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ABSTRACT 

Heterostructures that include a bilayer composed of epitaxial 
layers of vanadium dioxide having different rutile-to-mono
clinic phase transition temperatures are provided. Also pro
vided are electrical switches that incorporate the heterostruc
tures. The bilayers are characterized in that they undergo a 
single-step, collective, metal-insulator transition at an elec
tronic transition temperature. At temperatures below the 
electronic transition temperature, the layer of vanadium 
dioxide having the higher rutile-to-monoclinic phase tran
sition temperature has an insulating monoclinic crystalline 
phase, which is converted to a metallic monoclinic crystal
line phase at temperatures above the electronic transition 
temperature. 
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VANADIUM DIOXIDE 
HETEROSTRUCTURES HAVING AN 

ISOSTRUCTURAL METAL-INSULATOR 
TRANSITION 

REFERENCE TO GOVERNMENT RIGHTS 

[0001] This invention was made with government support 
under DMR-1629270 awarded by the National Science 
Foundation and N00014-13-l-0183 awarded by the Office of 
Naval Research. The government has certain rights in the 
invention. 

BACKGROUND 

[0002] Understanding metal-insulator trans1t10ns in 
strongly correlated materials is one of the major challenges 
in condensed matter physics, with implications for both 
fundamental science and technology. Correlated materials 
exhibit strong coupling between charge, spin, and lattice 
degrees of freedom, so that the metal-insulator transition is 
almost always accompanied by an associated structural 
phase transition. This coexistence obscures the underlying 
physics, making it difficult to disentangle different intrinsic 
interactions controlling the metal-insulator transition. Fur
thermore, the structural transition generally limits the ulti
mate switching speed and endurance of novel ultrafast 
electronic applications based on the metal-insulator transi
tion in these correlated materials. A predictive guideline for 
achieving an isostructural metal-insulator transition is of 
great interest from both the fundamental and technological 
points of view. 
[0003] VO2 is an example of a correlated oxide material 
with a near-room-temperature metal-insulator transition 
(341 K in bulk). However, the transition from metallic to 
insulating phase in VO2 is accompanied by a structural 
transition from the higher-symmetry rutile structure to the 
lower-symmetry monoclinic structure via the formation of 
V-V dimers. This arises from the inherently coupled 
electronic and structural phases of bulk VO2 . 

SUMMARY 

[0004] Heterostructures that include a bilayer composed 
of epitaxial layers of vanadium dioxide having different 
rutile-to-monoclinic structural transition temperatures are 
provided. Also provided are electrical switches that incor
porate the heterostructures. 
[0005] One embodiment of a bilayer includes: (a) a first 
layer of vanadium dioxide characterized in that it undergoes 
a rutile-to-monoclinic structural phase transition at a first 
structural transition temperature; and (b) a second layer of 
vanadium dioxide adjacent to the first layer of vanadium 
dioxide. The second layer of vanadium dioxide is charac
terized in that it undergoes a rutile-to-monoclinic structural 
phase transition at a second structural transition temperature 
that is higher than the first structural transition temperature. 
The bilayer may be characterized in that it undergoes a 
single-step metal-insulator electronic transition at an elec
tronic transition temperature. 
[0006] One embodiment of a method of inducing a single
step metal-insulator electronic transition in a bilayer of the 
type described herein includes: maintaining the bilayer at a 
temperature above the first structural transition temperature; 
and applying an external stimulus to the bilayer, wherein the 
external stimulus induces the second layer of vanadium 
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dioxide to undergo an isostructural electronic phase transi
tion from an electrically insulating monoclinic crystalline 
phase to an electrically conducting monoclinic crystalline 
phase. 
[0007] One embodiment of an electrical switching device 
includes a bilayer comprising: a first layer of vanadium 
dioxide characterized in that it undergoes a rutile-to-mono
clinic structural phase transition at a first structural transition 
temperature; and a second layer of vanadium dioxide adja
cent to the first layer of vanadium dioxide, the second layer 
of vanadium dioxide characterized in that it undergoes a 
rutile-to-monoclinic structural phase transition at a second 
structural transition temperature that is higher than the first 
structural transition temperature. The device further includes 
a first electrically conducting contact in electrical commu
nication with a first area of the bilayer; a second electrically 
conducting contact in electrical communication with a sec
ond area of the bilayer; and an external stimulus source 
configured to apply a metal-insulator transition-inducing 
external stimulus to the bilayer. 
[0008] Other principal features and advantages of the 
invention will become apparent to those skilled in the art 
upon review of the following drawings, the detailed descrip
tion, and the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] Illustrative embodiments of the invention will 
hereafter be described with reference to the accompanying 
drawings, wherein like numerals denote like elements. 
[0010] FIG. 1 is a schematic diagram showing the off-on 
switching of a vanadium dioxide bilayer. 
[0011] FIG. 2 is a schematic diagram of a parallel plate 
capacitor that incorporates a vanadium dioxide trilayer. 
[0012] FIG. 3 is a schematic diagram of a planar switch 
that incorporates a vanadium dioxide bilayer. 
[0013] FIG. 4 is a schematic diagram of a field-effect 
switch that incorporates a vanadium dioxide bilayer. 
[0014] FIGS. SA-SF depict the emergence of stable metal
lic monoclinic VO2 phase. 
[0015] FIG. SA shows the rutile/monoclinic heterostruc
ture used in the DFT calculation, including V atoms (rutile 
VO2 and monoclinic VO2 ). FIG. SB depicts the calculated 
density of states of the local monoclinic region [ denoted by 
(a) in A] in the rutile/monoclinic heterostructure. The den
sity of states of bulk monoclinic VO2 is also shown as a 
reference. FIG. SC shows the free energy landscape of bulk 
VO2 at 287 K, just below the transition temperature. FIG. SD 
depicts the total energies as a function of tm in the rutile/ 
monoclinic heterostructure FIG. SE shows stable states of 
the rutile/monoclinic heterostructure for tm>tc FIG. SF 
shows stable states of the rutile/monoclinic heterostructure 
for tm <tc. The arrows represent the two-component order 
parameter Cris, 17Ed, and the shading represents the norm 
(17/+11Ec

2 )°·5 
· 

[0016] FIGS. 6A-6B show the design of an artificial 
VO2 _0NO2 bilayer. FIG. 6A depicts electrical resistivity 
measured as a function of temperature of 8-nm-thick epi
taxial VO2 and VO2 _0 (roughly, o-0.01) single layer films on 
(001) TiO2 substrates. FIG. 6B shows atomic-scale imaging 
of oxygen vacancy profile in the VO2 _0NO2 bilayer (inset). 
The lines indicate measured contrast profile through atomic 
columns and white dashed lines represent a nominal inter
face between VO2 and VO2 _0 . 
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[0017] FIG. 7 A-7E depict structural phase transition in 
VO2 _0 /VO2 bilayer. FIG. 7 A shows Raman spectra ofVO2 _0 

(8 nm)/VO2 (8 nm) bilayer at various temperatures. Raman 
peaks from the monoclinic distortion are denoted by Wi, w2 , 

