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ABSTRACT: The reconfigurability of the electrical heterostructure featured with
external variables, such as temperature, voltage, and strain, enabled electronic/
optical phase transition in functional layers has great potential for future photonics,
computing, and adaptive circuits. VO2 has been regarded as an archetypal phase
transition building block with superior metal−insulator transition characteristics.
However, the reconfigurable VO2-based heterostructure and the associated devices
are rare due to the fundamental challenge in integrating high-quality VO2 in
technologically important substrates. In this report, for the first time, we show the
remote epitaxy of VO2 and the demonstration of a vertical diode device in a graphene/epitaxial VO2/single-crystalline BN/
graphite structure with VO2 as a reconfigurable phase-change material and hexagonal boron nitride (h-BN) as an insulating
layer. By diffraction and electrical transport studies, we show that the remote epitaxial VO2 films exhibit higher structural and
electrical quality than direct epitaxial ones. By high-resolution transmission electron microscopy and Cs-corrected scanning
transmission electron microscopy, we show that a graphene buffered substrate leads to a less strained VO2 film than the bare
substrate. In the reconfigurable diode, we find that the Fermi level change and spectral weight shift along with the metal−
insulator transition of VO2 could modify the transport characteristics. The work suggests the feasibility of developing a single-
crystalline VO2-based reconfigurable heterostructure with arbitrary substrates and sheds light on designing novel adaptive
photonics and electrical devices and circuits.
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Vanadium dioxide (VO2) is a well-studied strongly
correlated material due to its technological interests

such as close to room-temperature metal−insulator transition
(MIT) temperature for ultrafast Mottronics, infrared sensor,
optical switches, field-effect switches, and nonlinear circuit
components,1−12 as well as rich physics stemming from the
complex coupling among charge, spin, and lattice degrees of
freedom. However, epitaxial or single-crystalline VO2-based
heterostructure devices are generally unavailable13 due to both
its chemical/electronic vulnerability in the growth of
subsequent epilayers and its strict requirements on substrate
lattice match. It is believed that having a free-standing single-
crystal VO2 could bring us much more design space in
heterostructure devices since one can transfer such crystal to
any substrate. Free-standing VO2 film14,15 receives far less
study despite that heterostructures developed by free-standing
films (e.g., Ge, Si, GaAs)16 with mechanical transfer could be
much superior to epitaxial films in terms of device performance

since they do not need to relax the misfit strain by introducing
dislocations.
Many phase-change heterostructures reported in literature

are based on two-dimensional chalcogenide materials as a
phase-change switchable interlayer due to their easy transfer
and stacking according to device design.17−19 Heterostructures
based on crystalline three-dimensional materials such as VO2
and La1−xSrxMnO3 highly rely on lattice-matched substrates
and are not free-standing,20−26 limiting their adaptability to a
wider range of applications.
In this work, we develop the first remotely epitaxial VO2

heterostructure, which allows us to make the phase-change
VO2/boron nitride heterostructure with tunable transport
characteristics.27−30 We grow high-quality VO2 film on c-plane
sapphire with graphene as an interface layer. It shows that the
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insertion of a graphene layer between VO2 and c-plane
sapphire does not change the epitaxy relation in the case of
direct epitaxy. Via mechanical transfer, we demonstrate a
vertical diode device made from free-standing VO2 that serves
to show how the band structure change of VO2 upon its MIT
can tune the diode characteristics and achieve rectification
behavior.
Phase-Change Heterostructure. The reconfigurable

vertical device structure and fabrication process are shown in
the top panel of Figure 1a. Hexagonal boron nitride (h-BN) is
used as an insulating barrier layer between VO2 and graphite.
The free-standing VO2 is grown on graphene via pulsed laser
deposition (PLD). Both top graphite and bottom graphene
electrodes are connected to gold electrode pads deposited on
the SiO2 substrate. It is designed (as shown in the bottom

panel of Figure 1a) that VO2 serves as the reconfigurable part
due to its MIT transition resulting in a spectral weight and
Fermi level shift.31 The transition brings a tunable barrier
height in the VO2/BN interface (Figure 1b). In the VO2/BN/
graphite heterostructure, the dissimilar contacts of BN and the
corresponding barrier heights (φHT, φRT, and φ illustrated in
Figure 1b) (either metal VO2 and graphite or insulator VO2

and graphite) would bring asymmetric transport character-
istics. Upon MIT, the change of barrier height at the VO2 side
(e.g., from φHT to φRT) would modify the asymmetric
transport characteristics. This heterostructure not only
demonstrates its application as a temperature-controlled switch
but also may reveal some structures and devices that can be
made from free-standing VO2 films.

