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VANADIUM DIOXIDE-BASED OPTICAL AND 
RADIOFREQUENCY SWITCHES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

2 
source to the VO2 , wherein the external stimulus induces the 
VO2 to undergo an insulator to metal phase transition, 
thereby attenuating the transmission of the signal along the 
waveguide. 

In an embodiment of a series switch, the electromagnetic 
radiation waveguide is a discontinuous waveguide compris
ing a first portion and a second portion, wherein the first 
portion is connected to the second portion through the layer 
ofVO2 . An electromagnetic signal can be switched using the 

The present application is a divisional of U.S. patent 
application Ser. No. 15/451,745 that was filed Mar. 7, 2017, 
the entire contents of which are hereby incorporated herein 
by reference. 

REFERENCE TO GOVERNMENT RIGHTS 

This invention was made with government support under 
N00014-13-l-0183 awarded by the Office of Naval 
Research. The government has certain rights in the inven
tion. 

10 series switch by transmitting a signal along the first portion 
of the waveguide when the VO2 is in an insulating state; and 
applying an external stimulus from the external stimulus 
source to the VO2 , wherein the external stimulus induces the 
VO2 to undergo an insulator to metal phase transition, 

15 thereby increasing the transmission of the signal transmitted 
from the first portion of the waveguide to the second portion 
of the waveguide. 

BACKGROUND 
In an embodiment of an optical switch, the electromag

netic radiation waveguide is an optical waveguide and the 

Correlated oxide materials have been studied as candi
dates for electronic and optical application devices such as 
switches, sensors, and modulators due to substantial changes 

20 layer of VO2 is in optical communication with the optical 
waveguide. An optical signal can be switched using the 
series switch by transmitting an optical signal along the 
optical waveguide when the VO2 is in its insulating state; 
and applying an external stimulus from the external stimulus in their material properties such as conductivity and optical 

constants by phase transition. Compared to other correlated 
oxide materials that have a lower or a much higher phase 
transition temperature than room temperature, vanadium 
dioxide (VO2 ) exhibits a sharp insulator-to-metal transition 
(IMT) from the monoclinic insulating phase to the tetragonal 
metallic phase at 68° C. The relatively low phase transition 
temperature enables one to utilize the transition character
istic for electrical switching devices. However, the imperfect 
crystal quality ofVO2 films has limited the development of 
high-performance VO2 -based devices. Single crystalline 
bulk VO2 or epitaxial VO2 thin films have suffered from 35 

fracture and degradation of their physical properties due to 

25 source to the VO2 , wherein the external stimulus induces the 
VO2 to undergo an insulator to metal phase transition, 
thereby increasing the transmission of the optical signal 
along the optical waveguide. 

Other principal features and advantages of the invention 
30 will become apparent to those skilled in the art upon review 

of the following drawings, the detailed description, and the 
appended claims. 

a large elastic stress during phase transition. Moreover, the 
misfit strain in epitaxial films results in unreliable IMT 
characteristics or causes IMT to occur below room tempera
ture. Due to such difficulties in VO2 growth, polycrystalline 40 

or amorphous VO2 thin films have been used for most 
application devices. 

SUMMARY 

Switches for electromagnetic radiation, including radiof
requency switches and optical switches, are provided. Also 
provided are methods of using the switches. 

45 

One embodiment of a switch for electromagnetic radia
tion includes: an electromagnetic radiation waveguide; a 50 

layer ofVO2 in electrical or optical communication with the 
electromagnetic radiation waveguide; and an external stimu-

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. 

FIG. 1. Schematic diagram showing a multilayered struc
ture comprising a VO2 overlayer below its critical phase 
transition temperature (right) and above its critical phase 
transition temperature (left). The rutile (left) and monoclinic 
(right) crystal structures of the VO2 are shows above the 
multilayered structures. 

FIG. 2A is a schematic illustration of a fabrication process 
for an epitaxial VO2 based RF switch. FIG. 2B is a micro
scopic image of the device and its dimensions. FIG. 2C 
shows a cross-sectional scanning electron microscope 
(SEM) image of the finished device. 

FIG. 3A depicts measured and simulated Su and S21 

characteristics ofVO2 RF switches in the ON-state. FIG. 3B 
depicts measured and simulated Su and S21 characteristics 
of VO2 RF switches in the OFF-state under a frequency 
range of 45 MHz to 40 GHz. FIG. 3C depicts the measured 

lus source configured to apply an insulator to metal phase 
transition-inducing external stimulus to the layer VO2 . The 
layer ofVO2 in the switch comprises a plurality of connected 
crystalline VO2 domains having the same crystal structure 
and epitaxial orientation. 

55 and simulated group delay of the device. FIG. 3D shows the 
output RF power as a function of input RF power from -27 
dBm to 3 dBm for various frequency points. 

FIG. 4A shows an equivalent circuit model used to model 
VO2 RF switches. FIG. 4B shows a simplified equivalent 

60 circuit model for the switch operation. At room temperature, 
the switch is in the ON-state and can be simplified to an RL 
series circuit. At above the IMT temperature, the switch is in 
the OFF-state and can be simplified to an RC parallel circuit. 
FIG. 4C is a schematic cross-sectional view of the RF 

The switches include radiofrequency switches and optical 
switches. The switches include both shunt and series 
switches. In an embodiment of a shunt switch, the VO2 is in 
electrical communication with a ground line, as well as the 
electromagnetic radiation waveguide, such that the electro
magnetic signal is shorted to ground when the VO2 is in its 
metallic state. An electromagnetic signal can be switched 
using the shunt switch by transmitting a signal along the 65 

waveguide when the VO2 is in an insulating state; and 
applying an external stimulus from the external stimulus 

switch. 
FIG. SA depicts S21 curves for VO2 RF switches under 

heating and the cooling cycles by thermally triggered IMT. 
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FIG. SB depicts derivatives of the S21 curve, d(S21)/dT, to 
show the peaks and FWHM of the IMT curves. 

FIG. 6A is a schematic illustration of a fabrication process 
for a VO2 RF switch. FIG. 6B shows a microscopic image 
of a finished RF switch. FIG. 6C is a cross-sectional scan- 5 

ning electron microscope (SEM) image of the finished 
device. 

4 
FIG. 12A through FIG. 12D show visualization and 

control of phase transition dynamics in epitaxial VO2 as 
follows. FIG. 12A shows in-situ TEM images during the 
monoclinic-to-rutile SPT on heating 300-nm-thick VO2 

films on (001) TiO2 without a SnO2 template. FIG. 12B 
shows in-situ TEM images during the monoclinic-to-rutile 
SPT on heating 300-nm-thick VO2 films on (001) TiO2 with 
a SnO2 template. The temperature was ramped up at 5 K 
min- 1 during these measurements. FIG. 12C shows the 

FIGS. 7A and 7B show DC characteristics of VO2 RF 
switches as follows. FIG. 7A shows the I-V characteristics 
of a VO2 switch connected in series with resistors of values 
ranging from 1.5 to 6 kQ. FIG. 7B shows the VO2 resistance 
as a function of series resistance extracted from the slopes of 
I-V curves in FIG. 7A. 

10 monoclinic area as a function of temperature, estimated from 
the in-situ TEM images in FIGS. 12A and 12B. FIG. 12D 
shows the electrical resistivity as a function of temperature 
for the VO2 films. 

FIG. SA shows measured and simulated Su and S21 

parameters ofVO2 RF switches in the frequency range from 15 

45 MHz to 40 GHz in the on-state. FIG. SB shows measured 
and simulated Su and S21 parameters ofVO2 RF switches in 
the frequency range from 45 MHz to 40 GHz in the off-state 

FIGS. 13A through 13F show an electrically switchable 
optical modulator using epitaxial VO2 as follows. FIG. 13A 
is a schematic drawing for the optical modulator composed 
of a single-crystal Si waveguide and epitaxial VO2 film 
without applying an external voltage V de· FIG. 13B is a 
schematic drawing for the optical modulator consisting of a in a frequency range of 45 MHz to 40 GHz. FIG. SC shows 

an equivalent circuit model used to model VO2 RF switches. 
FIG. SD depicts a simplified equivalent circuit model for the 
switch operation. The device is simplified to the RL series 
circuit in the ON-state and the RC parallel circuit in the 
OFF-state. 

20 single-crystal Si waveguide and epitaxial VO2 film with an 
applied external voltage V de· The VO2 region can be met
allized by applying V de, which is higher than the threshold 
voltage for IMT. FIG. 13C shows simulated light propaga
tion through the Si waveguide for a light wavelength A of 

FIG. 9A shows a circuit schematic used to measure phase 
transition time. FIG. 9B the depicts voltage response of the 
VO2 RF switch with a 1 kQ series resistor connected under 
various frequencies from 10 kHz to 400 kHz. 

25 1.55 µm, when the VO2 is in the insulating state. FIG. 13D 
shows simulated light propagation through the Si waveguide 
for the light wavelength A of 1.55 µm, when the VO2 is in 
the metallic state. Fundamental TE-mode continuous-wave 

FIGS. lOA through lOC show a theoretical prediction of 
the phase transition and its dynamics in epitaxial VO2 as 30 

follows. FIG. lOA is a calculated strain-temperature phase 
diagram of a (001) VO2 film. Epitaxial strain is defined as 
the relative change of in-plane lattice constant, i.e., (afi1m
a6uzk)/a6uzk· Insets indicate atomic structures of monoclinic 
and rutile VO2 . FIG. lOB shows a simulated fraction of the 35 

monoclinic phase on heating in epitaxial VO2 films with 
strain gradient [denoted by (A), corresponding to thick VO2 

films on (001) TiO2 ] and with uniform bulk-like lattice 
[denoted by (B)]. FIG. lOC shows phase-field simulations of 
phase transition dynamics on heating for (A) and (B) cases 40 

in FIG. lOB. There are two different monoclinic domains 
and the rutile phase. 

