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ARTICLE INFO ABSTRACT
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The reversible semiconductor-to-metal transition of vanadium dioxide (VO;) makes VO:-based coatings a
promising candidate for thermochromic smart windows, reducing the energy consumption of buildings. We
report on a scalable sputter deposition technique for fast preparation of strongly thermochromic YSZ/
Vi0.086Wo01402/YSZ coatings, where YSZ denotes Y-stabilized ZrOz, on conventional soda-lime glass at a rela-
tively low substrate surface temperature (350 °C) and without any substrate bias voltage. The thermochromic
Vi0.086Wo 01402 layers and the antireflection YSZ layers were deposited using a controlled high-power impulse
magnetron sputtering of a single V-W and Zr-Y target, respectively. A coating design utilizing a second-order
interference in the YSZ layers was applied to increase both the integral luminous transmittance (Tiym) and the
modulation of the solar energy transmittance (AT.q). We present the phase composition (X-ray diffraction) and
microstructure (high-resolution transmission electron microscopy) of the coatings and their optical properties
(spectrophotometry and spectroscopic ellipsometry). The YSZ/V g5 W 01402/YSZ coatings exhibit a transition
temperature of 33-35 °C with Ty, = 64.5% and AT, = 7.8% for a Vg ggs Wy 01402 thickness of 37 nm, and T,
= 46.1% and AT, = 13.2% for a Vi ggs Wp 01402 thickness of 67 nm. The results constitute an important step to a
cost-effective and high-rate preparation of large-area thermochromic VO:-based coatings for future smart-

Strongly thermochromic coatings
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Smart windows

window applications.

1. Introduction

Global warming and energy crisis drive a focus on energy-saving
materials. Owing to the excessive use of heating, cooling, lighting and
ventilation, buildings have been estimated to produce about 20% of all
anthropogenic greenhouse gas emissions [1] and are responsible for up
to 40% of the primary energy consumption [2] in the world. It is evident
that energy-saving smart windows with adjustable throughput of solar
energy can lower the energy expenditure.

Vanadium dioxide (VO2) exhibits a reversible phase transition from a
low-temperature monoclinic VO (M1) semiconducting phase to a high-
temperature tetragonal VO, (R) metallic phase at a transition temper-
ature (Ty) of approximately 68 °C for the bulk material [3]. The T,; can
be lowered using doping of VO, by other elements (such as W [4,5]1). The
automatic (i.e., without any switch system) response to temperature and
the abrupt decrease of infrared transmittance without attenuation of
luminous transmittance at the transition into the metallic state (effective
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utilization of daylight) make VO2-based coatings a promising candidate
for thermochromic smart windows reducing the energy consumption of
buildings.

Magnetron sputter deposition with its versatility and the ease of
scaling up to large substrate sizes is probably the most important
preparation technique of thermochromic VOs-based coatings [6-9].
Note that magnetron sputter sources are used very frequently not only in
glass production lines (e.g., for deposition of low-emissivity coatings)
but also in large-scale roll-to-roll deposition devices [10-12] producing
coatings on ultrathin (0.02-0.20 mm) flexible glass or polymer foils.

To meet the requirements for large-scale implementation on building
glass (glass panes, or flexible glass and polymer foils laminated to glass
panes), VOs-based coatings should satisfy the following strict criteria
simultaneously: a maximum substrate temperature (T;) during the
preparation (deposition and possible post-annealing) close to 300 °C or
lower [6,7,13,14], Te close to 20 °C [15], an integral luminous trans-
mittance Ty, > 60% [16-18], a modulation of the solar energy

Received 27 June 2023; Received in revised form 1 September 2023; Accepted 24 September 2023

Available online 10 October 2023
0927-0248/© 2023 Elsevier B.V. All rights reserved.


mailto:vlcek@kfy.zcu.cz
www.sciencedirect.com/science/journal/09270248
https://www.elsevier.com/locate/solmat
https://doi.org/10.1016/j.solmat.2023.112570
https://doi.org/10.1016/j.solmat.2023.112570
https://doi.org/10.1016/j.solmat.2023.112570

M. Kaufman et al.

transmittance ATy > 10% [19-21], long-term environmental stability
[2,22-24], and a more appealing color [25,26] than usual yellowish or
brownish colors in transmission (smart window as seen from the inside).

However, usual approaches in the literature [5,16,27-31] are
focused on the optimization of Ty, and AT,y regardless of T; and Ty,
lowering T; using substrate bias voltage at the cost of making the
deposition process significantly less industry-friendly, lowering T, using
doping of VO, by other elements at the cost of much lower AT, or
choosing the thickness of antireflection (AR) layers (both below and
above thermochromic VO2-based layer) to optimize only Tjyy, (typically
utilizing the first-order interference maximum) regardless of ATl
Moreover, most studies about deposition of VO, films are limited to
experimental substrates (such as fused silica) and the transition to reg-
ular soda-lime window glass is still a challenge due to the problems with
sodium diffusion.

Reactive high-power impulse magnetron sputtering (HiPIMS) is a
promising scalable deposition technique for a low-temperature
(300-350 °C) preparation of thermochromic VO,-based films.
Recently, valuable results concerning the low-temperature HiPIMS de-
positions of undoped thermochromic VO, films have been presented
[13,14,18,22,32,33]. For example, a significantly higher environmental
stability of the VO, films prepared using HiPIMS than using a conven-
tional radio frequency (RF) magnetron sputtering was proved [22].
Here, it should be mentioned that HiPIMS techniques have the advan-
tage of using essentially conventional magnetron sputtering equipment,
while only replacing the power supply operating at a similar (not high)
average power. Thus, these techniques can be implemented into
large-scale deposition devices with various target geometries [34] (for
example, with new rotatable targets).

