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Extensive attention has been paid to vanadium oxide polymorphs because of their potential to be used in
applications in information and optoelectronic devices, as well as in energy harvesting technologies.
However, vanadium oxides always form a very complex phase diagram; in particular, it is still challenging
to synthesize pure vanadium oxide epitaxial polymorphs on low-cost, transparent and wafer-scale
substrates. Here, we demonstrate the growth of epitaxial polymorphs of vanadium oxide (VO, (R, M1 and
their mixed phase), and V,0z) and (001)-textured VO, (B) thin films on the (0006) surface of sapphire
without selecting specific substrate orientations. This is achieved by controlling the vanadium arrival rate
via sputtering power and oxidation of vanadium atoms through the partial pressure of oxygen using

magnetron sputtering techniques, which enables wafer-scale production of the vanadium oxide thin
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1. Introduction

Transition metal oxides (TMOs) have attracted increasing
research interest around the world'* owing to their wide range
of practical applications such as in field-effect transistors,*
optoelectronic devices,” and memory devices.® It is well known
that TMOs always exhibit various polymorphic structures (e.g.
multiferroic BiFeO; thin films with tetragonal, rhombohedral,
and monoclinic phases”) and are closely related to each other in
a thermodynamic framework, which can lead to difficulties
during synthesis, especially for thin film forms.** Analogous
vanadium oxide is indeed one of the most complicated of the
TMOs; it can exhibit various oxidation states (such as V>*, V**,
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V*, or V**) and various crystal structures even with the same
oxidation states.'**? For instance, vanadium dioxide (VO,) has
six or more polymorphs (e.g., R, M1, M2, A, B, C) with the same
chemical formula.

Among these phases, monoclinic VO, (M1) is the most
widely studied owing to its abrupt metal-insulator transition
(MIT) at around 68 °C, coupled with a structural transition from
a low-temperature monoclinic (M1 phase) to a high-
temperature rutile (R phase) structure.”*** The VO, (M, phase)
polymorph is often observed as a metastable phase in the
vicinity of the metal-insulator transition (MIT) of the VO, (M1)
nanowires and nanobeams.'*>'¢ VO, (A) is another metastable
octahedrally coordinated phase composed of edge and corner-
sharing VO¢ octahedra. The phase transition behavior is quite
different from the M1 and R phase. VO, (A) is transformed to
the R phase, but this change is not reversible by changing the
temperature.” VO, (B) is also a metastable compound; it can be
converted to a rutile or monoclinic structure after a suitable
annealing process.*'® Further, it is a promising material for
energy applications, as it can be used as an electrode in Li-ion
batteries.”** Meanwhile, VO, (C) consists of layers of square
VO; pyramids, each of which shares its four basal edges with
four neighboring square VOs pyramids.** The formation of
these mixed and similar phases very often hinders the accurate
understanding of the physical properties of the vanadium oxide
polymorphs. Moreover, preparation of pure phases and high-
quality crystalline thin films has been a major challenge for
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vanadium oxide thin films and related device applications. An
increasing number of studies on vanadium oxide have focused
on epitaxial thin films, which can be grown using a variety of
deposition techniques.*>***** However, it is difficult to prepare
pure vanadium oxides, especially thin films, of high crystalline
quality because of the narrow range of the phase diagram,
complex oxidation states of vanadium, and species diversity of
the polymorphs (as mentioned above, there are at least six
phases of VO,). Recently, Ho Nyung Lee and coworkers® selec-
tively grew tetragonal VO, (A) on (011)-oriented SrTiO; (STO)
and LaAlO; substrates, monoclinic VO, (B) on a wide range of
(001)-oriented perovskite substrates, and monoclinic VO, (M1)
on (111)-oriented STO, (LaAlOj3), 3(SrAly 5Tay 503)o.; and LaAlOs
substrates using pulsed laser epitaxy. They also successfully
grew epitaxial vanadium dioxide films of phase A, B, and M1 on
(011), (001), and (111)-oriented STO substrates, respectively.>®
Furthermore, T. Venkatesan et al*’ grew high-quality single
epitaxial films of tetragonal VO, (A), monoclinic VO, (B), and
VO, (M1) thin films on (100)-oriented STO substrates using
pulsed laser deposition.

