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M
etamaterials are artificial materials
rationally designed from subwave-
length nanostructures to engineer

novel optical properties and to control the
interaction of electromagnetic radiation
with matter.1�3 They have been explored
for various applications, including negative
index metamaterials,4�6 perfect lenses,7,8

cloaking,9,10 and sensing devices.11,12 In
most cases, the optical responses of meta-
materials are fixed by the structure and
electronic properties of the constituent en-
gineered building blocks. Increasingly, there
is a desire to realize dynamically tunable
or switchable structures.13�16 Phase-change
materials have been extensively studied
to provide tuning/switching capabilities in
optical systems and metamaterials.17�20

The physical properties of phase-change
materials are switched in real-time during
a structural phase transition (e.g., crystalline
to amorphous21 or between two distinct

crystalline forms22), which allows optical
responses such as a resonance wavelength
to be dynamically modulated by external
stimuli.
Vanadium dioxide (VO2) is a promising

phase-change material to use as a building
block in reconfigurablemetamaterials. In bulk,
VO2 exhibits at low temperature (68 �C) a
reversible first-order metal�insulator phase
transition,23 from the semiconducting mono-
clinic (M1, space group P21/c) to metallic
tetragonal (R, space group P42/mmm) struc-
ture, giving rise to a sharp change in optical
and electrical properties. This phase transition
can be triggered by many different types of
stimuli such as heat,24 mechanical strain,25,26

and electric field27�29 and has been applied
in many emerging technologies, such as
smart windows,30,31 optical switches,32,33

memorydevices,34,35 andMott transistors.36,37

Through micro- and nanofabrication meth-
ods, various tunablemetamaterials have been
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ABSTRACT We demonstrate thermally switchable VO2 metama-

terials fabricated using solution-processable colloidal nanocrystals

(NCs). Vanadium oxide (VOx) NCs are synthesized through a

nonhydrolytic reaction and deposited from stable colloidal disper-

sions to form NC thin films. Rapid thermal annealing transforms the

VOx NC thin films into monoclinic, nanocrystalline VO2 thin films that

show a sharp, reversible metal�insulator phase transition. Introduction of precise concentrations of tungsten dopings into the colloidal VOx NCs enables

the still sharp phase transition of the VO2 thin films to be tuned to lower temperatures as the doping level increases. We fabricate “smart”, differentially

doped, multilayered VO2 films to program the phase and therefore the metal�insulator behavior of constituent vertically structured layers with

temperature. With increasing temperature, we tailored the optical response of multilayered films in the near-IR and IR regions from that of a strong light

absorber, in a metal�insulator structure, to that of a Drude-like reflector, characteristic of a pure metallic structure. We demonstrate that nanocrystal-

based nanoimprinting can be employed to pattern multilayered subwavelength nanostructures, such as three-dimensional VO2 nanopillar arrays, that

exhibit plasmonic dipolar responses tunable with a temperature change.

KEYWORDS: vanadium dioxide . tungsten doping . phase transition . nanoimprinting . plasmonic
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demonstrated by the integration of phase-change
VO2,

38�40 such as plasmonic modulators composed
of gold or silver nanoantennae on VO2 substrates

41,42

and as index modulators in plasmonic waveguides.43

Phase-change VO2 films are fabricated by a variety
of techniques including the sol�gel method,44,45 ion
implantation,46 magnetron sputtering,47 chemical va-
por deposition (CVD),48 and pulsed laser deposition
(PLD).49 The properties of VO2 are further tailored by
chemical doping of the VO2matrix tomodify the phase
transition temperature (Tc),

50 offering an additional
degree of freedom to engineer the optical responses
of metamaterials. However, to expand the application
of VO2 in nanostructured devices, it is essential to
develop simple, scalable, and reproducible techniques
to incorporate phase-change VO2 into complex archi-
tectures and thus to allow precise engineering of the
optical properties of large area surfaces.
Here, we present a solution-based process to fabri-

cate phase-change VO2 thin films and nanostructures
using colloidal vanadium oxide (VOx) NCs. Solution-
based processes utilizing NC precursors offer the po-
tential for low-cost, robust fabrication of highly repro-
ducible films by scalable deposition techniques such as
spin-coating and dip-coating,51,52 and patterning tech-
niques such as inkjet printing53 or direct writing.54 VOx

NCs are synthesized using solution-based colloidal
synthesis. Stable suspensions of colloidal VOx NCs are
readily deposited on substrates and transformed into
phase-change monoclinic VO2 (M1, space group P21/c)
through thermal annealing, resulting in high-quality
optical films over large areas. In addition, we investi-
gate the effect of tungsten (W) doping on the phase
transition behavior through systematic control of the
dopant concentration during NC synthesis. Solution-
based fabrication and controlled doping enables
the integration of VO2 building blocks into thermally
responsive (“smart”) optical materials and patterning
into geometrically tailored, subwavelength nanostruc-
tured reconfigurable materials by nanoimprinting
techniques.