In our recent paper [35], we presented a scalable deposition tech-
nique used for a low-temperature preparation of high-performance
Zr05/V.982Wo01802/Zr0Oy  coatings on soda-lime glass (SLG). The
thermochromic Vi g50Wi 01502 layers were deposited by controlled
standard (the voltage pulse duration of 50 ps) HiPIMS of a V target,
combined with a simultaneous pulsed DC magnetron sputtering of a W
target (doping of VO, by W to reduce the transition temperature to Ty, =
20-21 °C without any degradation of thermochromic properties), at T,
= 330 °C in an argon-oxygen gas mixture. A simple, but very effective,
pulsed oxygen flow control made it possible to deliver a high power into
discharge pulses with a minimized microarcing on the target surface and
thus, to utilize two exclusive benefits of the reactive HiPIMS [36,37].
The first benefit is highly ionized fluxes of particles with many V* and
Vv2* jons onto the substrate, and enhanced energies and momenta of the
ions bombarding the growing W-doped VO, layers, allowing us to ach-
ieve the crystallinity of the thermochromie VO, phase in them at the low
T, = 330 °C and without any substrate bias voltage. The second benefit is
a very high degree of dissociation of the O; molecules injected into the
high-density plasma in front of the V target, allowing us to achieve the
required VO3 stoichiometry at a low compound (oxide) fraction in the
target surface layer. This is of key importance for process stability
(reduced microarcing on the target), for increased sputtering of V atoms
and for low production of O™ ions at the target [32]. A coating design
utilizing a second-order interference in the ZrO, AR layers was applied
to increase both Tim and ATy [39]. The ZrOs/Vg.osaWo.01802/Zr0O2
COﬁtil'lgS exhibited Thll]l = 59.4% and '&Tﬂﬂ = 5.5% for a V0.982w0.01802
thickness of 45 nm, and Ty, = 48.0% and AT,; = 10.4% for a
Vo_gszWo_omOz th.ickness Of 69 nm.

In our preceding paper [40], we reported on successful transfer of
this sputter technique for deposition of three-layer strongly thermo-
chromic ZrO,/W-doped VO,/ZrO, coatings on ultrathin (0.1 mm)
flexible glass from a laboratory-scale device with three (V, W and Zr)
planar magnetron targets to a large-scale roll-to-roll device with two
(W-doped V and ZrO,) rotatable magnetron targets. The thermochromic
W-doped VO, layers were prepared using a controlled standard (the
voltage pulse duration of 70-80 ps) HiPIMS at a deposition-averaged
target power density of 10-14 W ecm™ in both deposition devices.
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In this paper, we report on a scalable sputter deposition technique for
the preparation of strongly thermochromic YSZ/Vo.086Wo0.01402/YSZ
coatings, where YSZ denotes the Y-stabilized ZrO,, on conventional SLG
at T, = 350 °C and without any substrate bias voltage. The thermo-
chromic Vg.9gsWo.01402 layers were deposited using a controlled deep
oscillation magnetron sputtering (DOMS) of a single V-W target while
the YSZ AR layers were deposited using a controlled standard HiPIMS of
a single Zr-Y target. Here, it should be mentioned that the use of only
two composite targets is desirable for preparation of three-layer ther-
mochromie VO,-based coatings in large-scale deposition devices [40].
The DOMS is a modified version of HiPIMS with packages (macropulses)
of short high-power micropulses [41,42]. Our motivation to apply this
high-power discharge with short voltage pulses was to further increase
discharge stability during the deposition by minimizing the number of
microarcs on the V-W target and to utilize a different energetics of the
reactive  deposition  process (particularly at the higher
deposition-averaged target power density used, resulting in a high
deposition rate of the Vg 556 Wo,01402 layers) compared with that during
a standard HiPIMS deposition. Our motivation to apply the YSZ AR
layers instead of the ZrO, AR layers was to further improve the erys-
tallinity of the thermochromic VO, phase in the Vg g56W0 01402 layers,
as the bottom AR layers provide also a structure template for their
growth. In addition to the VO, stoichiometry, the microstructure
(particularly the degree of crystallinity and the size and orientation of
the W-doped VO, crystal grains) of the Vo9ssWo.01402 layer is very
important for the thermochromic performance (including ATy) of
coatings. A key importance of the microstructure of undoped VO, films
for a strong and sharp semiconductor-to-metal transition was shown
when they grew epitaxially on sapphire substrate (=200 nm thick VO,
films with a lateral size of the VO3 crystal grains larger than 150 nm
[43]) and on YSZ substrate [44].

The main aim of this study is to present the design, phase composi-
tion and microstructure, and optical properties of these high-
performance durable three-layer thermochromic VO,-based coatings
with a low transition temperature Ty = 33-35 °C, and to explain the
fundamental principles of the novel scalable deposition technique for
their fast preparation on conventional SLG at a low T, = 350 °C.

2. Experimental details
2.1. Deposition process

The V.986Wo.01402 layers were deposited using a strongly unbal-
anced magnetron source [45] with a directly water-cooled single V-W
(4.0 wt% corresponding to 1.14 at.%) target (99.95% purity, diameter of
100 mm and thickness of 6 mm) in a standard stainless-steel vacuum
chamber (diameter of 507 mm and length of 520 mm), which was
evacuated by a diffusion pump (2 m3™) backed up with a rotary pump
(30 m*h™Y). The base pressure before deposition was 1072 Pa. The sub-
strates (12 x 25 mm?) at the distance of 100 mm from the target were at
a floating potential. The substrate surface temperature, maintained
during the deposition by a built-in heating system, was 350 °C.