Figure 1. Design principle. (a) Structure model of the vertical diode device (top). Upon MIT, a shift of spectral weight leads to a change of energy
band (bottom). (b) Band structure of the vertical diode device. The purple bands of h-BN stand for bands tilting when VO2 is at the insulating
phase, and ϕRT is the energy barrier at room temperature. The conduction band (CB) and valence band (VB) are also shown for insulating phase
VO2. The green bands of h-BN stand for bands tilting when VO2 is at the metallic phase, and ϕHT is the energy barrier at high temperature. ϕ
represents the energy barrier between the top graphite electrode and h-BN.

Figure 2. Structural analysis of remote epitaxial films. (a−c) XRD characterizations on VO2 film grown on c-plane sapphire with graphene as an
interface layer. (a) ω-2θ scan around the VO2 (020) peak; (b) φ-scan of the VO2 {011} peaks and c-plane sapphire {1̅012} peaks. (c) Pole figure:
the six concentric dots represent VO2 {011} peaks, and the three dots selected by cyan color circles are from c-plane sapphire {1̅012} peaks. Three
spots selected by purple squares correspond to noises. (d) Atomic model displaying the two possible epitaxial relations between VO2 and the c-
plane sapphire substrate. The crystal axis on the upper left is for c-plane sapphire. In each possibility, there are three in-plane orientations of VO2,
120° apart, on c-plane sapphire. The bottom two figures are VO2 unit cells with an in-plane rotation of 60°. The axis orientations are also shown
next to the unit cells. (e) Rocking curve on the VO2 (020) peak for VO2 film grown on c-plane sapphire with graphene as an interface layer. (f)
Rocking curve on VO2 (020) peak for VO2 film grown on c-plane sapphire without graphene as an interface layer. (g) Raman spectrum of as-grown
VO2 film on a graphene transferred c-plane sapphire substrate. Blue stars indicate VO2 peaks, green triangles indicate c-plane sapphire substrate
peaks, and gray spheres indicate graphene peaks. XRD data are collected after samples experience 2 h of cooling in the PLD chamber at the oxygen
pressure the same as their growth pressure.
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Remote Epitaxy of VO2 Film. PLD technic is used to
grow free-standing VO2 on a c-plane sapphire substrate with
transferred graphene as an interface layer, followed by
annealing (see supplementary methods for details). The
thickness of the VO2 film is about 100 nm, as shown in the
cross-sectional SEM images in Figure S1. The morphology of
the film before and after annealing is also studied under SEM,
as shown in Figure S2. The surface became smoother after
annealing.
The structure of VO2 film is characterized by X-ray

diffraction with either the whole film grown on graphene or
without graphene (see supplementary methods for details).
The ω-2θ scan is conducted using a parallel-beam config-
uration with an X-ray hybrid mirror around the VO2 (020)
peak, as shown in Figure 2a. The X-ray hybrid mirror helps to
get rid of Cu Kα2 signals and generate well-defined peaks at the
expense of peak intensity. The ω-2θ scan with an X-ray mirror
is also shown in Figure S3a. The out-of-plane direction is the
normal direction of the plane (020) for VO2 and (0006) for a
c-plane sapphire. Even though the interplanar spacing of (020)
and (002) planes of VO2 are very close, we determine that the
out-of-plane direction for VO2 is actually the normal of the
(020) plane by conducting a φ-scan of VO2 {011} planes. If
assuming the out-of-plane direction of the VO2 film is plane
normal of (002), and setting the κ angle corresponding to
{011} planes, no peak shows up in the φ-scan (Figure S3b).
However, if we choose the out-of-plane direction as the plane
normal of (020), six peaks show up in the φ-scan with intervals

of 60° (Figure 2b). Since the monoclinic VO2 (011) peak has a
multiplicity of two, this indicates that there are three types of
in-plane orientations of VO2 film, and they are 120° away from
each other.
This is further characterized by the pole figure for VO2