RESULTS AND DISCUSSION

Vanadium oxide (VOx) NCs are synthesized through
the high-temperature thermal decomposition of
vanadium oxychloride (VOCl3) in the presence of the
solvent mixture 1-octadecanol and oleylamine. No
reaction occurs in the absence of 1-octadecanol, which
reveals that vanadium oxygen bonds form through the
nonhydrolytic reaction between themetal halide and a
primary alcohol.55 Figure 1a displays transmission elec-
tron microscopy (TEM) images of synthesized VOx NCs.
VOx NCs exhibit excellent colloidal stability in nonpolar
solvents due to the oleylamine surfactants capping the
NC surface (Figure 1b). Colloidal VOx NC dispersions
were deposited by spin-coating for structural, optical,
and electrical characterization. Since many different

phases of vanadium oxide exist as stable polymorphs
at room temperature andwith various oxidation states,
it is nontrivial to identify the crystal structure of the
synthesized VOx NCs.56,57 However, the diffraction
peaks observed by powder X-ray diffraction (PXRD)
measurements indicate that the VOxNCs are crystalline
(Figure 1c). This is also corroborated by selected
area electron diffraction (SAED) (Figure 1a, inset) and
high-resolution transmission electron microscopy
(Supporting Information Figure S1). The average NC
size calculated from small-angle X-ray scattering mea-
surements is 4.3 ( 1.0 nm (Supporting Information
Figure S2).
Since the crystal structure of colloidal VOxNCs differs

from the switchable, monoclinic phase VO2, thermal
annealing is used to transform the films. Phase-change
monoclinic VO2 (M1, space group P21/c) thin films
are obtained from spin-coated colloidal VOx NC films
after rapid thermal annealing (RTA), typically at 500 �C
for 5 min, 450 �C for 30 min, and 400 �C for an hour
under a reduced oxygen environment of 1mmHgof air

Figure 1. (a) TEM image of vanadium oxide (VOx) NCs. The
inset shows selected area electron diffraction. (b) Photo-
graphof VOxNCsdispersed in hexane. (c) PXRDand in-plane
XRDpatterns before and after thermal annealing of VOxNCs
on SiO2/Si wafer. (d) Monoclinic VO2 thin films obtained by
rapid thermal annealing of VOx NCs spin-coated on fused
quartz substrates with varying thickness.
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(Figure 1d). The presence of some oxygen is critical,
not only to remove organic surfactants from the NC
surface but also to induce the structural transformation
from VOx into monoclinic VO2. This suggests that
the stoichiometry of as-synthesized NCs is a slightly
oxygen-deficient VO2. The approach utilizing colloidal
NCs provides a potential for large-area, low-cost, and
scalable processes on various substrates such as fused
quartz, Si wafers, mica, and c-cut sapphire. In addition,
the thickness of VO2 thin films is readily and reprodu-
cibly controlled by changing the deposition conditions
such as spin-coating rate or the concentration of NCs
in the solution used for the deposition.
PXRD patterns, in Figure 1c, show that monoclinic

VO2 is obtained after RTA treatment of VOx thin films.
All diffraction peaks match the monoclinic VO2 struc-
ture (M1, space group P21/c) without any noticeable
minority phases or indications of an amorphous back-
ground. Preferred orientation of the VO2 thin film is
observed when deposited on SiO2/Si wafers. Polycrys-
talline VO2 thin films are characterized with conven-
tional PXRD and in-plane X-ray diffraction (in-plane
XRD) in order to probe the crystallographic orientation
of VO2 grains. Crystal planes aligned perpendicular to
the substrate are monitored by PXRD, while in-plane
orientation is determined by in-plane XRD. From the
two complementary measurements, preferred orienta-
tion is characterized by comparing the intensities
of diffraction peaks from different crystal planes. The
diffraction intensities of the (011) plane relative to the
(200) plane in PXRD measurements is much higher
than in the in-plane XRD measurement, which sug-
gests that VOx NCs are transformed into monoclinic
VO2 with a preferred orientation of the VO2 (011) zone
axis aligned perpendicular to the substrate surface
during thermal annealing. This preferential orientation
is also observed in films deposited on fused quartz and
c-cut sapphire (Supporting Information Figures S3 and
S4). The effect of the substrate on the epitaxial growth
of VO2 thin films has previously been reported with
contrasting findings. For example, polycrystalline VO2