and w3 • FIG. 7B shows the relative monoclinic portion as a 
function of temperature, estimated from monoclinic Raman 
intensity in FIG. 7A. The inset depicts a schematic for 
atomic structure ofVO2 _0/VO2 bilayer at intermediate tem
peratures. FIG. 7C shows an X-ray diffraction (XRD) (00L) 
scan around the TiO2 (002) Bragg peak, measured on cool
ing. FIG. 7D shows representative XRD peaks at tempera
tures of 300, 284, and 272 K. In FIG. 7E experimental data 
(open circles) are fitted using Gaussian curves (solid lines). 
The relative monoclinic portion, as a function of tempera
ture, is estimated from the XRD peak analysis in FIG. 7D. 
The insets show the measured electron diffraction patterns of 
the bilayer at low and high temperatures. 
[0018] FIGS. SA-SC depict isostructural metal-insulator 
transition in VO2 _0 /VO2 bilayer. FIG. SA shows electrical 
resistivity vs. temperature of VO2 _0 (8 nm)/VO2 (8 nm) 
bilayer (solid line) and 8-nm-thick VO2 _0 single layer (black 
dashed line), measured on cooling. Metallic and insulating 
phases are represented by red and blue colors, respectively. 
FIG. SB depicts the monoclinic portion (from FIGS. 7B and 
7E) as a function of temperature. FIG. SC shows the 
temperature dependence of the monoclinic Raman shift, i.e., 
w2 and w3 , shown in FIG. 7A. 
[0019] FIGS. 9A and 9B show the calculated electronic 
structure of the rutile/monoclinic heterostructure. FIG. 9A 
depicts the calculated atomic structure for 6-unit-cells (in
cluding 23 planes of VO2 ) of monoclinic VO2 , sandwiched 
by rutile VO2 . While the atomic positions of the two-unit
cell monoclinic region were fixed near the lower interface as 
bulk-like, full atomic relaxation was allowed in all other 
monoclinic regions. FIG. 9B shows the calculated density of 
states for each layer as a function of energy E-Ep- Gray color 
indicates the regions that have the density of states, lower 
than 0.05. The values of the V-V-V bond angle are also 
represented along the [001 hutile axis, an indication of mono
clinic distortion, for each layer by open red squares. 
[0020] FIGS. lOA and l0B show the density-of-states 
calculation for the captured local monoclinic structure. FIG. 
l0A shows a local monoclinic structure (denoted by Ml, 
M2, M3, M4, and MS) in the rutile/monoclinic superlattice, 
which was then used as a bulk structure for the density of 
states calculation. FIG. l0B shows calculated density of 
states for a bulk monoclinic employing the captured local 
monoclinic structures. 
[0021] FIGS. llA and 118 show the calculated electronic 
structure of hole- and electron-doped monoclinic VO2 . FIG. 
llA shows the calculated density of states of hole-doped 
monoclinic VO2 , which shows a significant band-gap nar
rowing as the hole concentration increases. FIG. llB shows 
the calculated density of states of electron-doped monoclinic 
VO2 , which shows a negligible band-gap narrowing as the 
electron concentration increases. 
[0022] FIGS. 12A and 12B depict simulated phase tran
sitions in bulk VO2 . FIG. 12A shows the free energy 
landscape of bulk VO2 at 287 K (left) and 292 K (right). FIG. 
12B shows the temperature dependence of lJs and lJEo 

which make the global minimum in free energy (i.e., equi
librium phase) at each temperature. 
[0023] FIGS. 13A-13C show the emergence of a stable 
metallic monoclinic phase. FIG. 13A is a schematic of the 
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bulk molar Landau potential, showing the non-equilibrium 
(metastable) metallic monoclinic phase, as well as the equi
librium (stable) insulating monoclinic phase. FIG. 13B is a 
schematic of the total energy per area as a function of 
thickness in the rutile/monoclinic heterostructure. FIG. 13C 
shows stable states, calculated by phase-field simulations, of 
the VO2 _0 /VO2 bilayer for temperatures ofT=291 K, 283 K, 
and 277 K. The arrows represent the two-component order 
parameter Cris, llEd, and the shading represents the norm 
(ri/ +lJEc

2)°"5
. The thickness of each layer was set to be 

below tc-9.4 nm. 
[0024] FIGS. 14A and 14B show the growth of the VO2 _ 

o/VO2 bilayer. By changing the oxygen partial pressure 
(P 02) during film growth [ as shown in FIG. 14A], the 
VO2 _0 /VO2 bilayer nanostructure can be prepared [ as shown 
in FIG. 14B], which has two distinct transition temperatures 
in its upper (i.e., VO2 _0 ) and lower (VO2 ) layers. 
[0025] FIGS. 15A-15D show structural characterization of 
VO2 _0 /VO2 bilayer. FIG. 15A shows X-ray diffraction 
(XRD) 28-w scans ofVO2 single layer, VO2 _0 single layer, 
and VO2 _0 /VO2 bilayer. The simulated result for VO2 _0/VO2 

bilayer is also represented, which is well matched with the 
experimental data. FIG. 15B shows the rocking curve of the 
XRD (002) reflection for VO2 _0/VO2 bilayer. FIG. 15C 
shows an XRD reciprocal space map around the (112) 
reflections of TiO2 substrate and VO2 _0/VO2 bilayer. FIG. 
15D is an atomic force microscopy image of VO2 _0/VO2 

bilayer, showing smooth surface of the film. 
[0026] FIGS. 16A and 16B show a rough estimation of 
oxygen stoichiometry. FIG. 16A shows the linear relation
ship between rM and V 113 in rutile oxides. FIG. 16B shows 
the measured unit cell volume and the estimated oxygen
vacancy concentration Ii in the VO2 films, as a function of 
oxygen partial pressure (P 02) used during film growth. 
[0027] FIGS. 17 A and 17B show no effect of the "after
growth" change of P02 . FIG. 17A shows X-ray diffraction 
(XRD) 28-w scans of two VO2 samples. One line is for the 
sample that was grown and cooled at P 02=21 mTorr. 
Another line is for the sample that was grown at P 02=21 
mTorr, annealed for 10 minutes at a reduced P 02=17 mTorr, 
and cooled at P02=17 mTorr. FIG. 13B shows electrical 
resistivity as a function of temperature for two VO2 samples 
in FIG. 17A. 
[0028] FIGS. 18A and 18B depict nanoengineered oxygen 
stoichiometry. FIG. 18A shows a high-angle annular dark 
field (HAADF) image and FIG. 18B shows a low-angle 
annular dark field (LAADF) image, both of which are 
sensitive to V atomic lattice and oxygen vacancy, respec
tively. Thin, solid lines indicate measured contrast profile 
through atomic colunms and white dashed lines represent a 
nominal interface between VO2 and VO2 _0 . FIG. 18C shows 
a derivative of the fitted line (thick solid) for the LAADF 
contrast profile in B. 
[0029] FIGS. 19A-19C show an EELS analysis of oxygen 
stoichiometry. FIG. 19A is an LAADF-STEM image of a 
VO2 _0 /VO2 bilayer. FIG. 19B shows measured V-L2 3 (a and 
b peaks) and O-K edges ( c, d, and e peaks) for the top VO2 _0 

and bottom VO2 layers of VO2 _0/VO2 bilayer. FIG. 19C 
shows calculated EELS data for the vanadium L2 3 (left) and 
oxygen K (right) edges. · 
[0030] FIGS. 20A and 20B show transport measurement. 
FIG. 20A shows electrical resistivity as a function of tem
perature on cooling for VO2 _0 (8 nm)/VO2 (8 nm) bilayer, 
VO2 (8 nm)/VO2 _0 (8 nm) bilayer, and 8-nm-thick VO2 _0 
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single layer (black dotted line). FIG. 20B shows carrier 
concentration as a function of temperature on cooling for 
VO2 _0 (8 nm)/VO2 (8 nm) bilayer. The black solid line is the 
guide to the eyes. 
[0031] FIGS. 21A and 21B show the metal-insulator tran
sition of the trilayer. FIG. 21A shows the predicted metal
insulator transition on cooling for the simply parallel-con
nected 8-nm-thick VO2 _0 and 8-nm-thick VO2 _0 layers 
without any interfacial interaction. FIG. 21B shows mea
sured metal-insulator transition on cooling for the VO2 _0 (8 
nm)/TiO2 (2 nm)/VO2 (8 nm) trilayer. 
[0032] FIG. 22 depicts metal-insulator and structural 
phase transitions of the VO2 single layer. Metal-insulator 
and structural phase transitions, measured on cooling in VO2 

single layer, show a single-step feature. 

DETAILED DESCRIPTION 

[0033] Heterostructures that include a bilayer composed 
of epitaxial layers of vanadium dioxide having different 
rutile-to-monoclinic structural transition temperatures are 
provided. Also provided are electrical switches that incor
porate the heterostructures. The bilayers are characterized in 
that they undergo a single-step, collective, metal-insulator 
transition at an electronic transition temperature, T electric At 
temperatures below T electric, the layer of vanadium dioxide 
having the higher structural transition temperature com
prises an insulating monoclinic crystalline phase, which is 
converted to a metallic monoclinic crystalline phase at 
temperatures above T electric" Because T electric can be close to 
room temperature, the bilayers are well-suited for near room 
temperature switching applications. 
[0034] In the bilayers, the first of the two layers of 
vanadium dioxide is engineered to have a lower structural 
transition temperature than the second of the two layers. 
This can be accomplished by extrinsically doping the vana
dium dioxide or introducing oxygen vacancies in the vana
dium dioxide of the first layer. The vanadium dioxide 
bilayers may be grown epitaxially on a growth substrate, 
such as a TiO2 substrate, beginning with a stoichiometric 
layer ofVO2 upon which an extrinsically-doped or oxygen
deficient layer of vanadium dioxide is grown. Extrinsic 
dopants that can be introduced into the vanadium dioxide in 
order to lower its structural transition temperature include 
metal dopants, such as tungsten, molybdenum, chromium, 
and niobium. A typical dopant concentration is 0.0lsxs0.1 
for the doped vanadium dioxide, V 1_xMxO2 . Alternatively, 
oxygen vacancies can be introduced into the vanadium 
dioxide to produce non-stoichiometric, oxygen-deficient 
VOc2 _0 ) by carrying out epitaxial growth under a reduced 
oxygen partial pressure. By way of illustration only, in some 
embodiments of the bilayers, Ii is in the range from about 
0.005 to 0.02. 
[0035] For the purposes of this disclosure the term vana
dium dioxide refers to stoichiometric VO2 and also to 
non-stoichiometric, extrinsically doped vanadium dioxide 
(Vu-xPxO2 ), in which dopant atoms (D) are substituted for 
a portion of the vanadium atoms, and also to non-stoichio
metric, oxygen-deficient vanadium dioxide comprising oxy
gen vacancies (VOc2 _0)). 