{011} in Figure 2c. The orientations between VO2 and c-plane
sapphire are shown in the atomic model in Figure 2d. There
are two possibilities, shown in blue and purple of the VO2

structure, for the arrangement of three in-plane orientations of
VO2 on c-plane sapphire with graphene. The epitaxial relation
is c-plane sapphire (0006) || VO2 (020) and c-plane sapphire
[11̅00] || VO2 [001] (blue VO2 atomic structure), or c-plane
sapphire [11̅00] || VO2 [1̅00] (purple VO2 atomic structure).
The pole figure on bare c-plane sapphire with the same
measurement conditions is shown in Figure 3b. It shows three
spots contributed by {1̅012} with 3-fold symmetry, and other
signals are noises from the system. Our experimental results
show that the graphene layer on c-plane sapphire does not
change the epitaxial relation found in direct epitaxy between
VO2 film and c-plane sapphire. Based on the epitaxial relation,
there are +2.0% tensile and −4.7% compressive misfit along
the monoclinic VO2 [001] and [100] direction with respect to
bare c-plane sapphire, respectively. It is worth noting that the
VO2 film grown on c-plane sapphire with the graphene
interface layer has better crystallinity compared to the film
grown on bare c-plane sapphire, as shown in their rocking
curves of (020) in Figure 2e,f. The sharper high-intensity peak
with fwhm of 0.05° for both samples is attributed to the

Figure 3. Microscopy characterization of epitaxy relation and dislocations. (a, b) HRTEM images (bottom) and their images overlapped with
inverse FFT lattice fringes (middle) for VO2 (2̅ 1̅ 1) and Al2O3 (0 1̅ 2̅) with (a) and without (b) graphene at the local interface region. The
enlarged lattice arrangement between film and substrate is illustrated by lines on the top panels. Inset of panel b: a dislocation is found in VO2 film
directly grown on c-sapphire. (c) HRTEM image zoomed in at the interface; d-spacings of VO2 (2̅1̅1), Al2O3 (01̅2̅), and graphene (100) are
shown. (d) Cs-corrected STEM image of VO2-graphene-c-plane sapphire. The pink, green, and dark blue colors highlight regions of film, interface,
and substrate, respectively. (e) Fringes generated from inverse FFT of STEM images (d) of VO2 (4̅02) and Al2O3 (03̅0) are shown in green and
red, respectively. It is seen that the 26 d-spacing of Al2O3 (03̅0) matches the 25 d-spacing of VO2 (4̅02).
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strained interface layer, while the broader low-intensity peak
corresponds to the strain-relaxed top layer. The VO2 film
grown on graphene has a narrower rocking curve for the strain-
relaxed layer and, thus, higher crystal quality. The insertion of
the graphene layer between VO2 film and c-plane sapphire
serves to reduce their epitaxial strain, so fewer defects such as
dislocations are formed to relax such strain, leading to a better
crystallinity.
Reduction in strain between the VO2 film and substrate with

a graphene interface layer is also confirmed by another ω-2θ
scan on VO2 films grown on c-plane sapphire with and without
graphene at a higher oxygen pressure (10 mTorr) in PLD
(Figure S3d). Both 2θ shift to smaller values due to reduced
oxygen vacancies.32,33 VO2 film grown on bare c-plane
sapphire has a larger 2θ value, indicating a smaller (020)
interplanar distance, and thus larger compression strain in the
out-of-plane direction.
It is known that graphene damage is common in PLD due to

oxygen plasma,34,35 although it can remain stable below 500 °C
in air.36 However, for the quality of graphene after PLD
growth, we checked local regions by Raman spectra. Strong
characteristic Raman peaks from graphene and VO2 were
observed, while the graphene D band remained at a low
intensity both after growth and after being exfoliated and
transferred onto the SiO2 substrate (Figure 2g, Figure S4).
Besides, the fact that VO2 film can be peeled off from the c-
plane substrate and shows good performance in the device