FIGS. llA through llH show the design of uniform 
bulk-like lattices in epitaxial VO2 as follows. FIG. llA is a 
schematic diagram showing the expected profile of lattice 45 

strain in epitaxial VO2 films on (001) TiO2 without a SnO2 

template. FIG. llB is a schematic diagram showing the 
expected profile of lattice strain in epitaxial VO

2 
films on 

(001) TiO2 with a SnO2 template. Images in the right display 
the V atomic positions, obtained by LAADF (low angle 50 

annular dark field) imaging mode of scanning transmission 
electron microscopy (STEM), near the bottom interface. 
FIG. llC shows the X-ray RSM results around the TiO2 

(112) Bragg peak for 300-nm-thick VO2 films on (001) TiO2 

without a SnO2 template. FIG. llD shows the X-ray RSM 55 

results around the TiO2 (112) Bragg peak for 300-nm-thick 
VO2 films on (001) TiO2 with a SnO2 template. The closed 
circle and the closed star indicate the peak position for the 
VO2 film and bulk, respectively. FIG. llE shows bright field 
TEM images for 300-nm-thick VO2 films on (001) TiO2 60 

without a SnO2 template. FIG. llE shows bright field TEM 
images for 300-nm-thick VO2 films on (001) TiO2 with a 
SnO2 template. White arrows in FIG. llE and dashed lines 
in FIG. llF indicate cracks and domain/grain boundaries, 
respectively. FIGS. llG and llH are spatial maps for the 65 

out-of-plane lattice strain EYY' i.e., (cfi1m-cbulk)lc6uzk, in VO2 

films for the areas in FIGS. llE and llF. 

transmission through the Si waveguide was simulated by the 
finite-difference time-domain method, and electric-field 
intensity was captured. FIG. 13E shows the measured opti-
cal transmission as a function of time t for A=l .55 µm, when 
V de=15 Vis switched on and off for VO2/TiO2 -devices. FIG. 
13F shows measured optical transmission as a function of 
time t for A=l .55 µm, when V de=15 Vis switched on and off 
for VO2/SnO2/TiO2 -based devices. The magnitude of trans-
mission is also expressed in shading from light (low trans
mission) to dark (high transmission). Black solid lines are 
the fitted results with the formula of 1-exp(-th:) and exp(
th:). 

FIG. 14 is a schematic illustration of a method of formu-
lating an optical switch. 

DETAILED DESCRIPTION 

Switches for electromagnetic radiation, including radiof
requency switches and optical switches, are provided. Also 
provided are methods of using the switches. The switches 
incorporate layers of high quality VO2 that are composed of 
a plurality of connected crystalline VO2 domains having the 
same crystal structure and epitaxial orientation. In the VO2 

layer, the domains are "connected" to one another by domain 
boundaries. In contrast, in a cracked single crystal of VO2 , 

small crystallites are "disconnected" due to the cracks. The 
VO2 has a sharp insulator to metal phase transition (IMT) at 
temperatures moderately higher than room temperature. The 
IMT is accompanied by a large decrease in resistively, which 
makes the VO2 useful in radiofrequency switching applica
tions. The IMT also decreases the refractive index of the 
VO2 and increases its extinction coefficient, which makes 
the VO2 useful in optical switching applications. 

The VO2 layer can be grown epitaxially on a symmetri
cally isostructural SnO2 template. The lattice mismatch 
between the VO2 and SnO2 produces small, well-connected 
domains of VO2 having the same crystal structure in the 
epitaxial film and confines severe structural defects (e.g., 
strain gradients and cracks) to the area near the SnOiVO2 
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cant cracking beyond the lowermost portion of the layer. By 
way of illustration only, in some embodiments of the layered 
structures, the VO2 layer has a thickness of at least 100 nm. 
This includes layered structures having a VO2 layer thick-

interface. This leads to homogeneous, bulk-like lattices in 
the VO2 film, without compromising the film's epitaxial 
nature. This structural homogeneity also enables homoge
neous electronic and chemical states throughout the films, 
which is highly desirable for creating reliable, high perfor
mance devices, such as high-speed switches. 

5 nesses of at least 200 nm and further includes layered 
structures having a VO2 layer thicknesses of at least 300 nm. 
For example, in some embodiments, the VO2 layer thickness 
is in the range from about 100 nm to about 500 nm. This 
includes embodiments in which the VO2 layer thickness is in 

The VO2 in the epitaxial films is characterized by an IMT 
critical temperature. Below this critical temperature, the 
VO2 has an electrically insulating monoclinic crystal struc
ture. As the VO2 is heated to and above its critical tempera
ture, the crystal structure transitions to a metallic conducting 
rutile crystal structure. In the VO2 films, the transition is 
very sharp and is accompanied by a large decrease in the 
films' electrical resistance. In addition, the small crystalline 
domains in the VO2 films help them to absorb the stresses 15 

and strains that accompany the phase transition, enabling the 
films to undergo many phase transition cycles without 
cracking. As a result, the VO2 films are well suited for 
switching applications. 

10 the range from about 200 nm to about 400 nm. In each of 
these embodiments, the cracks and/or strains (if present at 
all) may be confined to within a few nanometers (for 
example, 10 nm or fewer, including 5 nm or fewer) of the 
SnO2NO2 interface. 

The small size of the VO2 domains helps the VO2 film to 
absorb the stresses and strains of the IMT, which reduces 
cracking during phase change cycling and improves and 
sustains device performance. As used here, the size of the 
domains refers to the largest cross-sectional width of the 

20 domains, where the width dimension is perpendicular to the 
thickness dimension. In some embodiments of the layered 
structures, the average width of the VO2 domains is no 
greater than about 500 nm. This includes embodiments in 
which the average width of the VO2 domains is no greater 

One embodiment of a layered structure comprising a VO2 

overlayer is shown schematically in FIG. 1. The right side 
the figure shows the structure at a first temperature that is 
below the IMT critical temperature (Ten,) and the left side of 
the figure shows the structure at a second temperature that is 
above the T crir The structure comprises a single-crystalline, 
rutile TiO2 substrate 102 having an exposed TiO2 (001) 
growth surface. A template layer 106 comprising columnar 
crystalline domains of rutile SnO2 is disposed on TiO2 

substrate 102. An enlarged portion of the interface between 
the VO2 layer and the SnO2 layer ( dashed square), showing 30 

the colunmar nature of the SnO2 , is provided in the inset. 
The colunmar, crystalline domains of rutile SnO2 are grown 
epitaxially and, therefore, have an epitaxially relationship 
with the underlying TiO2 . Rutile SnO2 domains have an 
exposed (001) surface on which an overlayer 110 compris- 35 

ing a plurality of connected crystalline VO2 domains of is 
disposed. Epitaxial growth of the SnO2 and VO2 can be 
accomplished using, for example, pulsed laser deposition 
(PLD) as illustrated in the Examples. 

25 than about 400 nm and further includes embodiments in 

The lattice mismatch between the TiO2 substrate and the 40 

SnO2 results in the epitaxial, nanoscale, crystalline columnar 
domains in the SnO2 growing upward from the TiO2 growth 
surface. These domains, which have the same crystal struc
ture (rutile) and orientation, nucleate separately on the 
growth surface and grow together to form a growth template 45 

that is isostructural with the subsequently grown VO2 at 
growth temperatures above T crir As such, the SnO2 films 
and the VO2 grown on the SnO2 films, are not polycrystal
line films in which a plurality of crystal domains are oriented 
randomly within the film. As used herein, the term nanoscale 50 

colunmar domains refers to colunmar domains having aver
age cross-sectional diameters that are no greater than 200 
nm. This includes columnar domains having average cross
sectional diameters that are no greater than 100 nm; no 
greater than 50 nm; and no greater than 20 nm. For example, 55 

in some embodiments of the SnO2 films, the columnar 
domains have average cross-sectional diameters in the range 
from about 5 nm to about 10 nm. The thickness of the SnO2 

layer is typically in the range from about 100 nm to about 
300 nm, but thicknesses outside of this range can be used. 60 

The lattice mismatch between the SnO2 and the VO2 

limits the size of the epitaxially grown VO2 domains and 
concentrates and/or confines any cracks in the VO2 film to 
a small volume near the SnOiVO2 interface, while the 
remainder of the VO2 may be crack- and strain-free. This is 65 

advantageous because it allows the VO2 layers to be grown 
to commercially practical thicknesses without any signifi-

which the average width of the VO2 domains is no greater 
than about 300 nm. The VO2 domains are well-connected, 
have a common crystal structure and an epitaxial relation
ship with the underlying SnO2 . At temperatures below Tcrw 
the VO2 has a monoclinic crystal structure and is electrically 
insulating. The monoclinic VO2 domains can have four 
different rotational domains that are rotated by 90° from 
each other in the plane of the film. The different rotational 
domains are represented by area of different shading in 
overlayer 110 on the right side of FIG. 1. The four different 
rotational domain variants of the monoclinic VO2 are shown 
in the upper right side of FIG. 1. At temperatures above Tcrw 
the VO2 has a tetragonal rutile crystal structure and acts as 
an electrical conductor. The rutile crystal structure is shown 
in the upper left side of FIG. 1. 

The T crit for the VO2 in the overlayer is greater than room 
temperature (i.e., greater than 27° C.) and is similar to, or the 
same as, the T crit for bulk VO2 . Typically, the T crit is greater 
than 55° C. and in the range from about 58° C. to about 68° 
C. (e.g., 60° C. to 66° C.). (Unless otherwise indicated, the 
phase transition critical temperatures referred to in this 
disclosure refer to the critical temperature in the absence of 
an applied external field or strain.) 

The high quality VO2 films grown on SnO2 template 
layers can be characterized by their sharp IMTs, where the 
sharpness of a transition is characterized by the full width at 
half maximum (FWHM) of the derivative curve of a heating 
curve, as illustrated in the Examples. Some embodiments of 
the VO2 films have a phase transition sharpness of 5° C. or 
less. This includes VO2 films having a phase transition 
sharpness of 3° C. or less and further includes VO2 films 
having a phase transition sharpness of 1 ° C. or less. These 
sharp transitions can be achieved even in films with thick
nesses above 100 nm, above 200 nm, and above 300 nm. 