The magnetron was driven by a DOMS power supply (HIPIMS Cyp-
rium plasma generator, Zpulser Inc.). In this work, the macropulse
(composed of 10 micropulses) duration was 500 ps at a repetition fre-
quency of 640 Hz. The micropulse on-time was 26 ps at a repetition
frequency of 20 kHz within a macropulse (see Fig. 1). The deposition-
averaged target power density (averaged over the total target area)
was approximately 34 Wem™2,

Oxygen was admitted into the vacuum chamber via mass flow
controller and two corundum conduits. Two O, inlets with a diameter of
1 mm were placed symmetrically above the V-W target racetrack at the
same distance of 20 mm from the V-W target surface and oriented to the
substrate. The to-substrate O, injection into the dense plasma in front of
the sputtered target is very suitable for reactive HiPIMS depositions of
oxide films [46]. It leads to a substantially (2-3 times [46]) increased
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Fig. 1. Waveforms of the magnetron voltage (Uy) and the target current density (J.) for a 500 s macropulse composed of 10 micropulses (panel a) and for a
micropulse with the pulse-on time t,, = 26 us (panel b) during a deposition of the thermochromic Vg g5 Wo 01402 layers (Fiz. 2) at a deposition-averaged target power
density close to 34 Wem™ 2. Time evolution of the oxygen partial pressure (p.x) during the deposition is shown in the inset of panel a. A pre-selected critical value
(Pox)r = 87 mPa determining the switching-on and switching-off of the oxygen flow rate ®,; = 12 sccm is marked by dots. In the main panels, the dashed (blue) and
full (red) lines represent the waveforms (both U; and J,) measured at the minimum (indicated in panel a) and maximum p,, during the deposition, respectively. The

micropulse voltage-on time t:m = 6 ps and the voltage-off time t;E = 44 us as defined by the power-supply software are given in panel b.

loeal oxygen partial pressure in front of the O, inlets, compared with the
oxygen partial pressure (p,,) in the vacuum chamber, at a very high
degree of dissociation of O, molecules in the high-density plasma in front
of the target. As a consequence, the pox needed for preparation of stoi-
chiometric VO, layers can be very low, resulting in the required (for
process stability, for increased sputtering of V and W atoms, and for low
production of high-energy O™ ions) low compound (oxide) fraction in
the target surface layer.

The argon flow rate was 25 scem corresponding to par = 0.5 Pa, while
the total oxygen flow rate (®,,) in both conduits was not fixed but
alternating between 0 and 12 scem (see Fig. 1). The moments of
switching of the @, pulses were determined during the deposition by a
programmable logic controller using a pre-selected critical value of the
oxygen partial pressure (pox) = 87 mPa: when pox (£) <(Pox) e Pox =12
scem and when pox (2) > (Pox)er Pox =0 scem. The values of pyr and of
Par + Pox Were measured at the chamber wall using a high stability
capacitance manometer (Baratron, Type 127, MKS) with the accuracy
much better than 1%.

The used controlled sputter deposition technique made possible a
fast synthesis (53 nm/min) of the Vg 556Wo.01402 layers with a highly
crystalline thermochromic VO, phase on unbiased substrates (YSZ
layers on 1 mm thick SLG) at T; = 350 °C. The fundamental principle of
this technique is presented in Fig. 1, which shows the time evolution of
the voltage (Us (1)) and the target current density (J; (t)), averaged over
the total target area, during a deposition of the VggsWp 01402 layer. As
can be seen in Fig. 1, the waveforms of Uy () and J; () oscillate in a
dependence on the value of pox, being in the range from 33 mPa to 92
mPa (see Fig. 1a). The corresponding maximum target power densities
in a micropulse were 2100 Wem ™2 and 2600 Wem ™2, respectively. These
values are not equal to the product of the maximum |U; | and the
maximum J; owing to a delay in the maximum J; compared to the
maximum |Uy |. Let us recall that, in contrast with commonly used, more
complex, control systems, the pulsed oxygen flow control does not try to
keep a pre-selected constant value of p,, during the deposition but it
allows for a pre-selected interval of pyy. This is of key importance for
process stability, as we have no problems with inertia of the inlet system,

delay of valves and sensors, and hysteresis effects. The asymmetry in the
Pox (1) dependence presented in the inset of Fig. 1a is mainly due to a fast
closing and delayed opening of the 02 mass flow controller at the rela-
tively low @ox = 12 scem and a fast sputtering of the V (and W) atoms
from the target.

A detailed characterization of the complicated chemical and physical
processes on the sputter V-W target, in the discharge plasma and on the
surface of growing W-doped VO, layers, which determine the elemental
composition, structure and thermochromic properties of the layers
produced using this controlled deposition technique, are given in
Ref. [47].

The bottom and the top YSZ AR layers (see Fig. 2) were deposited
using a controlled standard HiPIMS onto substrates held at a floating
potential with the substrate surface temperature of 350 °C and below
60 °C (without any external heating), respectively. The lower deposition
temperature for the top AR layers was used to avoid oxidation of the
thermochromie Vo 936Wo.01402 layers, as the preparation of the whole
three-layer YSZ/Vo.086Wo0.01402 / YSZ coatings was not performed in the
same vacuum chamber. An unbalanced magnetron with a single Zr-Y
(9.0 wt% corresponding to 9.2 at.%) target (99.9% purity, diameter of
50 mm and thickness of 6 mm) was driven by a unipolar high-power
pulsed DC power supply (TruPlasma Highpulse 4002 TRUMPF Huet-
tinger) at por = 1 Pa and the pox oscillating between 25 mPa and 73 mPa.
In this work, the voltage pulse duration was 80 ps at a repetition fre-
quency of 500 Hz (duty cycle of 4%) and the deposition-averaged target
power density was 14 Wem™2. The target-to-substrate distance was 145
mm.

