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ABSTRACT: Vapor-phase transport is a rapid, inexpensive method of growing nano- and microscale single crystals of vanadium
dioxide, a correlated-electron material with a metal−insulator transition at ∼70 °C. Many growth parametersincluding time,
temperature, precursor, ambient conditions, and substratehave been explored, and a variety of crystal morphologies has been
produced, with most emphasis given to oriented nanowires. However, a comprehensive strategy for predicting/controlling the crystal
morphology is still evolving. Here, we investigate the role of the substrate in platelet growth, highlighting three important types of
interactions: chemical reactions at the surface, lattice matching effects, and surface energy. We present results on four different cuts
of sapphire (Al2O3) and three of yttria-stabilized zirconia (YSZ) to differentiate the roles of these mechanisms. Each has significant
effects: chemical reactions leading to Al-doped VO2 on Al2O3 and the formation of YVO4 on YSZ, lattice match producing preferred
orientations on both, and high surface energy promoting growth of larger microcrystals. We suggest a framework for relating crystal
morphology, orientation, and doping to substrate properties, in order to use intentional choice of the substrate to engineer the size,
shape, orientation, and strain state of VO2 single crystals, a crucial step toward realizing VO2 crystal-based devices.

■ INTRODUCTION

Vanadium dioxide (VO2) remains among the most promising
reconfigurable materials1−6 with tunable optical and electrical
properties. Its first-order phase transition from an insulating
monoclinic phase (M1) to a metallic rutile phase (R) is
accompanied by a change in resistivity by multiple orders of
magnitude, sharp change in optical constants, and ∼1% change
in lattice strain (shrinking along the cR axis, expanding normal
to it, see Supporting Information, Section S1, Figure S1, and
Table S1). This phase transition occurs at the readily accessible
temperature of ∼70 °C and can be initiated optically on a
femtosecond time scale;7 moreover, its critical temperature
(Tc) and hysteretic response can be tuned via local strain,
particle size, and doping,8 increasing its versatility. VO2 has
been employed in sundry devices, from passive thermal control
coatings9 to ultrafast photonic modulators10 and the complex
physics underlying the phase transitionthe role of the
structural versus the electronic transition and the difference
between thermal and optical excitationhave made it an ideal
subject in the study of correlated-electron materials.2

Bulk VO2 single crystalswhile less robust and less viable
for large-scale applications than thin filmsoffer high
crystalline quality, smooth faceted faces, and, in the absence
of substrate strain, sharp, single-domain switching. When
subject to strain, VO2 single crystals exhibit ferroelasticity, with
strain-sensitive twin domains that form additional nucleation
sites for the phase transition11 and generate complex patterns
of coexisting of metallic and insulating domains.12 A broad
range of applications requiring single-crystal VO2 have been
proposed or demonstrated. Nanowires have been used for
nanoactuators, tiny optically readable thermometers, nanoscale
gas sensors, thermal rectifiers, and more.4 Microplatelets have
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received less attention but proved to be an ideal platform to
demonstrate reconfigurable index-based control of hyperbolic
phonon polaritons in hexagonal boron nitride.13

The sensitivity of the VO2 phase transition to so many
factorssize and shape, strain state, dopants, and crystal
defectsand the variety of potential applications, each with its
own specific requirements, necessitate the development of
growth techniques that can engineer VO2 crystals to have
desired properties. In the last two decades, vapor transport
methods have gained popularity as a way to produce high-
quality nano- and microscale crystals at low cost and in a short
time.11,14−28 Numerous growth parametersincluding time,
temperature, precursors, ambient conditions, and substrate
constitute a set of potential tools for tailoring the resulting
crystals. The choice of growth substrate, in particular, has been
shown to affect crystal size, shape, and orientation (see
Supporting Information, Section S2 and Table S2 for a detailed
review of the growth substrates investigated heretofore and
their effects). These effects can broadly be separated into two
groups: those arising due to lattice match and those arising
from chemical reactions between the substrate and VO2
precursor materials. The former has received by far the most
attention and has been exploited to produce highly oriented
nanowires of several varieties, while the latter, although not
unknown,26,29 is often overlooked.
In this paper, we explore the possibilities for substrate-driven