suggests that, in some regions of the substrate, graphene is still
functioning though there may be some damage. Nonetheless,
the graphene layer may no longer be continuous after PLD, as
discussed later.
Characterization of the rocking curve on exfoliated VO2-

graphene membranes was hindered by the low yield (<5%) of
these membranes, each with a typical size of 10−30 μm.
Instead, we obtained a rocking curve on the VO2-graphene-c-
plane sapphire sample after being peeled off three times. The
sapphire substrate was originally fully covered by graphene and
VO2. The residue of VO2-graphene on c-plane sapphire, which
also experiences the energetic peeling off process, gives a
stronger signal for rocking curve measurement, as shown in
Figure S5. The fwhm is increased to 0.74°. However, the fact
that the exfoliated VO2-graphene membranes showed a strong
VO2 Raman signal (Figure S4) indicates that the phase of VO2
is preserved.
To further characterize the graphene effect on epitaxial

relation between VO2 film and c-plane sapphire substrate,
cross-sectional TEM and STEM images were obtained. The
lower strain of VO2 film was observed for film grown on
graphene than that on bare c-plane sapphire (Figure 3).
HRTEM images are shown at the bottom of Figure 3a,b.
Inverse FFT lattice fringes (middle of Figure 3a,b) from the
monoclinic VO2 (2̅1̅1) and Al2O3 (01̅2̅) spots are shown in
green and red lines, respectively. The FFT fringes are
overlapped with the original TEM images for easier location

Figure 4. Electrical and optical properties. (a, b) Resistance vs temperature curve for VO2 grown on c-plane sapphire with or without a graphene
interface layer, respectively. The inset is the corresponding d[log(resistance)]/d[temperature] curves. (c) Optical intensity contrast of the VO2 film
on graphene (transferred onto the SiO2 substrate) varies with temperature. The average intensity of VO2 is normalized by the background intensity
from SiO2. The inset figures are optical images of the sample at 40 °C (insulating phase) and 100 °C (metallic phase). The scale bar for the image
is 5 μm. (d) Temperature-dependent transmittance at 4000 cm−1 (∼0.50 eV) of VO2 grown on c-plane sapphire with graphene. (e) Transmittance
of VO2 grown on c-plane sapphire with graphene and bare c-plane sapphire measured from 3800 to 7800 cm−1.
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of the interface. In Figure 3a, the majority of the area at the
interface has graphene, while, in Figure 3b, there is an absence
of graphene, as indicated in the image. Assuming VO2 film is
fully relaxed, we can calculate that the number of VO2 fringes
that matches the number of Al2O3 fringes is about 1.43 (see
supplementary note 1 for details). At the presence of graphene,
we can see that three VO2 d-spacings match two Al2O3 d-
spacings (the number of film and substrate fringes ratio is 1.5),
while, without graphene at the interface, four VO2 d-spacings
match three Al2O3 d-spacings (the number of film and
substrate fringes ratio is 1.33). As we can see from these
ratios, VO2 film grown on graphene has a d-spacing close to its
bulk value (since |1.43−1.33| > |1.5−1.43|). This is as expected
since the graphene insertion layer reduces the interaction
between the sapphire substrate and film. Besides, we do not see
dislocations in VO2 film grown on graphene. For film grown on
bare c-plane sapphire, we see dislocation, and also the above
ratio of numbers of d-spacings of film and substrate decreases.
A smaller ratio means that VO2 d-spacing is larger than its bulk
value, suggesting that it is under tensile strain from the
substrate.
Figure 3c shows a TEM image zoomed in at the interface to

demonstrate the existence of a possible graphene layer. The
atom spacing at the interface matches the (100) d-spacing of
graphene. Figure 3d shows a Cs-corrected STEM image at a
larger area, and different colors represent the film, substrate,
and interface, respectively. We select FFT spots of VO2 (4̅02)
and Al2O3 (03̅0) from Figure 3d and generate their
corresponding fringes in the image in Figure 3e. The blue
circles highlight locations where fringes of VO2 film and c-
plane sapphire substrate match best. We found that 25 VO2
(4̅02) d-spacings match 26 Al2O3 (03̅0) d-spacings, represent-
ing an almost relaxed lattice spacing of the film (see
supplementary note 1 for details). Besides, there are also no
dislocations observed in the VO2 film.
In summary, our cross-sectional TEM and Cs-corrected

