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ABSTRACT: A method for controlling the optical properties of a
solid-state film over a broad wavelength range is highly desirable
and could have significant commercial impact. One such
application is smart glazing technology where near-infrared solar
radiation is harvested in the winter and reflected it in the
summer—an impossibility for materials with fixed thermal and
optical properties. Here, we experimentally demonstrate the first
spectrally tunable, low-emissivity coating using a chalcogenide-
based phase-change material (Ge, Teg), which can modulate the
solar heat gain of a window while maintaining neutral-coloration
and constant transmission of light at visible wavelengths. We additionally demonstrate the controlled transfer of absorbed near-
infrared energy to far-infrared radiation, which can be used to heat a building’s interior and show fast, sub-millisecond switching
using transparent electrical heaters integrated on glass substrates. These combined properties result in a smart window that is
efficient and aesthetically pleasing—crucial for successful adoption of green technology.
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Maintaining pleasant temperatures for indoor environ-
ments consumes large amounts of energy, accounting
for 20% to 40% of the national energy budgets in developed
countries."”” Carbon emissions associated with interior heating,
cooling, and lighting are particularly high in regions of the
globe that experience large swings in the environmental
temperature throughout the year—comprising over 12% of
total CO, emissions in the UK,>* 14% in the US,” and as much
as 30% globally.” Windows account for a significant fraction of
the external surface area of many buildings, and therefore
energy loss. During colder months, a significant amount of heat
is lost through windows in the winter season—as much as 25%
in the US and UK and up to 50% in northern China.”* In
warmer months, on the other hand, windows transmit
unwanted near-infrared solar energy which heat a building’s
interior, causing an unnecessary load on the cooling system.
Upcoming legislation, such as the EU 2021 “nearly zero-energy
buildings” regulation,” will require smart solutions to this
problem that provide significant energy savings without
sacrificing aesthetic appeal.

These important reasons have motivated the active research
and development of dynamic glass products over the past few
decades which seek to optimize energy savings, privacy, visual
appeal, and comfort of a building’s occupants.'”'" Compared
to static window solutions with fixed optical properties—such
as low-emissivity (or “Low-E”) coatings which reduce the total

© 2021 American Chemical Society

WACS Publications

920

heat transfer through a window'” but cannot be actively
switched to make use of near-infrared solar energy in winter
months—dynamic solutions are expected to reduce annual
energy consumption due to heating, cooling, and lighting by as
much as 8—14% depending on the climate."””™"> Dynamic
windows generally fall into one of two categories, namely
active (e.g., electrochromic, chemochromic, polarized particles,
etc.) or passive (e.g, thermochromic and photochromic).
While passive approaches have many practical advantages
including no energy consumption during opera.tion,l(’_18 lower
fabrication costs, long lifetime, and easy installation,'" the lack
of direct control over the optical properties can sometimes lead
to net-energy costs, rather than savings, for buildings in
temperate climates.'”

Active smart glazings have the distinct advantage of direct
control over the window’s optical properties which can be
optimized for energy efficiency or visual comfort according to
both the solar and thermal conditions throughout the day.
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Figure 1. Phase-change smart glazing concept. (a) 3D schematic of smart window design with interior windowpane containing the smart glazing
layer. Solar radiation is filtered and the near-infrared is selectively reflected or absorbed. Inset: Illustration of seven-layer smart glazing optical stack
containing silver, ZnS:SiO,, and a phase-change material (Ge, Teg) layer. (b) To initiate a phase-transition from crystalline to amorphous, a short
thermal pulse greater than the melting temperature (T,,) is applied to the PCM layer via a resistive heater. A longer pulse between the
crystallization (T,) and melting temperature is used to return to the crystalline state. (c) Simulated transmission, reflection, and absorption of smart
glazing. Optical spectra were optimized for minimizing change in visible spectrum while maximizing change of absorption at near-infrared
wavelengths. (d) Concept of near-infrared absorption/thermal re-emission used in our smart window design. In winter months, near-infrared
radiation from the sun is absorbed in the smart glazing layer and converted to heat. In the summer months, the PCM is switched to the amorphous
phase and reflects near-infrared photons back into the external environment.