[0036] The resulting extrinsically doped or oxygen-defi
cient VOc2 _0 ) is characterized in that it undergoes a rutile
to-monoclinic structural phase transition at a lower struc
tural transition temperature than does stoichiometric VO2 . 

This produces a two-step structural phase transition in the 
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bilayer. Like the single-step, collective, electronic phase 
transition, the structural phase transitions can occur at tem
peratures near room temperature. For example, in some 
embodiments of the bilayers, the electronic transition tem
perature is in the range from about 274 K to about 284 K, 
the rutile-to-monoclinic structural phase transition for the 
first layer of vanadium dioxide is in the range from about 
274 K to about 284 K, and the rutile-to-monoclinic structural 
phase transition for the second layer of vanadium dioxide is 
in the range from about 282 K to about 292 K. (Unless 
otherwise indicated, the structural and electronic phase 
transition temperatures referred to in this disclosure refer to 
the transition temperatures in the absence of an applied 
external field or strain.) 

[0037] Without intending to be bound to any particular 
theory of the invention, it is proposed that the isostructural 
electronic transition in the monoclinic vanadium dioxide can 
be attributed to an interfacial energy contribution in the 
bilayer that stabilizes a non-equilibrium metallic monoclinic 
crystalline phase. Because the metal-insulator electronic 
phase transition of the bilayer is not accompanied by a 
rutile-to-monoclinic structural phase transition, switches 
incorporating the bilayers can have improved electronic 
switching speeds and durabilities, relative to switches in 
which the electronic metal-insulator transition is the result of 
a rutile-to-monoclinic phase change. In order to stabilize the 
metallic monoclinic phase in the bilayer, the layer of vana
dium dioxide that undergoes the isostructural electronic 
transition should be sufficiently thin that the interfacial 
energy contribution dominates the bulk energy contribution 
in the structure, as discussed in detail in the Example. 
Embodiments of the bilayers include those in which the 
layer of vanadium dioxide having the higher rutile-to
monoclinic structural transition temperature has a thickness 
ofless than 10 nm, including a thickness ofless than 9 .5 nm. 
In some embodiments of the bilayers, both layers meet these 
thickness criteria. 
[0038] The vanadium dioxide bilayers can be character
ized by sharp, single-step metal-insulator electronic phase 
transitions, where the sharpness of a transition is character
ized by the full width at half maximum (FWHM) of the 
derivative curve of a heating curve. Some embodiments of 
the bilayers have an electronic phase transition sharpness of 
3 Kor less. This includes bilayers having an electronic phase 
transition sharpness of 2 K or less, and further includes 
bilayers having an electronic phase transition sharpness of 1 
Kor less. The electronic phase transition is accompanied by 
a large drop in the bilayer's magnitude of electrical resis
tance (llR). Some embodiments of the bilayers have a llR of 
at least 2 orders of magnitude. This includes bilayers having 
a llR of at least 3 orders of magnitude, and further includes 
bilayers having a llR of at least 4 orders of magnitude. 
[0039] The bilayers can be incorporated into multilayered 
device structures having three or more layers, wherein the 
additional layers may be composed of vanadium dioxide or 
other materials. For example, a bilayer may be part of a 
trilayer structure in which the layer of vanadium dioxide 
having a lower structural phase transition temperature is 
sandwiched between a pair of vanadium dioxide layers 
having a higher structural transition temperature, or vice 
versa. The layers in the bilayer or multilayer structures need 
not have the same shape or dimensions and a given layer 
need not completely cover the surface of its adjacent layer(s) 
in the structure. Thus, the individual layers that make up the 
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bilayer and the overall shape of the bilayer may take on a 
variety of geometries, provided that the two layers that make 
up the bilayer form an interface that is capable of stabilizing 
a metallic monoclinic crystalline phase within the bilayer. 

[0040] A schematic diagram illustrating the operation of a 
bilayer as a thermally activated switch is provided in FIG. 1. 
Initially, the switch is in an off-state (1) at an operating 
temperature above the structural transition temperature of 
the first layer of vanadium dioxide 101 (Tstructi), but below 
the bilayer's electronic transition temperature (Telectric). In 
the off-state, the second layer of vanadium dioxide 102 
comprises an insulating monoclinic crystalline phase. The 
switch can be converted into its on-state (2) by heating the 
bilayer to a second operating temperature that is above 
Tstruct and also above Telectric In the on-state, second layer 
of vanadium dioxide 102 comprises a metallic monoclinic 
crystalline phase. In a reverse switching cycle, the bilayer 
can be cooled from the second operating temperature to a 
temperature below T electric' but above T Structl to return the 
switch to its off-state. 

[0041] Although the switching of a bilayer is illustrated 
with respect to a thermally-activated switch in FIG. 1, other 
means of activation can be used. That is, external stimuli, 
other than heating and cooling, can be used to induce the 
bilayer's electronic phase transition. For example, an elec
tric field, an optical field, a mechanical strain, or a combi
nation thereof, can be applied to the bilayer to induce the 
electronic phase transition by shifting T electric These stimuli 
can be applied using a temperature modulator, a voltage 
source, a light source, or a stain modulator, each configured 
to apply its respective stimulus to the bilayer. 

[0042] The bilayers can be incorporated into a variety of 
electrical switching structures, including capacitors, planar 
switches, and field effect switches, for a variety of switching 
applications. For example, the bilayers can be used in 
circuits, including integrated circuits, for memory devices 
(e.g., CMOS chips) and communication devices. In each of 
these devices, the conversion of the bilayer from its elec
trically insulating to its electrically conducting metallic 
state, and vice versa, changes the resistance (and, therefore, 
conductance) of the bilayer, thereby modulating the device's 
current flow or capacitance. One embodiment of a parallel 
plate capacitor is shown schematically in FIG. 2. The 
capacitor includes three layers of vanadium dioxide on a 
support substrate 201, wherein a middle layer of vanadium 
dioxide 202 is sandwiched between two other layers of 
vanadium dioxide 204, 206. Middle layer 202 has a higher 
rutile-to-monoclinic structural transition temperature than 
layers 204 and 206 and the three-layered structure undergoes 
a single-step, collective, metal-insulator transition at some 
electronic transition temperature. When the capacitor is 
maintained at a temperature above the structural transition 
temperature of the outer vanadium dioxide layers 204, 206, 
those layers will comprise metallic rutile vanadium dioxide 
and, therefore, can act as electrically conductive (metallic) 
electrodes for the capacitor. When the capacitor is at a 
temperature below its electronic transition temperature, 
vanadium dioxide layer 202 is in an electrically insulating 
state, the device has a high capacitance, and charges build up 
on outer vanadium dioxide layers 204 and 206. However, 
when an electronic phase transition-inducing stimulus is 
applied to the capacitor, converting the vanadium dioxide 
layer 202 into its metallic state, the capacitance of the device 
drops and outer vanadium dioxide layers 204 and 206 are 
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able to discharge through layer 202. The stimulus may be, 
for example, a voltage applied across the structure by a 
voltage source connected between vanadium dioxide layers 
204 and 206. 
[0043] One embodiment of a planar switch is shown 
schematically in FIG. 3. The switch includes a channel layer 
of vanadium dioxide 302 bridging a first contact layer of 
vanadium dioxide 304 and a second contact layer of vana
dium dioxide 306 on a support substrate 301. First and 
second contact layers 304 and 306 have a lower rutile-to
monoclinic structural transition temperature than channel 
layer 302. When the switch is maintained at a temperature 
above the structural transition temperature of first and sec
ond contact layers 304 and 306, those layers will comprise 
metallic rutile vanadium dioxide and, therefore, can act as 
electrically conductive (metallic) electrodes for the switch. 
When the switch is at a temperature below its electronic 
transition temperature, the vanadium dioxide of channel 
layer 302 is in an electrically insulating monoclinic phase 
and current is unable to flow between first and second 
contact layers 304 and 306. However, when an electronic 
phase transition-inducing stimulus is applied to the switch, 
converting vanadium dioxide layer 302 into a metallic 
monoclinic state, the switch is turned on and current is able 
to flow between the contact layers. The stimulus may be, for 
example, a voltage applied across the structure by a voltage 
source connected between vanadium dioxide contact layers 
304 and 306. 
[0044] FIG. 4 is a schematic diagram of one embodiment 
of a three-terminal field effect switch. The switch includes a 
source 412, a drain 414, and a channel layer comprising 
vanadium dioxide 402 disposed between source 412 and 
drain 414. A gate stack comprising a gate dielectric 416 and 
a gate contact 418 is disposed on channel layer 402. A 
second layer of vanadium dioxide 404 underlies channel 
layer 402. The second layer of vanadium dioxide 404 has a 
lower rutile-to-monoclinic structural transition temperature 
than channel layer 402. The field effect switch also includes 
a dielectric substrate 407. When the switch is at a tempera
ture below its electronic transition temperature, the vana
dium dioxide of channel layer 402 is in an electrically 
insulating monoclinic phase and current is unable to flow 
between source 412 and drain 414. However, when a gate 
voltage is applied to gate contact 418, the vanadium dioxide 
of channel layer 402 is converted into a metallic monoclinic 
phase, the switch is turned on and current is able to flow 
between the source and the drain. 
[0045] In the switching devices of FIGS. 2-4, the vana
dium dioxide layer having the lower structural transition 
temperature can be composed of, for example, tungsten
doped vanadium dioxide and the vanadium dioxide layer 
having the higher structural transition temperature can be 
composed of, for example, stoichiometric VO2 . In some 
embodiments of the bilayers, both layers can be extrinsically 
doped, provided that the first layer retains a lower rutile-to
monoclinic phase transition than the second layer. 