The monoclinic to rutile (insulating to conducting) phase 
transition is accompanied by a large drop in the vanadium 
dioxide's magnitude of electrical resistance (llR), which can 
be measured as described in the Examples. Some embodi
ments of the VO2 films have a llR of at least 2 orders of 
magnitude. This includes VO2 films having a llR of at least 
3 orders of magnitude and further includes VO2 films having 
a llR of at least 4 orders of magnitude. 
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includes a layer ofVO2 110 underlying a signal line 204 and 
two ground lines 206, 208, which are disposed on either side 
of the signal line. In this configuration, the signal line 
provides a continuous coplanar waveguide (CPW) for a 

Although the switches can retain the SnO2 template layer 
and TiO2 substrate upon which the VO2 layer is grown, it is 
also possible to remove one or both of these layers after VO2 

layer growth and before it is incorporated into a switch. The 
released VO2 layer can be transferred onto another support 
substrate, which may be an electrically conducting (metal
lic), semiconducting, or electrically insulating substrate. 

One embodiment of a switch for electromagnetic radia
tion signals includes an electromagnetic radiation wave
guide in electrical and/or optical communication with a layer 
of the VO2 . The two components can be considered to be 
electrical communication with one another if a current can 
flow from one to the other when the VO2 is in its insulating 
state, its metallic states, or when it is in either state. Two 
components that are in electrical communication can be in 
direct contact, but they need not be. The two components 
can be considered to be in optical communication with one 
another if an optical signal can pass from one to the other 
when the VO2 is in its insulating state, its metallic states, or 
when it is in either state. Two components that are in optical 
communication can be in direct contact, but they need not 
be. 

5 radiofrequency signal. This embodiment of the switch fur
ther includes a SnO2 template layer 106 and a TiO2 substrate 
102. In the shunt switch, the gap between the central signal 
line and the ground line of is bridged by the VO2 . When the 
VO2 is in its insulating state, the VO2 induces no (or low) 

10 losses in the radiofrequency signal propagating along the 
CPW. However, when the VO2 transitions to its metallic 
state it short circuits the radiofrequency signal to ground and 
the propagation of the radiofrequency signal through the 
CPW is strongly attenuated, or even entirely blocked. A 

15 more detailed description of a shunt-type, VO2 -based radiof
requency switch is provided in Example 1. 

A top view and a cross-sectional side view of one embodi
ment of a series switch are shown schematically in the upper 
and lower parts, respectively, of panel (iii) in FIG. 6A. The 

20 switch includes a layer ofVO2 110 underlying a signal line 
and two ground lines 606, 608, which are disposed on either 
side of the signal line. In this configuration, the signal line 
provides a discontinuous coplanar waveguide (CPW) for a 
radiofrequency signal. The discontinuous CPW includes a 

The waveguide provides a signal line for the transmission 
electromagnetic radiation. Therefore, the waveguide mate
rial will depend on the nature of the radiation to be trans
mitted. By way of illustration, electrically conductive wave
guides having low resistivities can be used as signal lines for 
the transmission of radiofrequency signals. Suitable mate
rials for radio frequency (including microwave) waveguides 
include metals, such as gold, silver, and copper. Optical 30 

waveguides, which transmit wavelengths in the infrared 
region of the electromagnetic spectrum, are typically com
prised of dielectric materials with high permitivities. Suit
able materials for optical waveguides include silicon. The 
waveguides can have a variety of dimensions and cross- 35 

sectional shapes. However, in some embodiments of the 
switches, the waveguides are planar or strip waveguides. 

25 first waveguide portion 603 and a second waveguide portion 
605. This embodiment of the switch further includes a 

The VO2 layer can be used as a switch by applying an 
external stimulus to trigger the IMT. For example, heat can 
be applied to the VO2 to raise its temperature above its T to 40 

trigger the phase transition. However, other external stimuli, 
such as an electric field, an optical field, a mechanical strain, 
or a combination thereof, can be applied to the VO2 to 
induce the phase transition. These external stimuli shift the 
critical temperature for the IMT and induce the reversible 45 

phase transition, which changes the resistance (and, there
fore, conductance) of the VO2 and modulates the transmis
sion of the electromagnetic waves through the material. An 
external stimulus can be provided by its corresponding 
external stimulus source, configured to apply !MT-inducing 50 

stimulus to the VO2 layer. For example, an external heat 
source can be used to apply heat to the VO2 layer, an external 
voltage source can be used to apply an electric bias to the 
VO2 layer, and/or a mechanical actuator can be used to apply 

substrate, which may be, for example, the SnOiTiO2 bilay
ered structure or another substrate onto which the VO2 layer 
was subsequently transferred. In the series switch, the gap 
between the first waveguide portion and the second wave
guide portion is bridged by the VO2 . When the VO2 is in its 
insulating state, the VO2 blocks (or at least strongly attenu
ates) the propagation of the radiofrequency signal from the 
first portion waveguide portion to the second waveguide 
portion. However, when the VO2 transitions to its metallic 
state the radiofrequency signal is able to propagate from the 
first waveguide portion to the second waveguide portion 
through the VO2 with no (or low) signal losses. A more 
detailed description of a series-type, VO2-based radiofre
quency switch is provided in Example 2. 

Other embodiments of the switches, including the optical 
switches (optical modulators), utilize the !MT-induced 
decrease in the VO2 layer's refractive index to optical signal 
absorption by the VO2 , thereby modulating the optical signal 
propagating through the optical waveguide that is in optical 
communication with the VO2 . Top views and cross-sectional 
side views of one embodiment of an optical switch are 
shown schematically in the upper and lower parts, respec
tively, of FIGS. 13Aand 13B. The switch includes a layer of 
VO2 1310 underlying a signal line 1304 and two ground 
lines 1306, 1308, which are disposed on either side of the 
signal line. In this configuration, the signal line provides a 
continuous waveguide for an optical signal. This embodi
ment of the switch further includes a SnO2 template layer 

a mechanical strain to the VO2 layer. 55 1306 and a TiO2 substrate 1302. In the optical switch, the 
VO2 is in optical communication with the optical waveguide 
when the VO2 is in its insulating state. This is achieved by 
selecting a waveguide material having a refractive index that 

Some embodiments of the switches, including the radiof
requency switches, utilize the !MT-induced decrease in the 
VO2 layer's resistivity and an accompanying increase in the 
transmission of the electromagnetic signal through the VO2 . 

Depending on the configuration of the switch, this can 60 

correspond to an increase in, or an attenuation of, the 
electromagnetic signal traveling through a waveguide. 
Switches that incorporate the VO2 layers as switching layers 
include shunt switch configurations and series switch con
figurations. 

A cross-sectional view of one embodiment of a shunt 
switch is shown schematically in FIG. 4C. The switch 

is similar enough to the refractive index of the insulating 
VO2 to provide poor internal reflection at the waveguide/ 
VO2 interface and significant absorption of the signal by the 
VO2 . As a result, the propagation of the signal 1312 through 
the optical waveguide is blocked, or at least strongly attenu
ated, when the VO2 is in its insulating state (FIG. 13A). 

65 When the VO2 transitions to its metallic state 1314, its 
refractive index is significantly decreased, resulting in a high 
internal reflection of the propagating signal at the wave-
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guide/VO2 interface, so that the optical signal becomes 
tightly confined within the optical waveguide with no ( or 
low) signal loss (FIG. 13B). Although not shown here, the 
exposed portions of the outer surface of the optical wave
guide may be coated with a material having a lower index of 5 

refraction than the optical waveguide material to improve 
the confinement of the optical signal within the optical 
waveguide. A more detailed description of a series-type, 
VO2 -based optical switch is provided in Example 3. 

In some embodiments of the optical switches, the optical 10 

waveguide is single-crystalline silicon having a refractive 
index of approximately 3.4, the insulating VO2 has a refrac
tive index of approximately 3 .1, and the metallic VO2 has a 
refractive index of approximately 1.7. Some embodiments 

15 
of the optical switches have a switching speed of 300 ns or 
faster. However, other optical waveguide materials can be 
used, provided that the material is able to transmit the signal 
and has a higher index of refraction than VO2 in the 
wavelength range of interest. By way of illustration, suitable 20 

waveguide materials may have a refractive index that is at 
least about 1.5 times that of VO2 in its metallic state. This 
includes materials having a refractive index that is at least 
about 2 times that of VO2 in its metallic state. 

A method for fabricating a VO2 based optical modulator 25 

is shown schematically in FIG. 14. The method is described 
in detail in Example 3. Briefly, fabrication of the silicon 
waveguide starts with a silicon-on-insulator substrate (SOI) 
that includes a thin, single-crystalline layer 1420 separated 
from an underlying handle substrate 1424 by a buried silicon 30 

oxide layer 1422 (panel (a)). Single-crystalline layer 1420 is 
released from the SOI structure by selectively removing 
buried oxide layer 1422 (panel (b )). This can be accom
plished by selectively removing the SiO2 layer with HF etch, 
as described in Zhang, K., Seo, J.-H., Zhou, W. & Ma, Z. 35 

Fast flexible electronics using transferable silicon nano
membranes. J. Phys. D: Appl. Phys. 45, 143001 (2012). 

The VO2 layer 1410 can be grown epitaxially on a 
SnOiTiO2 structure 1406/1402 (panel ( e )) as described 
herein and illustrated in the Examples. The VO2 layer can 40 

then be patterned into a switching layer using, for example, 
a reactive ion etch (panel (f)). Optionally, an electrically 
conductive planarization and/or adhesion promoting layer 
1414 can be formed over the VO2 switching layer (panel 

10 
loss operation frequency of up to 24.2 GHz with a low 
insertion loss of -1.36 dB and isolation of 17.56 dB at 12.03 
GHz, respectively. 

