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Introduction
In order to maintain an increasingly higher living standard for the 7.6
billion world population, there has been an unsustainable demand for
many resources, including energy, water and minerals. It is estimated
that about 30-40% of the primary energy in the world is spent in
buildings for cooling, heating, ventilation and appliances. It is
predicted that 70% of energy could be saved by 2030 in new
buildings and even more than 90% in the long run with efficient
green construction technology. Windows are unique components of a
building. They are not only needed for visual indoor and outdoor
contact but also for daylighting purposes. However, they are also a
weak link in a building’s energy system, as the energy exchange
through windows accounts for over 50% of energy consumed by
means of conduction, convection, and radiation. In order to conserve
energy in buildings, intelligent energy-saving windows are in great
need to enhance their thermal insulation properties.

The Perfect Window

Figure 1: Light throughput behavior of “perfect windows” as a function of
changing temperature in the summer (a) and winter (b) months (Image courtesy
of Long, et al.)

• During the summer, the perfect window transmits visible light into
the room for illumination, but also reflects near and mid-infrared
radiation, to reduce indoor environment heating. This one-way
transmission of long-wave thermal radiation allows it to be
transferred only from the indoors to the outdoors, an advantageous
method to reduce the cooling load.

• During the winter, heating season, the perfect window transmits
both solar radiation and long-wave thermal radiation from the
outdoor environment, but reflects the long-wave thermal radiation
from the indoor surfaces. This allows the maximum possible
outdoor heat compensation and the minimum possible indoor heat
loss.

Smart Windows

Thermochromic materials make reversible structural changes from
an infrared-transparent semiconducting state to an infrared-
translucent metallic state and partially block light while remaining
transparent. Thermochromic smart windows, typically based on a
vanadium dioxide (VO2) functional layer, have many advantages in
terms of simplicity of operation, but their commercialization is
limited primarily due to the high transition temperature (𝑇𝑐~68℃,
the temperature at which the window changes light throughput)
unsuitable for home-energy applications.

Figure 2: Selective reflection of IR light by thermochromic windows

Engineering Goals

In this research, VO2 based smart windows will be investigated,
for their ability to favorably alter solar light throughput, as a
function of temperature change, and aid their
commercialization.
• Methods to reduce 𝑇𝑐 to 25-30℃ will be investigated,

necessary for room temperature-related energy applications
for smart windows. This can be obtained by doping the VO2
thermochromic film with tungsten. In this research, unique
W-doped VO2 thin films (100nm thickness) were created for
home-energy applications.

• Optical properties and solar light throughput of the VO2 films
will be studied via transmission spectroscopy, within the
visible through mid-infrared regions.

• Thermal-transmission properties will be examined in the
infrared region using an infrared camera.

• Film performance in a model environment will be evaluated.

VO2 Properties
• VO2 undergoes two major types

of transitions occurring at a
conveniently accessible 𝑇𝑐 of
approximately 68℃.

• These two transitions are
intrinsically coupled together.
One is called metal-insulator
transition (MIT). The other is
when VO2 adopts a tetragonal
rutile (R) metal structure, and
below 𝑇𝑐 , it becomes an
insulator with an unstrained
stoichiometric crystal structure
as monoclinic (M1).

• The MIT features a drastic
change in electrical conductivity
as well as resultant changes in
optical absorption and dielectric
function. As VO2 transforms
from M1 to R phase, its bandgap
vanishes, leading to drastic
changes in optical constants and
light absorption.

Figure 3: VO2 electronic band
structure in the R (a) and M1 (b)
phase (Image courtesy of Aetukuri,
et al.)
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VO2 Sample Growth and Characterization of Film Coating via SEM

• Samples were grown on c-plane sapphire (i.e., (0001)-Al2O3) substrate by pulsed laser
deposition.

• A KrF excimer laser (λ = 248nm) was focused onto a target (pressed 99.9% pure VO2
powder, density ~ 4.0g/cm3) with a fluence of ~ 1.3J/cm2. The deposition chamber
was pumped to ~10-6Torr before oxygen gas was introduced into the chamber.