Despite some recent progress in preparing vanadium oxide
thin films, accessing vanadium oxide polymorphs generally
depends upon using expensive substrates and carefully select-
ing different crystallographic orientations for different phases.
In this work, we have successfully fabricated epitaxial thin films
of vanadium sesquioxide (V,0;) and various dioxide poly-
morphs (VO, (R), VO, (M1), and VO, (B)) on single cut (0006)
sapphire surfaces using reactive ion magnetron sputtering. This
technique enables wafer-scale production of vanadium oxide
thin films. Moreover, the sapphire substrate (Al,O; crystal,
normally several inches in size) is much cheaper than
substrates such as STO or LAST. In addition, the sapphire
substrate is so transparent in ultraviolet, visible and infrared
regions that it can be used to design optoelectronic devices
based on the vanadium oxide thin films.

2. Experimental

A vanadium metal disk in 2-in size was used as the sputtering
target. The detailed growth conditions were presented and
discussed in the main text. X-ray diffraction (XRD) was per-
formed on Smartlab (Riguka, Japan) and partially on the 14B
endstation in Shanghai synchrotron radiation facilities (SSRF).
X-ray absorption spectroscopy (XAS) measurements were per-
formed on the 08U in SSRF. We used inVia Raman microscope
(Renishaw) to collect Raman spectra with a 532 nm laser. All the
above measurements were finished at room temperature. The
electrical transports were measured by physical property
measurement system (Quantum Design).

3. Results and discussion

Fig. 1(a)-(d) shows the crystal structures with different
symmetries of several typical vanadium oxides of VO, (R), VO,
(B) VO, (M1) and V,0;. To confirm the crystalline phases of the
fabricated vanadium oxide thin films, X-ray diffraction (XRD)
measurements were performed using a diffractometer equipped
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Fig. 1 Schematic crystal structures of (a) rutile VO (R), (b) monoclinic
VO, (M1), (c) monoclinic VO, (B), and (d) trigonal V,O3 phases. The red
and gray spheres represent oxygen and vanadium atoms, respectively.
(e) XRD patterns for VO, (R), VO, (M1 + mM), and VO, (M1). (f) XRD
patterns for V,O3 (R), VO, (B), VO, (M1), and the mixed-phase VO, (B)
and VO, (M1). XRD pattern of VO, (M1) is re-plotted here for better
comparison among different epitaxial polymorphs. All the films were
grown to ~120 nm (ref. 44) by controlling deposition time (please see
the ESI, Fig. S21). The thicker films were chosen to minimize the
substrate-induced strain effects.

with a Ge (220) x 2 monochromator at a wavelength of 1.5406 A.
As shown in upper inset of Fig. 1(e), the characteristic (200) peak
of the VO, thin films occurs at about 39.5° by #-26 scans, which
is the feature of tetragonal phase (rutile phase).?® The corre-
sponding lattice constant a is determined to be ~4.559 A and
the out-of-plane lattice distortion (@pu — @fim)/@puk is —0.11%.
In the lower part of Fig. 1(e), the peak at 26 = 39.85° is assigned
to the (020) reflections of VO, (M1). The series of the (001)
reflections visible in Fig. 1(f) are assigned to the pure VO, (B)
phase. The interplane space in this VO, (B) thin film is calcu-
lated to be ~6.156 A, which is in line with the previous reports.®
It is interesting that the mixed-phase VO, (M1) and VO, (mM,
monoclinic metallic phase), and the mixed-phase VO, (B) and
VO, (M1) were also fabricated as shown in the middle and lower
part of Fig. 1(e) and (f). It's not hard to imagine that the inter-
faces between two different phases (e.g. VO, M1 and B phases)
in the mixed-phase VO, system would modulate the MIT
behaviors, which is very interesting and need to be further
studied. Moreover, the peak at 20 = 38.67° in the XRD pattern is
assigned to the (0006) peak of the V,0; phase in the upper inset
of Fig. 1(f). The diffraction peaks from the sapphire substrates
are marked by dotted cyan lines for comparisons in Fig. 1(e) and
(f). Moreover, in order to check the purities and orientations of
different crystalline phases, the full scans of vanadium oxide
thin films are shown in Fig. S1 (please see ESIt). The above XRD
analysis revealed that all vanadium oxide films with highly

This journal is © The Royal Society of Chemistry 2017
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oriented growth habits are deposited on the single orientation
on the (0006) sapphire substrates. Consequently, the desired
and highly oriented vanadium oxide thin films can be grown on
the single (0006) surface without changing the orientations of
sapphire substrates through carefully controlling growth
conditions.

