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Vanadium dioxide (VO5) is a strongly correlated oxide widely studied for applications in electronics due to its
metal-insulator transition at approximately 341 K. While thin films and nanostructures of VO, have been grown
on common rigid substrates like Al,03, TiO,, and Si, strong chemical interaction between the substrates and VO,
can induce significant strain during the metal-insulator transition. This not only broadens the temperature range
of transition but also leads to the formation of alternating insulating and metallic domains, hence complicating
room temperature device applications. Here, we report growth of VO, wires by conventional as well as van der

Waals epitaxy and compare their phase transition dynamics. By revealing metal-insulator transition proceeding
via a single domain within a narrow temperature range of 2 K, we present van der Waals epitaxy as an effective
tool to tune phase transition kinetics in VO, or similar systems.

1. Introduction

Strongly correlated oxides, with their strong interaction among
lattice, charge, orbital and spin degrees of freedom are known to exhibit
several intriguing phenomena such as high temperature super-
conductivity, multiferroicity, colossal magnetoresistance as well as
abrupt metal insulator transitions [1-3]. One such oxide, VO,, has long
been studied owing to its metal-insulator transition (MIT) [4,5]. The
transition, occurring close to room temperature i.e. at 341 K, is ac-
companied by an electronic/structural phase transition from the low
temperature insulating monoclinic (M) phase to the high temperature
metallic rutile (R) phase [6,7]. To exploit this transition in functional
devices such as sensors, switches and optical shutters, single-crystalline,
nanoscale forms of VO, such as nanowires and nanoplatelets have been
developed [8-13].

The one dimensional form of VO, i.e. nanowires, has especially been
sought after since it allows easy tuning of external strain to control
electrical and optical properties [11,14,15]. However, most such stu-
dies so far have been based on VO, wires grown on rigid substrates such
as Si/SiO, and sapphire [16-22]. This presents some inherent limita-
tions. Strong chemical interactions (epitaxial or adhesive) between the

* Corresponding author.
E-mail address: shij4@rpi.edu (J. Shi).

https://doi.org/10.1016/j.jcrysgro.2020.125699

wire and the substrate in such heterostructures can lead to formation of
insulating (M) and metallic (R) domains across the MIT [14,15,23,24].
This broadens the temperature range of transition, hence limiting its
room temperature device applications. Furthermore, the exact phase
transition characteristics such as appearance and periodicity of new
domains can vary from wire to wire depending on factors such as in-
teraction strength of the wire with the substrate, strain non-uniformity
along its length as well as its dimensions. This lowers control over MIT
kinetics necessary for precise applications.

Recently, there have been efforts to sharpen and better control MIT
phase transition dynamics by relaxing the strain at interfaces of such
heterostructures. Lee et al. [25] studied sharpening of MIT in VO, thin
film/TiO, heterostructures by adding a lattice mismatched SnO, tem-
plate layer at the interface which relaxed the epitaxial strain and re-
duced the temperature range of MIT from 20 K to 4 K. Along similar
lines, it may be expected that VO, nanostructures grown on van der
Waals (vdW) substrates with negligible interfacial strain and substrate
clamping due to the weak nature of vdW interaction, will exhibit a
sharpened MIT. This served as the motivation behind the present work
as illustrated in Fig. 1. Fig. 1a shows a schematic of phase transition
dynamics observed in fully epitaxial VO, nanostructures grown on rigid
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Fig. 1. Schematics of metal-insulator phase transition kinetics in VO,. (a) Schematic illustration of MIT in VO, on a rigid substrate via formation of alternating
metallic and insulating domains. (b) Expected domain period (calculated by minimizing Eq. (1). in main text) at a given temperature as a function of induced strain
(Aa/a) due to substrate and wire thickness. (c) & (d) Schematic illustration of MIT in VO, on a van der Waals substrate via a single domain.

substrates. A transition from insulating (M) to metallic (R) phase in-
volves a 1% contraction along growth direction of the nanostructures
([1 0 0] monoclinic a-axis) [15,23] which is suppressed due to the
clamped, epitaxial nature of the wires, hence inducing strain. When
heated through the MIT temperature, the transition proceeds by for-
mation of well-distributed and alternating insulating (M) and metallic
(R) phases. The fraction of the metallic (R) phase increases with in-
creasing temperature until the phase transformation is complete. At a
given temperature, the equilibrium domain period is determined by a
trade-off between release of elastic energy resulting from the inherent
strain (which favors smaller domain size i.e. placement of tensile and
compressive regions in close proximity of one another) and the mini-
mization of domain wall energy (which favors a larger domain size).
The overall energy of the nanostructures has been expressed as
[15,26,27]:
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where 1 is the domain period, € = Y (Aa/a)?/(1 — $?) is the elastic en-
ergy per unit volume, Y is the effective Young’s modulus of the system,
Aa/a is the suppressed lattice contraction along the monoclinic a-axis
(or rutile c-axis) during MIT, § is the Poisson’s ratio, y is the domain
wall energy per unit domain wall area, ¢ is the nanobeam thickness and
fyy and f; are the free energies of the metallic (R) and the insulating (M)
phases respectively. Minimization of Eq. (1) gives the equilibrium do-
main period at a given temperature and nanobeam thickness. The re-
sults are plotted in Fig. 1b for wires of different thickness with
Y = 223 GPa (average of Yo, = 146 GPa and Yy;,0, = 306GPa since Eq.
(1) assumes an elastically homogeneous system), 9 =0.2 and
y = 25 ml/m?. It can be seen that for values of strain less than 0.2% (as
expected in the case of vdW epitaxy), the expected domain period tends
to infinity i.e. the MIT may be expected to proceed instantaneously via a
single domain as schematically represented in Fig. 1c and d. Following
these arguments, we demonstrate vdW epitaxy-based tuning of phase
transition kinetics of VO, using hexagonal boron nitride (h-BN) as a
model vdW substrate that shows excellent thermal stability at VO,
growth temperatures [28].Phase transition dynamics of VO, wires
grown on h-BN are contrasted with those grown by a similar recipe on