The schematic illustration of the fabrication process is 
shown in FIG. 2A. The fabrication began with the epitaxial 
growth of the epitaxial VO2 thin-film 110 on TiO2 (001) 
substrate 102 with an SnO2 buffer layer 106. (Details about 
the epitaxial growth and structural analyses can be found in 
Example 3.) Then, a photoresist 202 was patterned on VO2 

layer 110. A coplanar waveguide (CPW) signal line 204 and 
ground lines 206,208 were then deposited on top of the VO2 

layer 110 (FIG. 2A(i)), by the deposition of a Ti/Au (10 
mn/300 nm) metal stack by e-beam evaporation (FIG. 
2A(ii)). FIG. 2B shows a microscopic image of the finished 
CPW transmission line. The widths of the signal line and 
ground lines were 54 µm and 133 µm, respectively, with a 43 
µm spacing in between. The length of the device was 140 
µm. It should be noted that the device structure and pad 
designs were optimized by using Keysight ADS 2013 
momentum, considering the complex EM effects including 
skin effect, substrate effect, and RF losses between each 
layer. A cross-sectional scanning electron microscope 
(SEM) image in FIG. 2C shows 100 nm SnO2 and 300 nm 
VO2 layers. 

The switching characteristics of the fabricated VO2 RF 
switches were measured using an Agilent E8364A perfor
mance network analyzer (PNA) with the heating stage to 
control the sample temperature. Scattering (S) parameters in 
the frequency range from 45 MHz to 40 GHz were taken. 
The temperature was carefully controlled from room tem
perature (25° C.) to high temperature (90° C.) with 1 ° C. step 
during the measurement. 

FIGS. 3A and 3B show the measured and simulated RF 
characteristics of VO2 RF switches when the device was at 
the ON- and the OFF-states. The return loss Su and the 
insertion loss S21 were extracted. In FIG. 3A, the measured 
Su and S21 show an operation frequency ofup to 24.2 GHz 
(where S21 is -3 dB) at 25° C. with relatively low RF losses, 
as low as -1.36 dB at 12.03 GHz, and -2.32 dB at 18.02 
GHz. The simulated operation frequency of 23.33 GHz also 
matches well with the experiment results. FIG. 3B shows the 
RF characteristic above the phase transition temperature. 
Namely, the device was heated to 90° C., in order to make 
the VO2 layer stay at the stable metallic state. At the metallic 

(g)). 
Using a transfer stamp, the released silicon layer then can 

be transferred onto the planarization and/or adhesion pro
moting layer (panels (d) and (h)). An etch mask then can be 
formed over the transferred silicon layer (panel (i)). Finally, 
a waveguide can be patterned into the single-crystalline 
silicon and contact lines can be deposited over the planariza
tion and/or adhesion promoting layer (panel G)). 

45 state, the resistivity of VO2 decreases by -4 to 5 orders of 
magnitude, which suppresses the transmission signal over a 
wide range of frequencies. The detailed mechanism of 
suppression of the signal transmission is described below. At 
the OFF-state, S21 characteristics showed a similarly low 

Example 1 

In this example, thermally triggered RF switches are 
demonstrated using the VO2 thin films on (001) TiO2 (001) 
substrate with SnO2 buffer layer. High quality epitaxial VO2 

thin films were employed to fabricate simple single-pole, 
single-throw (SPST) type switches that use the change in RF 
impedance by heating and cooling. The RF switching and 
power characteristics were measured under various tempera
tures and demonstrated sharp resistivity changes, with the 
scattering (S-) parameter S21 greater than 15 dB at 60° C. 
and 66° C., when switches were heated up and cooled down, 
respectively. VO2 RF switches also completed the transition 
ofS21 within 3° C. of the IMT temperature and showed a low 

50 level of -16.49 dB transmission at 45 MHz and -18.05 dB 
at 40 GHz. The simulated RF characteristics at the OFF-state 
also showed a similarly low level as compared to the 
measured result. The group delay is one of the important 
parameters to evaluate the phase distortion of the signal by 

55 measuring the average travel time at a certain signal fre
quency to travel through the device under operation. FIG. 
3C shows the measured group delay ofVO2 RF switches at 
the ON-state. The spikes referring to the group delay ripples 
and the average delay represents the amount of time for a 

60 certain frequency signal to travel from the signal port to the 
ground port through the device under operation. The mea
sured average delay is 2.49 ps. The highest group delay 
ripple is 32 ps and the lowest value is -29 ps. The simulated 
average delay is 3.74 ps, with 8.32 ps being the highest 

65 group delay ripple and 3.4 ps being the lowest value. The 
small group delay indicates that the VO2 RF switches were 
stable over the frequency range, making this device suitable 
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for a switching element up to Ku-band RF switching cir
cuits. In FIG. 3D, output power was measured as a function 
of input power for various frequencies in Ku-band (i.e., at 12 
GHz, 15 GHz, and 18 GHz, respectively) at the ON-state. A 
power range from -27 dBm to 3 dBm from PNA was used 5 

as an input power source and the signal was read through the 
spectrum analyzer (Agilent E4407B). VO2 RF switches 
exhibit linear RF power characteristics, and compression 
was not shown for the entire input power range at the 
ON-state. As the input signal frequency increases, output 10 

power decreases due to the insertion loss increase. 
When the dimensions ofVO2 RF switches were designed, 

the following factors were considered. Firstly, most of the 
TE field is concentrated in the VO2 layer, as the magnetic 
field in CPW is elliptically polarized. Secondly, since the 15 

VO2 layer has a high dielectric constant (8=40.6 at 10 Hz), 
it effectively reduces radiation losses. Taken together, the 
optimized CPW structure can be used for high frequency 
signal switching devices with thermally controlled phase 
transition of VO2 . FIG. 4A represents the equivalent circuit 20 

model that was used to model the VO2 RF switches to 
further analyze the RF signal switching mechanism. FIG. 4B 
shows a simplified equivalent circuit model for the switch 
operation. Each component value of the equivalent circuit 
was obtained by curve fitting the measured S-parameters. 25 

Shown in Table 1 are the equivalent component values of 
VO2 RF switches at the ON- and OFF-states. 

TABLE 1 
30 

25° C. On 90° C. Off 
Components (Insulator) (Metallic) 

Lepw(pH) 79 1650 
Repw(Q) 1.2 480 
Gcpw(S) 800 200 35 
Cepw(fF) 180 3 
Gv02(S) 2.5 X 10-5 2.5 X 10-2 

Cv02_1 (fF) 30 2 
Cv02_2 (fF) 30 2 

The Lcpw, Rcpw, G cpw, and Ccpw values in Table 1 refer 40 

to the equivalent components of the lossy CPW line. The 
VO2 layer is represented as G vo2 for the real part of the loss, 
and Cv02 1 and Cv02 2 as the imaginary part of the loss. 
When V02 RF switches operate at the ON-state, RF signal 
can be transmitted with the low real part insertion loss 45 

(RCPw) as low as 1.2Q. On the other hand, when VO2 RF 
switches operate at the OFF-state above the phase transition 
temperature, the VO2 layer turns into its metallic phase with 
nearly 4 orders1 7 of magnitude lower resistance and thus 
VO2 RF switches behave as an attenuator. The reduced 50 

resistance of the VO2 layer at the OFF-state becomes a 
dominant loss part which is in series with the real losses of 
CPW line components. As a result, the RcPw increases to 
480Q, which effectively attenuates the signal. Based on the 
equivalent circuits, the figure-of-merit of the RF switch, the 55 

cut-off frequency (F co), is calculated based on the following 
equation (1 )22

, 

(1) 60 

12 
The S21 value as a function of temperature in the range 

from room temperature to 90° C. is shown in FIG. SA. VO2 

RF switches were heated and cooled at various frequency 
points (namely, 5, 10, 15, and 20 GHz) to investigate the 
IMT point. For all frequencies, transitions in S21 for both 
heating and cooling sequences occurred at the same tem
perature, which is the same transition temperature as the 
resistivity change. In order to further analyze the phase 
transition characteristic, the derivative of S21 is plotted in 
FIG. SB. IMT points for heating and cooling cycles can be 
clearly observed at 66° C. and 60° C., respectively, with the 
6° C. hysteresis loop gap in all frequency ranges. The S21 

based full width at half maximum (FWHM) of IMT is less 
than 3° C. for both heating and cooling cycle, which 
confirms that IMT in this structure exhibits a similar sharp 
transition property to that of the bulk sample. However, the 
3° C. transition value based on S21 is still wider than the 
resistivity-based FWHM value. While resistivity transition 
only involves the DC component of the VO2 layer, the 
transition based on S21 (i.e., a phase transition in the micro
wave regime) involves parasitic capacitance of the VO2 

layer, and thus results in a wider transition temperature. 
In conclusion, thermally triggered "normally ON" RF 

switches were demonstrated based on epitaxial VO2 thin 
film with a very simple device structure. The high quality 
epitaxial VO2 thin film was realized by using an SnO2 

template layer in between the VO2 layer and TiO2 substrate. 
The thin film VO2 exhibited a similar sharp phase transition 
to that of the bulk VO2 . A fast insulator-to-metal phase 
transition at a low temperature allowed VO2 RF switches to 
exhibit sharp resistivity changes with the S2 , change greater 
than 15 dB at 60° C. and 66° C. when switches were heated 
up and cooled down, respectively. VO2 RF switches per
formed the sharp transition of S21 less than 3 ° C. and showed 
a low loss operation frequency up to 24.2 GHz with a low 
insertion loss of -1.36 dB and isolation of 17.56 dB at 12.03 
GHz. 

Example 2 

In this example, electrically triggered RF switches were 
demonstrated using the epitaxial VO2 thin films on a TiO2 

(001) substrate with a SnO2 template layer. The high quality 
epitaxial VO2 thin film was employed to fabricate simple 
single-pole single-throw (SPST) type switches. DC charac
teristics of the VO2 RF switches were measured and com-
pared to RF switching performances of switches through 
heat and voltage bias. The electrical IMT was also measured 
by a continuous square wave voltage bias and characterized 
the switching speed of the VO2 RF switches. 