engineering of vapor transport-grown VO2 single crystals,
highlighting the importance of surface energy and chemical
reactions at the V2O5/substrate interface, in addition to the
lattice matching effects which have already begun to be
exploited. We show that Al-doping occurs in VO2 crystals

grown on the commonly used substrate Al2O3 and go on to
identify the lattice-match conditions which lead to preferred
orientations on four different Al2O3 surface planes. We further
add to the library of VO2 crystal-growth substrates by
introducing YSZ, showing again the effects of chemical
reactions and lattice match. Finally, comparing the growth
habits of platelet-like and wire-like VO2 crystals, our results
suggest that strong lattice match disfavors the growth of
crystals with low in-plane aspect ratios, while high surface
energy favors the growth of large-area crystals, often with low
aspect ratios. Choice of the substrate is a powerful but complex
tool for designing VO2 crystals, with surface energy, lattice
matching, and chemical effects acting in concert to determine
important properties of the resulting crystals.

■ EXPERIMENTAL SECTION
Single crystals of VO2 were grown by the vapor-phase transport
method. Vanadium pentoxide (V2O5) powder (Sigma-Aldrich,
≥99.6% trace metal basis) was loaded into one end of a quartz
boat (100 mm × 17 mm × 10 mm, MTI) encrusted with a coat of
vanadium oxide crystals from previous growths. Growth substrates
were placed in the boat at varying distances from the precursor
powder, tilted relative to the horizontal by leaning against the side of
the boat (see Supporting Information, Section S3, Figure S2 for an
image of the prepared boat before and after growth). Two filled boats
were placed end-to-end inside a small quartz tube (235 mm × 26 mm
dia.), which was then centered in a quartz tube furnace (Lindberg
Blue M) at room temperature. The tube was evacuated with a vacuum
pump and Ar gas was flowed at 25 sccm to achieve a stable pressure of
1.7 Torr. The flow direction was from the precursor toward
substrates. The furnace was heated to 810 °C, held at that
temperature for 1−4 h, and allowed to cool back to room

Table 1. Substrates Used in This Work

substrate formula orientation wafer size

quartz SiO2 z-cut (0001) 100 mm diameter × 0.5 mm
sapphire Al2O3 c-cut (0001) 100 mm diameter × 0.65 mm

r-cut (11̅02) 2″ diam. × 0.5 mm
a-cut (112̅0) 10 × 10 × 0.5 mm
m-cut (101̅0) 10 × 10 × 0.5 mm

YSZ ZrO2/Y2O3 (92:8) (100) 10 × 10 × 0.5 mm
(111) 10 × 10 × 0.5 mm
(110) 10 × 10 × 0.5 mm

Figure 1. VO2 crystals grown on sapphire are in the M2 phase at room temperature due to Al-doping. (a) Raman spectra comparing a VO2 crystal
grown on sapphire, above (yellow) and below (red) the M2-T phase transition, to an M1-phase VO2 crystal grown on quartz. (b) EDS spectrum
showing Al-doping of the crystal grown on sapphire.
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temperature. As the temperature ramps up, the precursor melts and
the gas flow carries resulting vanadia vapor to the substrates. Holding
the system at a high temperature allows VO2 to grow through a
droplet-assisted growth mechanism. Droplets of the melted precursor
condense onto the substrate, out of which VO2 wires crystallize.