• The deposition was performed in oxygen ambient of 10mTorr with substrate
temperature maintained at 530℃ for 2.5h. After the deposition, the samples were
cooled down at a rate of 10℃/min to room temperature at the deposition oxygen
pressure.

• The thickness of the as-grown film was determined to be ~100 nm by cross-sectional
scanning electron microscopy (SEM) and atomic force microscopy (AFM).

Figure 4: (a) schematic of the texturing with different in-plane lattice orientations 
(b) AFM image of the as-grown VO2 thin film

(a) SEM (x350, 30kV) image of regular, undoped VO2 film (b) SEM (x30, 30kV) of the 1.3% W-VO2 film on sapphire

Figure 5 (a-d): SEM images of VO2 and W-VO2 films on sapphire, and the
sapphire mount

(c) SEM (x60, 30kV) of the 1.7% W-VO2 film on sapphire (d) SEM (x50, 30kV) of the sapphire mount

Resistance-Temperature Measurement
The temperature dependence of the electrical resistivity was measured based on van der Pauw geometry using an Ecopia HMS-3000 Hall
measurement system. The sample temperature was controlled by a Lake Shore 325 temperature controller with high temperature stability and
was calibrated with a thin type-K thermocouple.

(a) VO2 (nominal) ~70nm (b) W-VO2 1.0% W (nominal) ~100nm (c) W-VO2 1.3% W (nominal) ~100nm

Figure 6 (a-c): Electrical resistivity as a function of temperature for various VO2 films

Figure 13 (a-c): Measure of %Transmission as a function of temperature for the 1.7% W-VO2 film

Mid IRNear IRUV VisMethods of past publications are
limited in that they only measure
light throughput changes up to
2500nm. Thus, measurements of
total transmission through the
window, as a function of
temperature, were made, from
400 – 4000 nm.

Figure 11 (a-c): Measure of %Transmission as a function of temperature for the regular VO2 film

Figure 12 (a-c): Measure of %Transmission as a function of temperature for the 1.3% W-VO2 film

Figure 7 (left top): Heated Sample mount to
measure %Transmission as a function of window
temperature.
Figure 8 (left second): setup for W-VO2 window
%Transmission vs. temperature in the PerkinElmer
Lambda 19 UV-Vis Spectrometer Integrating Sphere.

Figure 9 (left third): setup for W-VO2 window
%Transmission vs. temperature in the PerkinElmer
Identicheck Near IR Spectrometer.
Figure 10 (left bottom): setup for W-VO2 window
%Transmission vs. temperature in the PerkinElmer
Spectrum1 FTIR Spectrometer.
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Measure of Total Transmission of the thin films in the UV-Vis-NIR regions

Figure 14 (a-c): Measure of %Transmission as a function of temperature for the sapphire film

Custom-built Heat Transmission Detection Optical Bed

• A ceramic mid-IR source from a PerkinElmer Spectrum One FTIR
spectrometer (12V applied to the source from the power supply), was
mounted onto a Newport Optics test bed.

• A sample was placed within a temperature-controlled mount, using a re-
purposed Minco HPLC column oven base (with temperature controller).

• An FLIR i7 thermal camera was used to collect thermal images, as the
temperature of the sample was manipulated at 5oC intervals from 20-60oC.

• Sample temperature was monitored using a Labquest 2, thermocouple-based
thermometer.

Figure 15 (a-b): Setup of custom-built optical bed, with film, IR source, and IR camera

(a) (b)

Measure of Film Thermal Blocking Properties

Scaled, wooden, 8 in3 model homes were built, and a temperature-
controlled window mount was added to the front of the structure, to
simulate outside, ambient temperature change for the mounted window.

• Thermal properties of each of the three
VO2 films were investigated using the
custom-built optical bed and a FLIR
camera. A thermocouple was used to
monitor sample temperature from 20-
60℃, and pictures were taken in
increments.