To clarify the epitaxial behaviors, XRD phi scans of the
typical vanadium oxide thin films were also performed. Fig. 2(a)
shows that V,0; could be grown on the (006) sapphire with
following epitaxy relationship: (001) V,05//(006) Al,O; and (100)
V,0,//(100) ALO;. Fig. 2(b) shows that (010) VO, (M1)//(006)
Al O3 and (100) VO, (M1)//(100) Al,O;. However, the VO, (B)
film (110) peaks are hardly observed by XRD phi scans as
demonstrated in Fig. 2(c), which is also in the cases of the
(—401), (020) and (113) peaks (not shown here). Therefore, the
VO, (B) thin film on the (0006) surface of sapphire favors the
(001)-textured growth as similar as on the (001) surface of
SrTiO; substrate.” This result is likely due to the in-plane
random stacking of the 2-dimensional V-O layers.

In order to further confirm crystal structures of the above
phases, Raman spectroscopy was utilized to study lattice
dynamics and thus discriminate the these various vanadium
oxide phases. The Raman spectra of several typical vanadium
oxide at room temperature are shown in Fig. 2(d). Raman peaks
at around 417, 499, and 749 cm ™~ ' (marked by the dashed red
lines) in Fig. 2(d) are assigned to the Al,O; substrate. The
Raman spectra of V,0; exhibits prominent low-frequency
modes at around 212, 230, and 294 cm ' at room tempera-
ture, which is in agreement with results in previous studies.*
The three representative Raman peaks at around 193, 223, and
614 cm~ " correspond to the VO, M1 phase, and the peak posi-
tions also agree well with literature values.**** However, no
Raman peaks was observed in the metallic VO, rutile phase and
thus displays almost no Raman activity in line with the ref. 35.
And the VO, (B) thin film has the three typical vibrating modes
at 159, 266 and 415 cm ™', which was also reported by Lee et al.®

(a)—=m V,0,(116) (c) [ Fimvo,miE1)
3 35
s s
> z
5 [—substrate ALO(116) ‘@ | Substrate Al;03(116)
c <
m 1 3 ’ l
£ E
0 60 120 180 240 300 360 0 120 180 240 300 360
Phi(°)
(b)—Fimvo@ 10 (d)—= —TY
1 1
-~ x : v,0,
3 t L ”"‘Mw/w'"l Alall ’ : x| : :
J‘; WA N | b A VO,B)
"Z; Substrate ALO, (116) g . X
£ £ L i vo,®)
= x b3
* L 1
. AoA 1 Vo)
(1] 60 120 180 240 300 360 200 400 600 800 1000 1200
Phi (°) Raman Shift(cm™)

Fig. 2 Phi scans of different vanadium oxide epitaxial thin films. (a)
V;0s. (b) VO, (M1), and (c) VO, (B). (d) Raman spectra of different
epitaxial polymorphs of VO, and V,0Os3 thin films. The Raman peaks at
around 417, 499, and 749 cm™! (marked by the dashed red lines) are
assigned to the Al,O3 substrate.
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Since the surface microstructures are very important for
designing thin-film devices, the various vanadium dioxide
polymorphs and V,0; epitaxial thin films were investigated by
atomic force microscopy (AFM). In topographical terms, both
the VO, (B + M1) and VO, (B) films in Fig. 3(d) and (e) exhibit
a larger grain size than the VO, (R) and V,0; films in Fig. 3(a)
and (f). We noted that a relatively large proportion of the self-
organized domain patterns separate out from the matrix of
thin films in the VO, (M1 + mM) phase (shown in Fig. 3(b)).
Meanwhile, the pure VO, (M1) in Fig. 4(c) shows that a contin-
uous film is normally formed as reported in ref. 24 and 36.

