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ABSTRACT Large-scale integration of vanadium dioxide (V0,) on mechanically
flexible substrates is critical to the realization of flexible smart window films that
can respond to environmental temperatures to modulate light transmittance. Until
now, the formation of highly crystalline and stoichiometric VO, on flexible sub-
strate has not been demonstrated due to the high-temperature condition for VO,
growth. Here, we demonstrate a V0,-based thermochromic film with unprece-
dented mechanical flexibility by employing graphene as a versatile platform for
V0,. The graphene effectively functions as an atomically thin, flexible, yet robust

graphenelayer

Cu 3nm

support which enables the formation of stoichiometric VO, crystals with temperature-

driven phase transition characteristics. The graphene-supported VO, was capable of being transferred to a plastic substrate, forming a new type of flexible

thermochromic film. The flexible VO, films were then integrated into the mock-up house, exhibiting its efficient operation to reduce the in-house temperature

under infrared irradiation. These results provide important progress for the fabrication of flexible thermochromic films for energy-saving windows.
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ith growing demands for energy-
saving technologies, vanadium
dioxide (VO,) is considered to be a
promising candidate for energy-efficient smart
windows.! VO, undergoes a fully reversible
metal—insulator transition (MIT) at a tem-
perature of 68 °C, coupled with a structural
phase transition between monoclinic VO,-
(M) phase and rutile VO,(R) phase.>~> The
first-order phase transition in VO, is accom-
panied by a dramatic modification of the
conductivity on several orders of magnitude
and the corresponding optical transmit-
tance; that is, the low-temperature insulat-
ing VO,(M) is infrared-transparent, while the
high-temperature metallic VO,(R) is opaque
in the infrared region. These unique features of
VO, have sparked numerous potential applica-
tions in field-effect transistors, switches, sen-
sors, and thermochromic coatings.”®~'°
The VO, phase with favorable transition
characteristics has been synthesized by the
techniques capable of precisely controlling
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oxygen partial pressure such as sputtering
deposition,'® pulsed laser deposition,'" ion
implantation,'? and chemical vapor deposi-
tion (CVD),"® which typically requires high-
temperature processing. While the integration
of VO, on mechanically flexible substrates
is potentially promising for the realization
of flexible thermochromic films as next-
generation smart windows, high-temperature
conditions required to form VO, limit the
choice of substrates to rigid ones such as
glass and sapphire.'

Toward the fabrication of flexible VO,
films, several approaches may be taken into
consideration. One is to grow VO, directly
on flexible substrates, though it is techni-
cally hampered due to the lack of low-
temperature VO, synthetic methods. In this
sense, solution-based synthesis of VO, and
its deposition on flexible substrate at low
temperature may be a good option for the
low-cost and large-area fabrication.'> 2’
However, flexible thermochromic films with
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Figure 1. Schematic of the fabrication of graphene-supported flexible VO, film. (a) Synthesis of graphene on a Cu foil using
the chemical vapor deposition (CVD) method. (b) VO, deposition on graphene by RF sputtering. (c) Postannealing for VO,
formation. (d) Lamination of VO,/graphene/Cu with thermal release tape etching of underlying Cu foil. (f) Transfer of

graphene-supported VO, onto a flexible substrate.

VO, particulates prepared through solution-based syn-
thesis often suffer from their modest quality or dur-
ability with the metal—insulator phase being often
smeared out.'” %'

Another option is to synthesize highly crystalline
VO, on the rigid substrates using conventional high-
temperature methods and transfer it onto flexible
substrates, which may provide a new pathway to
fabricate VO,-based thermochromic films on flexible
substrates. Here, our approach is based on the utiliza-
tion of graphene as an atomically thin two-dimensional
support for VO,. With key advantages such as high
optical transmission, thermal stability, and mechanical
flexibility,'®*2~2* graphene may be an ideal support for
the formation of high-quality VO,. We further demon-
strate that graphene-supported VO, films can be easily
transferred to flexible substrates, taking advantage of
well-established graphene transfer techniques.?>2°
The fabricated VO,-based film is mechanically flexible,
while maintaining a fully reversible phase transition
feature with good optical switching efficiencies. To
our knowledge, this is the first demonstration of a
method that allows for the deposition of VO, on a
plastic substrate, thereby producing a flexible VO,-
based thermochromic film.