2.2. Coating characterization

The W content in the metal sublattice of Vi 556W.01403, i-€., 1.4 0.
2 at.%, was measured on a dedicated 800 nm thick layer on Si(100)
substrate in a scanning electron microscope (SU-70, Hitachi) using
wave-dispersive spectroscopy (Magnaray, Thermo Scientific) at a low
primary electron energy of 7.5 keV. The higher thickness of the dedi-
cated layer and the low primary electron energy collectively facilitate



M. Kaufman et al.

YSZ: AR layer, protection

179 nm, 2.08 <2.0x10°?
h '< 182 n 5sc< 2 06’

s50<_ <1.5x10°?

0.34

Mo 3o 2. 97 ko< 037

YSZ: AR layer, template

170 nm n 2.22
h<172 nm’ << 222

<1x10™*

besso < < 1x10™*

Soda-lime glass: substrate

1 mm, Negy = 1.53

Fig. 2. The three-layer thermochromic VO,-based coatings on a soda-lime glass
substrate investigated in this paper (not in scale; see TEM in Fig. 3 for a figure
which is in scale). Here, hy, h and h, represent the thickness of the bottom YSZ
layer, the thickness of the thermochromic Vg ggs Wy 01402 layer, and the thick-
ness of the top YSZ layer, respectively. The refractive index (ngsp) and extinc-
tion coefficient (kssp) at the wavelength of 550 nm of all layers were measured
at T, = 23°C.

using the bulk procedure for processing the data. Standard reference
samples for pure V, W and Fe,05 (Astimex Scientific Ltd.) were utilized.
The room-temperature crystal structure of both Vg g6 W 01402 and YSZ
was characterized by X-ray diffraction (XRD) using a PANanalytical
X'Pert PRO diffractometer working with a CuKa (40 kV, 40 mA) radia-
tion at a glancing incidence of 1°. The average size of coherently dif-
fracting regions of the VO3 (M1)/VO2 (R) phase was estimated from the
corrected full width at half maximum of the main VO, (M1),/VO, (R)
diffraction peak using the Scherrer equation. At first, the diffraction
peak was approximated by pseudo-Voigt function. Then, the calculated
value of the full width at half maximum was corrected for instrumental
broadening using a LaBg powder standard. The fine microstructure of
the YSZ/Vp.086W0.01402/YSZ coating was investigated by transmission
electron microscopy (TEM). Cross-section TEM samples were prepared
by mechanical grinding and polishing, followed by dimpling using a
Gatan Model 656 dimple grinder and Ar-ion milling in a Gatan Model
691 precision ion polishing system. Selected-area electron diffraction
(SAED) patterns, and TEM and HRTEM images were recorded in a
Hitachi H-9500 electron microscope that is attached with a Gatan SC-
1000 Orius CCD camera (4008 x 2672 pixels). The microscope was
operated at 300 keV with a lattice resolution of 1 A.

The thickness and room-temperature optical constants (refractive
index, n, and extinction coefficient, k) of individual layers were
measured by spectroscopic ellipsometry. The exactness has been
enhanced by characterizing each of the three layers separately, before
the deposition of the next one and assuming fixed properties of the layer
(s) below it. The transmittance (T) and reflectance (R) were measured by
spectrophotometer equipped by an in-house made heat/cool cell. The
measurement temperature (Ty,) was varied between Ty, = —20 °C and
Tmm = 70 °C (between the semiconducting and the metallic state of the
Vo.98sWo.01402 layer, respectively).

The coating performance is quantified by means of integral luminous
transmittance, reflectance and absorption (Tiyy, Riym and Ay, respec-
tively), their modulations (ATjyy,, ARy and AAyy,), integral solar en-

Solar Energy Materials and Solar Cells 263 (2023) 112570

ergy transmittance, reflectance and absorption (T, R and Agy,
respectively) and again their modulations (ATsol, ARsol and AAge). The
quantities are defined as

Tum(T ) - (])
‘ [ Pun(M0i ()2
ﬁThlm = Tlum(Tms) - Thlm(Tmm)f (2)
i @M T (T, )2
Tus(T) = 320 P (WT T )02 &)
B fao” (M)
aTm] = Tm](Tms) - Twl(Tmm)f (4)

and similarly for R and A, where @, is the luminous sensitivity of
human eye and ¢, is the solar irradiance spectrum [48]. The presented
Tium is equal 0 [Tium (Tms) + Tium (Tmm)]/2-

3. Results and discussion
3.1. Coating design

The overall idea behind the design of the presented coatings is
indicated by referring to them as YSZ/Vo.086Wo0.01402/YSZ, see Fig. 2
(design itself) and Fig. 3 (example of its successful realization). In order
to demonstrate the trade-off between Ty, and ATy, the design has been
realized at two different thicknesses of the thermochromic (TC) layer: h
= 37 nm and 67 nm (values inside the range where this trade-off takes
place [31]). The qualitative benefits of this design include: (i) the
aforementioned growth template role of the bottom YSZ layer, (ii) a
protective role (against both mechanical and chemical damage) of the
top YSZ layer, and (iii) an antireflection role of both YSZ layers. In order
to fully utilize the third role and to optimize (at a given h) Ty, as well as
ATy, the design has to be properly quantified.