Most mature and effective among these active technologies are
electrochromic (EC) glasses using redox reactions to reversibly
control the optical transmission of the window.”® Ion
accumulation or depletion in the EC layer modulates the
transmission in response to an electric field applied between
two transparent conductive electrodes. Because of this, EC
smart windows have response times which are limited by the
motion and diffusion of ions into the active layer.”!
Additionally, EC glass usually causes attenuation over the

; e 22,23
entire solar spectrum upon switching,

though recent
advances in material science and nanotechnology has
demonstrated spectrally selective switching in the visible and
near-infrared is possible.”* Other active designs which do not
rely on the movement of ions, such as liquid crystal®® and
suspended particle devices,”*”>* allow much faster switching
times than EC’s (a few seconds or less), but modulate the
optical transmission via scattering and therefore are diffuse or
tinted in the off state.””%*’

91

Here, we experimentally demonstrate an active thin-film,
low-emissivity glazing that enables control over absorption of
the near-infrared solar spectrum without an undesirable
variation in opacity upon transition. To achieve optical
modulation, we use GeyyTeg, a bistable, phase-change material
(PCM), which has formerly been explored for use in
032 RE switches,

tunable optical devices.>>™%7 Through energy transfer via

nonvolatile electronic memory, and
optical absorption and thermal re-emission, we harvest near-
infrared energy during the winter and re-emit it as far-infrared
blackbody radiation. This process enables additional benefits,
such as directional emission where absorbed solar energy is
preferentially radiated into the building while preventing
internal heat from escaping. Our unique approach could
have broad application in the design of future smart windows
and energy efficient buildings.**
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Figure 2. Experimental demonstration of phase-change smart glazing. (a—c) Optical images of transmission and reflection for fused quartz
substrates with smart glazing on one side. The optical transmission is very similar regardless of the state of the PCM layer. (d) CIE color map of
experimentally measured transmission and reflection from samples shown in (a). Calculated chroma for smart glazing is ¢* = 15.0 for amorphous
transmission and ¢* = 8.7 for crystalline transmission relative to the white point (using the CIE Standard Illuminant D65). (e) Measured
transmission and reflection spectrum of smart glazing in both the amorphous and crystalline state. (f) Calculated absorption spectrum from (e)
plotted with the AMI.S solar irradiance spectrum in blue. The change in absorption is broadband and covers the entire near-infrared region. (g)
Change in absorbed solar irradiance between the amorphous and crystalline states of the smart glazing.

B RESULTS

Smart Glazing Concept and Design. The concept of our
smart window design is illustrated in Figure la where a smart
glazing containing ZnS:Si0,, Ag, and 12 nm of Ge, Teg, a
chalcogenide-based phase-change material (PCM), is applied
to the outward-facing side of the internal window pane. We
chose A% for its properties as a high quality broadband
reflector’” and ZnS:SiO, for its known material advantages as
an interfacial layer in phase change optical media.** Ge, Teg,
was chosen over other common optical PCMs (such as
Ge,Sb,Te; and AgInSbTe) because its melting temperature”'
and crystallization kinetics* can be significantly tuned by
controlling the atomic ratio of Ge to Te. This makes reversible
switching easier to achieve using electrothermal switching
approaches,*** as we later demonstrate. The optical stack was
optimized for maximum modulation of near-infrared solar
energy while maintaining a constant transmission for visible
light (see Methods). The simulated optical spectrum for such a
stack is shown in Figure 1c. Remarkably, the active coating has
a total thickness of less than 300 nm and has been optimized
such that a significant fraction of the near-infrared solar energy
is either reflected or absorbed depending on the state of the
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PCM. The external windowpane in Figure la is composed of
uncoated glass and is added to protect the smart glazing and
reduce the convective heat transfer between the outside
environment and internal climate of the building. While this
extra pane is recommended to improve the efficiency of the
overall unit (see Supplementary Note SS), it does not play a
significant role in our window’s optical response, and we
therefore limit our experimental efforts to the internal window
containing the smart glazing.

To control the transfer of near-infrared solar energy through
our smart window, we make use of the significant (and
nonvolatile) modulation of Ge,;Teg,'s complex refractive index
when in the amorphous versus crystalline phase.***> Here,
both the real and imaginary components are modified upon
crystallization resulting in increased absorption of the near-
infrared spectrum. Thermally annealing the Ge,yTeg, layer to a
temperature above 450 °C for a short period of time before
rapid quenching (less than 10 ys) randomizes the atoms in the
lattice and results in an amorphous material with low near-
infrared absorption (see Figure 1b). Annealing for a longer
time (greater than 10 us) at a temperature of 280 °C allows
GeyoTeg to recrystallize, significantly increasing the absorption
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Figure 3. Demonstration of absorbed solar energy transferred to thermal radiation. (a) Experimental setup used to measure temperature increase in
smart glazing through near-infrared absorption. A thermal camera is used to simultaneously measure the temperature of three samples (uncoated
window and windows with smart glazing in the amorphous and crystalline state) as a function of time. (b) Measured time-dependent temperature
rise in the amorphous and crystalline samples. (c) Spectral absorption of our smart windows ranging from the visible to far-infrared as measured
from the glazed and unglazed surfaces. Measurements in the range of 3 to 25 ym were performed using FTIR and show a significant difference in
the smart glazing versus uncoated side. (d) Ilustration of asymmetric thermal emission from window with smart glazing. The low-emissivity glazing
prevents harvested near-infrared energy from re-emitting back into the external environment while reducing unwanted heat transfer through the

windows regardless of the PCM state.