Example 

[0046] This example demonstrates a purely electronically
driven metal-insulator transition that keeps the crystalline 
structure of vanadium dioxide (VO2 ). A general framework 
is proposed for stabilizing a metallic monoclinic phase and 
demonstrating the reversible phase transition between the 
metallic and insulating monoclinic phases in VO2 . 
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[0047] VO2 displays intrinsic phase coexistence in the 
vicinity of phase transition. Based on this, a heterostructure 
was conceived between the rutile and monoclinic phases 
(FIG. SA), where electronic correlations and the interfacial 
energy would favor the metallic monoclinic phase. The 
first-principles density functional theory (DFT) calculations 
predicted the metallic nature of the monoclinic layer in the 
rutile/monoclinic heterostructure (FIG. SB), distinct from 
the insulating nature of the bulk monoclinic VO2 . Inside the 
monoclinic region, the electronic structure was strongly 
modified, resulting in significant band gap narrowing. This 
was largely driven by the hole doping of the monoclinic 
region (FIG. SB), stemming from the different work func
tions of the rutile and monoclinic phases. This hole doping 
reduced electronic correlations, causing a complete collapse 
of the band gap in monoclinic VO2 . Simultaneously, the 
DFT results implied that the rutile/monoclinic heterostruc
ture had a very small interfacial energy, which may also have 
played a role in stabilizing the metallic monoclinic phase. 

[0048] To explore the effects of electronic correlations and 
interfacial energy, a generalized Landau thermodynamic 
approach was implemented in phase-field modeling. FIG. 
SC shows the predicted phase diagram of bulk VO2 at just 
below the transition temperature. This was based on two 
different order parameters: lJs describing the structural tran
sition [i.e., from rutile (ris=0) to monoclinic (ris=l) phase]; 
and llEc describing the electronic correlations, which con
trols metal-insulator transition [i.e., from metal (lJEc=0) to 
insulator (lJEc=l)]. Only two bulk equilibrium phases were 
found: the metallic rutile phase with little electronic corre
lation (ris=riEc=0) at high temperatures; and the correlated 
insulating monoclinic phase (ris=riEc=l) at low tempera
tures. This indicated that in a bulk crystal, the electronic and 
structural phase transitions always took place simultane
ously at the same temperature, consistent with the conven
tional understanding of this material. However, in addition 
to these bulk equilibrium phases, the presence of a non
equilibrium metallic monoclinic phase was predicted with 
suppressed correlation (ris=l and lJEc=0), as represented by 
the local minimum in the Landau potential (FIG. SC). If this 
metallic monoclinic phase could be stabilized, rather than 
just being transient, an isostructural metallic transition could 
be achieved in correlated insulating monoclinic VO2 . 

[0049] In the rutile/monoclinic heterostructure, the metal
lic monoclinic phase was stabilized by the interfacial energy 
contribution. FIG. SD shows the total energy of the rutile/ 
monoclinic heterostructure, obtained by phase-field simula
tions, as a function of the thickness t of the monoclinic layer. 
The interfacial energy between metallic rutile and metallic 
monoclinic phases was naturally smaller to that between 
metallic rutile and insulating monoclinic phases in the 
phase-field model, due to the homogeneous llEc in the 
former case. When tm was below critical thickness tc, the 
interfacial energy contribution dominated over the bulk 
energy contribution and, as a result, the metallic monoclinic 
phase with suppressed correlation (i.e., lJEc=0) became 
energetically preferred and stabilized. tc was estimated to be 
around 9.4 nm, using phase-field simulations that clearly 
manifested the reversed stability between insulating and 
metallic monoclinic phases for tm>tc (FIG. SE) and tm <tc 
(FIG. SF). Thus, theoretical modeling predicted a stabilized 
metallic monoclinic phase in the rutile/monoclinic hetero
structure, without necessity of non-equilibrium conditions. 
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[0050] Based on theoretical predictions, a nanoscale 
bilayer composed of two VO2 layers was designed with 
different transition temperatures (namely, T 1 and T 2 ; FIG. 
6A). In this bilayer, the rutile/monoclinic heterostructure can 
occur at intermediate temperatures between T 1 and T 2 . To 
experimentally control the transition temperature in VO2 , an 
intrinsic point defect was utilized, i.e., oxygen vacancy and 
the resulting electron doping. Introducing a minute amount 
of oxygen vacancies enabled the lowering of the transition 
temperature ofVO2 without compromising the sharp metal
insulator transition. (See, Griffiths, C. H., et al., Influence of 
stoichiometry on the metal-semiconductor transition in 
vanadium dioxide. J. Appl. Phys. 45, 2201-2206 (1974).) By 
changing the oxygen partial pressure during film growth, an 
artificial bilayer was prepared (inset in FIG. 6B), fully 
coherent on TiO2 (001) substrate, composed of slightly 
oxygen-deficient VO2 _0 and stoichiometric VO2 layers. Each 
VO2 _0 and VO2 layer had the transition temperature of 
T1-279 Kand Tr287 K, respectively (FIG. 6A), and the 
thickness was set to be around 8 nm, i.e., below the 
estimated tc -9 .4 nm. 

[0051] To visualize the oxygen vacancy profile in the 
bilayer, atomic-scale imaging was performed using scanning 
transmission electron microscopy (STEM). In STEM, the 
low angle annular dark field (LAADF) image is very sen
sitive to the strain fields from oxygen vacancies, while the 
high angle annular dark field (HAADF) image is dominated 
by the (high-Z) cation sites. The HAADF image (left in FIG. 
6B) obtained showed little intensity change across the 
VO2 _0NO2 interface ( denoted by white dashed lines). In 
contrast, the LAADF image (right in FIG. 6B) displayed a 
noticeable, abrupt intensity change across the VO2 _0/VO2 

interface, making the oxygen deficiency in the VO2 _0 layer 
visible. This result emphasizes that introducing a small 
amount of oxygen vacancies, rather than extrinsic dopants, 
creates a chemically sharp interface with a sub-1-nm width 
and allows a quasi-homogeneous, single crystalline feature 
of the bilayer. Considering this nanoengineered oxygen 
vacancy profile, two distinct transition temperatures are 
expected in the top VO2 _0 and bottom VO2 layers. 

[0052] Using Raman spectroscopy, the structural phase 
transition was monitored in the VO2 _0NO2 bilayer (FIGS. 
7Aand 7B). With decreasing temperature, several noticeable 
Raman peaks (e.g., w 1 , w 2 , and w3 peaks in FIG. 7A) arose 
suddenly from the monoclinic distortions during the struc
tural transition. Quantitative analysis (FIG. 7B) clearly 
showed the two-step structural phase transition in the VO2 _ 

o/VO2 bilayer, contrary to the single-step transition in a VO2 

single layer. Temperature-dependent X-ray diffraction mea
surements (FIGS. 7C and 7D) and phase-field simulations 
further confirmed the two-step structural phase transition in 
the bilayer. This two-step structural phase transition can be 
explained by two separate structural transitions, i.e., at 
T-279 K for the top VO2 _0 layer and at T-287 K for the 
bottom VO2 layer. At intermediate temperatures between 
T-279 Kand 287 K (as shown in FIGS. 7B and 7E), the top 
VO2 _0 and bottom VO2 layers have rutile and monoclinic 
structures, respectively, which forms the desired rutile/ 
monoclinic heterostructure, as illustrated in the inset of FIG. 
7B. 

