflections besides those of VO,. Finally,
Figure 3h shows an SEM image of almost pure V50, (sample
1I) with its multitude of small grains underlining the polycrystal-
line nature found in XRD.

Raman spectroscopy should provide additional means to iden-
tify clearly the phases occurring in the samples representative of
the different growth regimes shown in Figure 1. In general, XRD
and Raman results will yield the same assignments in terms of
crystal structure. However, one method is more sensitive for
identifying some polymorphs than the other and vice versa.
Raman spectroscopy is particularly helpful in distinguishing
different oxide phases in the case of large unit cells and low
symmetry.[***”) Depending on the Raman cross-sections of
the phonons involved, it may be even more sensitive in identify-
ing intermediate or secondary phases than XRD.

The normal modes and corresponding mode patterns of most
vanadium oxide phases are well documented.*®! An exception is
the Raman fingerprint of V;0,. Its Raman spectrum is contro-
versially debated in the literature.*"**>% The difficulty arises
because most VO, phases can be considered as networks of
VOg octahedral units sometimes with additional bipyramidal
VOs units. The Raman spectra of the VO, phases obviously
are related to the vibrational modes of the corresponding polyhe-
dral units. Thus similarities of the V30, Raman spectrum to

Phys. Status Solidi A 2022, 219, 2100828 2100828 (4 of 9)

those of, for instance, triclinic V,016,2 and V043,°% are some-
what anticipated. For example, nominal V30; has been produced
as nanofibers and nanoflowers.”"*? The corresponding Raman
spectra demonstrated features similar to a-V,0s and additional
bands at 848, 881, 932, and 1028 cm ™' for nanofibers or at 835,
871, 924, and 1021 cm™" for nanoflowers. However, it has not
been verified by XRD that the crystalline structure of the
nanoscale samples is indeed V;0,.5>%

Figure 4 gives examples of typical Raman spectra of all phases
under study. An overview of Raman-active phonons identified in
this study in comparison with results of previous studies is given
in Table S3, Supporting Information.

The Raman spectrum of V,03 shows six distinct modes at 213,
234,297, 335, 494, and 583 cm ™, cf. Figure 4a. Some are rather
broad and of low intensity. Below the phase transition tempera-
ture of 150-160K, this vanadium oxide shows a monoclinic
structure with space group C2c, whereas at higher sample tem-
peratures V,0; has a corundum structure (space group R§c).[5 53]
This change of crystal structure is accompanied by MIT. Thus, at
room temperature, V,0; is present in its corundum structure,
where we expect seven Raman-active modes (2A;, + 5E,). Here,
two vibrations, one with a mode pattern involving only movement
of oxygen atoms and the other with a pattern arising from vana-
dium movement, yield the A;, modes,** experimentally observed
here at 234 and 494 cm™". Two E, modes at 213 and 297 cm ™" are
associated with the movement of vanadium atoms, whereas the
remaining E, modes are mainly associated with the motion of
oxygen atoms. Two of these oxygen-related modes are found at
335 and 583 cm ™!, whereas the remaining E; mode has not been
observed experimentally.’”) Hence, no modes besides those
related to V,03 are present underlining phase purity of the
material grown.

Figure 4b depicts the Raman spectrum of a sample identified
as “amorphous” by XRD. The presented data clearly evidences
that apparently a residual degree of crystallinity is found in
the corresponding thin film. However, the Raman modes
observed are rather broad and are somewhat shifted with respect
to the modes of V,05 samples deposited at slightly higher heater
temperatures, cf. Figure 4c. This deviation may be explained
when considering that V,0s crystallizes in at least six
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Figure 4. Raman spectra of representative layers of: a) V,03, b) 6-V,0s,
) a-V,0s, d) VgOi3, €) a-V,05/VsO0s3, f) VO,, respectively. The additional
vertical lines depict references from literature given for V503,571 V053,162
V,05,5" and V0,164,

polymorphs, namely a-V,0s, $-V,0s, y-V,0s, §-V,0s, -V,0s,
and &-V,0s. The presumably best-known representative is
orthorhombic a-V,05.58 The a-V,05 structure is associated
with 21 Raman-active modes (7Aqg+ 3B1g+ 7B;g 4 4B3y).
Experimentally, the lowest wavenumber mode is an A;; mode
at 102 cm ™. The other six A,z modes are located at 196, 304,
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405, 478, 526, and 995 cm™'. The 995 cm ™! mode also includes
a By, line. Additional Raman-active modes are observed at 145,
282, and 698 cm ™, which incorporate contributions of By, B,y
and Bs; modes. Exemplarily, the dominant mode observed at
145 cm ™! incorporates contributions of one Byg, one By, and
one B3, mode. A more detailed discussion of the underlying
vibrations can be found elsewhere.*®°%%% Thus, in contrast to
samples grown at higher heater temperatures and clearly
assigned to a-V,0s, cf. Figure 4c, we observe spectra of
6-V,0s for samples grown at lower heater temperatures, cf.
Figure 4b, in agreement with the results of Zibrov et al.[°"