thin films deposited on c-Al2O3 by pulsed laser deposi-
tion58,59 and rf sputtering60 show growth of the VO2

film normal to the substrate in the (002)/(020) direc-
tion. However, polycrystalline VO2 thin films on fused
quartz, Si wafers, and c-sapphire, which are prepared
by rapid thermal annealing of colloidal NCs, show
similar diffraction patterns, suggesting that the crystal
orientation may not be strongly affected by the
substrate.
The optical properties of the VO2 thin films are

investigated by variable temperature-specular reflec-
tance using a Fourier transform infrared (FTIR) spectro-
meter. Reflectance spectra are collected in the specular
reflection geometry with a 45� incident angle using a
goldmirror as the reflectance standard. A thin graphite
disk is placed between the sample and the aluminum
heating stage in order to prevent back reflection while
maintaining efficient heat transport from the heater
to the sample. The temperature of the VO2 films is
monitored through a thermocouple attached directly
to the VO2 film surface. Figure 2a shows optical reflec-
tance spectra of a VO2 thin film deposited on a fused
quartz substrate as the sample temperature is in-
creased. At room temperature, a fringe pattern is
observed with the peak and valley located at 1128
and 1732 nm, respectively, which are caused by inter-
ference between light reflected from the top and
bottom of thin films in the insulating phase.59 At
temperatures higher than Tc, the oscillatory interfer-
ence pattern disappears as the reflectance in the IR
region increases sharply due to strong reflectance from
the metallic VO2 phase. Similar trends are observed in
transmittance measurements (Supporting Information
Figure S5).
When the optical properties of the VO2 films are

measured while the sample is cooling, a significantly
lower transition temperature is observed upon switch-
ing from themetallic to the insulating phase, indicating
a wide hysteresis in the phase change. The width of
the hysteresis during the cooling and heating cycle is
about 25�30 K in undoped VO2 films (Figure 2b and
Supporting Information Figures S6 and S7). The hyster-
esis width is known to decrease with increasing grain
size as defects and strain at grain boundaries contri-
bute to the energy barrier for the phase transition.61�63

Figure 2. (a) Temperature-dependent optical reflectance of a VO2 thin film and (b) its hysteresis recorded at 1550 nm.
Reflectance spectra are measured in a specular reflection geometry at 45� to the normal direction. (c) Dielectric constant
(ε = ε1 þ iε2) of insulating and metallic VO2 thin films, extracted from spectroscopic ellipsometry measurements.
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Atomic force microscopy images reveal that the aver-
age grain size after 5 min of rapid thermal annealing
is approximately 37 nm with a standard deviation of
8.7 nm (Supporting Information Figure S8). Although
the growth in grain size is observed with longer
annealing, RTA preserves the small grain size in the
films annealed at even higher temperatures, for exam-
ple, 550 �C for 5 min. The nanosized grains that are still
preserved in the thin films may cause the large hyster-
esis between heating and cooling cycles. The large
hysteresis could be useful in the design of an optical
memory, allowing for nonvolatile storage of optical
information during the phase transition.35

The optical constants of both the insulating and
metallic phases of VO2 are extracted using spectro-
scopic ellipsometry (Figure 2c). The complex permit-
tivity of the samples is extracted by fitting the optical
response of thin films with a Lorentz�Lorentz model,
in the case of the insulating phase, and a Drude�
Lorentz model, in the case of themetallic phase. Below
Tc, the real part of permittivity is positive over the
entire spectral range measured from 400 to 1650 nm,
indicating the dielectric response of the insulating,
monoclinic VO2 phase. At temperatures higher than
Tc, the real part of the permittivity becomes negative
in the near-IR region beyond the crossover energy of
0.86 eV, confirming optically the metallic response
of tetragonal VO2(R). The negative permittivity of our
metallic phase VO2 allows it to be incorporated as a
switchable plasmonic building block in the near-IR and
IR region.
Controlled doping into the VO2 lattice is important

not only to tailor Tc but also to modify the optical and
electrical properties of VO2.