[0053] The electronic phase transition in the VO2 _0/VO2 

bilayer was explored by measuring the electrical resistivity 
(FIG. SA) and carrier concentration. In stark contrast to the 
two-step structural transition, the bilayer showed a single-
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step, collective metal-insulator transition at T-279 K. The 
electronic phase transition of the bilayer looked nearly 
identical to that of a VO2 _0 single layer (black dotted line in 
FIG. SA), which means that in the VO2 _0/VO2 bilayer, the 
electronic phase (i.e., metallic or insulating) of the VO2 layer 
collectively followed that of the VO2 _0 layer. Notably, when 
an ultrathin (-2 nm) TiO2 layerwas inserted between VO2 _0 

and VO2 , the VO2 _0/TiO2NO2 system exhibited only a 
two-step metal-insulator transition. This confirmed the 
intrinsic effect of the rutile/monoclinic interface behind the 
observed single-step, collective metal-insulator transition in 
the VO2 _0NO2 bilayer. 
[0054] Taken together, these observations of the two-step 
structural and single-step electronic phase transitions unam
biguously confirmed the emergence of a stable metallic 
monoclinic phase in the VO2 _0/VO2 bilayer. With the 
decrease in temperature, the bottom VO2 layer exhibited the 
rutile-to-monoclinic structural transition at T-287 K (FIG. 
8B), but global metallicity of the whole bilayer remained 
unchanged (FIG. SA). This explained that when interfaced 
with the metallic rutile VO2 _0 layer, the bottom VO2 layer 
became a stable metallic monoclinic phase. This played a 
decisive role in the single-step metal-insulator transition, in 
agreement with the theoretical prediction (FIG. SF). Impor
tantly, FIG. SC shows little change in the peak positions of 
w 2 and w 3 , attributed to the ionic motion ofV-V dimers, 
during the metal-insulator transition at -279 K. This directly 
illustrates the isostructural metal-insulator transition without 
lattice distortion at -279 Kin the bottom stoichiometric VO2 

layer. It is noteworthy that this isostructural metal-insulator 
transition has been achieved in device-relevant thin-film 
geometries of genuine VO2 , neither under non-equilibrium 
conditions nor limited by surface states. It is concluded that 
artificial stabilization of a non-equilibrium electronic phase 
is an effective way to realize exceptionally rare isostructural, 
purely electronically-driven metal-insulator transitions in 
correlated materials. 

Materials and Methods 

Density Functional Calculation 

[0055] The calculations were performed using density 
functional theory (DFT) as implemented in Vienna ab initio 
simulation package (VASP). (See, G. Kresse, et al., From 
ultrasoft pseudopotentials to the projector augmented-wave 
method. Phys. Rev. B 59, 1758-1775 (1999); G. Kresse, et 
al., Efficient iterative schemes for ab initio total-energy 
calculations using a plane-wave basis set. Phys. Rev. B 54, 
11169-11186 (1996).) The projected augmented wave 
(PAW) method was used to approximate the electron-ion 
potential. (See, P. E. Bliichl, Projector augmented-wave 
method. Phys. Rev. B 50, 17953-17979 (1994).) To treat 
exchange and correlation effects, the local density approxi
mation (LDA) was used within the semi-empirical+Hubbard 
U (LDA+U) approach and a rotationally invariant formal
ism, for a better description of the localized transition metal 
d electrons. (See, J. P. Perdew, et al., Self-interaction cor
rection to density-functional approximations for many-elec
tron systems. Phys. Rev. B 23, 5048-5079 (1981); V. I. 
Anisimov, et al., First-principles calculations of the elec
tronic structure and spectra of strongly correlated systems: 
the LDA+U method. J. Phys. Condens. Matter 9, 767-808 
(1997); Z. Zhu, et al., Comprehensive picture ofVO2 from 
band theory. Phys. Rev. B 86, 075149 (2012); S. L. Dudarev, 
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et al., Electron-energy-loss spectra and the structural stabil
ity of nickel oxide: An LSDA+U study. Phys. Rev. B 57, 
1505-1509 (1998).) Here, Ud=3.8 eV and Jd=0.8 eV were 
used for the rutile structure's V-3d orbitals and Ud=4.63 eV 
and Jd=0.7 eV for the monoclinic structure's V-3d orbitals to 
produce the correct ground state phase. 3s23p63d34s2 and 
2s2 2p4 valence electron configurations were used for vana
dium and oxygen, respectively. For the relaxation of the 
internal co-ordinate, used ionic convergence criterion of 
10.011 eV/A were used with a plane-wave cutoff energy of 
500 eV (for rutile and monoclinic bulks, and rutile/mono
clinic superlattice). F-centered k-mesh of 6x3xl was 
employed in tetrahedron method with Bloch! corrections. 
[0056] For heterostructure, 1 x2xl 0 [(rutile )sf (monoclinic) 

5 ] supercell was used. To describe relaxed and abrupt 
(00l)Rutile interfaces in the heterostructure, seven and eight 
layers of rutile and monoclinic phases near the abrupt 
interface, respectively, were fixed. The in-plane lattice 
parameter was fixed, while the out-of-plane lattice param
eter and the internal co-ordinates were relaxed. The in-plane 
lattice parameter, a=b=4.5446 A, was used, and the out-of
plane lattice parameters, 2.8512 A and 5.5300 A, were used 
for rutile and monoclinic layers, respectively. After the 
relaxation of superlattices, two layers of the rutile phase near 
the relaxed interface showed the dimerization ofV-V-V, 
resembling a monoclinic phase and out-of-plane lattice 
parameter was 41.707 A. 
[0057] FIG. 9B shows a layer-resolved profile of the 
density of states (DOS) in the superlattice. Within the cell 
size used in the calculations, the whole monoclinic region 
exhibited a metallic characteristic, i.e., non-zero DOS at 
Fermi energy (EF). To check possible contribution from 
structural relaxation (i.e., variation of monoclinic distortion 
and the V-V-V bond angle) at interfaces, the abrupt 
interface (i.e., lower interface in FIG. 9A) was considered, 
as well as the relaxed broad interface (i.e., upper interface in 
FIG. 9A). It was found that the metallization of monoclinic 
VO2 occurred regardless of the types of interfaces. Further
more, the density of states was calculated by capturing local 
monoclinic structures within the monoclinic region of the 
superlattice (FIGS. l0A and 10B), and the local structural 
modification itself was found to not cause any metallicity in 
monoclinic VO2 . This result excludes the main contribution 
of the interfacial structural relaxation and indicates a purely 
electronic origin behind the metallization of monoclinic 
VO2 . 

[0058] The relaxed and abrupt (00l)Rutile interface ener
gies (E, rel, E, abr) were calculated by subtracting the bulk 
energie; of ~onoclinic and rutile phases from the total 
energy of the monoclinic (n)/rutile (m) (00l)Rnk superlat
tices (FIG. 9A): 

(Eq. 1) 

E,,abr~(EHSfix-nEMc-mER)/2A (Eq. 2) 

Here, n and mare the number of unit cells, EMc and ER are 
the bulk energies of monoclinic and rutile phases per unit 
cell, respectively. EHs is the total energy of the superlattice, 
EHS,tix is the total energy of the superlattice before relax
ation, A is the in-plane lateral area of a unit cell, and a factor 
of two takes into account the presence of two interfaces in 
the superlattice. The calculated interface energy E, rel was 
found to be small E, rer60 ml m-2

, comparable to a~curacy 
of the calculations. This value is much smaller than typical 
interfacial energies -1 J m-2 in metal/insulator interfaces. 
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[0059] FIGS. llA and llB show the calculated density of 
states of hole-doped and electron-doped monoclinic VO2 , 

respectively, at hole/electron concentrations of 0.025 (top 
panels), 0.25 (middle panels), and 0.5 (bottom panels). It 
was found that increasing hole concentration caused a 
significant band gap narrowing, whereas the electron doping 
did not affect the gap much. The gap decreased with the 
increasing hole doping (i.e., lower d band occupation) and 
finally collapsed at high hole doping, which can be inter
preted as the decrease in the strength of electron correlation. 
Notably, the density of states of the hole-doped monoclinic 
VO2 looked similar to that of the metallic monoclinic region 
in the rutile/monoclinic superlattice (FIG. SB). 