STEM images confirm that the presence of graphene at the
interface can reduce the misfit strain between substrate and
film, so fewer dislocations are required to release the strain.
Thus, higher crystallinity is expected in VO2 film grown on c-
plane sapphire with the graphene insertion layer.
Metal−Insulator Transition of Remote Epitaxial

Films. After confirming that we obtain good crystallinity of
epitaxial VO2 on c-plane sapphire with and without graphene,
we further characterize their metal−insulator transition (MIT)
by measuring resistance vs temperature (R−T) curves (Figure
4a,b) (see supplementary methods for details). To rule out
other impacts, we always keep the two devices/samples from
the same c-plane sapphire half covered by graphene and the
other half without graphene. VO2 film grown on c-plane
sapphire either with or without the graphene interface layer
shows reasonable resistance change across the MIT, defined by
a ratio of electrical resistance at 30 and 110 °C, of 1.6 × 103

and 4.6 × 103, respectively. The reasonable resistance change
indicates limited midgap states in the semiconductor VO2,
which would otherwise reduce its resistance.
We note that VO2 grown on graphene has a lower transition

temperature during both increasing and decreasing temper-
ature processes. This can be explained by a smaller in-plane
tensile strain due to the presence of a graphene layer.37,38 The
in-plane tensile strain increases the phase transition barrier by
an increasing distance between vanadium ions,37,39,40 so the
film grown on the c-plane sapphire with a graphene interface

layer has a 0.5−1° lower transition temperature compared to
that grown on bare c-plane sapphire.
The thermal hysteresis, ΔH, defined as the difference

between transition temperature in heating and cooling cycles,37

is 10.2 and 9.7 °C for VO2 film grown on graphene and bare c-
plane sapphire, respectively. ΔH is directly related to ΔT, the
temperature difference between experimental temperature T
and the equilibrium phase transition temperature.37,41 VO2
film grown on graphene has a larger ΔT, so it has a slower
phase transition rate. The total change in free energy during
ph a s e t r a n s i t i o n i n a d e f e c t - f r e e c r y s t a l i s

π π γΔ = − Δ +G r G r4r
4
3

3
V

2 (assuming a homogeneous spher-

ical model and the argument applies for a heterogeneous
nucleation), where r is the radius of the nucleus, ΔGV is the
difference in free energy per unit volume of the metallic and
insulating phases at experimental temperature T, and γ is the
interfacial free energy per unit area between the metallic and
insulating phases. The nucleation energy barrier

(Δ * = πγ
Δ + ΔG
G G
16

3( )

3

V D
2 , where ΔGD is the free energy per unit

volume increase due to the presence of defects in a defective
crystal42) determines the nucleation rate in an exponential
manner. Larger hysteresis indicates a lower nucleation rate and
thus a higher energy barrier. According to the transport results,
the remote epitaxial film sees a large energy barrier, which is
reasonable since it has fewer defects that reduce the
denominator term in the energy barrier.
We would also like to point out that, at the metallic phase,

VO2 grown on c-plane sapphire without graphene shows a
smaller resistance, probably due to thicker VO2 film grown on
bare c-plane sapphire. Even though with the same experimental
condition, the wetting between VO2 and c-plane sapphire
without graphene is better, leading to higher nucleation and
growth rates. The sharpness of the transition is characterized
by the fwhm of the d log(R)/dT vs temperature curve, which is
not affected by the transition amplitude.10,43−46 As shown in
the inset of Figure 4a,b, it is 19.9 and 16.8 °C for VO2/
graphene/c-plane sapphire during the increasing and decreas-
ing temperature region, respectively, compared to 21.6 and
24.0 °C for the film without a graphene interlayer, respectively.
The sharper phase transition confirms the low defect density
and high crystallinity of VO2 film grown on graphene, agreeing
with its narrower rocking curve observed for the remote
epitaxial film. This idea is on the contrary to the effort in
employing lattice strain to grow epitaxial film or tune film
properties. However, the release of epitaxial strain indeed
improves film crystal quality, and the choice of graphene as an
intermediate template not only preserves the epitaxy relation
between film and substrate but also realizes the achievement of
free-standing VO2 by releasing the graphene layer from the
substrate after film deposition.
Besides characterizing the resistance change across MIT, it is

