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ABSTRACT

Thermochromic coatings based on vanadium dioxide exhibit great potential in various fields, including smart energy-saving windows
with temperature-dependent transmittance in the infrared at preserved transmittance in the visible. However, these promises come with
challenges concerning the low-temperature preparation of high-quality crystalline VO2-based films by industry-friendly techniques and the
simultaneous optimization of all coating characteristics, such as thermochromic transition temperature, luminous transmittance, and modu-
lation of solar energy transmittance. This Perspective outlines these challenges, highlights the recent progress in the field of design and reac-
tive magnetron sputtering of thermochromic coatings, explains the physics that allowed this progress, and provides ideas and
recommendations for future research. A combination of the advantages of controlled high-power impulse magnetron sputtering with the
not yet fully experimentally utilized multilayered designs constitutes the main reason why further progress is anticipated in the future.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0084792

I. INTRODUCTION AND BACKGROUND

Thermochromic materials are smart materials characterized by
a strongly temperature-dependent optical response, most importantly
in the visible (change in color) and/or in the near infrared (change
in solar energy transmittance and reflectance). The latter case is of
particular importance in the era of worldwide interest in energy-
saving applications. The recent research is characterized by a dramat-
ically enhanced interest in the preparation of functional coatings
based on thermochromic materials using various techniques, includ-
ing magnetron sputtering [Fig. 1(a)], and by a focus on vanadium
dioxide, which has almost become a synonym for thermochromic
material in this field. In particular, the database Web of Science
indexes at least 645 papers dealing with sputtered thermochromic
coatings,1 including 620 papers dealing with VO2.

2–44 More than
half of these papers were published in 2015–2021.

Vanadium dioxide is a thermochromic material that exhibits
a reversible transition between a low-temperature monoclinic
(distorted rutile) semiconducting phase VO2(M1) and a high-
temperature tetragonal (perfect rutile) metallic phase VO2(R).

45

This transition takes place at 68 °C (bulk VO2),
46 or more impor-

tantly around ≈50–60 °C (many thin films of VO2),
37 and can be

shifted to ≈20 °C at a preserved strength of the transition by

doping.40 The transition from the semiconductor to the metal, or
more specifically, the enhanced concentration of free charge
carriers resulting from closing the bandgap, leads to a strong
modulation of optical constants [Figs. 1(d) and 1(e)] and other
properties, ranging from enhanced absorption and reflectance at
lowered transmittance to enhanced electrical conductivity and
electronic part of thermal conductivity. This leads to numerous
applications, including, probably at the first place, reducing the
energy consumption by controlling the heat fluxes through smart
windows [Figs. 1(f ) and 1(g)].47–49 Note the qualitative advantage
over many market available electrochromic coatings not only in
terms of simplicity, but also due to the fact that the energy saving
takes place primarily in the infrared. The exact transmittance
modulation in the visible apparently depends on the exact com-
position and preparation technique, but in any case, it is relatively
small. Applications in the fields of thermally activated switches
and actuators, temperature and infrared sensors, or smart radia-
tors are of interest as well.50–52

Reactive magnetron sputter deposition with its versatility and
the potential of scaling up to large substrate sizes is probably the
most important preparation technique of VO2-based thermochro-
mic coatings.7,8,53,54 The previous efforts utilized all main versions
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of this technique, ranging from frequently used dc sputtering,2–10 rf
sputtering,11–29 and high-power impulse sputtering (HiPIMS)30–41

to rf-superimposed dc sputtering,42 inductively coupled plasma
assisted sputtering,43 or ion beam sputtering.44 The advantages of
sputtering and other physical vapor deposition techniques over the
techniques utilizing, e.g., the hydrothermal synthesis of nanoparti-
cles or the sol–gel process are arguably even more important in the
case of multilayered coatings including antireflective layers, which
require a precise thickness control of individual layers.

However, there are phenomena and requirements (including
those shared by all preparation techniques) that make the sputter-
ing of VO2 challenging. First, the thermodynamically preferred
composition under oxygen-rich conditions is not VO2 but V2O5.
The former composition is only one of many vanadium
suboxides46,54–56 such as V3O7, V4O9, V6O13 (Magneli series
VnO2n+1), VO2, V9O17, V8O15, V7O13, V6O11, V5O9, V4O7, V3O5