• As measured by radiation, the regular
VO2 window reached 58.1℃, while
the 1.7% W-VO2 window reached only
37.9℃, at the highest sample
temperature of 60℃, representative of
a decreased thermal footprint.

Scaled Houses to Model Home Ambient 

Conditions

Figure 16: IR camera in custom bed
setup

Figure 17 : Film imaging
with camera, with radiation
intensity at top left

Figure 19: Model house setup,
with the presence (a) and
absence (b) of visible light

Figure 18 : Cooling effect of the W-VO2 coated sapphire
windows as a function of external, ambient heating.
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A Minco heating pad was used to heat the
window from 29-60oC, with constant
illumination from an IR source (Figs. 19a-b).
Two thermocouples were used; one to monitor
the programmed increase in window
temperature from 29-60oC, and the second
(within the house) to concurrently monitor
internal “house” temperature, for each of the
four window types tested (Fig 20).
The energy efficiency comparison with
window ∆T from 29-60oC was calculated as
follows:

Discussion & Conclusions

Future Research

The temperature-dependent optical properties of windows were studied
from 400-4000nm via visible, near-infrared, and mid-infrared
spectroscopies. Results for the 1.7%W-VO2 window highlight
%Transmission decreases of 25.3% and 42.8% through the near-infrared
and mid-infrared regions, respectively, with heating from 29-60oC. The
same window demonstrated little change in transmittance properties
within the visible region. Current VO2 thermochromic windows exhibited
only 3.2 and 9.0% decreases in the same regions, pointing to the
improvement in smart window function with the 1.7% tungsten doping.
Improved near and mid-infrared blockage of W-VO2 windows is evident
via a decreased thermal footprint, as the sample temperature was raised
from 20-60oC. As the temperature of the window is increased to 60oC, the
temperature of the 1.7%W-VO2 window rises to only 37.9oC, due to
increase in infrared reflectance. Under similar conditions, the VO2
window reaches 58.1oC.
Modeling of overall increase in room energy efficiency was performed
using 8in3 model-wooden homes, with W-VO2 (and control) windows, and
constant infrared illumination. With an increase in the external window-
temperature from 29-60oC, the home temperature of the VO2-window
house rose from ambient to 29.5oC; the house with the 1.7%W-VO2
window rose to 28.8oC, for a 16% improvement in energy efficiency vs
VO2, and 37% vs normal windows.
Each aspect of the engineering goals were fully recognized or exceeded.
Specifically,
• High quality, tungsten-doped VO2-windows were successfully

synthesized by a pulsed laser deposition method, producing a
thermochromic window with a 𝑇𝑐 close to room temperature (~28oC).

• With little change in the visible light throughput, the 1.7%W-VO2
window exhibits a 25.3 and 42.8% decrease in near and mid-infrared
radiations, with heating from 29-60oC. This is a measurable
improvement over current VO2 thermochromic windows, which
produced 3.2 and 9.0% decreases in the same ranges.

• 1.7%W-VO2 windows improved home energy efficiency by 16% over
current VO2 thermochromic windows, and 32% over conventional
windows.

• The new 1.7%W-VO2 thermochromic window exhibits a reduced
thermal footprint with increased ambient temperature, due to increased
reflectance of infrared radiation, further adding to home energy
efficiency.

Systematic tungsten-doped VO2 thin films are being created, with transition
temperatures that reach even lower in negative temperature range.
Simulations will be developed by using SRIM software in order to model
these experiments, analyze data and make recommendations for further
experiments. The gradual yet strong reduction in IR emissivity could also
provide a new platform to manipulate the thermal radiation and infrared
signals in the applications of thermal IR camouflage.
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With an increase in the external window
temperature from 29-60oC, the home
temperature of the VO2-window house rose
from ambient to 29.5℃. Conversely, the
1.7%W-VO2 window rose only to 28.8°C, for
a 16% improvement in energy efficiency
compared to VO2, and 37% compared to
normal windows.