FIG. 6A shows the schematic illustration of the fabrica
tion process. The VO2 layer and the SnO2 buffer layer were 
epitaxially grown on a TiO2 (001) substrate by Pulsed Laser 
Deposition PLD (FIG. 6A(i)), followed by patterning of the 
VO2 layer using photolithography and reactive ion etching 
(RIE) (FIG. 6A(ii)). Finally, microwave coplanar waveguide 
(CPW) lines were defined bye-beam evaporation (Ti/Au, 10 
mn/300 nm) (FIG. 6A(iii)). A microscopic image of the 
finished device is shown in FIG. 6B. The device structure 
and CPW design were simulated and optimized using a 
Keysight ADS 2013 momentum. The length of the entire 
device, from input to output, was 140 µm, while the width 
of the signal line and the ground line were 54 µm and 133 
µm, respectively, with 43 µm spacings between the signal where, R

0
n and C

0
ffare the resistance at the ON-state and the 

capacitance at the OFF-state, respectively. In this calcula
tion, a R

0
n of 1.2Q and C

0
ff 7xl0-15 F were used and yielded 

a Fco value of 18.9 THz. 

65 and ground lines. The two signal lines at input and at output 
were separated with 10 µm spacings on the VO2 layer. In 
FIG. 6C, a cross-sectional scanning electron microscope 
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(SEM) image shows 100 run SnO2 buffer and 300 run VO2 

layers. Details about the epitaxial growth and structural 
analyses can be found in Example 3. 

14 
Measured and simulated RF characteristic of the VO2 RF 

switches at the on- and off-states are shown in FIG. SA and 
FIG. SB. The results clearly indicate that the VO2 RF 
switches changed to the on-state when voltage bias was After device fabrication, the electrical characteristics 

were measured using the HP 4155 semiconductor parameter 
analyzer in ambient air. FIG. 7A shows current-voltage (I-V) 
characteristics of an electrically triggered IMT VO2 switch 
obtained by double sweeping DC voltage bias to the device 
in series with various series resistors (Rs) from 1 kQ to 6 kQ 
to prevent damage from excessive current. Initially, the VO2 

layer under low voltage bias had a high resistance insulator 
phase that resulted in a very low current. However, when the 
voltage reached the threshold value for IMT phase transition 
(VIMr), the VO2 became metallic and the current "'.as dra
matically increased, which corresponds to path (1) m FIG. 

5 applied beyond VIMr across the VO2 layer or when the 
sample was heated above the transition temperature (TIMr)
Once the phase transition to the metallic state occurred, the 
microwave signal could be transmitted through the VO2 

CPW which then became conductive. FIG. SA shows the RF 
10 characteristics of VO2 RF switches at the on-state. The 

insertion loss (S21 ) of -3 dB was measured at 24.3 GHz and 
27.7 GHz for electrically and thermally activated RF 
switches, respectively, which confirms a successful phase 
transition of the VO2 layer by both methods. The return 

15 losses (Su) of VO2 RF switches were measured t? be -4.7 
dB at 24.3 GHz and -4.3 dB at 27.7 GHz for electncally and 
thermally activated RF switches, respectively. The VO2 RF 
switches changed to the off-state when switches were below 
the phase transition temperature or without voltage bias. 

2° FIG. SB shows the RF characteristics ofVO2 RF switches at 
the off-state. S21 characteristics at the off-state showed low 
insertion loss of -25 dB over the entire frequency range. The 
simulated RF characteristics at the off-state agreed well with 

7 A. It is worth noting that the current level was increased as 
the value of the series resistor was decreased because total 
resistance across the device was decreased. Consequently, 
the VIMr was reduced from 15.7 V to 13.1 V, as the series 
resistance value was decreased from 6 kQ to 1.5 kQ. The 
voltages for metal to insulator phase transition (VIMr) were 
also varied from 7.2 V with a 6 kQ series resistor to 3.9 V 
with a 1.5 kQ series resistor. The resistances of the VO2 

layer at the insulating phase and the metallic phase were 
carefully extracted from the slope of each I-V curve with 25 

different series resistance values. For example, resistances of 
the VO2 layer with 1.5 kQ series resistor at the metallic 
phase and the insulating phase are displayed as slope1 and 
slope2 , respectively, in FIG. 3A. Then, as shown in FIG. 7B, 
the final resistance values of the VO2 layer as a function of 30 

different series resistance values were calculated using the 
following formula: Rv02=(dV/dI)-R

5
• Interestingly, it was 

found that the resistance of the VO2 layer at the metallic 
state was significantly increased with the series resistor of 
larger values, while the VO2 resistance remained the same at 35 

the insulating state. This trend is largely attributed to the 
incomplete phase transition of the VO2 layer under a small 
current flow and electric field. When the voltage bias was 
applied to the VO2 , carriers were injected and a narrow local 
metallic path was formed in the VO2 . With time, the metallic 40 

area expanded and, eventually, the entire layer went through 
a phase transition. Thus, large series resistors were found to 
suppress the current level and result in a partial phase 
transition in VO2 . The VO2 resistance with a 1 kQ series 
resistor was 5.5Q and 4.3 kQ, at the metallic and the 45 

insulator phases, respectively. Nearly 4 orders of magnitude 
change in resistance was observed, which is comparable to 
the device made of single crystal bulk VO2 . The large 
resistivity change by electrical excitation in this work is also 
comparable to that of thermal excitation. This confirms that 50 

the electrical phase transition is as complete as the thermal 
one. 

The switching performance of the VO2 RF switches was 
characterized by measuring scattering (S-) parameters under 
the frequency range from 45 MHz to 40 GHz using the 
Agilent E8364A performance network analyzer (PNA). The 
VO2 RF switches were tested and compared for both thermal 
and electrical triggers. A temperature-controlled stage was 
used for thermally triggered VO0 RF switch measurements. 

55 

60 In order for the VO2 to be in a fully metallic phase, the 
sample temperature was increased to 90° C., which is above 
the phase transition temperature of -68° C. for VO2 . To 
measure electrically triggered VO2 RF switches, a 15 V DC 
bias was applied to the VO2 RF switches in series with a 1 
kQ resistor via a bias Tusing the HP E3631A power supply. 65 

Also, the VO2 RF switches were simulated with Keysight 
ADS 2013 momentum. 

measured RF characteristics. 
To further analyze RF switching characteristics, the two

port equivalent circuit model of the VO2 RF switches were 
employed as shown in FIG. SC. The parameters of each 
component in the equivalent circuit were extracted from the 
measured s-parameter from 45 MHz to 40 GHz. In the 
equivalent circuit model, Csub modeled the parasitic capaci
tance of the VO2 signal line, Rv02 and Lv02 are the intrinsic 
resistance and reactance of the VO2 layer, and CcoNn and 
CcoNn are the parasitic capacitance between metal pads and 
the SnO2/TiO2 substrate. The parameters of each component 
at both the on- and off-states are shown in Table 2. Simpli
fied equivalent circuits are illustrated in FIG. SD. As the 
resistance of the VO2 changed during the phase transition, 
two different simplified equivalent circuits were modeled for 
the on- and off-states. When the VO2 RF switches operated 
at the off-state, it behaved as a parallel RC circuit with a 
resistance of 46 kQ which blocked RF signals efficiently 
through the CPW line. On the other hand, at the on-state, the 
resistance of the device reduced to 4.6Q, which is similar to 
a series RL circuit. The calculated resistance difference 
between the on-state and the off-state is about 4 orders of 
magnitude, which agrees well with the measured resistance 
in FIG. 7B. The intrinsic cut-off frequency (F co) is one of the 
key values in deciding the highest operation frequency and 
can be calculated by the following equation, F co =1/ 
(2·itR •C >ff) where R and C >ff are the resistance at the 
on-stat; ~d' the capacitance at the off-state, respectively. 
The VO2 RF switches exhibit a R

0
n of 4.6Q and C

0
ffl .99 fF, 

resulting in an F co of 17.4 THz. 

TABLE 2 

On Off 
Components (Metallic) (Insulator) 

Lvm (pH) 555 
Rv02(Q) 4.6 4.6 X 104 

CsuB (fF) 2.7 
CcoNn (fF) 15 15 
CcoNn (fF) 15 15 

One of the clear advantages of an electrical triggering 
method is that the transition can be completed much faster 
than other triggering methods, such as by heating or by 
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and tIMr are highly dependent on the dimension of the VO2 , 

the switching speed can be further enhanced by engineering 
the geometry of the device. 

In conclusion, electrically triggered RF switches based on 

shining light. Considering that the electrical phase transition 
occurs by current injection followed by joule heating, a 
theoretical minimum switching time, tm,m for the electrical 
phase transition can be calculated by using a simple thermal 
model with the following equation (1 ), 

lmin = 
Pvo2 * Cvo2* volume*.6.T 

I,V 

(1) 

5 epitaxially grown VO2 thin films with a simple device 
structure were demonstrated. The high quality epitaxial VO2 

thin film was achieved using an SnO2 template layer in 
between the VO2 layer and TiO2 substrate, which enabled it 
to perform a resistance change of 4 orders of magnitude by 

where p vo2 is the density ofVO2 ( 4340 kg m-3
), Cv02 is the 

heat capacity of VO2 (690 J kg- 1 K- 1
), volume is the 

dimension of VO2 (54 µm*l0 µm*300 nm), llT is the 
temperature change of the film (341 K-298 K=43 K), Vand 
I are voltage and current at the phase transition (13.1 V and 
7.7 mA, respectively, from FIG. 3A). The calculated tm,n is 
206 ns. 