16,19,26

Substrates, listed in Table 1, were purchased from MTI as wafers or
precut chips, all polished on both sides. Wafers were cut into chips
using a dicing saw or manually cleaved with a diamond scribe.
Substrates were used as-received from the supplier without additional
cleaning, as we found that cleaning had no significant effect on growth
results.
Polarized optical microscopy was used to image the crystals and the

ferroelastic twins. A Raman microscope (Thermo Scientific DXR, 532
nm) was used to distinguish the phases of VO2 and to identify other
species formed during growth. An X-ray diffractometer (Rigaku Smart
Lab, Cu Kα source) was used to perform standard θ−2θ
measurements (scan 2θ from 20 to 100°, 0.01° steps, 10°/min) and
pole figure measurements (fix 2θ, scan α 0−90° in 1 or 3° steps, scan
β 0−360° in 1 or 3° steps at 60 or 150°/min) to identify out-of-plane
and in-plane crystal orientations, respectively. Energy-dispersive
spectroscopy (EDS) measurements were carried out with a scanning
electron microscope (Zeiss Merlin with Gemini II column) at 20 kV,
3 nA, and a working distance of 8.5 mm. Elemental analysis was
performed with proprietary Oxford Instruments AZtec software.

■ RESULTS AND DISCUSSION
The following experimental results are divided into three
subsectionsconsidering first, the chemical and lattice-match
effects of sapphire substrates, then those of yttria-stabilized
zirconia (YSZ), and finally, comparing the crystal sizes and
growth habits across different substrates. Raman spectroscopy
shows that VO2 crystals grown on sapphire are in the M2
phase, and EDS (Figure 1) shows the presence of Al dopants.
Pole figure measurements (Figure 2) allow determination of

crystal orientation and lattice-matching with the substrate
(Table 2), including an orientation on c-cut (Figure 3) that is
different (with better lattice match) than has been previously
reported. Likewise, Raman spectra indicate the presence of
ZrO2 and YVO4 on YSZ substrates after growth, and pole
figures show a preferred orientation (Figure 4). Comparison of

crystal size across substrates (Figure 5) shows that maximum
crystal size tends to increase with substrate surface energy.

Growth on Sapphire. We examine VO2 crystal growth on
the following different cuts of sapphire (Al2O3): c- (0001), r-
(11̅02), a- (112̅0), and m-cut (11̅00). Among typical VO2
substrates, sapphire provides a good lattice matchdomain-
matching epitaxy of thin films on c-cut sapphire is well-
established,30 and epitaxial single crystals have been observed
on c-, r-, a-, and m-cuts. Titanium dioxide (TiO2) would offer a
still better lattice match, but lower cost has rendered Al2O3 a
common growth substrate, making its often-overlooked Al-
doping (see discussion below) a relevant issue. This, and a
better-characterized surface energy, makes sapphire of interest
for this study.
On all the sapphire substrates, the vast majority of VO2

crystals (30 out of 34 sampled) are in a secondary monoclinic
phase (M2) at room temperature rather than the typical M1.
Figure 1a compares Raman spectra from a representative VO2
crystal grown on sapphire above (M2 phase, yellow curve) and
below (T phase, red curve) room temperature to that of a
crystal grown on quartz at room temperature (M1 phase, blue
curve). It is well-known that tensile strain along the cR axis

31 or
compressive strain normal to it32 can stabilize the M2 phase,
and some reports observing M2-phase crystals on sapphire
substrates have attributed this to substrate-induced strain.33,34

However, the M2 phase can also be stabilized by Al-doping,29

and molten vanadia is known to be corrosive to refractory
oxides, including Al2O3.

35−37 Moreover, Nag et al. found that
VO2 films made with pulsed laser deposition at high
temperatures (∼500 °C) show a thin interlayer of non-
stoichiometric Al, V, and O,38 and Strelcov et al. have
intentionally doped VO2 crystals with Al by growing them on a
thin film of Al2O3.