of near-infrared wavelengths. This process is nonvolatile and
reversible, meaning that energy is only consumed during the
actual switching process and no electric field is needed to
maintain either the amorphous or crystalline state.**
Combined with the optimized Ag/ZnS:SiO, optical stack,
energy from the near-infrared is maximally absorbed or
reflected while the transmitted visible light is minimally
affected (see Supplementary Note S2). In the crystalline
state, the absorbed near-infrared energy is transferred to the
SiO, glass window via phonons and re-emitted into the
building through thermal radiation as illustrated in Figure 1d.
The high emissivity of SiO, and the relatively low emissivity of
our optical stack (see Figure 3c,d) allows for an efficient
transfer of absorbed near-infrared energy to thermal radiation.
Crucially, this process also allows our smart glazing to behave
as a low-emissivity coating, which prevents far-infrared thermal
radiation from entering or escaping the building when the
PCM is in either the amorphous or crystalline state, which
could potentially allow this active glazing to replace static low-e
coatings while providing additional solar control (see
Supplementary Note S6 for a more detailed discussion).
Spectral Measurements of Fabricated Samples.
Optical images of our fabricated smart windows are shown
in both states in Figure 2a—c. In Figure 2a, as expected, the
transmitted visible light changes very little upon phase-
transition. This is a highly desirable property since significant
changes in visible transmission can cause unwanted dis-
turbance to the building’s occupants during a switching cycle.”
Additionally, as quantified in the CIE 1931 chromaticity
diagram shown in Figure 2d, the color of the transmitted light
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in both states remains close to the white point, which
represents the visible noonday solar spectral power distribu-
tion.” The reflected color shown in Figure 2b,c shifts slightly
toward the blue end of the color gamut upon crystallization as
wavelengths at the red end of the spectrum are more strongly
absorbed.

The optical response over the entire solar spectrum is
visualized in Figure 2e, where we plot the transmission and
reflection spectra of the smart glazing when the PCM is in both
the amorphous and crystalline state. We observe relatively
uniform transmission in the visible (approximately 50%
transmission on average), while showing broadband modu-
lation in the reflection of near-infrared wavelengths. While the
visible transmission of our smart glazing leaves room for
improvement, we note that our values approach those of
commercially available electrochromic smart windows in their
fully transmissive state (values ranging from 60% to 80% have
been reported'”****). As the transmission of the near-infrared
is below 5% in both states, we attribute the observed change in
reflection to increased absorption when the PCM is in the
crystalline state (see Supplementary Note S1). We calculate
the absorption spectra of our smart glazing in both states (A =
1 — T — R, where A, T, and R are the absorption, transmission,
and reflection spectra respectively) and plot them against the
ASTM G173 solar irradiance standard for an air mass of
AML.S g in Figure 2f. Here we see that while the absorption is
relatively high at visible wavelengths, the majority of
absorption change occurs in the near-infrared. Crucially, the
absorption in the near-infrared is low when the glazing is in the
amorphous state, which minimizes the amount of unwanted
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solar energy that is transferred to the building’s interior during
summer months. We plot the change in absorbed solar
irradiance in Figure 2g and show that the majority of the
modulated energy occurs at wavelengths greater than 700 nm,
which have no benefit to illuminating a building’s interior.
Integrating the curves shown in Figure 2e,f and weighting by
the solar irradiance we find that 82% of unwanted near-infrared
energy (780 nm to 2.5 ym) is reflected in the amorphous state
while 42% is absorbed or transmitted in the crystalline state.

Energy Transfer through Thermal Engineering. To
demonstrate that the absorbed near-infrared solar energy can
indeed be re-emitted as far-infrared thermal radiation, we
designed an experiment to image the temperature increase of
our smart window when the PCM is in the amorphous and
crystalline states (see Figure 3a). In this experiment, we used a
FLIR thermal camera to monitor the temperature of three
samples: uncoated window (fused quartz), window with the
smart glazing in the amorphous state, and window with the
smart glazing in the crystalline state. The uncoated sample
provided a reference thermal emission by which to calibrate
the thermal camera and was subtracted from the results shown
in Figure 3b. To illuminate the samples, we used an LOT, class
ABA, solar simulator calibrated to 1 sun (1 KkW/m?) and an
AML.S g spectrum. A heat shield composed of plasterboard
covered with thick aluminum foil was used to prevent
unwanted thermal radiation from the simulator from saturating
the thermal camera. An additional 1.3 pm thick sheet of
polyethylene terephthalate (PET) was placed between the
samples and the simulator which prevented additional
convective heating or cooling of the samples while minimally
influencing the transmitted solar spectra. Figure 3b shows the
temperature increase of the three samples measured every 30 s
using the thermal camera. Both smart windows reached steady
state shortly after 2 min of illumination with a relative 79 + 5%
increase in the temperature of the crystalline sample compared
to the amorphous one. This agrees well with the percentage
change (74%) in the total amount of solar energy (both visible
and near-infrared) that is absorbed by the smart glazing
according to the measured absorption spectra shown in Figure
2f. We note that for these experiments, approximately 50% of
the total sample area was obstructed from the heat shielding
and sample holder. Therefore, thermal diffusion causes the
temperature rise to be evenly distributed across the entire
sample area, leading to an overall temperature rise of 5.3 + 0.1
°C for the crystalline sample at steady state. This effect can be
observed in Supplementary Movie S1, where the temperature
rise occurs first at the sample center before diffusing to the
sample edges. In samples which receive uniform solar radiation
across their entire surface, we expect a factor of ~2X higher
temperature than observed in Figure 3b.