10 electrical triggering. The VO2 RF switches exhibited an S21 

difference greater than 30 dB at 24.3 GHz by electrical 
triggering, which implies that electrical IMT is comparable 
to other IMT approaches. The VO2 RF switches also showed 
high frequency responses of insertion losses of -3 dB at the 

15 on-state and return losses of -4.3 dB at the off-state over 27 
GHz. The study on electrical IMT dynamics revealed 840 ns 
of phase transition time. The epitaxial VO2 -based RF 
switches demonstrated high-frequency response and fast 
transition time. In order to calculate actual phase transition time, the 

dynamic response measurements under different frequencies 20 

were performed by configuring the circuit as shown in FIG. 
9A. Continuous square wave voltage under various frequen
cies from 10 kHz to 400 kHz was applied using the function 
generator (Tektronix FG5010) to the VO2 RF switch in 
series with a 1.5 kQ resistor. The voltage drop on the entire 25 

circuit (V r), and the voltage drop only by the VO2 (V v02 ) 

were monitored by a digital oscilloscope (Tektronix 
TDS2014B). The dynamic response of the VO2 RF switches 
is shown in FIG. 9B. When the VO2 switch was at the 

30 
insulator state (i.e., before reaching a VIMr), the resistance 
of the VO2 switch was much larger than the resistance of the 
series resistor. Thus, most of the voltage drop occurred at the 
vo2 switch. As applied voltage reached VIMD the vo2 
switch became metallic, and the resistance of the VO2 switch 35 
was abruptly decreased. Consequently, the voltage drop 
across the VO2 switch was also decreased. The time required 
for the electrical phase transition is a combination of the 
delay time (tn) and the actual insulator-to-metal transition 
time (tIMr), to indicates the time required for the voltage 40 

drop on the VO2 layer to reach VIMD which can be further 
reduced by employing a sharper voltage waveform and 
smaller series resistor, tIMr represents the duration of the 
phase transition. During this time, the VO2 layer exhibited a 
sharp resistance drop. TIMrcan be expressed as tIMr=t0+RC, 45 

where i:0 is the intrinsic rise time and RC is the RC time 
delay. As V vo2 reached VIMD the filamentary low resistance 
current path was formed between the electrodes. (See, Y. 
Zhao, J. Hao, C. Chen and Z. Fan, Journal of Physics: 

Example 3 

This example reports new template engineering that uti
lizes an intermediate SnO2 layer for growing epitaxial VO2 

films and controlling their IMT dynamics. SnO2 is insulating 
and has a rutile structure, which makes it as an appropriate 
template for VO2 . Particularly, the SnO2 template was 
adopted because of its large lattice mismatch (i.e., -4.2%) 
with VO2 , contrary to conventional thin-film epitaxy that 
prefers a lattice-matched substrate or template. The huge 
lattice mismatch would lead to an incoherent interface with 
abrupt strain relaxation and uniform bulk-like lattices in 
epitaxial VO2 films (FIG. llB), relieving the lattice con-
straint imposed by the substrate. The structure without the 
SnO2 layer is depicted in FIG. llA. The theoretical simu
lation emphasizes that these conditions are essential for 
realizing the sharp and homogeneous IMT dynamics and 
also preventing crack formation. Thus, utilizing the poorly 
lattice-matched template might control the IMT dynamics, 
and could allow crack-free epitaxial VO2 films with sharp 
IMT above room temperature. 

The lattice strain was examined in VO2 films, using X-ray 
diffraction reciprocal space mappings (RSMs). FIGS. llC 
and llD show the RSMs around the TiO2 (112) Bragg peak 
for VO2 films on bare (001) TiO2 and SnO2-templated Ti 0 2, 
respectively. For the VO2/TiO2 film (FIG. llC), the diffrac-
tion peak position of the film ( closed circle) was far from 
that ofVO2 bulk (closed star), indicating that the VO2 film 
is still strained substantially. Also, the diffraction peak of the 
film showed a streak pointing toward the bulk peak position, 
implying the gradual strain relaxation in the film. On the 
other hand, for the VOiSnO2/TiO2 film (FIG. llD), the 
peak position of the film was identical to that of VO2 bulk. 
This indicated that the use of SnO2 template enabled the 
growth of unstrained epitaxial VO2 films via abrupt strain 
relaxation. 

To obtain further information, a high-resolution, real
space strain mapping was conducted using dark-field inline 
electron holography (FIGS. llE, llF, llG, and llH). 

Condensed Matter 24 (3), 035601 (2011).) Over time, the 50 

current path expanded from current injection and joule 
heating so that the phase transition of the entire VO2 layer 
was complete, tn and tIMr for VO2 RF switches with 1 kQ 
series resistors were -180 ns and -840 ns, respectively. As 
the input frequency increased, both VIMrand tIMrdecreased. 55 

Also, as the frequency increased, intervals between voltage 
pulses also decreased so that latent heat from joule heating 
was not completely dissipated. Such estimations also indi
cate that the switching speed is largely dependent on the tIMr 

value. 
The calculated minimum switching time, tm,n' is approxi

mately 4 times smaller than the measured result. Consider
ing that joule heating is not the only factor that affects the 
phase transition and the actual device temperature increased 
above the phase transition temperature, the calculated result 65 

is acceptable. However, this result is still several times faster 
than poly-crystal VO2 -based RF switches. Since both VIMr 

60 According to the measured strain map of the VOiTiO2 film 
(FIGS. llE and llG), the out-of-plane strain was around 
-1.8% near the bottom interface due to the misfit strain. The 
strain became relaxed and negligible near the top surface or 
cracks (denoted by white arrows in FIG. llE), which 
generates a strain gradient in both the out-of-plane and 
in-plane directions. On the other hand, the VO2/SnOiTiO2 

film exhibited uniform bulk-like lattices without any crack 
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and noticeable inhomogeneity (FIGS. llF and llH). Nota
bly, domain/grain boundaries (denoted by a dashed line in 
FIG. llF) didn't induce any considerable lattice inhomoge
neity. Based on theoretical prediction (FIGS. lOB and lOC), 
these uniform bulk-like lattices would lead to sharp and 5 

homogeneous IMT dynamics above room temperature in the 
SnO2 -templated VO2 film. FIG. lOA is a calculated strain
temperature phase diagram of a (001) VO2 film. 

derivative of the resistivity with temperature) that was as 
small as -0.8 K. In the metallic phase, the VO2/SnOiTiO2 

film showed not only the small resistivity, but also a clear 
metallic characteristic (i.e., decrease in resistivity with 
decreasing temperature), owing to the absence of severe 
structural/chemical defects in the film. These results con-
firmed excellent IMT features in SnO2 -templated epitaxial 
VO2 films. 

In-situ transmission electron microscopy (TEM) was used 
to visualize the phase transition dynamics in epitaxial VO2 10 

films in real time. FIG. 12A shows the monoclinic-to-rutile 
SPT dynamics of the VOiTiO2 film, according to which the 
rutile phase started to nucleate preferentially from the bot
tom interface (i.e., the highly strained region) at -315 K, 
much lower than the bulk TIMr (i.e., -341 K). Then, the 15 

nucleated phase propagated toward the top surface and 
cracks. Both on heating and cooling, the phase evolution 
nearly followed the measured profile of the local strain (FIG. 
llG), consistent with theoretical simulations (FIG. lOC). 
This revealed that the local lattice strain determines the 20 

The VOiSnO2/TiO2 film was shown to undergo sharp 
and homogenous IMT with varying temperature. Another 
way for triggering the IMT is to apply external electric field. 
Applying an electric field to VO2 drives carrier injection and 
then induces the formation of a local metallic path in VO2 

on a short time scale of <l us. However, after the metallic 
path forms locally, the electric field falls and a thermal 
process by Joule heating follows with the relation, ti. T 
ex 1-exp(-th:), where r is a time constant. When the electric 
field is removed, the reverse metal-to-insulator transition is 
also governed by a cooling process with li. T cxexp(-th:). 
These indicate that the switching speed in VO2 could gen
erally be limited to thermal processes (e.g., thermal transi-phase transition dynamics at the nanoscale, and can explain 

why the phase transition of epitaxial VO2 films usually 
proceeds over a wide range of TIMr· 

Differently from the VO2/TiO2 film, however, the VO2 / 

SnOiTiO2 film showed a much sharper and homogeneous 
phase transition. FIG. 12B shows that the rutile phase started 
to nucleate both from the top surface and bottom interface at 
2:338 K, and then propagated forward, consistent with 
theoretical simulations (FIG. lOC). SPT was mostly com
pleted in a narrow temperature range between -341 and 
-343 K. Quantitative analyses (FIG. 12C) more clearly 
showed that the phase transition occurred in a much nar
rower temperature range in VO2/SnO2/TiO2 film than that in 
VO2/TiO2 film. This highlights that the use of the proper 
template can allow a sharp phase transition, as well as 
control the phase transition dynamics in epitaxial VO2 films. 

Interestingly, the in-situ nanoscale imaging (FIG. 12B) 
revealed that the propagating phase boundaries were not 
perturbed by complex microstructures (i.e., domain/grain 
boundaries) in the film, but persisted with the collective and 
continuous evolution across different domains/grains. In 
conventional materials, such structural imperfections largely 
affect and sometimes even inhibit phase transitions. In 
epitaxial VO2 films, however, domain/grain boundaries did 
not affect the propagation of phase boundaries much. This 
might originate from a relatively large interfacial energy of 
the phase boundaries. The monoclinic-to-rutile SPT in VO2 

is accompanied with an abrupt change (as large as 2:0.8%) in 
lattice parameters, causing a large elastic energy at phase 
boundaries. Also, due to the coexisting SPT and IMT, phase 
boundaries in VO2 have an electronic dissimilarity between 
insulating and metallic phases, which could further increase 
the phase boundary energy. Thus, as long as the domain/ 
grain boundaries have a smaller interfacial energy than the 
phase boundaries, they could have a minor effect during 
phase transition in VO2 [as predicted in (B) of FIGS. lOB 
and 1 OC] and might not compromise the sharpness of phase 
transition. 