64,65 NCdoping is a technique
commonly used to tune electrical,66,67 optical,68�70 and
magnetic properties.71,72 Colloidal synthetic methods
allow for the homogeneous incorporation of dopants
or defects into the lattices of a single NC. Since we use
VOx NCs as precursors for the fabrication of VO2 thin
films, it is possible to systematically control the type and
concentration of transition metal dopants by simply
changing the concentration of metal precursors during
NC synthesis. Tungsten-doped VOx NCs are synthesized
by the addition of tungsten hexachloride (WCl6) as the
W source for the reaction; otherwise, the conditions
are identical to those used for undoped VOx. Energy-
dispersive X-ray spectroscopy (EDS) reveals that the ratio
of W and V precursors is maintained after the formation
of the NCs, and TEM images show that there is no
discernible change in NC size and shape due to the
addition of W into the matrix (Supporting Information
Figure S9). W-doped VO2 thin films after RTA treatment
are of the samehigh surface uniformitywith similar grain
sizes as the undoped films (Supporting Information
Figure S10). The surface roughness as characterized
by atomic force microscopy is about 2.7 nm for 1.9%
W-doped VO2, which is similar to the 1.7 nm found for

undoped VO2 (Supporting Information Figure S8). Since
W dopants are already distributed in the NC precursors
with controlled stoichiometry, the transformed polycrys-
talline thin films may maintain a statistically uniform
distribution of W dopants. In addition, high heating rates
in RTA could help minimize thermal diffusion of W
dopants, which can prevent phase segregation or local
inhomogeneity of the W distribution in the VO2 matrix.
Figure 3 displays the variable-temperature reflec-

tance of W-doped VO2 thin films deposited on fused
quartz substrates. A decrease in Tc is observed with an
increase in W doping concentration in VO2. It has been
reported that increasing the doping concentration
causes broadening of the temperature range in which
the phase transition occurs and reduces the degree of
property change across the transition.73 However, we
observe that a steep change in reflectance across the
phase transition is maintained in W-doped VO2 thin
films formed from the colloidal NCs, similar to that in
undoped VO2. Figure 3b presents the first derivative of
the optical reflectance (dR/dT) of W-doped thin films as
a function of doping concentration. The full width at
half-maximum (fwhm) of dR/dT is similar between the
0 and 1.9% (atomic %) doping concentrations that
we explored. The same trend is also observed in the
electrical measurements. The temperature-dependent
resistivity of W-doped VO2 thin films is investigated
using the van der Pauw method. Figure 3c displays
the electrical resistivity ofW-doped VO2 over a range of
temperatures from 5 to 100 �C. It is observed that an
increase in doping concentration leads to a decrease in
Tc while maintaining the fwhm of dF/dT, matching the
trend observed by optical reflectance.
A series of colloidal NC solutions, in which the

stoichiometry of V and W are systematically varied,
can be readily processed as on-demand NC inks by
solution-based processes. This allows for the simple,
robust, and reproducible integration of doped VO2 into
complex architectures for metamaterials. We employ
this technique to build multilayered VO2 nanostruc-
tures by sequential deposition of VO2 with different
doping concentrations. Layered films composed of
metal and dielectric layers are technologically impor-
tant as they allow the engineering of transmittance,
reflectance, and absorption for applications in antire-
flective coatings,74 2-D waveguides,75 and perfect light
absorbers.76 A multilayered VO2 nanostructure com-
posed of 1.9% W, 1.3% W, and undoped layers is
fabricated by sequential spin-coating of colloidal NCs
at 1500 rpm for 30 s followed by RTA at 500 �C for 5min
after the deposition of each layer. The Tc of each layer is
30, 52, and 80 �C, respectively. Since the metallic and
dielectric properties of W-doped VO2 may be dynami-
cally switched at Tc, this integrated layered structure
incorporating different doping concentrations allows
for layers that can be independently switched at
different phase transition temperatures.
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Figure 4a�d displays variable-temperature reflec-
tance measurements of the multilayered structure.
At room temperature, all of the layers are insulating.
Upon increasing the temperature above Tc for the 1.9%
W-doped VO2, a phase transition occurs in the bottom
layer, resulting in the formation of metal�insulator�
insulator structure. A shift in the peak and valley
positions in the reflectance fringe patterns is observed
corresponding to the structural transformation. The
reflectance minimum at the valleys of oscillating pat-
terns decreases from 9 to 3% and shifts to longer
wavelength (from 2300 to 3000 nm), demonstrating
the antireflective property in the near-IR. The optical
response of the metal�insulator�insulator structure is
maintained until the temperature reaches the phase-
change temperature of the 1.3% W-doped VO2.
Around 50 �C, the second metal�insulator transition
occurs in the middle layer to form a metal�metal�
insulator structure, leading to a shift in the reflectance
minimum to shorter wavelengths (from 3000 to
1700 nm). At the reflectance minimum, both reflec-
tance and transmittance exhibit very low values
(around 5%), indicating that a strong absorption reso-
nance occurs in the metal�metal insulating phase.
This absorption resonance persists at incident angles
from 5 to about 50� and reflection increases above 50�

(Supporting Information Figure S11). At temperatures
higher than the phase-change temperature of un-
doped VO2, all of the layers become metallic VO2 and
the films become reflective throughout the near-IR
and IR regions. This suggests that we can engineer
the optical responses of multilayered reconfigurable
materials, exhibiting abrupt switching from that of a
strong light absorber to that of a Drude-like reflector in
the near-IR region.
The reflectance at single wavelengths is monitored

to better visualize the phase transition of the multi-
layered films. Figure 4c presents the reflectance
collected at 1550 and 3000 nm upon increasing
temperature. It is worth noting that the phase-
change temperature and steepness of the reflectance
change of each layer at Tc are maintained even after
integration into the multilayered structure. In addi-
tion, the plateaus between the Tc of each layer are
also observed, indicating that each transition is dis-
crete, occurring only at the phase-change tempera-
tures of individual layers. Thus, we have demon-
strated that VO2 multilayered thin films, composed
of different W doping concentrations, can exhibit
multiple phase transition temperatures in a single
structure, changing their optical properties at each
phase transition.

Figure 3. (a) Temperature-dependent reflectivity at 2500 nm from W-doped VO2 thin films with several different W doping
concentrations and (b) first derivatives of optical reflectivity spectra. (c) Temperature-dependent resistivity plots of W-doped
VO2 thin films on fused quartz substrateswith several differentWdoping concentrations and (d) first derivatives of resistivity.
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Fabrication of subwavelength plasmonic building
blocks from Au colloidal NCs has recently been demon-
strated by nanoimprinting to achieve large-area, com-
plexmetamaterials.77 Coupling this colloidal nanocrystal-
based nanoimprinting technique with metallic VO2

allows for the preparation of switchable plasmonic VO2

nanostructures. Figure 5a shows the schematic of the
process used to form nanostructured VO2. First, polymer
resists are patterned by nanoimprint lithography using
a nanostructured Si master designed in size and shape.
Then, colloidal NCs are spin-coated on top of the pat-
terned substrate, followed by lift-off of the polymer resist
to deposit patterned VOx thin films. Phase-change VO2

nanostructures are then obtained after RTA of the pat-
terned VOx NC films. Figure 5 shows SEM images of
planar arrays of VO2 (b,c) nanopillars and (d,e) nanowires.
Nanostructured metallic VO2 is expected to show a size-
dependent dipolar plasmonic resonance as reported
inprevious studies,78�80 although it is a strongly damped
resonance due to optical losses.62 Figure 5f presents the
normalized transmittance spectra of hexagonal arrays of
metallic VO2nanopillars uponvarying thepillar diameter.
With increasing diameter from 250 to 460 nm, the
resonance peaks are red-shifted from 1520 to 1750 nm.

In order to understand the trend of the transmittance
spectra of patterned VO2, we conducted finite-difference
time-domain (FDTD) simulations using the dielectric
function of metallic VO2 derived from spectroscopic
ellipsometry. The resonance peaks of simulated spectra
are also shifted to longer wavelength from 1600 to
2200 nm with increasing pillar diameter, consistent with
the experimental results. The magnitude of the shift in
the resonance frequency as a function of pillar size in the
measured data is smaller than the values in simulated
results. This is not suprising as the morphology of VO2

nanopillars is known to dramatically affect plasmonic
responses62 and that is not captured in the simulations.
The VO2 nanostructures formed by the RTA of 4 nm
diameter nanocrystals limit grain growth to about 40 nm,
and thus the granular features of the plasmonic VO2

nanostructures could be responsible for the discrepancy
between experiment and simulation.
Coupling lateral patterning of subwavelength VO2

nanostructures by nanoimprint lithography with the
vertical structuring of multilayered thin films, we form
three-dimensional VO2 nanopillar arrays where each
pillar consists of a vertical stack of doped VO2 with
different W doping concentrations. Figure 5d displays