Figure 4d shows the Raman spectrum measured for a VO3
sample, deduced following the XRD results. It shows clear alike-
ness with the spectrum of a-V,0s, cf. Figure 4c, although there
exist changes in relative intensity and small Raman shifts. The
reason is the similarity of structural polyhedral units.
Experimentally, Raman scattering for the monoclinic high-
temperature phase presented here (18A;+ 9B, Raman-active
modes) has been reported for microcrystalline powder,®”
nanobelts,®® a single crystal,”®! and thin films.[?*?** Especially
the spectra of the latter strongly resemble that of a-V,0s in agree-
ment with our results. In addition to indicating the positions of
the Raman-active modes in Figure 4d, we mark additional fre-
quency ranges in the spectrum where the IR-active modes should
Dbe located. It should be noted, that these are not expected to be
Raman active in ideal VO3 films. Nonetheless, some V4013
spectra do exhibit traces of those modes, which presumably
are Raman-activated by a structural disorder. Thus, the degree
of their absence is a measure of the crystal quality of the layers.
Here, those modes are mostly suppressed. Thus, the quality of
IBSD-grown V403 is rather good.

Figure 4e illustrates the spectrum of a representative a-V,0Os/
V6013 mixed-phase sample. Comparing the results of phase-pure
a-V,0s and VO3, cf. Figure 4c,d, we see that the spectrum effec-
tively can be understood as a blend of both constituents: for
example, the most dominant feature at about 140 cm™" consists
of the main contribution at 144.4cm™' and a shoulder at
130.9cm ™. Additionally, we identify another feature for the
a-V,05/Vs013 mixed phase, which is the broad, asymmetric fea-
ture around 500 cm™ . In this region, both a-V,05 and VO3
exhibit two Raman-active modes as seen in Figure 4c,d. For a-
V,0s the 481 cm™" mode shows a lower intensity compared
to that of the mode at 527cm™', whereas for VO3 the
497 cm™" mode shows a higher intensity compared to that of
the mode at 530 cm™". Thus, the relative intensity of these
two contributions or the asymmetry of the resulting superposi-
tion may serve as a fingerprint to distinguish between both
constituents or to estimate the a-V,05:V¢O;; ratio provided
the absolute Raman-scattering cross-section are known.

VO, undergoes a reversible phase transition from an insulat-
ing to a metallic state at a temperature of 68 °C. This structural
phase transition is also reflected in the Raman spectra recorded
below and above the transition temperature. We show Raman
spectra of a VO, sample taken at room temperature (VO, LT,
solid line) and at 90°C (VO, HT, dash-dotted line) in
Figure 4f. As expected, for the metallic state, we observe no sig-
nificant features in the spectrum. At room temperature, however,
we observe a set of well-resolved Raman bands, the most promi-
nent occurring at around 194, 224, and 610cm '. The
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monoclinic VO, structure is associated with 18 Raman-active
vibrations (9A4 + 9B,).** % The modes at 136, 194, 221, 309,
338, 389, 618, and 662cm ' are assigned to A, phonons,
whereas the modes at 136, 221, 261, 389, 441, 578, and
821cm ™! are attributed to B, symmetry. Obviously, near 136,
221, and 389cm™ ' A, and B, lines overlap and have yet to be
resolved experimentally. Following the assignment of Shibuya
and Sawa,[®* Agand B modes are given as solid and dashed lines
in Figure 4f, respectively. All Raman-active modes, including the
B, mode predicted at 450 cm ™" are visible in the spectrum
obtained for IBSD-grown VO,. Therefore, we assume that the
crystalline VO, film obtained is of high quality. It is worth noting
that two monoclinic VO, phases exist, referred to as M1 and
M2.1%”I The Raman-active modes observed in Figure 4f are indic-
ative of the M1 phase. Group theory predicts the same number of
Raman-active modes for the M2 phase changing only their char-
acter.[®] Consequently, the Raman spectra of the M1 and M2
phases differ only in peak positions and intensities, not in the
overall peak pattern. The main difference is the appearance of
a Raman mode at 640 cm ™" for the M2 phase. However, this
feature is not present in our data. Thus, we are quite confident
with our assignment of the M1 phase.