RESULTS AND DISCUSSION

The procedure for the preparation of flexible
VO -based thermochromic film is outlined in Figure 1.
In the first step, we grew single- or few-layer graphene
on copper (Cu) foils by the CVD method (Supporting
Information, Figure $1)> 27 and used them (graphene/
Cu) as a support for VO, crystals. Amorphous and
substoichiometric VO, (~40 nm thick) was deposited
onto graphene by RF magnetron sputtering of vana-
dium metal. Following the VO, deposition, a VO,/
graphene/Cu was then annealed at 500 °C with O,
flow of 50 sccm to render the film crystalline and
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near-stoichiometric VO, (Supporting Information,
Figure S1). As-produced graphene-supported VO, on
Cu foil (VO,/graphene/Cu) was then attached to a
thermal release tape and floated on 0.1 M of ammo-
nium persulfate solution to etch Cu foils. After several
washes with deionized water, graphene-supported
VO, (VO,/graphene) on thermal release tape was
laminated with poly(ethyleneterephthalate) (PET) film
using rollers and exposed to mild heat (120 °C),
through which the VO,/graphene was transferred to
PET film (Supporting Information, Figure $2).%° An
alternative transfer process with the use of polymer
backing film (e.g., poly(methylmethacrylate), PMMA) was
also possible as follows: VO,/graphene/Cu was coated
with a thin film of PMMA; the underlying Cu was
etched; VO,/graphene was transferred to either flex-
ible or rigid substrates.>>%” Our approach to use
graphene as a support for VO, growth and a transfer-
ring medium allows for the fabrication of large-area
(up to ~8 in.) and flexible graphene-supported VO, film
(VOy/graphene/PET), as shown in Supporting Informa-
tion Figure S2. We note that, in a control experiment
where VO, is directly deposited on graphene-free Cu
foil (VO,/Cu), transfer of VO, to PET substrates was un-
successful (Supporting Information, Figure S2), which is
an indication that graphene is a key element to transfer
VO, to the PET substrate.

The morphology and structure of VO, crystals on
both graphene support and graphene-free Cu substrate
were examined using high-resolution transmission elec-
tron microscopy (TEM) (Figure 2). Cross-sectional TEM
image of graphene-free VO, on Cu substrate (VO,/Cu)
(Figure 2a) revealed that polycrystalline VO, nanostruc-
tures with sizes ~100 nm are rather loosely distributed as
islands on the Cu substrate. These sparsely distributed VO,
islands on the Cu substrate were difficult to transfer to PET
substrates as described earlier, presumably due to loosely
bound VO, island morphology. The fast Fourier transform
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Figure 2. Structural characterization of the graphene-supported VO,. (a) High-resolution transmission electron microscopy
(HR-TEM) of the cross section of as-deposited and postannealed VO, on graphene-free copper substrate (VO,/Cu). The
postannealing of graphene-free VO, led to the formation of sparsely distributed VO, crystals. (b) HR-TEM of the cross section
of as-deposited and postannealed graphene-supported VO, on copper (VO,/graphene/Cu). The postannealing of graphene-
supported VO, afforded the formation of densely interlinked VO, crystals. The FFT patterns after postannealing were indexed
to an identical VO, crystalline phase. Photographs show VO,/graphene laminated with thermal release tape (left) and VO,/

graphene transferred to PET film (right).

(FFT) patterns were taken from two different spots (top
and bottom region) to investigate the crystal structure of
the graphene-free VO, island along the thickness direction.
FFT analysis shows that the crystalline phase of VO, in
these two spots can be indexed to VO, and V305, indicat-
ing a mixture of vanadium oxides with a different oxida-
tion state. In contrast, imaging of the cross sections of
graphene-supported VO, on Cu (VO,/graphene/Cu)
shows contiguously interlinked VO, nanocrystals on gra-
phene support (Figure 2b).% In the magnified TEM image
of the VO,/graphene/Cu sample, the graphene of single to
triple layers is also clearly visible between the VO, and Cu
layer, with the average interlayer spacing of ~0.34 nm
(Supporting Information, Figure S3). The FFT patterns
taken from two randomly selected spots indicate a coher-
ent crystalline structure of graphene-supported VO, which
is indexed to the VO,(M). Although further structural and
chemical analysis of graphene-supported VO, crystals with
X-ray diffraction (XRD) and X-ray photoelectron spectros-
copy (XPS) showed that it is not composed of pure VO,
crystals and rather contains a trace amount of other VO,
compounds with different oxidation state (Supporting
Information, Figures S4 and S6); this result along with
other analysis data suggests that the VO, phase was
dominantly formed on graphene support. In addition, it
is evident that graphene serves to aid the formation of
densely interlinked VO, nanocrystals and therefore per-
mits the straightforward transfer of VO, to PET film.