Given the observed sharp and homogeneous SPT, a sharp 
IMT in the VOiSnO2/TiO2 film was expected. The IMT was 
characterized in epitaxial VO2 films by measuring electrical 
resistivity as a function of temperature (FIG. 12D). The 
measured IMT showed resistivity change by a factor of -10 
in VO2/SnOiTiO2 film, whereas it became quite suppressed 

tion width li.T of IMT). Thus, the sharp IMT (i.e., narrow 
transition width ti. T) in VO2/SnOiTiO2 film would naturally 
allow a fast switching by electric field (i.e., small switching 

25 time li.t). 
To evaluate the switching speed and device applications, 

an electrically switchable optical waveguide, i.e., optical 
modulator, was designed, composed of Si single crystal and 
epitaxial VO2 film (FIG. 13A). During IMT, the optical 

30 constants of VO2 (i.e., refractive index n and extinction 
coefficient k) become largely changed. Utilizing this, the 
light confinement and transmission can be electrically con
trolled through an Si waveguide. When VO2 is insulating 
(i.e., nv02=3.1), light cannot be well propagating through Si 

35 waveguide with ns,=3.4, due to imperfect total reflection and 
light absorption in VO2 with kv02=0.3 (FIGS. 13A and 13C). 
On the other hand, when VO2 is electrically switched to the 
metallic state (i.e., nv02=1.7), the mode becomes tightly 
confined inside the Si waveguide such that the transmission 

40 loss substantially decreases (FIGS. 13B and 13D). Impor
tantly, while electrical transport measurements can be gov
erned just by local metallic paths in VO2 , this optical 
transmission is determined by the overall fraction of met
allized VO2 , and thus can give effective way to estimate the 

45 genuine switching speed of VO2 by electric field. 
FIGS. 13E and 13F show the time-dependent optical 

transmission upon the application and removal of electric 
field for VO2/TiO2 - and VO2/SnOiTiO2 -based optical 
modulators. The light transmission became 10-100-times 

50 enhanced upon the application of the electric field, quanti
tatively consistent with the device simulations. Regarding 
the switching speed, the VO2/SnOiTiO2 -based device 
exhibited the full transition of light transmission on time 
scales of -150 ns and -300 ns during the on and off 

55 switchings, respectively (FIG. 13F), which were 3-4 times 
shorter than those of VOiTiO2-based device (FIG. 13E). 
Through fitting, the time constant r was estimated to be -36 
ns and - 7 4 ns during the on and off switching, respectively, 
for a VO2/SnOiTiO2 -based device, whereas they were -91 

60 ns and -252 ns during the on and off switching, respectively, 
for a VO2/TiO2 -based device. The switching speed became 
much enhanced possibly due to the sharp IMT of the 
SnO2 -templated films, but it could be further improved later 
by optimizing the device design. 

in VO2/TiO2 film due to the presence of cracks. Also, the 65 

VO2/SnOiTiO2 film showed quite sharp IMT, with a tran
sition width li.T (measured as FWHM of the logarithmic 

Template engineering for epitaxial VO2 films has been 
demonstrated as a route for controlling the IMT dynamics 
and achieving sharp and large IMT above room temperature. 
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tron beam was tilted in such a way that the excited (002) 
reflection was aligned parallel to the optical axis of the 
microscope, where the subscripts denotes the substrate (i.e., 
TiO2). The (200) reflection was chosen for mapping the 

This example provides the nano scale visualization of phase 
transition dynamics in epitaxial VO2 , which reveals not only 
the critical role of local lattice strain, but also the minor 
effect of domain/grain boundaries on the IMT dynamics, 
contrary to conventional belief. 

Thin Film Growth. 
The epitaxial VO2 thin films were grown on a (001) TiO2 

substrate using the pulsed laser deposition (PLD) method. 
Before deposition, low miscut (<0.1 °) TiO2 substrates were 
cleaned by sonicating with acetone and then rinsing with 
isopropanol. A SnO2 epitaxial layer with a thickness of 100 
nm was deposited as a bottom template on the TiO2 sub
strate. A KrF excimer laser (!,=248 nm) beam was focused 

5 in-plane component of the strain, and the transmitted beam 
was used for mapping the electrostatic potential. Bright-field 
(BF) and dark-field (DF) images at defocus values ranging 
from -8 µm to +8 µm were acquired exposing a 2048x2048 
pixels fiber-optically coupled UltraScan 1000 FT (Gatan. 

10 Inc.) camera for 4 s and 8 s, respectively. In order to avoid 
the post-growth fluctuation or segregation of indium as a 
result of intense electron beam irradiation during the TEM 
imaging, the TEM images were obtained at a low magnifi-

15 cation under low electron dose conditions. The 2-D electron 
on SnO2 and V2 O5 ceramic targets to an energy density of 
-2.0 J cm-2 and pulsed at 5 Hz (for the SnO2 layer) or 10 Hz 
(for the VO2 layer). The SnO2 layer was grown at a substrate 
temperature of 400° C. and oxygen partial pressure of 50 
mTorr. After the growth of the SnO2 layer, the VO2 layer was 
grown at a temperature of 400° C. and an oxygen partial 
pressure of 18 mTorr. After growth, the VO2 films were 20 

cooled down to room temperature at an oxygen partial 
pressure of 18 mTorr. 

XRD Measurements. 

phase information was reconstructed from a focal series of 
BF/DF TEM images using the full resolution wave recon
struction (FRWR) software. 

Crack Formation. 
The contribution of the SnO2 template to protect the VO2 

films against cracking was explored. VO2 bulk crystals and 
epitaxial films tend to crack during phase transition and 
degrade upon repeated cycling. During SPT on cooling, the 
rutile phase becomes monoclinically distorted with the for-

25 mation of monoclinic domains. The domain formation 
The structural quality of the films was examined using a 

high-resolution four-circle X-ray diffraction (XRD) machine 
(Bruker D8 advance). XRD patterns of the out-of-plane 
XRD 8-28 scan of 300-nm-thick VO2 films on (001) TiO2 

and SnO/TiO2 substrates showed a clear film peak at 
28=64.8° along with the (002) diffraction peaks from the 
underlying rutile SnO2 and TiO2 substrate. The film diffrac- 30 

tion peak comes from the (402) diffraction of monoclinic 
VO2 , corresponding to the (002) diffraction of high-tem
perature rutile VO2 phase. No other peaks were observed by 
XRD analysis, which showed that that the VO2 film was 
highly oriented and had a pure phase. Importantly, the peak 35 

position was almost identical to that (i.e., 28-64.7°) of the 
(402) diffraction for bulk monoclinic VO2 , suggesting that 
the film was fully relaxed with bulk-like lattices. Also, the 
film diffraction peak showed a symmetrical shape, implying 
that the misfit strain was abruptly relaxed, as opposed to 40 

gradual strain relaxation. 
TEM Sample Preparation and In-Situ TEM. 
Samples for cross-sectional TEM were prepared by 

mechanical grinding to a thickness of 80 µm, dimpling to a 
thickness of less than 10 µm. The mechanically polished 45 

samples were ion-milled using 3 kV Ar+ ion beam (PIPS, 
Gatan), and then a low energy (0.7 kV) Ar+ ion beam was 
used to remove the surface-damaged layer. In-situ heating 
experiments were performed in a field-emission TEM (JEM-
2100F, Jeol) operated at 200 kV. The samples were heated up 50 

to 363 K with a heating rate of 5 K min- 1 using a Gatan 
double tilt heating holder (Model 652-Ta) and then allowed 
to cool down to room temperature. Real time movies were 
acquired during the heating-cooling cycle in dark-field TEM 
mode to distinguish the monoclinic/rutile phase domains, 55 

using a CCD camera (ORIUS 200D, Gatan) at 25 frames s- 1
. 

Inline Electron Holography. 
Local strain maps were obtained using inline electron 

holography. The inline electron holography experiment was 
performed using a JEOL 2100F, equipped with a 200-kV 60 

field emission gun. All images were recorded using a 
Gatan's GIF Tridiem imaging filter to remove inelastically 
scattered electrons outside an energy window of 0±7.5 eV. 
An objective aperture of 10 µmin diameter was placed on 
the microscope's optical axis for selecting a specific beam. 65 

The size of this aperture limited the spatial resolution to 0.8 
nm. For the out-of-plane strain mapping, the incident elec-

simultaneously causes strong internal stress near domain 
boundaries, whose value may locally exceed a critical 
strength and causes cracking, especially in the case of 
large-sized single crystals. Therefore, it was expected that 
such crack formation could be avoided in epitaxial VO2 

films that are composed of small grains in their as-grown 
state. 

Cracks were found to be increasingly formed upon 
repeated thermal cycles and severely affected the IMT 
features in VO2 films on bare TiO2 . The increase of resis
tance by cracks was more significant for the nominally 
metallic phase and, as a result, the magnitude of resistance 
change across the IMT was greatly reduced, down to -105 %. 
On the other hand, the VO2 films on SnO2/TiO2 showed 
quite robust IMT, whose magnitude of resistance change 
remained well conserved as -106% even after 1,000 cycles. 

Phase Diagram Calculation. 
According to the Landau theory, the phase transition in 

VO2 can be described by structural order parameters ri, with 
ri=0 and lJ"'0 representing the rutile and monoclinic phases, 
respectively. The total free energy density is given by 

(Sl) 

where A2 , A4 , and A 6 are coefficients of the Landau poly
nomial under stress-free boundary conditions, co is the 
elastic stiffness tensor, and EiJ and EiJ 

O are the total strain and 
eigen strain, respectively. The eigen strain is related to the 
structural order parameter through EiJ 

0 =EiJ 00ri 2
, where EiJ 

00 is 
the stress-free transformation strain from the rutile to mono
clinic phase transition. Among all the coefficients, only A2 is 
assumed to be dependent on temperature, i.e., A2 =A0 [T-TcL 
where A0 is a constant and Tc is the Curie temperature. In the 
calculation, A0=1.42xl06 N m-2

, Tc=325 K, A4 =-7.12xl06 

N m-2 ,A6=-5.34xl07 N m-2
, Young's modulus E=155 GPa. 

Poisson's ratio v=0.287, and E/0 takes the value from Gu Y., 
Cao J., Wu J. & Chen L.-Q. (See, Thermodynamics of 
strained vanadium dioxide single crystals. J. Appl. Phys. 
108, 083517 (2010).) 

The strain-temperature phase diagram was obtained by 
applying the thin film boundary conditions, i.e., 
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aJ aJ aJ 
£11 = £22 = .s,, £12 = 0, 8.s13 = 0, 8.s23 = 0, 8.s33 = 0, 

(S2) 

where Es is the biaxial epitaxial strain. Equation (S2) indi
cates that Es is fixed by the substrate, with the out-of-plane 
direction stress-free. Through minimizing the free energy 
density in Eq. (Sl) under the thin-film boundary conditions, 
the stable phases can be calculated at different temperatures 
and epitaxial strains. 