An additional benefit gained from re-emitting the solar
spectrum as far-infrared radiation is the directional transfer of
absorbed near-infrared energy through our smart window as
illustrated in Figure 3d. As our smart glazing is highly reflective
to infrared radiation beyond 2.5 ym, we minimize the amount
of harvested thermal energy which can be radiated back into
the environment. On the other hand, SiO, performs as a highly
emissive surface at temperatures around 300 K and efficiently
re-emits absorbed near-infrared radiation into the building’s
interior. This can be seen from the absorption spectrum in
Figure 3c measured on both the glass and smart glazing
surfaces using Fourier-transform infrared spectroscopy (FTIR)
for wavelengths between 3 and 25 um. We overlay the
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absorption spectra with the theoretical emission spectrum of a
blackbody at 300 K and observe significant overlap with far-
infrared absorption from the glass side of the window. This
overlap could be even further enhanced by adding an
additional high-emissivity coating to the glass as demonstrated
previously.”” The absorption from the smart glazing side,
however, remains below 20% over the entire far-infrared region
in both the crystalline and amorphous states, resulting in a low-
emissivity coating. This is a notable difference from other
absorption-based smart window technologies (e.g, thermo-
and electrochromics) which require an additional physically
separated low-emissivity coating to prevent absorbed solar
energy from thermally radiating into the building (see
discussion in the Methods and Supplementary Note S6).
Due to the different emissivities of our smart window’s inward-
and outward-facing surfaces, near-infrared solar radiation
harvested via absorption will preferentially re-emit into the
building when the PCM is in the crystalline state (Figure 3d).
To estimate the maximum heating power of our smart glazing
in the winter months due to thermal re-emission, we use the
following equations (see Methods section for details):

Pheat ~ P:lz - P:axfi( ext) (1)

rad abs

/ OpIR ndow(l) IBB( int” ;L) da

nra = window Cl
! /(aFIRd (A) Iyp(Tyey 4) + i (A) Iyp(Toye, 4)) dA
(2)
Paclz =A COS( 1nc) Solar(/l) solar(/q‘J 9’ ¢) di
3)

where 7,4 is the fraction of thermal energy radiated into the
building, Py is the total solar power absorbed by the smart
glazing in the crystalline state, Py is the thermal radiation
emitted back toward the outside environment, T, and T, are
the internal and external surface temperatures of the window,
A is the area of the window, and 6, is the angle of incidence
between the sun and window. Igz(T,A) is the temperature-
dependent blackbody spectrum and I, (4,0,¢p) is the solar
spectrum of the sun for a given azimuth and altitude angles,
which will depend on the geographic location of the building
and time of day. Using the experimentally measured values
shown in Figure 3c for ag,.(4) (the solar absorption of the
smart glazing) and ai(1), and afin®™(4) (the emissivity of
both the smart glazing and uncoated sides of the window,
respectively), we find 77,4 = 0.88 and P3)/A = 437 W/m?. This
results in a maximum total heating power of 387 W/m? due to
thermal emission from the window if we assume the window is
installed at an angle such that it is normal to solar radiation.
This corresponds to approximately 39% of the total solar
energy being reradiated into the room as heat. If we include an
incidence angle of 6,,. = 29.3° (i.e, noon on January Ist for a
vertically installed, south-facing window in San Francisco, CA),
the total heating power reduces to 337 W/m”. In the summer
months when the glazing is in the amorphous state, nonzero
absorption in the visible and near-infrared cause a heating
power of 137 W/m* and 83 W/m?, respectively at normal
incidence. Further work is needed to reduce this unwanted
absorption when the PCM is in the amorphous state. We note
that in eq 1 we have assumed a thermally isolated window and
have neglected the effects of convection and conduction which
will also serve to equilibrate the temperature difference
between the glazing and surrounding air. However, when
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Figure 4. Electrical switching and cyclability of smart glazing pixels. (a) Experimental setup used to switch the smart glazing state while measuring
its reflection for wavelengths between 1.5 and 1.6 um. (b) Microscope images (using top and bottom illumination) of one device before switching,
after first crystallization, and after 100 switching cycles (scale bar 25 um). The visible reflection of the pixel does not vary noticeably during
switching. (c) Typical pulse shapes used to achieve crystallization and amorphization in the PCM thin film (left). Switching energy across multiple
devices as a function of pixel area showing how energy scales with pixel size. (d) Time trace of smart glazing pixel showing large near-IR contrast
with fast (less than 200 us) switching times. (e,f) Cyclability and switching contrast for device from (b) and (c) showing increased contrast as

nucleation sites are formed.