First, the achievable transmittance (upper envelope of the interfer-
ence curve) is maximized when the AR layer has its refractive index
between (in a first approximation ideally the geometric mean) those of
the materials around it. The numbers in Fig. 2 confirm that this
requirement is well fulfilled by the AR layers used: nsso of the bottom
YSZ (2.22) is between nssp of the TC layer (2.95-2.97 below Ty) and nssg
of glass (1.53), and nsg of the top YSZ (2.06-2.08) is between ngsg of the
TC layer (2.95-2.97) and nsgp of air (1.00). Note that lowering the
deposition temperature of the top YSZ layer is beneficial not only
because it makes the process more industry-friendly, but also because
the consequently lowered nssp approaches its ideal value. Second, the
AR layers should be as transparent as possible. This is completely

Fig. 3. Cross-section TEM image of the YSZ (172 nm)/V g gg6 Wp 01402 (67 nm)/
YSZ (182 nm) coating on 1 mm thick soda-lime glass substrate.
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fulfilled by the bottom YSZ (ksso < 10™*), and largely fulfilled by the top
YSZ (ksso < 1.5-2.0 x 1073). N evertheless, the finite kssp of the top YSZ
(prepared at a lower temperature and on a different template than the
bottom YSZ) probably lowers Ty, by 3% (at h = 67 nm) to 6% (at h = 37
nm). In other words, the presented pairs of Ty, and AT, constitute,
despite being kind of record, a lower bound of the potential of the
presented coating design and deposition technique. Third, Ty, is
maximized when T(%) approaches its upper envelope around A = 550
nm. This is achieved by proper thickness of the AR layers, in the first
approximation 1/4 nsso (first-order maximum), 34/4 nssp (second-order
maximum), etc. The key thing to note is that while the first-order
maximum in the visible does not lead to anything special in the
infrared, the second-order maximum in the visible leads to a first-order
maximum in the infrared where most of the energy saving takes place.
Higher T(3) in the infrared leads to its higher modulation and in turn to
higher AT at about the same Tium (shown graphically in Ref. [39]).
The YSZ thicknesses leading to the second-order interference maximum
in the visible have been optimized using measured properties of indi-
vidual layers and an in-house code based on the transfer matrix
formalism. In particular, second-order AR layers with thicknesses hy =
170-172 nm (bottom YSZ) and h, = 179-182 nm (top YSZ; the product
of higher thickness and lower nss, leads to the same optical path length)
have been utilized.

3.2. Phase composition and microstructure

The XRD patterns of the bottom YSZ (172 nm) AR layer, of the two-
layer thermochromic YSZ (172 nm),/ Vg 986 Wo.01402 (67 nm) coating,
and the three-layer thermochromie YSZ (172 nm)/ V936 Wo0.01402 (67
nm)/YSZ (182 nm) coating are shown in Fig. 4. As can be seen, the YSZ
AR layers are well crystalline, see the strong narrow peaks close to the
reported positions of a tetragonal Yo 06Zro.9401.97 phase (PDF # 04-021-
9607 [49]). This confirms the aforementioned second role of the bottom
AR layer as a structure template improving the crystallinity of the
thermochromic W-doped VO, layer. Regarding the thermochromic
Vo.986Wo0.01402 layer, the most important piece of information is that
there are not detected any contributions from undesired
non-thermochromic polymorphs, such as VO;(B) or VO,(P), and
non-thermochromic phases with slightly different stoichiometries from
VOo, such as V9017 or Vg0is. All peaks are identified as diffraction
peaks of either the low-temperature monoclinic VO2(M1) phase (PDF #
04-003-2035) or the high-temperature tetragonal VO, (R) phase (PDF #
01-073-2362). These two thermochromic phases are difficult to distin-
guish and they are actually expected to be present simultaneously
because the measurement temperature Ty = 25 °C is close to the tran-
sition temperature Ty = 33 °C of the investigated coating (as shown
later). See, e.g., the strongest peak around 2@ = 27.8° corresponding
well to theoretical positions of the VO, (M1)(011) planes and the VO,
(R)(110) planes with 2@ = 27.80° and 27.91°, respectively. The size of
coherently diffracting regions of the thermochromic VO, (M1)/VO, (R)
phase, estimated from the width of this main VO, (M1)/VO2 (R)
diffraction peak, is 36 nm. Note that almost no difference in the size of
coherently diffracting regions was observed for the Vg g56 W 01405 layer
with the thickness of 37 nm, but the accuracy of the estimation was
decreased owing to a lower signal-to-noise ratio.

Fig. 5 presents cross-section HRTEM images and a SAED pattern
taken from the YSZ (172 nm)/V986Wo0.01402 (67 nm)/YSZ (182 nm)
coating. As can be seen in Fig. 5a, the Vp956Wo.01402 layer exhibits a
compact erystal structure with different sizes and orientations of VO2
crystal grains which are interconnected via amorphous nanodomains
with a size of ~1-2 nm formed along the VO, grain boundaries. Note
that a brighter contrast on the image represents a less dense material in
the amorphous nanodomains and in some parts of the VO, grains. These
amorphous nanodomains are narrower compared to those formed along
the VO, grain boundaries in the thermochromic Vo.984Wo.01602 layer of
Zr05 [V 984Wo.01602/ZrOy coating [50], investigated in our recent
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Fig. 4. X-ray diffraction patterns taken at T,, = 25°C from the YSZ (172 nm)/
Vio.086 Wo01402 (67 nm)/YSZ (182 nm) coating on a 1 mm thick glass substrate.
For comparison, the X-ray diffraction patterns from the corresponding YSZ
(172 nm) layer and YSZ (172 nm)/Vo.0a5 Wo.01402 (67 nm) coating on the same
substrate are given. The main diffraction peaks of VO2 (R), VOz (M1) and YSZ
(tetragonal Y 0.06 2r0.0401.97) are marked.