Phase-Field Simulations. 
The domain structure was evolved by solving the time

dependent phase-field equations 

617 6F 
6t = L 617' 

(S3) 

where t is time, L is the kinetic coefficient related to the 
domain wall mobility and F is the total free energy, which is 
expressed by 

5 

22 

(
. . f . 1 . YMM 0) YMM 1.e., mter acia energy rat10 a= - ➔ , 

YRM 

making the effect of monoclinic domain boundaries negli-
gible. To describe different monoclinic domains in the 
phase-field simulations, the phase-transition transformation 
strain EiJ 

00 was assumed to be position dependent, and the 

10 
spatial distribution was fixed during the evolution of Equa
tion S3. Note that E/

0 in different positions was related by 
the rotation symmetry. The simulation setting was used to 
reflect the small interfacial energy ratio a. The simulated 
domain evolution reflected experimental observations. It 

15 
was experimentally confirmed that the phase transition 
dynamics was not much affected by the domain/grain. 

Stress Distribution Calculation. 
The stress distribution from the phase-field simulation 

was plotted and it was determined that the monoclinic 

20 
domain walls have a large effect on the stress distribution. 
For single monoclinic domain, the stress was concentrated 
near the monoclinic-rutile phase boundaries. For multiple 
monoclinic domains, however, the stress was concentrated 
at both the monoclinic-rutile phase boundaries and domain 

(S4) 25 
wall-interface intersections. 

The mechanical boundary conditions were found to have 
a significant effect on the stress distribution. When both of 
the interfaces were subject to stress free boundary condi
tions, the local stress was largely reduced. For the coherently where g is the gradient energy coefficient, x, is the spatial 

coordinate, and V is the system volume. 
In the x 1 and x2 directions, periodic boundary conditions 

were assumed, whereas a superposition method was used 
along the x3 direction. For the constrained film, it was 
assumed that the top surface was stress-free, while the 
bottom interface was coherently clamped by the substrate. 
For the membrane, it was assumed that both the top surface 
and bottom interface were stress free. Equation (S3) was 
solved based on a semi-implicit Fourier-spectral method. 
The system size was 128llxx128llxx52llx and the grid 
spacing was llx=0.42 nm. Two types of strain conditions 
were applied to the VO2 films in the phase-field simulations. 
(1) Uniform Strain 

E 11 (x,y,z)~e22(x,y,z )~-0.0056 (S5) 

(2) Strain Gradient in Both the Out-Of-Plane and In-Plane 
Direction 

39x+ 780 

30 
grown films, this could be well modeled by boundary 
conditions of the stress-free top surface and the constrained 
bottom interface ( constrained bottom interface means that 
the displacement from the film to the substrate is continu
ous). For the incoherently grown films, the boundary con-

35 ditions could be complex, and should be between the two 
limiting cases of the constrained film and the membranes. 
The simulation results showed that the mechanical boundary 
conditions of the incoherent interface played an important 
role in relieving the stress and preventing the formation of 

40 
cracks during SPT. 

Electrical and Optical Measurements. 
Using the standard four-contact van der Pauw method 

with contacts of Al, the electrical resistivity was measured in 
vacuum as a function of temperature in VO2 films with or 
without SnO2 template. As a reference, the electrical trans
port was also measured for the fully coherent 8-nm-thick 

(S6) 
-0.0056, z 2 --

6
-
3
-, or z 2 

-39x + 5811 

63 

.s11(x, y, z) = 0.0146 39x+780 
-0.0056 + 

2457 
(39x - 63z + 780), x s 64, and z < --

6
-
3

-

0.0146 -39x + 5811 
-0.0056 -

2457 
(39x + 63z - 5811), x > 64, and z < 

63 

.s22 (x, y, z) = .s11 (x, y, z) 

It was assumed that the interfacial energy between mono

clinic and rutile phases was YRM, and the interfacial energy 
60 

between two monoclinic domains is YMM.YRM was not only 

structural interfacial energy, but also metal-insulator inter

facial energy7
'
8

, whereas YMM refers to pure ferroelastic 

domain wall energy with the magnitude YM1v1 l O ml m-2
. As 

65 
a result, YRMcould be much larger than YMM (i.e., interfacial 

energy ratio 

VO2 film on TiO2 substrate. It was quantitatively estimated 
that the sharpness of IMT for the SnO2 -templated film was 
<l K, by using the fill-width-at-half-maximum (FWHM) of 
the derivative curves. This sharpness is comparable with that 
of fully coherent 8-nm-thick VO2 films on bare TiO2 , which 
is expected to show the sharpest MIT among VO2 films. 

Using spectroscopic ellipsometry, the refractive index n 
and extinction coefficient k were measured as a function of 
temperature. For the VO2 film on bare TiO2 substrate, then 
exhibited gradual change across IMT. On the other hand, for 
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the VO2 film on SnO2 -templated TiO2 , then showed abrupt 
change for every A across IMT. 

Fabrication and Characterizations of Optical Modulators. 
The Si-VO2 optical modulator was constructed on a VO2 

layer 1410 with a thin transfer-printed single crystalline 5 

silicon layer 1410 (also referred to as a Si "nanomembrane" 
(NM)) (FIG. 14). The VO2 layer 1410 was grown epitaxially 
on an SnO2 template layer 1406, which was itself grown on 

24 
applied to the Au electrode using a function generator 
(Tektronix FG5010). A 1 kQ resistor was connected in series 
to the optical switch to suppress the current level and to 
avoid burning the device. 

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 disclosure and 
unless otherwise specified, "a" or "an" means "one or 
more." 

The foregoing description of illustrative embodiments 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 modi
fications 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 

a TiO2 substrate 1402 (panel (e)), as previously described. 
Then, the VO2 layer 1410 was patterned into a narrower strip 10 

( or "switching layer") by photo lithography and reactive ion 
etching (RIE) in the CF 4 gas (panel (f)). Separately, Si NM 
1420 was prepared, starting with a silicon-on-insulator sub
strate (SOI, Soitec) with a 205-nm-thick single-crystalline Si 
NM 1420 overlying a 400-nm-thick buried oxide (BOX) 15 

SiO2 layer 1422 atop a silicon handle substrate 1424 (panel 
(a)). To achieve the desired Si thickness of 190 nm, the Si 
NM 1420 was thinned down using thermal oxidation fol
lowed by wet etching of the oxidation layer in HF. Etching 
holes 1421 were patterned into Si NM 1420 by photolithog
raphy and reactive ion etching to expose buried oxide layer 
1422 (panel (b )) and an SF 6/02 etch was used to release Si 
NM 1420 from the SOI structure (panel (c)). Released Si 
NM 1420 was transferred onto patterned VO2 layer 1410 
using an elastomeric polydimethylsiloxane (PDMS) stamp 25 

1416 via a transfer-printing method (panels (d) and (h)). 
(See, Meitl, M. A. et al. Transfer printing by kinetic control 

explain the principles of the invention and as practical 
20 applications of the invention to enable one skilled in the art 

to utilize the invention in various embodiments and with 

of adhesion to an elastomeric stamp. Nature Mater. 5, 33-38 
(2006): and Zhang, K., Seo, J.-H., Zhou, W. & Ma, Z. Fast 
flexible electronics using transferable silicon nanomem- 30 

branes. J. Phys. D: Appl. Phys. 45, 143001 (2012).) Prior to 
the transfer, a planarization/adhesive layer 1414 (SU-8 
2000.5, Microchem) was spin-coated on VO2 layer 1410 
(panel (g)). Since planarization/adhesive layer 1414 also 
served as an optical cladding layer, the thickness was 35 

adjusted to -150 nm to maximize optical switching perfor
mance. After finishing the transfer printing, a mask 1418 
was formed over Si NM 1420 (panel (i)) and then the Si 
waveguide 1430 was defined in the single-crystalline silicon 
by e-beam lithography and inductively coupled plasma 40 

etching in Cl2 (panel G)). Exposed planarization/adhesive 
layer 1414 was also etched using RIE in 0 2 (panel G)). 
Finally, metal electrodes 1430, 1432 of IO-nm-thick Ti and 
300-nm-thick Au were formed through additional e-beam 
lithography, e-beam evaporation, and lift-off (panel G)). To 45 

measure optical switching performance, a tunable laser 
(Tunics Plus) and an optical oscilloscope (Agilent 86116A) 
were used. The laser was coupled into the Si waveguide with 
single mode lensed fibers. A wide wavelength range of the 
input signal (1.5 µm to 1.6 µm with 0.25-µm step) was used 50 

to demonstrate the wide bandwidth of the optical switch. 
The output optical signal from the Si waveguide was also 
coupled to single-mode lensed fiber and sent to the oscillo
scope. During the measurement, a 15-V peak to peak (in the 
range of 0 V to 15 V) square wave in I-MHz frequency was 

various modifications as suited to the particular use contem
plated. 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 heterostructure comprising: 
a substrate; 
a layer ofVO2 on the substrate, wherein the layer ofVO2 

and the substrate are joined at an epitaxial interface; 
and 

a layer of single-crystalline silicon bonded to the layer of 
VO2 , such that the layer ofVO2 is disposed between the 
substrate and the layer of single-crystalline silicon, 
wherein the layer of single-crystalline silicon and the 
layer of VO2 are not joined at an epitaxial interface. 

2. The heterostructure of claim 1, wherein the layer of 
single-crystalline silicon is bonded to the layer ofVO2 via an 
adhesion promoting layer or a planarization layer. 

3. The heterostructure of claim 1, wherein the layer of 
single-crystalline silicon and the layer ofVO2 are in optical 
communication. 

4. The heterostructure of claim 1, wherein the layer of 
single-crystalline silicon and the layer of VO2 are in elec
trical communication. 

5. A structure comprising: 
a substrate; 
a layer of VO2 , wherein the layer of VO2 comprises a 

plurality of connected crystalline VO2 domains having 
the same crystal structure and epitaxial orientation; and 

a layer of single-crystalline silicon on a surface of the 
layer of VO2 , wherein the layer of VO2 is disposed 
between the substrate and the layer of single-crystalline 
silicon. 

* * * * * 