Finally, we discuss the Raman spectrum of V;0;-based
samples obtained in the corresponding growth regime presented
in cf. Figure 1. Figure 5 shows the Raman spectra of two such
samples as black curves. The results analyzed in graphs (a) and
(b) are those of the same two samples whose XRD traces are
shown in Figure 2g. According to the XRD analysis, the V50,
samples corresponding to the Raman spectra in graphs (a)
and (b) are a V305 thin film with VO, as a secondary phase (sam-
ple I) and almost pure V;0; thin film with some amorphous
regions (sample II). As the boundaries of the growth window
of V305 are somewhat blurred, it cannot be ruled out that the
Raman spectra plotted in black contain contributions of the
phases of the adjacent growth windows, i.e., VO, (as already vis-
ible in the XRD trace of one of the two samples) and a-V,0s (not
detected by XRD). We have to rule out such contributions. When
comparing the two Raman spectra plotted in black, it becomes
obvious that there are slight differences between the spectra.
In particular, the spectrum shown in (a) of sample I, exhibits
an additional prominent feature at about 600 cm™", which does
not occur in the spectrum in (b) of sample II. We scaled the
intensity of the LT VO, spectrum (shown in Figure 4f), plotted
in yellow in Figure 5 to remove the VO, contribution from the
black spectrum. Similarly, we proceeded with the spectrum of a-
V,0s (shown in Figure 4c), plotted in magenta in Figure 5. The
spectra of both possible contributions are plotted on the same
scale as the black spectrum. It can be seen that the a-V,0s con-
tribution to the spectrum is rather small or almost negligible in
accordance with the XRD data. The green curve shows the V30,
spectrum corrected for the contributions of the other phases.
Similarly, we proceeded with the black Raman spectrum in graph
(b) of sample II, which is a nominally single phase according to
the XRD data. We find that the estimated contributions of VO,
(vellow curve) and a-V,0s (magenta curve) are indeed negligible
confirming the XRD results. The main features in the two cor-
rected Raman spectra (green) of V305 are very similar especially
at high wavenumbers, the differences in the prominent double
feature at about 200 cm ™" are a bit more pronounced. A likely
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Figure 5. a,b) Raman spectra of two samples with V;0;-related features.
Raman spectra obtained for VO, and a-V,0s have been subtracted from
the as-measured spectra to extract Raman spectra representative for

phase-pure V30;. The inset c) illustrates the unit cell of monoclinic
V305 in polygon representation projected on (010).

reason is that the orientation of the V30, grains is somewhat
different in the two samples according to the XRD traces
which may lead to relative intensity variations of the observed
Raman modes.
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It should be noted that other explanations for these modes can
be found in the literature.*"***% Features of an intermediate
structure at 70, 155, 251, 695, 841, 880, 929, 981, and
1027 cm™! have been observed for V,0s xerogel samples.!*”)
Similar Raman spectra have been reported for pulsed laser
deposited as well as magnetron sputtered films.*">" The struc-
ture of the sputter-grown films has been referred to as V40, 5,50
while a V;044 triclinic cell has been stated for the PLD grown
samples.*!! In both cases, however, the Raman spectrum was
equivalent to the spectrum measured before ** and especially
not to the V¢O;3 spectrum reported in the present work.
Since sample degradation induced by increased laser irradiation
power in Raman spectroscopy cannot be ruled out, nanostruc-
tures may decompose into an intermediate structure. Thus, very
likely previous works did in fact observe V;0;. In our work,
however, we already confirmed V30, in the XRD patterns, cf.
Figure 2, which would then be one of the scarce presentations
of directly grown V307 samples. Thus, we believe that the stron-
gest Raman bands located at 165, 845, 881, 912, 937, 990, and
1031 cm ™' do indeed represent V;0,. These Raman frequencies
are in good agreement with previous reports,P**? see also
Table S3, Supporting Information.