For further characterization, the structures of VO,
and graphene were determined from Raman spectroscopy
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(Figure 3). In contrast to the graphene-free VO, sample
(Figure 3a, black line), the graphene-supported VO,
(transferred to SiO,/Si substrate, VO,/graphene/SiO,)
(Figure 3a, red line) shows a typical Raman feature of
CVD-grown graphene: I/l of 0.62 and a symmetric 2D
band centered at ~2694 cm ' with full width at half-
maximum (fwhm) of ~38 cm™'.2>% We note that there is
a slight increase in the D-peak (1350 cm™") intensity of
graphene after VO, formation, whereas the as-synthesized
graphene shows a minimal D-peak indicating a negligibly
small portion of structural defects (Supporting Information,
Figure S5).%> The increase in D-peak was attributed to high-
temperature oxidation of graphene during postannealing
of VO, at 500 °C under O, flowing (Supporting Informa-
tion, Figure S5)%73° (see Supporting Information for
further Raman analysis).

The Raman features for VO, were displayed in
Figure 3b. Both graphene-free (VO,/Cu) and graphene-
supported VO, (VO,/graphene/Cu) show several peaks
(144, 194, 226, 262, 310, 342, 389, 445, 500, and 615 cm ™)
corresponding to the characteristic vibration modes as-
signed to monoclinic VO,.3' However, the Raman peaks of
VO,/graphene/Cu are more pronounced as compared
with those of VO,/Cu. This is likely due to the intensified
Raman signals originating from the dense VO, distribution
on the graphene support.

To gain more insights into the structural phase
transition of graphene-supported VO, film, the evolu-
tion of Raman peaks was monitored as a function of
temperature (Figure 3c). With increasing temperature,
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Figure 3. Raman spectral analysis of the graphene-supported VO,. (a,b) Raman spectra (excited by 532 nm laser) of graphene-
supported VO, in comparison with graphene-free VO,. (c) Sequential Raman spectra of graphene-supported VO, on heating

and cooling cycle.

the characteristic Raman peaks of monoclinic VO,
diminish through intermediate phase coexistence re-
gimes and then completely disappear at ~70 °C,
indicating a structural transition of low-temperature
VO,(M) into the high-temperature VO,(R) phase %32
With decreasing temperature, the monoclinic signa-
ture reappears, showing the reverse transition from
VO,(R) to VO,(M) phase. Therefore, the graphene-
supported VO, displays the prototypical signatures of
a reversible first-order transition.

The chemical compositions of VO, were probed by
X-ray photoelectron spectroscopy (XPS) (Figure 4). The
XPS core-level spectra of V2ps, and O1ls for the
graphene-supported and graphene-free VO, on copper
are shown in Figure 4a. For the graphene-supported VO,
on copper (VO,/graphene/Cu), the V2ps/, spectrum dis-
plays a peak with a maximum at 516.6 eV that can be
attributed to a 4+ oxidation state of vanadium.** How-
ever, the V2ps,, spectrum of the graphene-free VO,
(VO,/Cu) differs in shift to lower binding energy, indicat-
ing that V' is the primary oxidation state. The measure-
ment of depth-dependent O/V ratio also shows that the
stoichiometry for graphene-supported VO, is nearly uni-
form across the VO, film thickness, whereas nonstoichio-
metry was observed for VO,/Cu sample (Figure 4b). These
results indicate that VO, film directly grown on Cu has
a formula significantly deviating from VO,, which is con-
sistent with the result from TEM and XRD measurement. In
addition, graphene-free VO, shows a significant amount of
Cu contaminants which likely migrate from the Cu foil into
the VO, layer during a high-temperature annealing pro-
cess, while graphene-supported VO, shows a negligible
level of Cu contents in the VO, layer. This result indicates
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that graphene serves as a diffusion barrier providing a
physical separation between the Cu and VO, layers.3*

In addition, the graphene layer plays a role in
suppressing oxidation of the Cu layer as evidenced
by the comparison of Cu2p XPS spectra (Figure 4c). The
XPS spectra of Cu foils show two main Cu peaks at
binding energies of 932.3 and 952.3 eV corresponding
to Cu2ps/» and Cu2p;,,, respectively.3* However, the
VO,/Cu sample shows multiple Cu peaks that can be
assigned to different copper oxides, such as Cu,O
(932.5 and 952.1 eV), CuO (934.3 and 953.6 eV), and
Cu(OH), (935.4 and 954.3 eV), indicating that Cu was
significantly oxidized during the postannealing pro-
cess of the VO, layer.>* Hence, it can be concluded that
graphene acts as a barrier for interdiffusion (Figure 4b)
between Cu and VO,, protecting the underlying Cu
substrate from oxidation and the top VO, layer from
contamination, as illustrated in the inset of Figure 4c.