Figure 4. (a) Variable-temperature reflectance spectra of a multilayered VO2 thin film composed of 1.9% W, 1.3% W, and
undoped VO2measured at a 20� incident angle and (b) representative reflectance spectra during the phase transition. I andM
stand for insulating andmetallic phases of VO2 at each layer. (c) Optical reflectance spectra monitored at 1550 and 3000 nm.
(d) Transmittance and reflectance spectra collected at 25, 40, 60, and 90 �C and schematics of the phase of the differentially
doped VO2 layers.
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a schematic of nanopillar arrays composed of 3%
W-doped and undoped VO2. A three-dimensional,

hierarchical nanostructure is fabricated by sequential
spin-coating of 3% W-doped VOx and undoped VOx

onto the polymer resist. In order to prevent intermixing
of NCs between two layers, mild heating at typically 100
�C for 30 min is applied after the first layer is deposited.
As above, polymer resists are lifted off using acetone and
films are thermally annealed to obtain patterned VO2. At
room temperature, 3%W-doped VO2 ismetallic, forming
metal�insulator structures in each pillar. The dipolar
plasmonic response of the nanopillar arrays is observed
by the broad peak located at about 1900 nm. Upon
increasing the temperature above the Tc of undoped
VO2, the upper layer in the pillar changes tometallic and
the resonance of the nanostructures blue shifts from
approximately 1900 to 1750 nm. This trend is con-
sistent with FDTD simulations (Supporting Information
Figure S12). The shift of the resonance peaks to shorter
wavelengths is consistent with the second phase transi-
tion at the upper layer effectively causing an increase in
the height of the metallic nanopillars, resulting in a shift
of the resonance peaks to shorter wavelengths.81,82

CONCLUSION

In summary, we demonstrate solution-processed

tunable VO2 metamaterials using colloidal VOx NCs.
Colloidal VOx NCs are synthesized using vanadium
oxychloride precursors in the presence of 1-octadeca-
nol and oleylamine solvent mixture. Thermochromic
VO2 are obtained by rapid thermal annealing of VOx

NCs. Stable dispersions of the colloidal NCs are readily
processed by conventional deposition techniques and
nanostructured using nanoimprinting. Tungstendoping
is readily controlled by changing the precursor concen-
tration during the synthesis, allowing for a systematic
changeof thephase transitionbehaviors. Solution-based
fabricationandcontrolleddoping allow for integrationof
doped VO2 building blocks into complex architectures
including switchable metal-dielectric multilayered struc-
tures composed of W-doped VO2 with different dopant
concentrations and patterned layered structures. The
versatility andprocessablity of solution-based fabrication
provides a route to integrate switchable VO2 building
blocks into a variety of nanostructured metamaterials to
modulate the optical response in real-time.

EXPERIMENTAL SECTION
Materials. All chemicals are used as purchased without any

further purification. Vanadium(V) oxychloride (99%) and oleyla-
mine (technical grade, 70%) are purchased from Sigma Aldrich.
1-Octadecanol (97%) is purchased from Alfa Aesar. Tungsten(VI)
chloride (99.9þ%) is purchased from Acros Organics.

Synthesis of VOx Nanocrystals. 1-Octadecanol (7.92 g) and oley-
lamine (30 mL) are added to a 125 mL three-neck flask and
degassed at 125 �C for 1 h. Then, 0.4 mL of vanadium oxychlor-
ide is added into the reactionmixtures and heated to 250 �C at a
rate of 10 �C/min in ambient air environment. The temperature

is maintained for 20 min, allowing for the nanocrystal growth.
Purification is conducted by adding toluene and excessmethanol
followed by centrifugation at 6000 rpm for 2 min. Precipitated
nanocrystals are redispersed in anhydrous hexane and stored
under N2 environment to prevent oxidation of nanocrystals.