also interesting to capture the dynamic process on how the
metallic domains appear and expand as the temperature
increases above the MIT temperature. An intensity contrast
observed under an optical microscope of insulating and
metallic domains is well reported for single-crystal VO2
nanobeams.47−49 Unfortunately, less work is devoted to
characterizing the insulating and metallic domains revolution
in free-standing VO2 thin films.50 Here, we observe a change in
optical contrast with the temperature of VO2 film on graphene
after dry transfer from the c-plane sapphire substrate onto the
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SiO2 substrate via thermal release tape (see supplementary
methods for details). We indeed see a lower intensity for VO2
film at the metallic phase, the same as the intensity change
across MIT temperature for single-crystal VO2 nanobeams, as
shown in Figure 4c. However, we are not able to see individual
domains and how each domain switches phase as temperature
changes. This may be attributed to the fact that the domain
size is too small to be observed under an optical microscope.
Further annealing or increasing the film deposition temper-
ature may enlarge the domain size of VO2, facilitating the in
situ characterization of domain revolution across MIT
temperature.
The temperature-dependent transmittance spectrum was

also collected from VO2 film on c-plane sapphire with a
graphene layer from 3800 to 7800 cm−1 (Figure 4d,e). A
hysteresis loop for transmittance signal collected at 4000 cm−1

(∼0.50 eV) from 25 to 115 °C is obtained similarly to the
optical intensity observed under a microscope.
Reconfigurable Transport Characteristics. Free-stand-

ing VO2 film is obtained by peeling off VO2 grown on
graphene from c-plane sapphire using thermal release tape.
After release, the film is transferred onto the SiO2 substrate
prepatterned with Au electrode pads (see supplementary
methods and Figure S6 for details). It is found that VO2 film
always comes off together with graphene from the c-plane
sapphire substrate, as confirmed by Raman spectroscopy
(Figure S4). After transfer, cracks appear in VO2-graphene

films. However, for the local area, less than 20 μm, there is an
absence of cracks (Figure S7). The success in obtaining free-
standing VO2 film provides a great opportunity to achieve
many device structures for their specific applications, such as
flexible sensors,15 multistate memory devices,51 and electrode
for energy storage devices.52

Following the design in Figure 1a, we fabricate a vertical
diode in the form of the phase-change heterostructure. Due to
its processability and inertness, h-BN is an ideal insulating
barrier between VO2 and graphite.53,54 Dry-transferred graph-
ite is used as the top electrode. VO2 film is utilized as a
switchable layer sandwiched between the h-BN and bottom
graphene electrode. Figure 5a shows an optical image of the
device. The h-BN layer thickness is about 50 nm characterized
by an atomic force microscope, as shown in Figure S8 (see
supplementary methods for details).
As displayed in Figure 5b, diode current density has been

measured at several different temperatures from 30 to 73 °C.
Clearly, we see a very strong rectification featured by a few
orders in the magnitude of the on/off ratio (rectification shows
up when VO2 is negatively biased). The on/off ratio is 3.7 ×
102 at 30 °C and 1.7 × 103 at 73 °C at 2.4 V. In addition, we
observe a shift of the threshold voltage for the onset of the
rectification toward lower value along with increasing temper-
ature (Figure 5c, Figure S9). The change in threshold voltage
across temperature is closely related to the VO2 work function
change, which is about 0.15 eV across phase transition. This