Based on the above characterizations, the vanadium oxide
epitaxial polymorphs can be obtained as what one wants. By
varying the power of the radio-frequency (RF) supply, argon and
oxygen flow ratio, we could change the arrival rate of the atoms
on the surface of the sapphire substrates. Moreover, by adjust-
ing the oxygen flow rate and growth temperature, we could also
change the oxidation of vanadium on the substrates. We found
that the phase of the vanadium oxide thin films is more sensi-
tive to the growth temperature with low oxygen flow levels
(below 1.0 scem, set argon flow of 50.6 sccm, and RF power of 60
W). We also found that the critical growth temperature is
~490 °C. VO, (R) was produced with low oxygen flow and at low
temperature (oxygen flow < 1.0 sccm and temperature below 490
°C), while VO, (M1) was produced above the critical temperature
of ~490 °C. Table 1 summarizes the crystal structure, lattice
constants and optimized growth conditions for the pure VO,
(R), VO, (M1), VO, (B) phases and V,03 on the (0006)-oriented
sapphires, respectively.

Consequently, we were able to construct a simple phase
diagram for growing the different vanadium oxide polymorphs
(shown in Fig. 2(a)) based on the effects of oxygen flow and
growth temperature in Fig. 4(a). Moreover, we further confirmed
the validity of the growth phase diagram for vanadium oxides,
which is found to correlate well with RF power and oxygen flow
rate. In Fig. 4(b), a richer phase diagram for the growth condi-
tions is presented. This guides us in studying the effect of RF
power and the oxygen flow on the stability of the metastable
phase VO, (B), which has not been realized in the pure thin film
single phase form on the (0006)-oriented sapphire substrates so
far. V,0; was fabricated at a low oxygen flow rate (<1.0 sccm),
which was hardly impacted by changing the RF power. However,
RF power could seriously influence the VO, (B) and VO, (M1)
phases at higher oxygen flow rates. Additionally, when the
oxygen flow rate was over 3.0 sccm, we obtained the VO, poly-
morph, which is a mixed-phase system of VO, (B) and VO, (M1).
This mixed-phase system has also not been reported previously.
It is mentionable that both the metastable regions in Fig. 4(a)
and (b) represent the ghost phases, which have not been
understood well so far. Fig. 4(c) shows the photograph of (010)-
VO, (M1) epitaxial thin films on the 2-inch-size sapphire
substrate. Moreover, the prices of the sapphire and other
substrates for the depositions of the VO, thin films are listed in
the Table S1 (please see ESIf) for comparison. The electrical
transport properties of the various polymorphs of the vanadium
oxide epitaxial thin films and textured (001)-VO, (B) thin films
were measured, and the corresponding results are shown in
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Fig. 3 AFM images for the different V,0O3 and VO, epitaxial polymorphs on the (0006)-oriented sapphire substrates.
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Fig.4 Phase diagram for different polymorphs of vanadium oxide thin
films with growth temperature and oxygen flow (a), and RF power and
oxygen flow (b). (c) The wafer scale production of VO, epitaxial
polymorphs in M1 phase. (d) Transport properties of different epitaxial
polymorphs of VO, and V,0Os3 epitaxial thin films.

Fig. 4(d). The VO, (M1) phase is semiconducting, and its
temperature-dependent resistivity is in good agreement with
our previous results,*® which also gives the MIT critical

temperature as ~340 K. It is mentionable that the reversibility
of the MIT has been demonstrated very well experimen-
tally.>2%*¢ However, the VO, (B) phase is a semimetal at room
temperature, which still exhibits a change of four orders of
magnitude in resistivity from 380 to 150 K during the cooling
and heating cycles without any hysteresis. Unlike the electrical
transport properties of the VO, (M1) or VO, (B) phase, the V,03
phase is a metal at room temperature and a semimetal at low
temperatures (with hysteresis), which may be associated with
the MIT.*”*® The two mixed-phase systems VO, (mM + M1) and
VO, (B + M1) thin films also show a MIT, likely due to the
dominations of M1 phases over the other phases. However, the
MIT is subtle and obviously suppressed in comparison to the
pure M1 phase. The detailed MIT behaviors of these novel
phases will be further studied in the future.