To identify the thermochromic properties of the
graphene-supported VO, (VO,/graphene) films, we mea-
sured temperature-dependent optical transmittance of
the films (Figure 5). A VO,/graphene film shows an optical
transparency of 65.4% at the 550 nm wavelength and
displays a typical thermochromic behavior with an abrupt
change in the infrared region when the transmittance of
the film was measured at 25 and 100 °C (Figure 5b).

The temperature-dependent optical transmission
(at the wavelength of 2500 nm) and thermal hysteresis
loop of VO,/graphene/PET film are shown in Figure 5c.
Through heating and cooling cycles, the VO,/gra-
phene/PET film undergoes a reversible phase transi-
tion with a NIR switching efficiency of AT, = 53% at
A = 2500 nm and shows the characteristic hysteretic
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Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of the graphene-supported VO,. (a) XPS spectra of the graphene-
supported VO, (VO,/graphene/Cu) and the graphene-free VO, films (VO,/Cu). (b) XPS depth profile showing the variation in
the O/V peak ratio and the migration of copper contaminant. (c) XPS core-level Cu2p spectra of VO,/Cu (top panel) and VO,/

graphene/Cu (bottom panel).

behavior with AT = 9.8 °C. While the hysteresis is
relevant to the multidomain VO, structure, nanosized
VO, crystals, and other parameters,**>3¢ a relatively
large hysteresis observed for VO,/graphene/PET film is
partially attributed to the presence of other VO, phases
such as V,0s and V305.37284! Graphene-supported VO,
shows two distinct transition temperatures of 65.4 °C on
heating and 56.6 °C on cooling, giving the transition
temperature T, = 61 °C from Tc = (Theating + Tcooling)/2-
This indicates that graphene-supported VO, showed
a transition temperature lower than those measured
for stoichiometric VO, single crystals.""®'* In gen-
eral, depression of the phase transition in VO, can
have several origins: doping with other transition
metals, strain, structural ordering, and scaling to nano-
scale dimensions.”*~'***~*" As the VO, preparation
method described here does not use any other transition
metals, we attribute depression of the phase transition
temperature to the effect of graphene support on redu-
cing VO, crystal size to nanoscale. In addition, with the
high thermal conductivity reported for the graphene, the
efficient heat transfer from graphene to VO, may account
for the depression of MIT temperature. Further work is
underway to further understand the effect of underlying
graphene on the phase transition characteristics of the
graphene-supported VO,.

We also evaluated the bending stability of the
VO,/graphene/PET film by measuring resistance change
(AR/Ro) as a function of strain (inset of Figure 5d). A
minimal resistance change over a strain ranging from
1 to 6% suggests that graphene-supported VO, film is
mechanically flexible without any serious mechanical
damage or fracture of the film.>>*? It is noted that we
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measured the resistance of the VO,/graphene hybrid
film upon bending, and the measured values reflect
the combined resistance of VO, and graphene layers.
For the repetitive bending cycling test, the flexible
VO,/graphene/PET film was tested on an automated
bending machine. As shown in Figure 5d, the AR/R,
values of the film were maintained when bent over
1000 times, indicating an excellent flexibility of the
film. These results also suggest that there were no
significant changes in the structure of graphene-
supported VO, films and the adhesion at the interface
between graphene support and VO, crystals.

The above results suggest that the graphene-
supported VO, film can be readily applicable to a
new type of energy-efficient flexible film that auto-
matically limits the optical transmission when the
temperature reaches a defined value. As a prototype,
we fabricated a model house with VO,/graphene/PET
thermochromic windows (Figure 5a) and evaluated
its performance by measuring inner-house tempera-
ture changes after irradiation under an artificial solar
lamp (Figure 5e)** (Supporting Information, Figure S6).
As a control experiment, a window based on VO,-free
graphene/PET film was also tested. In the first 5 min of
solar irradiation, the temperature is below the transi-
tion temperature of VO,, and thus solar irradiation
can be transmitted by the two windows, giving al-
most the same inner-house temperature. However,
as the VO, reached the transition temperature, the
temperature difference between the two inner rooms
was about 5.8 °C, indicating that a significant amount
of irradiation was blocked by the graphene/VO,
window.
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Figure 5. Thermochromic properties of the graphene-supported VO, film. (a) Structure of the graphene-supported VO, film.
Photograph of model house equipped with VO,-based window (VO,/graphene/PET film) and VO,-free window (graphene/
PET film). (b) Transmission spectra of the VO,/graphene/PET film taken at temperatures of 25 and 100 °C. (c) Temperature-
dependent optical transmission (at A = 2500 nm) of VO,/graphene/PET film. (d) Resistance change of a VO,/graphene/PET film
against repeated bending cycle. The inset shows resistance changes as a function of strain. (e) Temperature change of model

house upon solar irradiation as a function of exposure time.