paper (see the consequently improved quantified coating performance
in the next section). The d-spacing of the lattice fringes related to the
large crystal grain on the left side of the image (see Fig. 5a) is about 3.20
A corresponding to the monoclinic VO, (M1)(011) planes [49] withd =
3.21 A or the tetragonal VO2 (R)(110) planes with d = 3.19 A. Note that
a vertical dimension of this erystal grain is much larger than 30 nm. The
d-spacing of the lattice fringes related to the crystal grain on the bottom
right is about 2.32 A corresponding to the monoclinic VO, MD(1 2)
planes with d = 2.31 A, and the d-spacing of the lattice fringes related to
the crystal grain on the top right is about 2.15 A closely corresponding to
the monoclinic VO, (M1)(212) planes with d = 2.15 A or the tetragonal
VO3 (R)(111) planes withd = 2.14 A (see agreement with Fig. 4). Fig. 5b
shows the erystal structure of the bottom YSZ layer formed by tetragonal
YSZ crystal grains. It is much more compact (very narrow amorphous
boundary regions) than that of bottom ZrO, layer in the aforementioned
ZrO5/V.98aWo.01602/Zr0Oy coating [50] comprising monoclinic and
tetragonal ZrOs crystal grains. The d-spacing of the lattice fringes
related to most of the YSZ crystal grains in the image is about 2.98 A
corresponding to the YSZ (101) planes with the same d = 2.98 A. The
d-spacing of the lattice fringes related to the YSZ crystal grains on the
top of the image is about 2.57 A corresponding to the YSZ (110) planes
with d = 2.57 A and possibly (small contribution) also to the YSZ (002)
planes with d = 2.61 A (see Fig. 4). Fig. 5c presents a SAED pattern taken
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Fig. 5. Cross-section HRTEM images taken from central parts of the
VoossWo01402 layer (a) and the bottom YSZ layer (b) in the
YSZ (172 nm)/Vo.086 Wo0.01402 (67 nm)/YSZ (182 nm) coating on 1 mm thick
glass substrate. SAED pattern taken from the bottom YSZ layer (¢) with the d-
spacings of the diffraction rings or spots 1, 2, 3, 4, 5, 6 and 7 equal to 2.98 :&,
2.61 A, 2.57 A, 2.12 A, 1.82 A, 1.57 A and 1.48 A, respectively.
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from the YSZ layer shown in Fig. 5b. The d-spacings and intensities of
the diffraction rings and spots match almost perfectly the diffraction in
the PDF [49] of the tetragonal Yp geZrp.9402 phase (see the excellent
agreement with Fig. 4). The diffraction rings 1 and 3 with the measured
d=2.98 A and 2.57 A, respectively, are related to the aforementioned
YSZ (101) planes with the same d = 2.98 A and YSZ (110) planes with d
= 2.57 A. The diffraction ring 5 with the measured d = 1.82 A corre-
sponds to a superposition of the YSZ (200) planes with d = 1.82 A and
the YSZ (112) planes with d = 1.83 f\, while the diffraction ring 6 with
the measured d = 1.57 A corresponds to a superposition of the YSZ (103)
planes with d = 1.57 A and the YSZ (211) planes with d = 1.55 A. The
diffraction spots 2, 4 and 7 with the measured d = 2.61 A, 212 A and
1.48 A, respectively, are related to the YSZ (002) planes with the same d
= 2.61 A, the YSZ (102) planes with d = 2.12 A (not observed in Fig. 4)
and the YSZ (202) planes with d = 1.49 A.

3.3. Thermochromic properties

The thermochromic performance of YSZ/Vo.986W0.01402/YSZ coat-
ings is quantified in terms of Tir (Fig. 6), spectral quantities (Fig. 7) and
integral quantities (Fig. 8 and Table 1). Fig. 6 shows that the usage of a
single (i.e., industry-friendly) V-W target allowed us to incorporate W
into the metal sublattice of VOs; and to decrease Ty from 56 to 57 °C
(sputtering of pure VO, in the same device [36,37]) to 33-35 °C. This is
still above the desired room temperature, partially due to the growth
conditions during HiPIMS of the top YSZ layer: a preliminary analysis
indicates that these conditions led not only to the suboptimum micro-
structure and kssg of YSZ, but also to an enhancement of Ty by up to
5 °C. However, V-W targets of other compositions can be used in the
future to achieve Ty, of =20 °C, similarly to what we already achieved
[35] by sputtering V and W from two different targets. Other functional
properties (arguably affected by the presence of crystals of different sizes
in polyerystaline Vo086Wo0.01402) shown in Fig. 6 are the width of the
middle section (=~ 13°C) and the total width of the hysteresis loop.

The spectral transmittance of YSZ/Vgo56Wo0.01402/YSZ coatings is
shown in Fig. 7a, which allows one to note numerous features. The first
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Fig. 6. Temperature (T,,) dependence of the transmittance (Tagg) at 2500 nm
for the YSZ (170 nm)/Vo.086Wo,01402 (37 nm)/YSZ (179 nm) coating (full lines)
and the YSZ (172 nm)/Vg 926 Wo.01402 (67 nm)/YSZ (182 nm) coating (dashed
lines) deposited onto 1 mm thick glass substrates (Fig. 2). The transition tem-
peratures (T,;) are also given.
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Fig. 7. Spectral (a) transmittance (T), (b) reflectance (R) and (c) absorption (A)
at an angle of incidence of 7° for the YSZ (170 nm)/Vg 086 Wo.01402 (37 nm)/
YSZ (179 nm) coating (full and dashed lines) and the YSZ (172 nm)/
Vo_gngo_oHOQ (6? Dm)/YSZ (182 l'].l]l] coati.ng [dash—dotted and dotted l.l.[leﬂ)
on 1 mm thick glass substrates at Ty, = —20°C (full and dash-dotted lines) and
Tmm = 70°C (dashed and dotted lines). The contours of the shaded areas
represent the luminous sensitivity of the human eye (g,,) and the sea-level
solar irradiance spectrum at an air mass of 1.5 (¢,4), normalized to maxima
of 100%.