c-plane sapphire (c-Al,O3). The epitaxial relation in the VO,/h-BN as-
sembly is reported and a sharpening of the MIT to within 2 K is de-
monstrated.

2. Materials and methods
2.1. Materials

Vanadium (IV) oxide powder (VO,, > 99%) was purchased from
Sigma Aldrich. The c-plane Al,03 and h-BN were purchased from MTI
Corp. and HQ Graphene, respectively. As received h-BN crystals were
mechanically exfoliated by a scotch tape onto c-Al,O3 crystals and
further used as substrates for growth.

2.2. Growth

VO, wires on c-Al,O3 and h-BN were grown by a vapor transport
method using VO, as the powder source. VO, powder and c-Al,O3 or h-
BN substrates were placed in a quartz tube having an outer diameter of
1 in. and loaded into a single-zone horizontal tube furnace. For growth
on c-Al,03, a procedure adapted from Ref. [21] was followed. Briefly,
the source and substrate were placed in close proximity of one another
and about 10 cm upstream of the zone center. The furnace was pumped
to a base pressure ~1 Torr, after which 30 sccm Ar was flowed in to
establish a pressure of 5 Torr. The zone center was then ramped to
873 K within 20 mins and dwelled at 873 K for 3-4 h. After the end of
the heating cycle, Ar flow was maintained while the furnace naturally
cooled to room temperature. For growth on h-BN, the procedure was
slightly modified — the source and substrate were placed about 10 cm
apart (in the upstream region), the growth temperature was increased
to 923 K and growth time to 10 h. Alternatively, for shorter growth
times, the source and h-BN substrates were placed in close proximity
(upstream) and the zone center was heated in steps to a higher tem-
perature i.e. first to 923 K where it was dwelled for 20 mins and then to
973 K for 1 h.
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2.3. Characterizations

A Ti-S Nikon inverted microscope was used for optical microscopy.
Raman spectrum was collected with a Renishaw 2000 Raman
Spectrometer under a 540 nm laser and a Zeiss 1540 EsB Crossbeam
system was used for electron back-scattered diffraction (EBSD) studies.
To study the metal-insulator transition, an INSTEC HCS302 tempera-
ture stage was used. Samples were glued to the stage with silver paste
and images were collected by loading the stage onto the optical mi-
croscope. The images were further analyzed for changes in intensity of
the wires as a function of temperature during the transition. Intensity of
pixels over the wires was determined, averaged and plotted against
temperature.

3. Results and discussion

Growth of VO, nanowires from a VO, source at temperatures much
lower than the melting point of VO, (1815 K) [29] is known to occur
via vaporization of V,0s (melting point 963 K) [29] from the source.
V,0s vapor can form due to factors such as - presence of background O,
in the growth environment, presence of V,0s as an impurity in the
source material or disproportionation of the VO, source. In brief, the
growth mechanism can be described by the following steps — transport
of V,05 vapor to the substrate, formation of V,05 nanodroplets, coa-
lescence, supercooling and loss of oxygen in the slightly reducing en-
vironment of the furnace leading to the formation VO, crystallites and
nanowires [29-31]. The resultant epitaxial VO, wires on c-Al,O3 and
exfoliated h-BN substrates are shown in Fig. 2a and b respectively.
Raman spectra of wires grown on h-BN and c-Al,O3 are shown in Fig. 2¢
which exhibit clear peaks of VO, [6], Al;03 [32] and h-BN [33]. While
the monoclinic VO, wires on c-Al,O; displayed the expected in-plane
epitaxial relation [1 0 0]|[(1 1 2 0) as evidenced by the commonly
seen 60° and 120° angles [21], wires on h-BN showed additional angles
of 79.1° and 86.9°. To determine the in-plane epitaxial relation of VO,
with respect to h-BN, the orientation of h-BN was determined by EBSD
and the results are presented in Fig. 2d. Inverse pole figures show the X
and Y direction of h-BN substrate to be [0 1 0] and [1 2 0] respec-
tively. Since the common growth direction of VO, nanowires on dif-
ferent substrates is known to be rutile [0 0 1] or equivalently