29 To determine which of the two
mechanisms (strain or doping) is primarily responsible, we
analyzed Raman spectra from a VO2 crystal after removing it
from the substrate with flexible adhesive tape. Thus freed from
substrate strain, the crystal remained in the M2 phase,
supporting the idea that doping is responsible for stabilizing
this phase in our samples. As further confirmation, EDS
measurements (Figure 1b) demonstrate the presence of Al in
another VO2 crystal removed from its substrate in the same
manner.
We conclude that during the growth process, a small amount

of the Al2O3 substrate is dissolved into molten vanadia
droplets, and a small fraction of Al atoms is incorporated into
the VO2 lattice as it crystallizes from the droplet. We also note
that etch pits appeared in many of the sapphire substrates after
growth, which we attribute to the corrosive action of molten
vanadia on the substrate (Supporting Information, Section S4,
Figure S3).
While the orientation of the substrate does not seem to

affect the doping and room-temperature phase of the crystals,
it has a drastic impact on the morphology and orientation of
the crystals. Figure 2 shows optical microscope images of some
VO2 crystals grown on sapphire substrates. Across multiple
growth attempts on identical substrates, and even across a
given sample, a variety of crystal sizes, shapes, and orientations
can be observed; however, on all substrates, these crystals can
broadly be grouped into two categories: crystals exhibiting a
preferred orientation relative to each other and the substrate
and crystals with a seemingly random orientation. The former
(exemplified in Figure 2) tends to be fairly uniform on a given
substrate, to be long and narrow in shape and to have facets

Figure 2. Microscope images of VO2 crystals on the four sapphire
cuts illustrate the preferred orientation of crystal growth. Insets
(upper): X-ray diffractometry (XRD) pole figures show a preferred
orientation on all four samples. Insets (lower): diagrams illustrating a
crystal lattice orientation of epitaxial crystals, shown with the typical
(001)R growth axis and (110)R side facets.
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nonparallel to the substrate surface, with cross-sectional shape
determined by lattice orientation and energetically favored
bounding facets. The latter (see Supporting Information,
Section S5, Figure S4) is more varied in shape, size, and
orientation but tends to have lower aspect ratios and to lie flat
with their largest facets parallel to the substrate surface.
Powder XRD pole figure measurements provide a

quantitative measurement of the orientations of a given
crystalline plane in a sample; in our case, not for an individual
single crystal but of all the crystals on a sample in aggregate.
The upper insets in Figure 2 show pole figures for the (201)M2

planeequivalent to the (110)R or (011̅)M1 planes in other
phaseswhich is usually the favored plane for side facets of
VO2 crystals.

27 Comparing the four pole figures in Figure 2, it
is noticeable that they all have in common a peak at the center
of the figure, corresponding to the normal to the substrate.

This indicates that all of the samples have some VO2 crystals
with their (201)M2 planes parallel to the substrate surface.
These can be identified with the less-uniform, flat-lying, lower-
aspect-ratio crystals present in all the samples, as noted above.
Apart from this common central peak, each substrate presents
a unique pattern corresponding to the preferred orientations of
VO2 crystals on that substrate. On c-cut sapphire (Figure 2a), a
sixfold symmetry is evident, arising from the sixfold symmetry
of the c-plane in the hexagonal sapphire lattice. On m-cut,
likewise, a clear twofold symmetry emerges from the twofold
symmetry of the substrate. Interestingly, the twofold
symmetries of the a- and r-planes are not reflected in the
corresponding VO2 pole figuresit may be that asymmetry in
the growth conditions (tilted sample and unidirectional vapor
flow) caused one orientation to be preferred or that random
fluctuations and sparse coverage resulted in one orientation

Table 2. Observed Orientation and Calculated Lattice Match for VO2 Crystals Grown on Various Cuts of Sapphire