Rapid Thermal Annealing for Structure Transformation from VOx to
Monoclinic VO2. Colloidal VOx nanocrystals are deposited on the
substrates by spin-coating, typically at 1500 rpm for 30 s.
Nanocrystal thin films are annealed using rapid thermal anneal-
ing (ULVAC MILA-3000) by ramping to 500 �C in 10 s and
annealing for 5 min under 1 mTorr of air environment.

Figure 5. (a) Schematic of subwavelength VO2 nanostruc-
ture fabrication using nanoimprint lithography. SEM images
of VO2 nanostructure arrays of (b,c) hexagonal lattice of
nanopillars and (d,e) nanowires. (f) Experimental and (g)
simulated transmittance of VO2 nanopillar arrays of varying
diameters. (h) Transmittance of layered VO2 nanopillar
arrays vertically stacked with 3% W and undoped VO2.
Transmittance spectra are collected at 25 and 100 �C.
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Nanoimprint Lithography. Vanadium oxide (VO2)-based plas-
monic nanostructures are fabricated by nanoimprint lithogra-
phy and lift-off using VOx colloidal nanocrystals. Commercial
float glass (Delta-Technologies) is cleaned by ultrasonication
with acetone and isopropyl alcohol for 10 min and rinsed with
deionized water. Nanoimprinting lithography is done using a
Nanonex (NX-2600) nanoimprinting system. A thermal nanoim-
print resist (NXR-1000) film is made by spin-coating at 3000 rpm
for 1 min and baked at 150 �C for 5 min. A nanostructured
Si-based template is used as a master stamp. The thermal resist
coated glass substrate is covered by a master stamp, and then
the stack of the stamp and substrate is heated andpressed up to
130 �C and 300 psi for 5min in order to fill the cavity of the stack,
and then it is cooled for demolding. After imprinting, an oxygen
“descum” process is performed on the samples in a Technics dry
etching tool for 35 s with 80 sccm O2 and 150W power, in order
to remove residual polymer layers. To fabricate VO2-based
plasmonic nanostructures, VOx nanocrystals are spin-coated
on the imprinted pattern on the glass substrate. Then, the
polymer resist is removed by lift-off in acetone for 30 s to obtain
the inverted VOx patterns. Nanostructured thermochromic VO2

is obtained after rapid thermal annealing at 500 �C for 5 min
under 1 mTorr air.

Structural Characterization. TEM images andelectrondiffraction
patterns are collected using a JEM-1400 microscope equipped
with a SC1000 ORIUS CCD camera operating at 120 kV. Scanning
electron microscopy (SEM) and energy-dispersive X-ray spec-
troscopy was performed on a JEOL 7500F HRSEM. Powder X-ray
diffraction, in-plane X-ray diffraction, and small-angle X-ray
scattering are collected using a Rigaku Smartlab high-resolution
diffractometerwith CuKR radiation (λ=1.5416Å). The scattering
curve is fit using Rigaku NANO-Solver software (shown in red
line) with a spherical model and particle size distribution corre-
sponding to the Schultz distribution function. Atomic force
microscopy images are obtained using a MFP-3D AFM (Asylum
Research). Temperature-dependent resistivity measurements
are performed using a variable-temperature microprobe system
K20 from MMR technologies coupled with a HP 4145B semi-
conductor parameter analyzer.

Optical Characterization. Variable-temperature specular reflec-
tance spectra are collected using a Fourier transform infrared
(FTIR) spectrometer with a Seagull variable-angle reflection
accessory (Harrick Scientific) equipped with the aluminum heat-
ing stage. Ellipsometry spectra of VO2 on quartz are collected
using a M-2000 ellipsometer (J.A. Woollam Co.). For the ellipso-
metric measurement, the complex reflectance ratio is measured
from 370 to 1680nmat 45, 55, 65, and 75�. Dielectric functions of
VO2 thin films deposited on SiO2/Si wafers are extracted by
fitting with Drude�Lorentz oscillators using the CompleteEASE
software package (J.A. Woollam Co.). Full-wave electromagnetic
field calculations are performed using the commercially available
simulation software package FDTD Solutions from Lumerical, Inc.
A unit cell of the investigated structure is simulated usingperiodic
boundary conditions along the x and y axes and perfectly
matched layers along the direction of propagation of the electro-
magneticwaves (z axis). Planewaves are launched incident to the
unit cell along the þz direction, and transmittance is monitored
with a power monitor placed behind the structure. Electric
and magnetic fields are detected within the frequency profile
monitors. To model VO2 nanocrystals in the simulations, we use
measured dispersion data.
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