(c)
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monoclinic [1 0 0] [15-17,19-21,34], the observed in-plane epitaxial
relations of monoclinic VO, on h-BN (after conversion to the four-index
system) are [1 0 O]|[{1 1 20), [10O0]l1 450 and
[1 0 0]l(2 7 5 0). These are highlighted in Fig. 2d. Fig. 2e and f are
schematic representations of the observed in plane epitaxial relations of
VO, on c-Al,03 and h-BN respectively. Additionally, Fig. 2b and d also
provide interesting observations about the growth of VO, nanos-
tructures in a vdW epitaxy system. The several small VO, particles seen
surrounding the horizontal VO, nanowires in Fig. 2b are revealed to be
vertically growing nuclei in the tilted VO5/h-BN assembly observed in
Fig. 2d. Such vertical growth seen on the vdW h-BN substrate but absent
on the conventional c-Al,O3 substrate can be a result of weak vdW
bonding at the VO,/h-BN interface. Incoming adatoms during growth
may prefer to bond vertically with existing VO, islands as opposed to
aligning on the substrate due to energy considerations [29].

The MIT dynamics in VO, nanowires grown on c-Al,03; and h-BN
were studied by optical microscopy facilitated by the sharp optical
contrast between the insulating (M) phase and the metallic (R) phase
[35] and the results are shown in Fig. 3. Fig. 3a—c show the MIT oc-
curring in nanowires grown on c-Al,Os. It is clear that the complete
transition occurs over a broad temperature window and the dynamics
of the phase transition such as nucleation of new domains, domain
periodicity and temperature range of transition can vary from one na-
nowire to another depending on factors such as the exact nature of
interaction with the substrate, presence of surrounding features and
geometry of growth. Fig. 3d shows MIT in a VO, nanowire grown on h-
BN. The nanowire shown in the figure extends outwards from the h-BN
substrate with approximately 10 um in length directly over the h-BN
substrate and undergoes MIT via a single domain over a narrow tem-
perature range within 2 K. Fig. S1 in the Supporting Information shows
images of another nanowire on h-BN exhibiting similar MIT char-
acteristics. An analysis of images of wires shown in Fig. 3a and d as a
function of temperature during MIT is presented in Fig. 3e. Additional
images used for this analysis are presented in Figs. S2 and S3 of the
Supporting Information. Comparing the two wires having a thickness of
approximately 7 um, it can be seen that while the intensity of the wire
on c-Al,03 decreases gradually as more and more metallic (R) domains
are created, the intensity of the wire on h-BN decreases instantaneously
at 345 K where the transition to the metallic (R) phase proceeds via a
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Fig. 2. Growth of VO, on hexagonal boron nitride. (a) Optical microscopy image of VO, wires grown on c-Al,O3 (b) SEM image of VO, wires grown on h-BN. (c)
Raman spectra of VO,/h-BN and VO,/c-Al,03 assemblies showing distinct peaks of VO, (highlighted in purple), h-BN (highlighted in pink) and Al,O5 (highlighted in
green). (d) Inverse pole figure of h-BN obtained from EBSD of VO,/h-BN assembly and corresponding SEM image highlighting directions of h-BN along which VO,
wires are seen growing. (e) & (f) Schematic illustrations of epitaxial growth directions of VO, ([1 0 0] monoclinic or [0 0O 1] rutile axis) on c-Al,O3 and h-BN,

respectively.
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Fig. 3. Phase transition kinetics in VO,. (a—c) MIT in VO, wires grown on c-Al,O3 proceeding via alternating metallic and insulating domains over a broad tem-
perature range. Scale bars correspond to 5 pm (a & ¢) and 10 um (b). (d) MIT in VO, wires grown on h-BN via a single domain within a temperature range of 2 K.
Scale bar corresponds to 10 um. (e) Analysis of images of VO, wires shown in (a) and (d) while undergoing MIT.Additional images used in the analysis are presented
in Figs. S2 and S3 of the supporting information. Lines have been drawn through the data points to guide the eye.

single domain. Such sharp domain dynamics have been observed only
in free standing or suspended VO, nanobeams so far [8,15]. Hence,
absence of periodic domains across the length of the nanowire in-
cluding the region over h-BN, may be attributed to the weak nature of
vdW bonding at the VO,/h-BN interface. The sharpened transition dy-
namics proceeding via a single domain in epitaxial, on-substrate na-
nowires can help to better integrate and exploit the near-room-tem-
perature metal-insulator transition exhibited by VO, in devices.

4. Conclusion

In conclusion, vdW epitaxy of VO, nanowires on h-BN has been
demonstrated. The instantaneous and single domain MIT dynamics of
VO, nanowires on h-BN have been studied and contrasted with the
broad and less controllable dynamics of epitaxial VO, nanowires on c-
plane sapphire. Such sharpened near-room temperature MIT dynamics
in the VO,/h-BN system can facilitate better device functionality.
Additionally, with further studies, vdW epitaxy may be extended to
other materials systems as an effective tool to tune phase transition
kinetics.
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