According to the XRD analysis of Waltersson et al. on a single
crystal,*¥ crystalline V30, possesses a monoclinic unit cell,
space group C2c containing 12 units of V30, yielding a total
of 120 atoms per unit cell corresponding to almost 360
vibrational modes. A group-theoretical analysis yields 90
Raman active modes (44A, + 46B,). The discrepancy between
numbers of predicted and observed Raman modes can be better
understood, when considering the unit cell of the V30, lattice in
polygon representation projected on (010) in Figure 5¢; or as an
enlarged Dball-and-stick representation in the Supporting
Information. The unit cell is a network of VOg4 octahedra and
VOs bipyramids. One can identify a chain of corner-sharing
octahedral units and a chain containing pairs of edge-sharing
octahedral units. Furthermore, one finds three types of VOs
bipyramids within the unit cell, one type exhibiting a V=0 dou-
ble bond. An unperturbed VO octahedra (Oy, symmetry) exhibits
three distinct Raman signals (A + Eg + Fy5) and an unper-
turbed VOs bipyramid (D3, symmetry) shows 6 distinct
Raman features (2A;’ + 3 E’+ E”) in its spectrum. Neglecting
symmetry reduction, but taking into account the five types of pol-
ygons occurring in the unit cell already yields 24 different Raman
signals. The degenerate modes (e.g., twofold degenerate E or
threefold degenerate F modes) can split further and additional
modes (i.e., originally silent or IR active) may become Raman
active due to the symmetry reduction at the sites of the polyhedra.
This accounts for the 90 modes expected from the group-theoretical
analysis based on the atomic positions in the unit cell. However,
how many of these modes are at similar frequencies cannot be
predicted, explaining the smaller number of distinct Raman
peaks in the spectra. It may be anticipated that the strongest
modes in the spectra involve vibrational patterns reflecting those
of the strongest modes in the polyhedral units. It is worth noting
that the charge state of the central V ions of the octahedral and
bipyramidal polygons is 4+ and 5+, respectively. This implies
that the high-frequency modes above 800cm™' are due to
vibrations mainly involving the VOs bipyramidal units because
of the stronger bonding due to the higher valence of their central
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V ions. In particular, the mode above 1000 cm™" is most likely to

have a mode pattern strongly involving the strong V=0 double
bond, similar to the findings for V,05.1"!

3. Conclusion

We demonstrate that ion-beam sputter-deposition is a powerful
tool to reliably deposit vanadium oxides of different stoichiome-
tries. The whole range of Wadsley phases as well as the Magnéli
phases V,03 and VO, are obtained. In particular, we are able to
grow polycrystalline V30, and determine its Raman spectrum.
The transition regions between the growth windows of the
various phases need to be evaluated carefully since mixtures
of different phases are likely to occur in the rather blurred
boundary regions. Nonetheless, this work paves the way for a
reproducible sputter fabrication of a plethora of phase pure
VO thin films of different valence (mixture). Such well-defined
VO, samples will not only help obtain a better understanding of
the outstanding material properties of the vanadium oxide
system but will also advance many applications involving
vanadium oxide phases, especially in cases where large-scale
deposition is not the main obstacle to overcome.

4. Experimental Section

Vanadium oxide thin films are deposited using IBSD. Here, an RF
plasma was generated inside the ion source.®*” The pre-mixed gas com-
position of 2 sccm inert Ar and a variable amount of reactive O, were led
into the discharge chamber, which was surrounded by an RF-induction coil
operating at 2 MHz. The ion extraction was accomplished by grid-shaped
electrodes in a three-grid configuration using the “accel-decel” technique.
lons of the plasma entering the extraction channel were accelerated onto
the 4” vanadium target, which was mounted under an ion incidence angle
of 45° and in 20 cm distance to the outermost extraction grid. Typical ion
currents were 30-35 mA. The vanadium sputtered off the metallic target
and it reacted with the oxygen species of the ion beam forming a film of
vanadium oxide on the substrate surface. The substrate-target distance
was 15 cm and the polar emission angle was given as 5°. Here, fused silica
was used as substrate material. The heater temperature was adjusted in
the range of 25-600 °C depending on the desired phase. Typical growth
rates varied between 1 and 4 nm min~" (dependent on the argon—oxygen
ratio and substrate temperature) when running the ion source with a
power of 220 W. All layers discussed in this work exhibited a minimum
thickness of 100 nm. A scheme of the IBSD setup and a more detailed
description can be found elsewhere.?94¢]

X-ray diffraction (Siemens D 5000) in the 6-20 geometry using Cu K,
radiation provides a structural and compositional analysis of all films.
Raman spectra using 532 nm laser excitation and a spectral resolution
of 1.5cm™" (Renishaw inVia Raman microscope system) provide comple-
mentary structural information. The morphology of the sample surfaces is
studied by scanning electron microscope (SEM) using a Zeiss MERLIN
SEM equipped with an InLens detector. The composition of the doped
thin films is determined by XPS using an PHI VersaProbe Il spectrometer,
utilizing monochromatic Al K,, (1486.6 eV) radiation (for further informa-
tion see Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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