using a double-glazing configuration as we illustrate in Figure
la and analyze in detail in Supplementary Notes SS and S7,
convection will be primarily limited to the interior surface of
the window (and interior of the building). Additionally, the
low-emissivity smart glazing reduces the external thermal
radiation escaping or entering a building regardless of the state
of the PCM, providing further energy savings throughout the
year. For a more accurate estimate of the energy harvesting
capabilities of our smart glazing, we have performed detailed
energy savings simulations which include the full heat balance
equation of the window and surrounding structure (see
Supplementary Note S7).

Demonstrating Reversible Electrical Control. In a final
experiment, we demonstrated electrically controlled switching
of the smart glazing by depositing our thin film stack on
patterned FTO/glass substrates. For these devices, Sn-doped
G,oTegy was used for the PCM layer which has comparable
optical properties to Ge,gTeg, (see Supplementary Note S1),
but with a lower amorphization temperature.””*”** The
reduced melting temperature of the Sn-doped PCM allowed
us to reversibly cycle the smart glazing pixel up to 1000 cycles
using a transparent FTO microheater. Doping concentrations
in the range of 5% to 10% atomic composition of Sn were
found to sufficiently reduce the melting temperature of
GeyTeg, without introducing significant optical loss in the
amorphous state. Figure 4a shows the experimental setup used
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to observe the switching behavior of the smart glazing pixels in
real time. A broadband light source (NKT WhiteLase Micro)
filtered between 1.5 and 1.6 ym using dichroic and bandpass
filters was used to generate optical power in the near-infrared.
The near-infrared light was then coupled to an electro-optic
probe station capable of sending electrical pulses while
measuring the change in optical reflection. Figure 4b shows
optical microscope images of a typical device before and after
initial electrical switching and after 100 switching cycles.
Notably, the reflected visible light is consistent in color and
intensity throughout the switching events. The electrical pulse
energy was measured using an in-series 25 € resistor and
oscilloscope. The left side of Figure 4c plots the extracted pulse
waveforms and switching energy for the device shown in
Figure 4b. The right-hand plot in Figure 4c shows the
switching energy as a function of device area for multiple
devices and pixel sizes. We see that while a lower peak power is
required for crystallization, the total energy consumption is
higher for crystallization rather than amorphization due to the
longer pulse duration.

We also investigated the cyclability of our smart glazing by
switching between the two states while monitoring the infrared
reflection. Figure 4d shows a time trace for multiple switching
cycles of the device from Figure 4b (time trace taken starting at
500 cycles), while Figure 4ef plot the device’s cyclability and
contrast for 1000 continuous cycles. Notably, we see both a
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reduction in the amorphous state reflection and an increase in
contrast between the two bistable states. The first is likely due
to silver migration in the optical stack during thermal cycling,
which results in an overall reduction of the pixel’s reflectivity in
both the amorphous and crystalline states.*” The increased
switching contrast, on the other hand, could be attributed to a
vacancy ordering mechanism that is dependent on the
annealing conditions of the PCM layer as described by Y.
Zhang et al.>° Performing a thermal annealing step before the
cycling measurements could therefore improve the contrast
and reliability of our devices. Indeed, for PCM memory, a
“conditioning” treatment is often employed to stabilize the
crystalline domain formation and improve the switching
efficiency and cyclability of the memory cell.”’

B DISCUSSION

Our smart window design differs from conventional
approaches, which seek to maximize the total change in solar
transmission (ATj,,) inevitably leading to a significant
modulation of transmission in the visible spectrum. However,
by avoiding this paradigm and maximizing the total change in
solar energy (including absorption and re-emission), we
achieve a net annual energy savings of 17.5 + 5.1% across 8
different geographic locations compared to static low-e
windows with similar thermal properties (see Supplementary
Note S7). We note that this is achieved with a AT, = —4.4%,
meaning in the winter months (crystalline state), the solar
transmission is slightly less than in summer months
(amorphous state). While a negative change in solar trans-
mittance (AT,,,, < 0) is not ideal and leaves room for future
improvement, the increase in the total solar energy absorbed
and re-emitted by our crystalline PCM layer (AA,,, >18% see
Figure 2f,g) enables net energy savings in our system compared
to passive low-e windows (see Methods for further discussion).