Figure 5. Reconfigurable remotely epitaxial VO2 electrical heterostructure. (a) Optical image of the phase-change vertical diode device. (b) Current
density vs voltage of the diode measured from 30 to 73 °C. (c) Threshold voltage of experimental I−V curves in panel b at various temperatures.
(d) Simulated I−V curves (zoomed in at the threshold voltage region) at 30 and 73 °C for the h-BN thickness of 50 nm, barrier height between
graphite and h-BN at 2 eV, and VO2 work function difference remains at φHT−φRT = 0.15 eV.
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value agrees well with both experimental and simulated data.
More discussion on this threshold voltage is in supplementary
note 2.
To understand the rectifications, two major current-

conducting mechanisms are discussed here: tunneling, and
thermionic emission55 as they represent two common
mechanisms observed in insulators.56 We simulate the
tunneling current density based on (including image
potential)57

φ φ= { ̅ − ̅ + }φ φ− ̅ − ̅+J J e eV e( )A A eV
tunnel 0

( )tun
1/2

tun
1/2

(1)

where = π ΔJ
h s0
2

2 2 , = πΔ( )A m(2 ) s
htun

1/2 4 , Δs is the effective

tunneling distance, φ̅ is mean barrier height above the Fermi
level of the negatively biased electrode, h is Planck’s constant, e
is electron charge, and V is the applied voltage. For tunneling,
the forward bias is defined as the electrode with a lower work
function (in our case, the VO2 side) that is positively biased.

Forward bias:57

φ φ φ λ̅ = − [ + ] + Δ − Δ
[ − − ]

s s s eV s s

s s s s s s

( )/2 ( ) (1.15 / )

ln ( )/ ( )
F 2 1 2

2 1 1 2 (2)

Reverse bias:57

φ φ φ λ̅ = + [ + ] Δ − − Δ
[ − − ]

s s s eV s s

s s s s s s

( )/2 ( ) (1.15 / )

ln ( )/ ( )
R 1 1 2

2 1 1 2 (3)

where φ1 and φ2 are barrier heights in h-BN/VO2 and h-BN/
graphite interface, respectively. s1 and s2 are the limits of the
barrier at Fermi level57 with their difference as Δs. s is the
thickness of the BN layer. Δφ is the barrier height difference. λ
is a constant inversely proportional to the thickness of the BN
film and its dielectric constant. It can be seen that it is the
difference between φ1 and φ2 that brings the asymmetric I−V
curves.
The thermionic current density considering image potential

is simulated by58

= −φ− ′ −J A T e e(1 )kT eV kT
thermionic th

2 / /1 (4)

where = πA mek
hth

4 2

3 where φ′1 is the maximum barrier heights

above the Fermi level of the negatively biased electrode, T is
temperature, m is effective carrier mass, k is Boltzmann
constant, h is Planck’s constant, e is electron charge, and V is
the applied voltage.
Let J1 and J2 represent net current when the electrode of

lower work function is negatively biased, namely, forward
biased and positively biased, namely, reverse biased,
respectively. We can plug φ′1 into eq 4 to get thermionic
current J1 and J2.
For 0 ≤ V ≤ Δψ/e, see the following:58

φ φ ε φ
ε

′ = − − { [ + Δ − }
eV

s eV
s

14.4 7 ( )ri

ri
1 2

1/2

(5)

For V ≥ Δψ/e, see the following:58

φ φ ε φ
ε

′ = − { [ + − Δ }s eV
s

14.4 7 ( )
1 1

ri
1/2

ri (6)

For all V when the diode is reverse biased, see the
following:58

φ φ ε φ
ε

′ = − { [ + Δ + }s eV
s

14.4 7 ( )
1 2

ri
1/2

ri (7)

Again, it is the difference between φ1 and φ2 that brings the
asymmetric transport characteristics.
The total simulated current density is then

= +J J Jtotal tunnel thermionic (8)

During electrical measurements, the positive electrode is
connected to the side closer to h-BN (top electrode). Thus,
the positive bias direction is the forward direction for
thermionic current and the reverse direction for tunneling
current. The dielectric constant of h-BN is 4.53 The work
function of graphite is approximately 5.5 eV,59,60 and wide
range values of work function for VO2 in both the insulator
phase and metal phase have been reported.13,31,61 However, in
an insulator−metal transition system, as a first-order
approximation, the work function of the phase-change material
is expected to become smaller at its insulator phase, especially
when the insulator phase has n-type conductivity.62 It is
reported that VO2, in general, behaves like n-type con-
ductivity.63−66 Thus, in our calculation, the work function of
VO2 is set as a variable. The charge carriers between the
graphite electrode and VO2 are set as electrons in the
simulation. The effective mass of the carrier is taken as half of
the electron mass, 0.5me.