Solar Energy Materials and Solar Cells 263 (2023) 112570

Réquired values - 14

12
410

Transmittance, T, (%)
Modulation AT, (%)

Fig. 8. The average luminous transmittance (Tiym) and the modulation of the
solar energy transmittance (AT.y) for the YSZ (170 nm)/VgossWo.01402 (37
nm)/YSZ (179 nm) coating and the Y5Z (172 nm)/V .06 Wo.01402 (67 nm)/YSZ
(182 nm) coating (full symbols) on 1 mm thick glass substrates. For comparison,
the T, and AT, for the corresponding YSZ (170 nm)/V gps Wo 01402 (37 nm)
coating and the YSZ (172 nm)/ Vg g6 Wg.01402 (67 nm) coating (empty symbols)
on the same substrates are given. The shaded area represents the required
values for smart-window applications.

of them is the nature of the thermochromic transition in itself: T(})
modulation in the infrared at almost preserved T(3) in the visible (a
significant advantage over market-available electrochromic coatings).
Second, there is the desired interference maximum in the visible,
maximizing Tjyy. Third, this second-order maximum in the visible is
accompanied by a first-order maximum in the infrared (at roughly 3
times longer wavelength), leading to enhanced A T,yj. Fourth, there is the
first fingerprint of the trade-off between Ty, (higher T(A) in the visible
at h = 37 nm) and AT (higher T(1) modulation in the infrared at h =
67 nm). Fig. 7b shows the spectral reflectance, and confirms the func-
tionality of the AR layers (despite the only approximately optimum n of
YSZ): the minima around ~550 nm and ~1600 nm approach zero. There
is a complicated R(A) modulation outside the positions of these minima:
combination of the facts that the transition from VO, (M1) to VO, (R)
leads not only to enhanced k but in most of the wavelength range (except
at the longest 1) also to lower n [51]. Fig. 7c shows the spectral ab-
sorption, i.e., the complement of T(4) and R(A) to 1. While the transition
from VO, (M1) to VO5 (R) leads to enhanced A(A) in most of the
wavelength range, the most pronounced A() modulation takes place in
the near infrared, around the first-order minimum of R(2) where the AR
layers increase the amount of light which can be absorbed.

The quantified performance (Table 1) of the YSZ (170 nm)/
Vo.986W0.01402 (37 nm)/YSZ (179 nm) coating includes Ty, around
64.5% with almost no modulation (higher Ay, above Ty, is compensated
by lower Ry, ) and ATy, of 7.8% (complement of ARy, of 3.1% + AAgy
of —10.9%). The quantified performance of the YSZ (172 nm)/
Vo.986W0.01402 (67 nm)/YSZ (182 nm) coating includes Ty, around
46.1% with a slight modulation (AT, of 5.1% resulting from AAy,y, of
—5.3%) and AT, of 13.2% (complement of AR, of —2.9% + AAg, of
—10.3%). Note that the energy saving achieved using these coatings
which include AR layers is predominantly (at h = 67 nm) or only (ath =
37 nm) due to the absorption (close to the outer window surface, leading
to its enhanced blackbody radiation), not due to the reflection. This is
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Table 1
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The luminous and solar transmittance (T, (T ) and T, (Ty,), respectively), reflectance (Ryy(Ty) and R,y (T, ), respectively) and absorption (A, (Ty) and A (Ty),
respectively) measured at Ty, = —20°C and T = 70°C, together with the corresponding modulations A Ty, , ARy, and AA,, ., and AT, , AR, and AA_, for the YSZ
(170 nm)/ Vg 986 Wo.01402 (37 nm)/YSZ (179 nm) coating and the YSZ (172 nm)/V 086 Wo.01402 (67 nm)/YSZ (182 nm) coating on 1 mm thick glass substrates.

h (nm) Tz (Tma) (%) Tz (T ) (%) ATy, (%) Tot (Toa) (%) Too1 (Toam) (%) AT, (%)
37 64.3 64.7 —0.4 57.9 50.1 7.8

67 48.6 43.5 5.1 43.5 30.3 13.2

h (nm) Rium (Tma) (%) Riz (Tum) (%) ARy (%) Reol (Tems) (%) Rl (Toam) (%) AR (%)
37 7.6 4.0 3.6 10.9 7.8 3.1

67 6.4 6.2 0.2 15.9 18.8 -2.9

h (nm) At (Teaa) (%) Atz (T ) (%) AAps (%) Asal (Tma) (%) Al (Tam) (%) AA, (%)
37 28.1 31.3 -3.2 31.2 42.1 -10.9
67 45.0 50.3 -5.3 40.6 50.9 -10.3

contrary to the common knowledge which is relevant for the single VO,
layers.