To further study the essence of the different vanadium oxide
polymorph phases, their electronic structures were studied by
X-ray absorption spectroscopy (XAS) at the V L-edge (2p) and O
K-edge (1s) at room temperature, which allowed us to determine
the nature of the unoccupied states in the conduction band. We
found that there were two peaks at around 514.9 and 517.6 eV in
the insulating phase (VO, (M1)), as shown in Fig. 5(a), which
correspond to the transitions from the V 2p;, core-level to

t2g<dr‘) and eg(c*),*>* respectively. For the semimetal phase

(VO, (B)), we also observed that the main peak was located at
approximately 517.5 eV with a satellite peak (~515.1 eV). For the
metallic phase (VO, (R) and V,0;), we did not observe any

Table 1 Crystal structures and optimal growth conditions for vanadium oxide polymorphs

Lattice constants in bulk

Growth condition

Vanadium oxide

polymorphs Crystal structure a (A) b (A) c(a) Bory () Temp (°C) Ar : O, (scem) Power (W)
VO,-R P4,/mnm 4.554 4.554 2.855 90 400-480 50.6 : (0.5-1.0) 60
VO,-M1 P24/c 5.752 4.526 5.382 122.6 400-500 50.6 : (1.0-1.2) 60

490 60.0 : (1.0-2.8) 80-120
VO,-B C2/m 12.03 3.69 6.42 106.6 490 60.0 : (1.0-3.0) 50-80
V,0;3 R3¢ 4.951 4.951 14.004 v =120 490 60.0: <1.0 50-120
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Fig.5 X-ray absorption spectroscopy (XAS) of V L (a) and O K (b) edges
in the various epitaxial vanadium oxide polymorphs. Diagrams illustrate
the electronic structures of V,O3 in (c), VO, (B) in (d), VO, (M1) in (e),
and VO, (R) in (f) in terms of Goodenough's rules.

obvious satellite peaks at room temperature. The O K1-edge XAS
results for vanadium oxide are shown in Fig. 5(b). There are also
two peaks at 529.1 and 531.5 eV, which correspond to the
transitions from the O 1s core-level to the unoccupied t,; and e,
levels, respectively. The line shapes of these peaks resemble
each other. However, the spectral weighting of each differs,
which will be studied in future. According to the above elec-
tronic structure studies and Goodenough's rule,>*** sche-
matics of the band structures of the different vanadium oxides
are proposed as shown in Fig. 5(c)—(f). The metallic behaviors in
Fig. 5(c) and (f) are found in V,03 and VO, (R) because the Fermi
level lies in the conduction band. However, the band gaps are
open in VO, (B) and VO, (M1) at room temperature in Fig. 5(d)
and (e), respectively, which is why they are insulating. There-
fore, it is observed that a shift of the unoccupied t,, orbitals
away from the Fermi level is a common feature that plays an
important role in the insulating behavior of VO, polymorphs.

4. Conclusions

To summarize, we first presented growth phase diagrams of the
vanadium oxide polymorphs and achieved the growth of
epitaxial polymorphs of vanadium oxide thin films (VO, (R), VO,
(M1), and V,03;) and (001)-textured VO, (B) on the single (0006)-
cut sapphire substrates using reactive ion magnetron sputtering
techniques. The nature of the phases in the different poly-
morphs was determined using X-ray diffraction and Raman
spectroscopy. Additionally, the electrical transport properties
were measured to confirm the phases of the vanadium oxide
thin films. We also compared the electronic structures of the
electronically insulating (VO, (M1)), semimetal (VO, (B)), and

This journal is © The Royal Society of Chemistry 2017
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metal (VO, (R) and V,03) phases using synchrotron radiation X-
ray absorption. Consequently, we developed growth phase
diagrams by controlling the sputtering power, argon and oxygen
flow rate, and substrate temperature. Moreover, the crystal and
electronic structural comparisons of the various vanadium
oxide phases provide insights for a better understanding of the
electronic structure and the origin of insulating gap in VO,. This
work paves the way toward facile fabrication of high-quality
vanadium oxide epitaxial polymorphs on low-cost commercial
sapphire substrates without changing the substrate orientation,
thereby allowing for wafer scale production.
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