67

Figure 5d shows an example of our simulated results with
following assumptions: (1) the insulating phase of VO2 is
heavily doped so the conduction band minimum and the Fermi
level is very close68,69 (this is a reasonable assumption since the
resistivity of the insulating phase is only a few orders in
magnitude higher than that of the metal phase); (2) the
voltage drop is mostly on h-BN (see Supplementary note 3);
(3) the barrier height between h-BN and graphite is set as 2
eV. The barrier height between VO2 and h-BN is calculated as
the barrier height between h-BN and top graphite minus the
work function difference between graphite and VO2. The
metallic phase VO2 has a work function of 4.7 eV, and the
insulating phase VO2 possesses a work function of 4.55 eV with
a work function decrease of 0.15 eV across MIT according to
ref 61. The simulated current is dominated by the thermionic
current, as expected, since h-BN is thick56 (more discussion is
shown in Figure S10). As we can see, the threshold voltage is
related to the difference between the barrier height of VO2 and
h-BN and that of graphite and h-BN, thus, the work function
difference between graphite and VO2. When VO2 is at the
insulating phase (30 °C), the diode has a larger onset voltage
and larger current density at 2.5 V (but lower current density
at lower voltage) compared with the I−V curve measured at 73
°C at the metallic VO2 phase.
To further show the versatility of the device characterizes

under optimized design condition, we simulate I−V curves
assuming various barrier height between h-BN and graphite
with electrons as charge carriers (Figure S10a), different
thicknesses of the insulating h-BN layer (Figure S10b), as well
as difference magnitude of change in work function across MIT
of VO2 (Figure S10c) under both room temperature (30 °C)
and high temperature (73 °C) (see supplementary note 4 for
details). In our simulation, a single domain structure of the film
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is assumed, and at 73 °C, the whole film is approximated at its
metal phase.
Both the experimental and the simulated results demonstrate

that the vertical diode device based on band structure tuning
induced by the phase transition of a switchable layer can
significantly change the diode characteristics, such as current
density and on/off ratio. This spectral weight engineering is
not limited to VO2. As long as this switchable layer of material
has a controlled variation in the electronic structure under
external stimuli (e.g., voltage-controlled inNdNiO3, strain-
induced MIT in Sm0.5Ca0.5TiO3,

70 and electrochemical
doping-induced MIT in SmNiO3

71), it can function as a
switch to tune the diode behavior. This switchable layer can be
optimized by maximizing its spectral weight change close to
the Fermi level across phase transition to maximize the
modification in diode characteristics.

■ CONCLUSION
We have successfully employed PLD to obtain free-standing
VO2 films by applying graphene as an interface layer between
the c-plane sapphire substrate and VO2 film. Better crystallinity
and sharper R−T transition of the VO2 film grown on c-plane
sapphire with a graphene layer than the film grown on bare c-
plane sapphire substrate have been confirmed by XRD and
electrical measurements, respectively. This high-quality VO2
film is obtained due to a reduction in epitaxial strain, revealed
by HRTEM and Cs-corrected STEM, from the partial
screening of the strong VO2-sapphire interaction. A vertical
diode has been developed as a phase-change heterostructure,
and it exhibits significant rectification (two to three orders in
magnitude). The characteristics (such as threshold voltage and
rectification ratio) of the diode can also be tuned by the VO2
metal−insulator transition. Our work demonstrates a method
to prepare high-quality crystalline free-standing thin films and
promises their application to various novel device structures. It
paves the way for the development of next-generation
information processing and memory storage systems.
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