As our window primarily depends on energy harvesting from
the near-infrared to heat the building’s interior, the net energy
savings strongly depends on the amount of sunlight during the
year (for example, see energy savings comparison between
London, UK and San Francisco, CA in Supplementary Figure
S9). This limitation is ubiquitous to all active smart window
approaches which maximize energy efficiency through solar
modulation. Thus, it is important to consider the geographic
location, window orientation, and annual weather conditions
during the architectural design phase. Additionally, we note
that with relatively low energy costs, the economics
surrounding window supply chains is largely driven by price.
Therefore, low-cost methods for patterning electrically
addressable smart glazing pixels (e.g., screen printing,
flexography, etc.) are needed to lower the overall cost of our
approach.

In conclusion, we have demonstrated a thin-film smart
glazing capable of controlling the transfer of near-infrared
energy through a window using an ultrathin phase-change
active layer. This glazing provided modulation of near-infrared
solar energy while maintaining a uniform transmission and
color at visible wavelengths. By absorbing near-infrared solar
energy and re-emitting it as heat, we were able to demonstrate
efficient harvesting of solar energy during winter months while
retaining a glazing with desirable low-emissivity properties
regardless of the PCM state. We then demonstrate a possible
route toward integration onto glass windows using transparent
electrical heaters with an initial cyclability count of 1000 cycles.
Our results provide a unique and aesthetically appealing
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alternative to the approaches commonly used in smart window
technologies, and similar strategies could play an important
role to reduce the carbon footprint of buildings in the future.

B METHODS

Solar Modulation and Design Optimization. Using the
principle of energy conservation (i.e., Tyopar + Ryotar + Asolar = 1),
we can write the net modulation of short-wavelength solar
radiation through any dynamic glazing as

AT, .. + AR, + AA, ., =0

solar

solar
where AT, ARy, and AA,. are the net difference in
transmission, reflection, and absorption of the solar spectrum
when the window is switched between two states (e.g,
amorphous and crystalline, bleached and unbleached, etc.). If
the window uses only reflection or scattering to modulate solar

transmission, then the change in absorption is minimal:

Design #1: AT, |~ —AR_, (for AA_, < AR, )

solar

olar solar

However, if a material with tunable absorption (rather than
tunable reflection) is used to modulate the solar transmission,
then we have

Design #2: AT,

solar

~ —AA,, (for AR < AAg..)

solar

In other words, a decrease in Ty, must accompany an
equivalent increase in absorption if the reflection is held
constant during modulation. This approach is commonly used
by passive technologies (such as VO, thin films**~>*), which
require a temperature difference to initiate modulation of Ty,
or active technologies, which modulate T, via absorption
(such as modulating optical extinction in plasmonic nano-
particles®*°). In our case, we modulate absorption and
reflection to minimize the change in visible transmission
through our window. Since we have designed our window to
have low transmission in the near-IR and UV in both states
while maintaining constant transmission in the visible, our
solar modulation is ideally:

Design #3: AA_,, ~ —AR_, (for AT, ~ 0)

solar olar

For all three window designs, the increased solar transmission
and absorption modulates the solar heat éain coefficient (g-
value) of the window glazing according to’

Ag = A’I;olar + ”heatAA

solar

where 7y, is the inward flowing fraction of heat that depends
on the thermal properties of both the inward and outward
window surfaces (thermal emissivity, convection, and con-
duction). Assuming a double-glazing configuration where
thermal emission dominates heat transport, Hne.e X #..q as
defined in eq 2 in the main text.

Without the addition of a low-e glazing, windows using
Design #2 will have a net modulation of Ag = AT, (1 —
Nheat) X AT,y,/2 in the case of uniform thermal properties
(emissivity and convection is the same on both inward and
outward window surfaces). Therefore, a low-e glazing is
essential for Design #2 to block absorbed solar radiation from
thermal re-emission into the building in summer months.

Our tunable smart glazing uses a thin PCM layer to
modulate the near-infrared reflection and absorption of a low-e
coating (Design #3) while minimizing changes in visible
transmission. From the measured spectra in Figure 2 of the
main text, we observe that when switched from amorphous to
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crystalline, AT, = —4.4% and AA, = 18.2%. From the
measured absorption spectra in Figure 3¢, we estimate 7., &
Nt = €glass/ (eglas5 + ecry) = 0.88 in the crystalline state, while
Miad = €glass/ (€glass + €am) = 0.86 in the amorphous state. This
results in a net modulation of the solar heat gain coefficient of:

Ag ~ A’I;olar + (;,]CI‘YA

= 12.3%

am
solar radAsolar)

To improve the performance of our design, future work is
needed to optimize our glazing such that ATy, > 0% while
reducing the emissivity of our window in both states such that
M:ad ~ 1. It is also important to minimize absorption (maximize
reflection) in the amorphous state in order to reduce the solar
heat gain coefficient in summer months. Table 1 outlines the
key parameters needed to maximize energy savings in our
approach (see Supplementary Note S7 for full energy saving
simulations).