Al2O3 cut crystal orientation

lattice mismatch

d d

d
R Al O

Al O

2 3

2 3

i

k
jjjjjj

y

{
zzzzzz

−

dR (Å) dAl2O3
(Å)

c-cut
{0001}

<keep-together>{100}R∥{0001}Al2O3

{011}R∥{112̅0}Al2O3
</keep-together>

normal to matched
plane: 0.6%

{011}R:(2.42) × 1 <keep-together>{112̅0}Al2O3
:(2.40) × 1</

keep-together>

along matched plane:
−3.2%

⟨011̅⟩R:(5.37) × 3 <keep-together>⟨101̅0⟩Al2O3
:(8.32) × 2</

keep-together>
r-cut
{11̅02}

<keep-together>{011}R∥{11̅02}Al2O3
⟨100⟩R∥

⟨12̅10⟩Al2O3
</keep-together>

along matched vector:
−5.2%

⟨100⟩R:(4.55) × 1 <keep-together>⟨12̅10⟩Al2O3
:(4.81) × 1</

keep-together>

normal to matched
vector: 3.7%

⟨011̅⟩R:(5.37) × 3 <keep-together>⟨1̅011̅⟩Al2O3
:(15.53) ×

1</keep-together>
a-cut
{112̅0}

<keep-together>{210}R∥{112̅0}Al2O3

⟨12̅3R⟩∥⟨0001⟩Al2O3
</keep-together>

along matched vector:
1.4%

⟨12̅3⟩R:(13.30) × 1 <keep-together>⟨0001⟩Al2O3
:(13.12) ×

1</keep-together>

normal to matched
vector: −1.6% {301̅}R

a:(2.18) × 5 2110 : (2.77) 4a
Al O2 3

{ } ×

m-cut
{101̅0}

<keep-together>{031}R∥{101̅0}Al2O3

⟨100⟩R∥⟨0001⟩Al2O3
</keep-together>

along matched vector:
4.2%

⟨100⟩R:(4.55) × 3 <keep-together>⟨0001⟩Al2O3
:(13.12) ×

1</keep-together>

normal to matched
vector: 0.8%

⟨01̅3⟩R:(9.69) × 1 <keep-together>⟨12̅10⟩Al2O3
:(4.81) × 2</

keep-together>
aThese planes are not normal to the substrate surface, so the lattice match condition relates to the period of their intersections with the substrate
plane, equal to d/sin(θ) where θ is the angle between the plane and the surface.

Figure 3. Orientation analysis for VO2 crystals grown on c-cut sapphire. (a) Pole figures for the {201}M2 and {104}Al
2
O

3
sets of planes show their

respective orientations and symmetries. Taking a circle cut (constant-α, panel b) or a line cut (constant-β, panel c) shows the in-plane orientation
or out-of-plane tilt, respectively. A closer look at the {201}M2 data (panel b, inset) reveals that each peak is split by ∼6° in β. These data allow
quantitative determination of the relative orientations of the VO2 and Al2O3 lattices (d).
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occurring so infrequently as to be lost in noise. The different
orientations determined for each substrate (see discussion
below) are illustrated in the lower insets in Figure 2, assuming
the energetically favorable (001)R growth axis and (110)R side
facets.
By comparing these pole figures for VO2 crystal planes to

similar ones for the substrate planes, it is possible to determine
the preferred orientation(s) of the VO2 crystals relative to the
substrate lattice. Figure 3 details such an analysis for crystals
grown on c-cut sapphire (the corresponding analysis for other
substrates is found in the Supporting Information, Section S6,
Figures S5−S7, and Table S3). For simplicity, from this point
forward, we reference the VO2 crystal planes according to the
equivalent planes of the R phase, since this is the phase of the
crystals during growth and thus the phase relevant for lattice-
match considerations affecting the growth. The pole figure
(Figure 3a) for {110}R has a peak at α = 90° ({110}R parallel
to substrate) and six at α = 45° ({100}R parallel to substrate)
and β = 3° + n(60°) (n = 0,1,2,3,4,5), the sixfold symmetry
reflecting the hexagonal lattice of the {0001}Al2O3

plane. A pole

figure for {101̅4}Al2O3
on the same sample has three peaks at α

= 52° and β = 33° + n(120°) (n = 0,1,2), as expected for these
planes relative to {0001}Al2O3

. Comparing these, the {110}R
planes appear with Δβ = ±90° relative to {101̅4}Al2O3