Phase-Field Simulation 

[0060] The metal-insulator and structural trans1t10n in 
VO2 can be characterized by an electron-correlation order 
parameter 11Ec and a structural order parameter 11s, respec
tively. 11Ec denotes the electron spin density correlation 
between the electrons of two adjacent V atoms, and 11s 
characterizes the dimerization of the V atoms. Nonzero 11Ec 
indicates the formation of the dynamical singlet and conse
quently the spin gap, corresponding to the insulating phase, 
while 11Ec=0 refers to the metallic phase. The bulk molar 
Landau potential can be written as 

1 T-T1 2 1 4 1 6 
fh = 2a1 ----y;-JJEC + 4b11JEC + (/1'7EC + 

1 T-T2 2 1 4 1 6 1 2 2 

2a2 ----y;-11s + 4b21Js + 1;c211s - g1nEc'1s - 2 g21JEc'1s 

(Eq. 3) 

where ai, bi, Ci, a2 , b2 , c2 , g1 , and g2 are coefficients of the 
Landau polynomial, and are fitted based on the critical 
temperature and the entropy of transformation measured in 
this work and other experiments. (See, 1. H. Park, et al., 
Measurement of a solid-state triple point at the metal
insulator transition in VO2 . Nature 500, 431-434 (2013).) 
The values of all the coefficients are listed in Table 1. Note 
that the experimental data are not sufficient to uniquely 
determine all the coefficients. However, the analysis and 
phase-field simulations are not very insensitive to the values 
of all the individual coefficients as long as they reproduce 
the critical features such as transition temperatures, and thus 
the physics presented in the main text is insensitive to the 
choice of some of the coefficients. 
[0061] In the phase-field simulations, the gradient energy 
is taken into account 

(Eq. 4) 

where k1 and k2 are the gradient energy coefficients of 11Ec 
and 11s, respectively. The gradient energy coefficients k 1 and 
k2 are positive and fitted to the interfacial energy of 50 ml 
m-2

, which was arbitrarily chosen between an experimental 
estimation of 25 ml m-2 and a calculated upper bound of 
-60 ml m-2 from the DFT simulation. Although the experi
ments cannot distinguish the contribution from the variation 
of 11Ec and that of 11s, it can be reasonably assumed that 
k 1>k2 since the bulk free energy of the electronic order 
parameter is of the same order with that of the structural 
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order parameter in Eq. 3, based on the coefficients in Table 
1 and the interfacial energy of a metal-insulator interface, 
which is typically larger than that of an interface separating 
two pure structural domains. [The metal-insulator interfacial 
energy has the typical value -1 l m-2

, whereas the interfacial 
energy of two pure structural domains is within the range 
0.01-0.2 l m-2

.] The values of the gradient energy coeffi
cients are listed in Table 1. 

TABLE 1 

The values of Landau coefficients used. 

al b1 C1 T1 a2 b2 

8626 -1675 1294 273K 5176 -668.3 
J/mol J/mol J/mol J/mol J/mol 

C2 T2 gl g2 k1 k2 

696.5 283K 0.8625 155.3 0.40 0.16 
J/mol J/mol J/mol eV/nrn eV/nrn 

[0062] The energy landscapes of the bulk Landau potential 
at a low temperature and a high temperature are shown in 
FIG. 12A in the left and right panels, respectively. Above the 
transition temperature Trr, the rutile phase (11Ec=0, ris=0) 
always appears as the global minimum, i.e., the stable phase. 
Below the critical temperature, besides the insulating mono
clinic stable phase (11Ec=l, ris=l), a local minimum with 
order parameters 11Ec=0 and ris=l can also be seen, which 
is identified as the metastable metallic monoclinic phase. 
The metastable metallic monoclinic phase disappears below 
Tm -T Pr-12 K. FIG. 12B shows the temperature dependence 
of Is and qEc. 
[0063] For VO2 _0 , it was assumed that the off-stoichiom
etry decreases T 1 and T 2 (in Eq. 3) by the same amount. 
Therefore, for the individual VO2 _0 layer, although the 
transition temperature was decreased, the electronic transi
tion and structural transition were always coupled. However, 
for the VO2 _0/VO2 bilayer geometry, when the temperature 
Tm was between the transition temperature of VO2 and 
VO2 _0 layers, the situation was different. At Tm, the VO2 _0 

layer was in the metallic rutile phase. For the VO2 layer, the 
possible phases could be the insulating monoclinic or metal
lic monoclinic phases. Across the metallic rutile/insulating 
monoclinic interface, both the order parameters 11Ec and 11s 
vary spatially, while across the metallic rutile/metallic 
monoclinic interface, only is varies, which results in smaller 
interfacial energy in the latter. This conclusion is insensitive 
to the specific value of k1 and k2 under the condition that 
both k 1 and k2 are positive, which is almost always true. 
Denoting the bulk molar free energy difference of insulating 
monoclinic phase and metallic monoclinic phase as li.f6 , and 
their interfacial energy difference per area li.f,n, (FIGS. 13A 
and 13B), a critical thickness (V mis the molar volume of the 
rutile phase) can be calculated, 

(Eq. 5) 

below which the total free energy of the metallic monoclinic/ 
rutile geometry will be lower than that of the insulating 
monoclinic/rutile geometry, resulting in a stable metallic 
monoclinic phase in the VO2 layer. Therefore, although the 
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metallic monoclinic phase has a larger bulk free energy than 
the insulating monoclinic phase, it can be stabilized below 
a critical thickness due to the smaller interfacial energy. 
Note that the specific value oftc depends on the choice ofk1 

and k2 . 

[0064] Next, phase-field simulations were employed to 
confirm the above hypothesis. (See, L.-Q. Chen, Phase-field 
models for microstructure evolution. Ann. Rev. Mater. Res. 
32, 113-140 (2002).) The order parameters were evolved by 
solving the time-dependent Ginzburg-Landau (TDGL) 
equations 

81JEc OF 817s OF 
-- =LEc- &- =Ls-

8t OJJEc ar 011s 

(Eqs. 6 and 7) 

where LEc and Ls are the kinetic coefficients related to the 
domain wall mobility, and F is given by F=Jf6dn+F grad· In 
FIG. 13C, the phase-field simulations of the stable phases of 
the bilayer system are presented at different temperatures. As 
can be seen, the metallic monoclinic phase is stabilized at 
T=283 Kin the VO2 layer due to the interaction between the 
two layers. 

Thin Film Fabrication 

[0065] VO2 epitaxial thin films were grown on a rutile 
TiO2 (001) substrate using the pulsed laser deposition (PLD) 
method. A KrF excimer laser (248 nm) beam was focused on 
the vanadium metal target to an energy density of -2.0 J 
cm-2 and pulsed at 10 Hz. VO2 films were grown at a 
substrate temperature of 300° C. and oxygen partial pres
sures (P 02) ranging from 12 to 24 mTorr. The stoichiometric 
VO2 and slightly oxygen-deficient VO2 _0 films were depos
ited at P 02 of 21 and 18 mTorr, respectively. [The Ii value 
was roughly estimated to be -0.01 (FIG. 16B).] The crystal 
structure of the films was determined using a high-resolution 
four-circle XRD machine (Bruker DS advance). FIGS. 15A-
15C represent the results ofXRD 28-w scans, rocking curve, 
and reciprocal space mapping (RSM), respectively, for the 
VO2 films. The full width at half maximum (FWHM) of 
rocking curve was measured as small as 0.017° (FIG. 15B), 
indicating the excellent crystalline quality of VO2 _0/VO2 

bilayer. From the RSM data (FIG. 15C), it was confirmed 
that the VO2 _0NO2 bilayer is fully coherent with the TiO2 

substrate without any strain relaxation. Film surfaces were 
imaged by atomic force microscopy (AFM; FIG. 15D). 
[0066] The concentration of oxygen vacancies in the films 
was roughly estimated from the measured unit-cell volume. 
According to the empirical model, the unit-cell volume V 
can be expressed as follows: 

(Eq. 8) 

where rM is the ionic radius of the cation, Vis the unit cell 
volume, and A and B are constants. (See, L. Q. Jiang, et al., 
Prediction of lattice constant in cubic perovskites. J. Phys. 
Chem. Solids 67, 1531-1536 (2006).) From the relationship 
between rM and Vin rutile oxides, A and B were determined 
to be 0.4555 and 1.2001, respectively (FIG. 16A). By 
assuming oxygen-deficient VO2 _0 for simplicity, the effec
tive cation radius can be defined as: 

rA£'°(l -2ii)·rv4,+(2o )·rv3F0.58+0.121> (Eq 9) 

where r v4 + and r V3+ are the ionic radii of V4
+ and V3 +, 

respectively. (See, D. Marrocchelli, et al., Understanding 
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chemical expansion in non-stoichiometric oxides: ceria and 
zirconia case studies. Adv. Funct. Mater. 22, 1958-1965 
(2012).) The values for these radii are all available from the 
work of Shannon. (See, R. D. Shannon, Revised effective 
ionic radii and systematic studies of interatomic distances in 
halides and chalcogenides. Acta Crystallogr., Sect. A 32, 
751-767 (1976).) Then, the Ii values were determined (i.e., 
the concentration of oxygen vacancies) from the measured 
unit-cell volume as follows (FIG. 16B): 