Table 1. Key Parameters Needed to Maximize Energy
Savings Using an Absorptive/Reflective Modulation
Approach

parameter name (all values are ~ PCM PCM PCM PCM

spectral averages at normal meas. ideal meas. ideal
incidence) (am)  (summer) (cry)  (winter)

total solar transmittance 21.5% 42.1% 17.1% 42.1%
outward solar reflectance 52.7% 57.9% 38.9% 0%
visible transmittance 52.4% 100% 40.8% 100%
outward visible reflectance 4.3% 0% 3.3% 0%
inward visible reflectance 14.9% ~0% 16.5% ~0%
infrared transmittance 0% 0% 0% 0%
outward infrared emissivity 0.137 0 0.112 0
inward infrared emissivity 0.84 0.84 0.84 0.84

If we assume the ideal parameters from the table above (i.e.,
Tyisibie = 100% and AT, = 0), we can expect an upper bound
to the modulation of Ag to be <58%. Any modulation of Ag >
58% requires modulation of both the visible and near-infrared
solar spectra regardless of window design since 42% of solar
radiation falls within visible wavelengths (400—700 nm).

Optical Stack Design and Optimization. To simulate
the optical stack, we used in-house MATLAB code which
simulates the optical transmission, reflection, and absorption
spectra and field profile as a function of layer thickness using
experimentally measured refractive indices of the thin films and
the transfer matrix method approach.”® Ag was chosen as a
thin broadband reflector, while ZnS:SiO, was chosen due to its
known material advantages as an interfacial layer in phase
change optical media.”’ To make fabrication viable and
minimize accumulated surface roughness, we limited our
exploration to designs with 7 layers or less. We then calculated
the overlap integral between the normalized ASTM-G173 solar
irradiance spectrum® and the simulated optical spectra from
the TMM approach to calculate the following figures of merit:

700nm
FOM, = f T,
4

00 glazing(cry/am)(A)Isolar(norm)()’) di

2500nm
F()1\/[AIR = ‘/7‘50 Rglazing(am)(l)(Aglazing(cry) (/1)
Aglazing(am) (/1) )Isolar(norm)(j’) da

A needle optimization technique®® was then used to find thin
film stack parameters which maximized FOMr(.y), FOMy(ym),
and FOM, g subject to the following constraints:

97

e 10 nm < Ag thickness < 50 nm
e 7 nm < GeTe thickness < 50 nm
e 7 nm < ZnS thickness < S00 nm

The lower bound of these constraints were chosen based on
the experimentally determined minimum film thicknesses that
can be sputtered in our system while still preserving the optical
properties of bulk films.

Estimation of Maximum Heating Power. The heat
balance equations for the external and internal surface
temperatures of a window can be written as follows:®'

pe t e
External: Psolar F}‘R T Xb) ( xt)
ext
+ hext(Tamb - ext) glass( ext int)
=0
int 1nt mt
Internal: Plight + PFIR ) - rad nt)

ll'lt

+ hmt(
=0

int )

Tint) + kglass( ext

where these parameters can be understood as follows in Table
2.

Table 2. Parameters Used to Estimate Maximum Heating
Power

parameter description units
Pyorar total solar intensity absorbed by smart glazing ~ [W/m?]
Plghe total optical intensity absorbed by internal [W/m?]
window surface due to internal lighting
P (Toy,),  thermal radiation absorbed by external and [(W/m?]
PR (T™,) internal window surfaces
PE(Tew), thermal radiation emitted by external and [W/m?]
PoY(Ty) internal window surfaces
By Pine external and internal air film convective [W/m*K]
conductance
oty T external and internal ambient air temperatures  [K]
Tow Tint external and internal surface temperatures of  [K]
the window
Kotass thermal conductance of the glass [W/m*K]

If we add the above heat balance equations, the thermal
conductance terms cancel, and we have the following equation:

P

solar + (Pli}l(lt{ :Xt ) + Pllzrlli[{ ;:nrrfb))
~ (PRi(To) + Prag(T)) + hee(Tomyy =
+ hine(Tamp = Tint)

=0

’Text)

where we have assumed that for short wavelength radiation,
Pygne << Py, based on the relative lighting intensity and
measured absorption of the internal surface of our smart
window. The total heating power of our window (Py.,) is the
sum of both the internal radiative and convective terms:

B heat — llirllik mt ) + hmt( int ;nmtb
= Fsolar + (PFIR( :Xt ) + Pll:rllil ;nt )) + hext(Tamb ext)
- P, :ﬁ( ’IZext)

The radiative terms in the above equation can be found by
integrating the spectral directional radiance absorbed or
emitted by the window surfaces:
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Psolar = f dQ COS(H) ‘/‘as(oclz/am)(}') 9)'Isolar<li 0; ¢) di
Q