,

consistent with the orientation {010}R∥{112̅0}Al2O3
(Figure

3d, left), which is equivalent to that reported in previous
studies on single crystals25 and thin films.39 However, looking
more closely at the {110}R pole figure (Figure 3b), it appears
that each peak is split into two, with a separation of ∼6° in β.
This can be explained if instead {011}R∥{112̅0}Al2O3

(Figure
3d, right), the 6° splitting arising because of {011}R are
separated from {010}R by ±57° as noted in one study on thin
films.40 Moreover, we find that this orientation yields better
lattice match (see Table S2): 0.6% (−3.2%) mismatch normal
(parallel) to the matched plane, as opposed to 3.7% (−5.2%)
for the conventional orientation. The results of orientation
analysis on other cuts of Al2O3, including lattice mismatch
calculations, are summarized in Table 2. Except on a-cut (see
discussion accompanying Supporting Information, Figure S7),
the crystallographic orientation is derived from multiple peaks
in the XRD pole figures for both {201}M2 and {220/021}M2

Figure 4. (a) Microscope image of VO2 crystals grown on YSZ, and a dark film covering the substrate. (b) Raman spectra of the background film
after growth (blue) show it to be composed of YVO4 (red) and ZrO2 (yellow). (c−e) Microscope images of VO2 crystals grown on the three YSZ
cuts investigated suggest a preferred orientation, confirmed by XRD pole figures (insets).

Figure 5. Examples of platelet- and wire-shaped VO2 microcrystals. The platelets shown are representative of the largest we have produced. On
every substrate, both morphologies are observed, with a range of sizes; however, the largest crystals on sapphire tend to be slightly larger than those
on quartz, while the crystals on YSZ far exceed either of the others in size. This size ordering follows the surface energies (γ) of the substrates
(extrapolated to 810 °C). Note the different scale bars in each image.
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sets of planes, guaranteeing a unique orientation. Lattice
mismatch is calculated by finding the percent difference
between matched plane spacings (or lattice vector lengths) d,
with VO2 crystallographic parameters drawn from the
literature.41

Growth on YSZ. YSZ is a form of zirconia (ZrO2)
stabilized in its cubic phase by doping with yttria (Y2O3).
Ceramic YSZ is of interest as a refractory material for solid-
oxide fuel cells, high-temperature turbine coatings, and nuclear
reactor fuel matrices,42 and erbium-doped single-crystal YSZ
has been used for upconversion luminescence.43 YSZ thin films
have been used as a buffer layer to grow epitaxial VO2 films on
Si substrates,44 suggesting that the YSZ and VO2 lattices may
be close enough to result in a preferred orientation.
After growth on YSZ, the entire substrate (initially

transparent) is covered with a dark film, as well as assorted
VO2 crystals (Figure 4a). Analysis of this dark film with Raman
spectroscopy (Figure 4b, blue curve) clearly shows peaks
belonging to yttrium vanadate (YVO4, red curve) and zirconia
(ZrO2, yellow curve). At high temperatures, YSZ is known to
become unstable, tending to form yttria-rich and yttria-poor
domains;45 moreover, near 800 °C, vanadia is known to react
with yttria in YSZ to form yttrium vanadate,46,47 as we observe.
By removing VO2 crystals from the substrate with adhesive
tape, it is observed that the layer of YVO4/ZrO2 underlies the
VO2 crystals (Supporting Information, Section S7, Figure S8).
From this and the uniformity of the YVO4/ZrO2 layer, we
hypothesize that, rather than forming individual droplets,
molten vanadia completely wets the YSZ surface during growth
and reacts with the substrate; VO2 crystals then grow atop the
resulting YVO4 layer. The VO2 crystals grown thus tend to be
large (tens to hundreds of micrometers in width), which we
attribute to the aforementioned surface wetting, and to have
rough surfaces, as seen in the optical micrographs (Figure
4a,c−e). All the crystals sampled are in the usual M1 phase at
room temperature.
On each of the three cuts of YSZ, there is clear evidence of