O = 0.4555 X (V,,0 ;,h;omm;, + Ll. V) 113 - 1.78001 

0.12 

(Eq. 10) 

where V Stoichiometric and V Stoichiometric +ti. V are the unit cell 
volume of stoichiometric VO2 and oxygen deficient VO2 _0 , 

respectively. As shown in FIG. 15B, the Ii value was roughly 
estimated as -0.01 for the VO2 _0 film grown at P 02=18 
mTorr. 
[0067] The VO2 _0NO2 bilayer was prepared by first grow
ing the VO2 layer at P 02=21 mTorr and then growing the 
VO2 _0 layer at P 02=18 mTorr (FIGS. 14A and 14B). To 
confirm that the P 02 variation after growth doesn't affect the 
physical properties of the already-grown VO2 films, two 
samples were prepared (FIGS. 17 A and 17B). Whereas one 
sample was grown and cooled at P 02=21 mTorr, the other 
was grown at P 02=21 mTorr, then annealed for 10 minutes 
at a reduced P02=17 mTorr, and cooled at P02=17 mTorr. 
FIGS. 17A and 17B exhibit the XRD and transport data, 
respectively, for those samples, showing negligible change 
in sample properties even after the additional annealing at 
the reduced P 02 . This indicate that while the P 02 variation 
during growth affects the oxygen stoichiometry and the 
resulting metal-insulator transition of VO2 films, the P 02 

variation after growth doesn't affect those much. 
[0068] To check if the sequence ofVO2 _0 and VO2 layer in 
the bilayer affects the phase transitions, two different bilay
ers were grown, i.e., VO2 _0NO2 and VO2NO2 _0 bilayers, on 
TiO2 (001) substrate. The VO2NO2 _0 bilayer was prepared, 
by first growing the VO2 _0 layer at P 02=18 mTorr and then 
growing the VO2 layer at P 02=21 mTorr. As shown in FIG. 
20A, the sequence of VO2 _0 and VO2 layer in the bilayer 
didn't induce any change in phase transitions. The metal
insulator transitions of both the VO2 _0NO2 and VO2NO2 _0 

bilayers follow that of the VO2 _0 single layer. 

Scanning Transmission Electron Microscopy (STEM) and 
EELS 

[0069] For electron microscopic analysis, the thin, elec
tron-transparent sample was prepared using the conven
tional method (mechanical thinning to -10 µm or less; and 
ion beam milling to electron transparency at an acceleration 
voltage of 0.5-3.5 kV using an Ar ion beam). The atomic 
structures were observed using a STEM (JEOL JEM-2100F, 
JEOL Ltd., Japan) with an aberration corrector (CEOS 
GmbH, Heidelberg, Germany); and its probe diameter and 
convergence angle of the beam were -0.9 A and -24 mrad 
under the acceleration voltage of 200 kV, respectively. The 
collection semiangles of the detectors for high angle annular 
dark field (HAADF) and low angle annular dark field 
(LAADF) imaging were greater than 80-200 and 30-60 
mrad, respectively. The obtained STEM images were local 
wiener filtered to reduce background noise (HREM 
Research Inc., Japan). 
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[0070] In contrast to the HAADF, so called Z-contrast, 
which provides the atomic weight, LAADF can provide the 
qualitative information of the atomic dechanneling mainly 
caused by the strain or the vacancies due to the low-order 
diffractions of electrons, close to the on-axis. As shown in 
FIGS. 18A and 18B, the HAADF and LAADF contrasts, 
respectively, were profiled for better visualization, wherein 
the stronger LAADF contrast from the upper half indicates 
the existence of oxygen vacancies. LAADF image confirms 
that the film consists of VO2 and VO2 -z layers. 

[0071] Energy loss spectra were obtained at 200 kV using 
an electron energy loss spectrometer (EELS; Quantum GIF, 
Gatan, United States) with an energy resolution of 0.8 eV 
(FIG. 19B). Theoretical calculation ofV-L2 3 and O-K edge 
EELS were performed by using the DPT calculation, 
CASTEP embedded in Materials Studio (Biovia, United 
States). For the calculation, a 3x3x3 supercell of rutile VO2 

was used; the interactions among the electrons were calcu
lated by using the core-hole method; and the electronic 
interactions were treated as the local density approximation. 

[0072] Suppression of the first peak in V-L2 3 (FIG. 19C, 
left panel) and the second peak in O-K (FIG. 19C, right 
panel) is related with the less electron density in p-V and s-O 
orbitals caused by the oxygen vacancies. The measured 
EELS data for the VO2 and VO2 _0 layers were consistent 
with the calculated results for VO2 and VO1.98 (FIG. 19C, 
left and right panels). 

Electrical Transport Measurements 

[0073] The metal-insulator transition in VO2 films was 
monitored by measuring their electrical resistivity as a 
function of temperature. Electrical resistivity was measured 
using a four-contact van der Pauw technique. For the trans
port measurements, both indium and aluminum metal con
tacts were tried, but little change was found in the data. The 
metal-insulator transition ( e.g., the transition temperature) of 
VO2 _0NO2 bilayer was found to be almost identical to that 
ofVO2 _0 single layer (FIG. SA). If the VO2 and VO2 _0 layers 
in the bilayer are independent of each other without any 
interaction, there should be a clear two-step signature in the 
metal-insulator transition, as shown in FIG. 21A. To confirm 
this, the interfacial effect was intentionally suppressed by 
inserting an ultrathin (-2 nm) TiO2 layer between VO2 _0 and 
VO2 . The VO2 _0 /TiO2NO2 trilayer showed a clear two-step 
metal-insulator transition (FIG. 21B), which verified the 
interfacial effect as the intrinsic origin of the collective, 
single-step metal-insulator transition in the VO2 _0/VO2 

bilayer. 

[0074] Hall Measurements were conducted, sourcing a DC 
current and sweeping the magnetic field over a range of - 7 
T to 7 T. All Hall data were linear with respect to magnetic 
field. Consequently, single-band model was fit, using 

I 
ll3D=~ 

d"ii·t·q 

to extract the carrier density (FIG. 20B). In the previous 
expression, I was the DC current sourced, V H the Hall 
voltage, t the thin-film thickness, and q the electron charge. 
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Raman Spectroscopy 

[0075] Raman spectra of VO2 thin films grown on TiO2 

(001) substrates have been measured in backscattering 
geometry normal to the film surface using a Jobin Yvon 
T64000 triple spectrometer equipped with a liquid nitrogen 
cooled multichannel charge coupled device detector. Several 
excitation wavelengths were tried, visible ( 442 and 488 nm), 
and UV (325 and 363.8 nm). It was found that with visible 
excitation the spectra are dominated by the substrate signal. 
363.8-nm excitation was chosen as it resulted in a stronger 
signal from VO2 films. Spectra were measured in the tem
perature range 250-300 K using a variable temperature 
closed cycle helium cryostat. The high-temperature metallic 
phase of bulk VO2 had a tetragonal rutile structure with 
space group D4 /

4 (P42 /mnm) and four Raman-active pho
nons. In metallic phase, the phonon peaks were very broad 
and weak; they were hardly observable even in the bulk. In 
the thin film samples, the spectra above the transition 
temperature contained the TiO2 substrate features only. The 
low-temperature phase had a monoclinically distorted struc
ture with space group C2 / (P2 /c ). The unit cell doubled in 
size in the monoclinic phase, which had 18 Raman-active 
phonons (9Ag and 9B modes). In the low-temperature spec
tra, seven Ag modes could be distinguished at 151, 225, 196, 
316, 393, 457, and 499 cm- 1 (two more Ag modes that 
should appear around 595 and 618 cm- 1 are masked by 
strong peak of the TiO2 substrate at 612 cm- 1

). Also, three 
Bg modes could be seen at 335, 437, and 812 cm-1; the 
others were either too weak or overlapped by the substrate 
features. 

[0076] The temperature dependence of the relative Raman 
intensity of the two most intensive VO2 peaks (i.e., w2 and 
w 3 near 196 and 316 cm- 1

) was obtained, which originated 
from the monoclinic distortion in VO2 (FIG. 7B). The 
integrated intensities of these peaks were normalized by the 
integrated intensity of the 612 cm- 1 peak ofTiO2 substrate. 
Initially at high temperatures, VO2 was in the tetragonal 
rutile phase, and the intensity of the monoclinic VO2 peaks 
was essentially zero. With decreasing temperatures, the 
Raman peaks of monoclinic VO2 appeared suddenly during 
the rutile-to-monoclinic structural phase transition (FIGS. 
7A and 7B). The Raman spectroscopy measurements 
showed that the VO2 _0NO2 bilayer had a two-step structural 
phase transition (FIG. 7B), whereas the VO2 single layer had 
a single-step structural phase transition (FIG. 22). 