The importance of AR layers for the coating performance is further
illustrated in Fig. S, where the aforementioned Tium and A Ty values are
compared with those measured before the deposition of the top second-
order AR layer. The addition of this overlayer improves Ty, from 50.2%
to 64.5% (at h = 37 nm) or from 40.9% to 46.1% (at h = 67 nm), and at
the same time it improves AT, from 5.7% to 7.8% (at h = 37 nm) or
from 8.9% to 13.2% (at h = 67 nm). Although this improvement is large,
the finite k of the top YSZ layer (Fig. 2) makes it only the lower bound of
the achievable one.

Fig. 9 compares the performance of both presented sputtered
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Fig. 9. The average luminous transmittance (7)) and the modulation of the
solar energy transmittance (AT.y) achieved in this work (full circles) and re-
ported in the literature [20,21,35,52] (empty symbols) for VO;-based coatings
with a transition temperature T,< 38°C prepared on glass substrates using
magnetron sputter deposition. The labels denote a maximum substrate tem-
perature during the preparation (deposition and possible post-annealing) of the
coatings and their transition temperature (both in °C), with the reference
number in the superscript. The shaded area represents the required values of
Tium and AT, for smart-window applications. A trade-off line (dotted) between
Tium and AT, for the state-of-the-art coatings is also shown.

coatings (Table 1) with that of other VO,-based thermochromic coatings
prepared by various sputtering techniques in various laboratories. Let us
emphasize that the figure captures all the key criteria of success: Ty,
ATsol, Ter and maximum substrate temperature. This is unlike that part of
the literature where the research and the evaluation of its results is
focused on an improvement of only some of these quantities at the cost
of the other ones, or where some of these quantities such as Ty are not
reported at all. The figure takes into account only those sputtered
coatings which exhibit Ty < 38 °C. In the V95W0,0202 (100 nm)/
Sn05(50 nm) and Vg g755r0.11sWo.00902 (100 nm)/Sn05(50 nm) coat-
ings, both on quartz glass, the thermochromic VOs-based layers were
deposited using RF magnetron sputtering of a single V-W and V-Sr-W
target, respectively, in an argon-oxygen gas mixture at a substrate
temperature of 450 °C [20]. The V.95Wo.0202/Sn02 coating exhibited
Tlm = 35.3% and AT&}I = 6.0% while the Vo_msro_IIQWg)_oogOg/SﬂOQ
coating exhibited Ty, = 61.4% and ATy, = 5.2%. The Vg g31Fep 06902
(145 nm), Vooo2Fepo9s02 (147 nm) and VossoFep12002 (148 nm)
coatings were prepared on glass (not specified) substrates using DC
magnetron sputtering of a single V-Fe target in an argon-oxygen gas
mixture at a substrate temperature of 60 °C, with an additional in-situ
annealing at 450 °C for 30 min in oxygen [21]. The successive in-
crease in the Fe content from 6.9% to 12.0% resulted in a corresponding
increase of Tjum from 34.3% to 36.8%, but also in a corresponding
decrease of the relatively high AT, from 14.6% to 11.3%. The same
process, but with a single V-Fe-Mg sputter target, was applied to pre-
pare  the  VogrsFeo002Mgo 03002  VosasFeoos2Mgoo702  and
Vo.7s9Fe0.002Mgg 11502 coatings with a thickness of approximately 150
nm on glass substrates [52]. The successive increase in the Mg content
from 3.0% to 11.9% resulted in a corresponding increase of Tyyy from
42.1% to 48.9%, but also in a corresponding decrease of AT, from
12.8% to 3.9%. For comparison, the values of Ty, = 59.4% and ATy =
5.5%, and Tum =48.0% and AT =10.4% for the ZrO»(180
nm)/VoossWo1s02 (45 nm)/ZrO,(180 nm) and ZrO,(180
nm)/VpeeaWo01802 (69 nm)/ZrO»(180 nm) coatings, respectively,
prepared on SLG in our laboratories recently [35], are also given in
Fig. 9. It can be seen that the presented coating design (in the first place
the choice of the template layer) and the industry-friendly low--
temperature high-rate deposition technique allowed us to achieve
further progress and to move the line representing the h-induced
trade-off between Ty, and AT, further toward the area of required
values denoted in the top right corner. This also constitutes an indirect
confirmation that this deposition technique allowed us (once again
contrary to claims in part of the literature) to lower T, by W doping
without concessions in terms of Ty, and/or ATg,.

4. Conclusions
We have presented and explained a scalable deposition technique for

the preparation of high-performance thermochromic YSZ/
Vo0.086W0.01402/YSZ coatings on soda-lime glass at a relatively low
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substrate surface temperature (350 °C) and without any substrate bias
voltage. The high-rate deposition (53 nm/min at the target-to-substrate
distance of 100 mm) of the highly crystalline thermochromic
Vo.986W0.01402 layers, containing only the monoclinic VO, (M1) and/or
the tetragonal VO, (R) crystal grains, was performed using a controlled
deep oscillation magnetron sputtering of a composite V-W target. The
compact antireflection YSZ layers, containing only the tetragonal YSZ
crystal grains, were deposited using a controlled standard HiPIMS of a
composite Zr—Y target. The YSZ/V.986Wo.01402/YSZ coatings exhibit a
transition temperature of 33-35 °C at Tjyy, = 64.5% and AT,y = 7.8% for
a Vu_gaﬁWu_uHOz tthkIleSS Of 37 nm, and T]um = 46.1% and .ﬁTm[ =
13.2% for a Vg,ga6Wo.01402 thickness of 67 nm. Such a combination of
properties, together with the relatively low deposition temperature, has
not yet been published by other teams for thermochromic VO,-based
coatings prepared by a deposition technique which is compatible with
existing magnetron sputtering systems in glass production lines and in
roll-to-roll deposition devices.
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