the preferred orientation. While none of these grow out-of-
plane (as on some cuts of sapphire), the in-plane growth axis
(001)R tends to orient along certain directions, causing groups
of crystals to form rectangular or triangular patterns (Figure
4c−e). Pole figures confirm this qualitative observation,
showing distinct and complex patterns with fourfold, twofold,
and threefold symmetry reflecting the respective symmetries of
the (100), (110), and (111) planes of cubic YSZ. Determining
a definite lattice-match relation to the substrate, however, is
complicated by the fact that a layer or layers of YVO4 and ZrO2
lie between the VO2 crystals and the substrate. Pole figure
measurements for distinctive planes of these materials
(Supporting Information, Section S8, Figure S9) show that
they, too, have definite preferred orientations relative to the
underlying YSZ. This suggests that the situation is one
multilayer heteroepitaxy, where the lower-symmetry YVO4 and
ZrO2 may have multiple distinguishable orientations relative to
the higher-symmetry substrate, leading to the complex peak-
splitting patterns observed for VO2. A full analysis of the
orientation and lattice mismatch of each layer is beyond the
scope of this paper.
Substrate Effects on Nanowire/Microplatelet Size.

The size and aspect ratio of VO2 crystals are affected by growth
conditions (time, temperature, pressure, and precursor) but are
difficult to precisely control. Generally, increasing the flux of
precursor vapor (by increasing the amount of precursor or

placing samples closer to the precursor source) will result in
larger crystals with a lower aspect ratio and vice versa.
Although we have attempted to optimize for the growth of
larger crystals, the resulting crystal sizes vary drastically due to
variables such as sample orientation, residual precursor, or
stochastic precursor droplet aggregation. Our results empha-
size that the substrate also strongly affects whether high-aspect-
ratio nanowires or low-aspect-ratio microplatelets are preferred
(Figure 5). On quartz (Figure 5a), both forms are observed,
often coexisting on the same sample (see Supporting
Information, Section S9, Figure S10 for a discussion of the
crystal growth results on quartz). Which predominates is
somewhat random but strongly affected by the growth
parameters. The largest crystals are often in excess of 50 by
50 μm. On sapphire (Figure 5b), nanowires and microplatelets
(in some cases even larger than any seen on quartz) are again
observed to coexist; however, as noted above, the nanowires
tend to exhibit a preferred orientation and to have facets
nonparallel to the substrate (with some exceptions, nanowires
with parallel and nonparallel facets can both be seen in Figure
5b), while the microplatelets (like those on quartz) seem to
have no preferred orientation in-plane and always have facets
parallel to the substrate. The former is attested in the literature,
with most studies of epitaxial VO2 crystals on sapphire
exhibiting nanowire growth; the latter has not been reported.
This suggests that epitaxy on sapphire disfavors low-aspect-
ratio growth presumably because the increased contact area
increases the total amount of lattice mismatch strain, whereas
those crystals which form without epitaxy are free from this
constraint, much like those that grow on a substrate with no
lattice matching. Crystals grown on YSZ, on the other hand
(Figure 5c), tend to be larger with a low aspect ratio. Most of
these crystals are larger than on any other substrate we
investigated, and a few are larger than any yet reported to be
grown by vapor transport methods, in excess of 1 mm in
length.
In addition to chemical reactions and lattice matching

effects, a third interaction is likely to play a strong role in
determining the crystal morphologies that are possible on a
given substrate: surface/interface energies and the wettability
of the substrate by molten V2O5. This will affect the size and
shape of precursor droplets and thus also the resulting crystals.
Figure 5 presents representative surface energies (where
available) for the different substrates used in this study.48−50

It is noteworthy that the surface energy increases in the order
γqtz < γAl2O3 < γYSZ, the same order followed by the maximum
microcrystal size. This suggests that substrate surface energy is
a key factor in determining the size of VO2 crystals grown by
this method: greater surface energy leads to better wetting by
the V2O5 precursor, which in turn results in larger V2O5
droplets, more substrate coverage, and, ultimately, larger
crystals. We consider this a topic well worth further
investigation, hypothesizing that for the growth of large-area
microplatelets, high surface energy is more important than
good lattice match.