X-Ray Diffraction Measurement 

[0077] The rutile-to-monoclinic structural phase transition 
was monitored by conducting X-ray diffraction (XRD) 
(00L) scans on cooling at 300K (FIG. 7D, top panel), 284 K 
(FIG. 7D, middle panel), and 272 K (FIG. 7D, bottom 
panel). Before the measurement, the sample was aligned 
using the (002) reflection of the TiO2 substrate. Due to the 
increased out-of-plane lattice during monoclinic distortion, 
the center L (Reciprocal Lattice Units-RLU) position of the 
XRD peaks was shifted from -2.080 (for high-temperature 
rutile) to -2.072 (for low-temperature monoclinic). Based 
on this, the measured XRD peaks were fitted using two 
Gaussian curves (shown in FIG. 7D) with the L values of 
2.080±0.0005 RLU (for rutile) and 2.072±0.0005 RLU (for 
monoclinic). The relative monoclinic portion was estimated 
to be AMj(AMc+AR), where AR and AMc correspond to the 
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area under the two fitted Gaussian curves. In FIGS. 7C and 
7D, the maximum peak intensity was normalized with the 
value at 300 K. 
[0078] The word "illustrative" is used herein to mean 
serving as an example, instance, or illustration. Any aspect 
or design described herein as "illustrative" is not necessarily 
to be construed as preferred or advantageous over other 
aspects or designs. Further, for the purposes of this disclo
sure and unless otherwise specified, "a" or "an" means "one 
or more". 
[0079] The foregoing description of illustrative embodi
ments of the invention has been presented for purposes of 
illustration and of description. It is not intended to be 
exhaustive or to limit the invention to the precise form 
disclosed, and modifications and variations are possible in 
light of the above teachings or may be acquired from 
practice of the invention. The embodiments were chosen and 
described in order to explain the principles of the invention 
and as practical applications of the invention to enable one 
skilled in the art to utilize the invention in various embodi
ments and with various modifications as suited to the 
particular use contemplated. It is intended that the scope of 
the invention be defined by the claims appended hereto and 
their equivalents. 

What is claimed is: 
1. A bilayer comprising: 
a first layer of vanadium dioxide characterized in that it 

undergoes a rutile-to-monoclinic structural phase tran
sition at a first structural transition temperature; and 

a second layer of vanadium dioxide adjacent to the first 
layer of vanadium dioxide, the second layer of vana
dium dioxide characterized in that it undergoes a rutile
to-monoclinic structural phase transition at a second 
structural transition temperature that is higher than the 
first structural transition temperature. 

2. The bilayer of claim 1, wherein the first structural 
transition temperature and the second structural transition 
temperate are in the range from 275 K to 290 Kand the first 
structural transition temperature is at least 5 K lower than the 
second structural transition temperature. 

3. The bilayer of claim 1, characterized in that it under
goes a single-step metal-insulator electronic transition at an 
electronic transition temperature. 

4. The bilayer of claim 3, wherein the second layer of 
vanadium dioxide has a thickness of less than 10 nm. 

5. The bilayer of claim 3, wherein the electronic transition 
temperature is in the range from 275 K to 285 K. 

6. The bilayer of claim 3, wherein the first layer of 
vanadium dioxide comprises extrinsically doped vanadium 
dioxide and the second layer of vanadium dioxide comprises 
stoichiometric V02 . 

7. The bilayer of claim 6, wherein the extrinsically doped 
vanadium dioxide is tungsten doped vanadium dioxide. 

8. The bilayer of claim 3, wherein the first layer of 
vanadium dioxide comprises non-stoichiometric, oxygen
deficient V0c2 _0), where Ii represents a quantity of oxygen 
vacancies, and the second layer of vanadium dioxide com
prises stoichiometric V02 . 

9. A method of inducing a single-step metal-insulator 
electronic transition in the bilayer of claim 3, the method 
comprising: 

maintaining the bilayer at a temperature above the first 
structural transition temperature; and 
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applying an external stimulus to the bilayer, wherein the 
external stimulus induces the second layer of vanadium 
dioxide to undergo an isostructural electronic phase 
transition from an electrically insulating monoclinic 
crystalline phase to an electrically conducting mono
clinic crystalline phase. 

10. The method of claim 9, wherein applying an external 
stimulus to the bilayer comprises applying a voltage across 
the bilayer. 

11. The method of claim 9, wherein applying an external 
stimulus to the bilayer comprises heating the bilayer. 

12. An electrical switching device comprising: 
a bilayer comprising: 

a first layer of vanadium dioxide characterized in that 
it undergoes a rutile-to-monoclinic structural phase 
transition at a first structural transition temperature; 
and 

a second layer of vanadium dioxide adjacent to the first 
layer of vanadium dioxide, the second layer of 
vanadium dioxide characterized in that it undergoes 
a rutile-to-monoclinic structural phase transition at a 
second structural transition temperature that is 
higher than the first structural transition temperature; 

a first electrically conducting contact in electrical com
munication with a first area of the bilayer; 

a second electrically conducting contact in electrical 
communication with a second area of the bilayer; and 

an external stimulus source configured to apply a metal
insulator transition-inducing external stimulus to the 
bilayer. 

13. The switching device of claim 12, wherein the bilayer 
is characterized in that it undergoes a single-step metal
insulator electronic transition at an electronic transition 
temperature. 

14. The switching device of claim 12, wherein the exter
nal stimulus source is a voltage source configured to apply 
a voltage across the bilayer. 

15. The switching device of claim 13, wherein the switch
ing device is a capacitor in which the second layer of 
vanadium dioxide is disposed between the first layer of 
vanadium dioxide and a third layer of vanadium dioxide, the 
third layer of vanadium dioxide characterized in that it 
undergoes a rutile-to-monoclinic structural phase transition 
at a third structural transition temperature that is lower than 
the second electrical transition temperature, and further 
wherein the first electrically conducting contact is in elec
trical communication with the first layer of vanadium diox
ide and the second electrically conducting contact is in 
electrical communication with the third layer of vanadium 
dioxide. 

16. The switching device of claim 13, wherein the switch
ing device is a field-effect switch comprising: 

a source in electrical communication with the first elec
trically conducting contact; 

a drain in electrical communication with the second 
electrically conducting contact, wherein the source and 
drain are configured to be in electrical communication 
through the second layer of vanadium dioxide when the 
field effect switch is on; and 

a gate stack comprising: a gate dielectric on the second 
layer of vanadium dioxide and a gate contact on the 
gate dielectric. 

17. A method of switching a current using the switching 
device of claim 13, the method comprising; 
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maintaining the bilayer at a temperature above the first 
structural transition temperature; 

applying an external stimulus from the external stimulus 
source to the bilayer, wherein the external stimulus 
induces the second layer of vanadium dioxide to 
undergo an isostructural electronic phase transition 
from an electrically insulating monoclinic crystalline 
phase to an electrically conducting monoclinic crystal
line phase; and 

passing a current from the first electrically conducting 
contact to the second electrically conducting contact, 
through the bilayer. 

18. A method of switching the capacitor of claim 14, the 
method comprising: 

maintaining the capacitor at a temperature above the first 
and third structural transition temperatures; 

charging the first layer of vanadium dioxide and the third 
layer of vanadium dioxide when the second layer of 
vanadium dioxide is an electrically insulating state; and 

applying an external stimulus from the external stimulus 
source to the capacitor, wherein the external stimulus 
induces the second layer of vanadium dioxide to 
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undergo an isostructural electronic phase trans1t10n 
from an electrically insulating monoclinic crystalline 
phase to an electrically conducting monoclinic crystal
line phase, whereby the first and third layers of vana
dium dioxide are discharged through the second layer 
of vanadium dioxide. 

19. A method of switching a current using the field effect 
switch of claim 15, the method comprising: 

maintaining the bilayer at a temperature above the first 
structural transition temperature; 

applying a gate voltage from the external voltage source 
to the gate contact, wherein the external voltage 
induces the second layer of vanadium dioxide to 
undergo an isostructural electronic phase transition 
from an electrically insulating monoclinic crystalline 
phase to an electrically conducting monoclinic crystal
line phase; and 

passing a current from the first electrically conducting 
contact to the second electrically conducting contact, 
through the second layer of vanadium dioxide. 

* * * * * 