PFIR(’I;mb) = /S; dQ COS(@) /Eatm(jﬁ 0)'€window(/1’ 9)
Iyp(4) Top) d4

Pu(T) = [ d2cos(0) [ e\ppton(hs 0)-Tya(2, T) 2

Here, P, is found by integrating the spectral solar irradiance
absorbed by the smart glazing in either the amorphous or
crystalline state. Similarly, Pgpr(T,.,) is the far-infrared
blackbody radiation emitted by the building’s external or
internal atmosphere and absorbed by the respective window
surface. In this equation, £,,(4,0) and €,40w(4,0) are the
spectral and directional emissivity (or absorptivity) of the air
and window on either the building’s exterior or interior.
Finally, P,4(T) is the thermal radiation from the window’s
external or internal surface as determined by the surface
emissivity and temperature. To accurately solve for Py,
requires full knowledge of specific building location and
climate conditions and must be solved with numerical methods
(see Supplementary Note S7). However, we can estimate the
maximum heating power of the window due to thermal
radiation by assuming the window is completely isolated from
its surroundings. With this assumption, we ignore heat flow
due to convection and incident thermal radiation on both
window surfaces. Thus, the simplified heating power becomes

Pheat ~ ::ctl(Tl’nt) = Ps - Pre:é(zéxt)

olar

In eq 1, we have written the heating power in terms of “7,.4”,
which is the ratio of absorbed solar radiation that is emitted
either toward the internal versus external environments. In the
winter months, this is Pheat ~ Pir?:i(Tint) = nradpsolar' Thus, Mrad
can be written as

Praa(T)

T

I7r = in exi
ad Pra(g(];nt) + Praé( ’I('ext)

which is of the same form as eq 2 of the main text.

Sample Fabrication. Smart glazing films were deposited
via RE/DC sputtering on double-side polished quartz wafers
using a Kurt J. Lesker PVD 75 system. The base pressure was S
X 1077 Torr while the working pressure was 3 mTorr during
deposition. RF power was 100 and 50 W for ZnS:SiO, and
GeyoTeg, respectively, while the DC power was 50 W for Ag.
All targets were 2 in. in diameter. To ensure accurate
deposition thicknesses, the film thickness was monitored in
situ using an optical monitor which was compared with a
model of the optical stack, providing precise thickness control
and repeatability.

To fabricate the transparent thermoelectric heaters, we
purchased FTO-on-glass samples (TEC 15) from Ossila Ltd.
and used photolithography and RIE etching to pattern the
resistive heater shown in Figure 4b. A 100 nm-thick electrically
insulating layer of SiO, was then grown via PECVD to prevent
electrical shorting through the PCM and Ag layers during the
applied switching pulses. A second photolithography, RIE
etching, and thermal evaporation process step was used to etch
through the SiO, layer and deposit Au/Ti metal electrodes on
the FTO heater. A final photolithography, sputtering, and lift-
off step was used to deposit smart glazing pixels on the heaters
with doped-Ge,,Teg, replacing the original PCM layer.

Measurement Setup. Transmission and reflection meas-
urements from 400 nm to 2.5 um were performed using a
PerkinElmer Lambda 1050 UV—vis spectrophotometer under
ambient conditions. Amorphous spectra were taken of the
smart glazing as deposited, while crystalline spectra were
measured after a 270 °C anneal on a hot plate for 15 s. Mid- to
far-infrared absorption was measured using a Varian Excalibur
FTS 3500 FTIR spectrometer operating from 3 to 25 ym. For
thermal characterization, a FLIR ONE Pro camera was used to
measure the temperature rise in the uncoated quartz versus the
quartz with smart glazing in the amorphous and crystalline
states. The samples were illuminated with an LOT, class ABA,
solar simulator calibrated to 1 sun (1 kW/m?) and an AM1.5 g
spectrum. A heat shield composed of plasterboard covered
with thick aluminum foil was used to prevent unwanted
thermal radiation from the simulator from saturating the FLIR
thermal camera. The transmission of the 1.3 ym thick sheet of
PET was also calibrated using the PerkinElmer Lambda
spectrometer and factored into the calculated total solar
absorption.

For reversible switching measurements, near-IR light (4 =
1.5-1.6 um) from a superluminescent source (NKT White-
Lase Micro) was filtered using dichroic and bandpass filters
and coupled to a custom built electro-optic probe station
through a fiber circulator and fiber-to-free space collimator
(Thorlabs 6015-3-APC and TCO6APC-1550). Near-IR light
was focused on the samples using a NIR objective (Mitutoyo
M Plan Apo NIR 20X, 0.42 NA) and reflected light from the
sample was coupled to a Newport 2011-FC photodetector
through the output port of the circulator. A Tektronix
AFG3102 function generator was used to send electrical
pulses to the FTO devices with customizable shapes. The
reflected near-IR optical signal and electrical current through
the device was monitored with an oscilloscope (Lecroy 1 GHz
Wavesurfer) and recorded via a PC during the cyclability
studies in Figure 4d—f.
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