Summary of Experimental Results. Lattice-matching
effects result in a preferred orientation on all cuts of sapphire
and YSZ, although nonoriented crystals also appear in most
cases. On sapphire, at least, it appears that oriented crystals are
more likely than their nonoriented counterparts to have high
aspect ratios, which we attribute to the effects of lattice-
induced strain. On YSZ, the preferred orientation arises from
multilayer heteroepitaxy, with highly oriented ZrO2/YVO4
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lying between VO2 and the substrate. Chemical effects also
play a prominent role, although they have received less
attention heretofore. Molten vanadia can be highly reactive,
even with refractory oxides such as Al2O3 and YSZ. On Al2O3
substrates, this results in etching of the substrate and Al-doping
of the VO2 crystals; this doping, rather than substrate-induced
strain, is primarily responsible for these crystals relaxing to the
M2, instead of the M1, phase when cooled to room
temperature. On YSZ substrates, YVO4 is formed at the
substrate surface, forming a lattice-matched buffer layer
between the substrate and VO2 and representing (to the best
of our knowledge) a novel method for the growth of YVO4
films. We have also identified a third possible mechanism of
substrate influenceits wettability by molten vanadia.
Substrates with higher surface energies tend to grow larger
crystals because the precursor vapor can more fully wet the
substrate surface. This may also have an impact on the crystal
morphology and is a ripe area for further study.

■ CONCLUSIONS
After over 60 years of research, a great deal of progress has
been made in the fabrication of high-quality VO2, but as its
phase-transition behaviors are so exquisitely sensitive to its
crystallite size, grain boundaries, dopants, strain states, and
lattice defects, the ability to finely control its morphology is
critical. Single crystals of VO2, while offering a better platform
to study its bulk properties and enabling device architectures
difficult or impossible to achieve with thin films, are still hard
to produce controllably and to reproduce consistently. Some
progress has been made in the growth of highly uniform,
oriented nanowires; however, large, low-aspect-ratio crystals
suitable for optical experiments or 2D-material platforms are
harder to obtain.
Among the dizzying array of growth parameters that can be

tuned to influence crystal growth, choice of the substrate is a
simple but powerful tool to engineer crystal morphology, as
has been shown with lattice-match-oriented nanowires. Based
on our results and a survey of other studies, we suggest a
threefold paradigm for evaluating substrates to be used in VO2
crystal growth (illustrated in Figure 6)lattice match, which
affects orientation, shape, and aspect ratio; chemical reactions
with molten V2O5, which can result in doping of VO2, changes
to the substrate surface, or generation of interfacial species;
and surface energy, which affects wetting of the surface by the
V2O5 precursor and thus the size of and substrate coverage by
VO2 crystals.
Applying this paradigm can help to predict the results of

VO2 crystal growth, identify otherwise hard-to-find effects
(such as small doping concentrations), and, ultimately, identify
substrates likely to yield desired crystal properties. For
example, TiO2 is generally considered the ideal substrate for
epitaxial VO2 growth, due to its rutile crystal structure and
excellent lattice match with VO2 (see Supporting Information,
Section S10, Table S4). We would expect that to result in
highly oriented, high-aspect-ratio crystals, as have indeed been
observed.26,27 Additionally, there is potential for a slight
amount of Ti-doping; although studies on TiO2 surface energy
are few, there is evidence that V2O5 wets the surface well (see
discussion in the Supporting Information, Section S10).
However, for yet another example, we predict that the growth
of large, low-aspect-ratio crystals would be favored by
substrates with high surface energy, low reactivity with VO2,
and little or no lattice match to VO2. We anticipate that these

considerations will help to guide further advancements in VO2
crystal growth and engineering.
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