CONCLUSION

We present a fabrication method of mechanically
flexible VO,-based thermochromic films. Graphene was
employed to provide an atomically thin two-dimensional
support for the growth of high-quality VO, and function as
a shuttle to transfer the VO, layer to a flexible substrate.
Large-area graphene-supported VO, films exhibited

METHODS

Preparation of Graphene-Supported VO, Films. Single-layer gra-
phene was grown on copper foils using a CVD method. First, the
Cu foil (99.8%, Alfa-Aesar, item no. 13382) was loaded into a

KIM ET AL.

mechanical flexibility while preserving its characteristic
phase transition behavior with efficient switching behavior
and lowered phase transition temperatures. The fabricated
VO,/graphene hybrid films were integrated into the model
house and shown to reduce the in-house temperature
efficiently, demonstrating its potential as energy-saving
smart window films.

quartz tube of the CVD system and annealed at 1000 °C under
90 mTorr with flowing 10 sccm of H, for 60 min to enlarge the
single-crystalline graphene size of the Cu foil. The growth was
initiated by flowing reaction gas mixtures (CH,/H, = 15:10 sccm)
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under 560 mTorr for 25 min, followed by rapidly cooling the
sample to room temperature (10 °C min™") with flowing H,
under 90 mTorr.>>%¢

The VO, thin layer was prepared on the graphene/Cu and
bare Cu substrates in a RF magnetron sputtering system.
Sputtering was carried out with a water-cooled vanadium metal
target (100 mm diameter, purity 99.99%). Prior to the deposition
of VO,, the substrate was presputtered by Ar ion plasma to
eliminate contamination. Deposition was carried out at room
temperature under argon (97 sccm) and oxygen (3 sccm)
flowing for 40 min, and RF power of 300 W and a total pressure
of 0.63 Pa were maintained during the deposition. For VO,
single-phase formation, postannealing of VO, thin film on the
graphene/Cu substrate was performed at 500 °C for 30 min
under high vacuum of ~107> Pa with 50 sccm flowing O..

For the transfer of the film onto the PET substrate, the as-
produced VO,/graphene/Cu film was attached to a thermal
release tape (Nitto Denko) by applying a pressure of ~0.2 MPa
using a roller. After etching the Cu layer and rinsing the residual
etchant using deionized water, the VO,/graphene on thermal
release tape was laminated with PET film and exposed to mild
heat (120 °C). Some of the VO,/graphene/Cu film sample was
coated with a thin layer of poly(methylmethacrylate) (PMMA),
and then the underlying Cu foil was etched away in aqueous
0.1 M ammonium persulfate solution. After several washes with
deionized water, the PMMA-backed VO,/graphene was trans-
ferred onto SiO5 (300 nm)/Si substrates.?®

Characterization. Morphologies of the VO, film were exam-
ined by field-emission scanning electron microscope (FE-SEM,
JSM-6490) and transmission electron microscopy (TEM, JEM-
2100F operated at 200 kV). Phase identification was performed
using X-ray diffraction (XRD, Bruker D8 Advance with Cu Ka
radiation, A = 1.54056 A). Raman spectrum was obtained
using the Renishaw inVia Raman microscope spectrometer with
514 nm wavelength excitation. X-ray photoelectron spectros-
copy (XPS, Sigma Probe ThermoVG) was performed using
monochromatic Al Ka radiation. Thermochromic switching
characteristics were monitored on a UV—vis—NIR spectrophot-
ometer (JASCO V-670) equipped with a film heating unit in the
wavelength range of 300—2500 nm. The temperature was
measured using a thermocouple in contact with films and was
controlled through a temperature-controlling unit. Hysteresis
loop was measured by collecting transmittance of films
at a fixed wavelength (2500 nm) at a temperature interval of
9.8 °C. A model house (25 x 20 x 30 cm?) was made of boards
measuring 10 mm in thickness, and VO,/graphene/PET film was
attached to the front windows (12 x 12 cm?). An artificial solar
lamp was used as the heat source to simulate solar radiation and
positioned at a distance of 40 cm from the smart window.**
Pyrometer was used to measure the temperature of the win-
dow, and two thermocouples were installed inside each house
to monitor inner-house temperatures.
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