(Wadsley series VnO2n−1), V2O3, V4O5, or VO [Fig. 1(b)]. Thus, it
is necessary to deliver almost exactly the right amount of oxygen
into the films. Second, the films are thermochromic only when
they are crystalline, and the film quality increases with increasing
crystal size and decreasing width of the distribution of crystal sizes.
Thus, it is necessary to deliver sufficiently high energy and momen-
tum into the films, without making the process complicated for the

industry by utilizing substrate bias voltage or a too high preparation
temperature. Third, even at guaranteed composition and crystallin-
ity, there are numerous VO2 polymorphs,57 including not only
thermochromic VO2(M1⇔ R) but also non-thermochromic
VO2(M2), VO2(A), VO2(B), VO2(D), or VO2(P) [to list only the
most important ones; Fig. 1(c)]. The relative importance of these
polymorphs is enhanced by the efforts to lower the preparation
temperature. For example, traces of VO2(P)

58 and VO2(B)
34 were

found in thermochromic films prepared at 300–330 °C, while at ≈350
and ≈475 °C, respectively, both these phases irreversibly convert to
VO2(R). A case can be made that in parallel to the environmental
motivation, the interest in the reactive magnetron sputtering of sub-
stoichiometric VO2 is also a natural step that follows mastering59–66

the reactive magnetron sputtering of technologically important stoi-
chiometric oxides such as Al2O3, TiO2, ZrO2, HfO2, or Ta2O5.

On the plus side, there are also positives that facilitate the
sputtering of thermochromic VO2(R) (the high-temperature poly-
morph is that which grows at usual deposition temperatures, while
it converts to VO2(M1) during the post-deposition cooling). First,
VO2(R) has a simple primitive cell and its growth is apparently
kinetically easier than the growth of compositionally similar phases
such as V6O13 or V9O17. Thus, the narrow range of allowed oxygen
partial pressures is nevertheless wider than what would correspond

FIG. 1. (a) Enhanced interest in (predominantly VO2-based) sputtered thermochromic coatings in terms of the number of papers indexed by the Web of Science.
1 (b) VO–

VO2.5 phase diagram
55 with phases included in the Magneli and Wadsley series shown in blue and in green, respectively. Reproduced with permission from Kang, J. Eur.

Ceram. Soc. 32, 3187 (2012). Copyright 2012 Elsevier Ltd. (c) The most important polymorphs of VO2 and the transformations between them.57 Reproduced from Zhang
et al., Nanomaterials 11, 338 (2021), licensed under a Creative Commons Attribution (CC BY) license. (d) and (e) Temperature-dependent dispersion of the refractive
index, n, and the extinction coefficient, k, respectively, of sputtered VO2.

35 Reproduced with permission from Houska et al., Appl. Surf. Sci. 421, 529 (2017). Copyright
2016 Elsevier Ltd. ( f ) and (g) Schematic of the functionality of the energy-saving window on cold and hot days (below and above the thermochromic transition tempera-
ture), respectively.67 Reproduced with permission from Warwick et al., J. Solid State Chem. 214, 53 (2014). Copyright 2013 Elsevier Ltd.
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to the tiny compositional differences between these phases. Second,
the thermochromic layers are usually thin (<100 nm), which allows
a wide range of acceptable deposition rates.

The aim of this Perspective is to highlight the recent progress
in the field of design and reactive magnetron sputtering of
VO2-based thermochromic coatings, to explain the physics that
allowed this progress, and to provide ideas and recommendations
for future research. The Perspective is complementary to recent
(2018–2021) reviews49–53,57,68,69 by focusing only on selected ideas
concerning this single preparation technique (omitting, e.g., hydro-
thermal synthesis or sol–gel, except as an inspiration about the
coating design) and on those coating designs that are most relevant
for it (omitting, e.g., VO2/organic or core–shell structures) but
going much deeper in this narrower field. The Perspective starts in
Sec. II by an overview of the quantities used in this field and
selected details on their measurement or calculation procedures
and required values. Section III (Figs. 2 and 3) deals with the reac-
tive sputtering of VO2 in itself, with a particular attention paid to
utilizing the advantages of controlled reactive high-power impulse
magnetron sputtering (HiPIMS). Section IV is devoted to various
ideas that allow one to employ more complex sputtering protocols
and to improve coating properties compared with pure VO2,
ranging from doping (Fig. 4) through interference layers (Figs. 5–7,
including designs not yet utilized experimentally) to plasmon
resonance (Fig. 8) and low-emissivity coatings (Fig. 9).
Section V (Fig. 10) presents the utilization of several of these ideas
(moving from pure VO2 to antireflective template layer/doped VO2

layer/antireflective protective layer) in a single state-of-the-art reac-
tively sputtered coating. Finally, a summary and outlook for possi-
ble future developments is provided in Sec. VI.

II. QUANTITIES OF INTEREST AND CRITERIA
OF SUCCESS

There are numerous quantities that are frequently reported in
this field for different purposes, usually as a function of measure-
ment temperature, Tm, and in some cases also wavelength, λ, and
angle of incidence, AOI (below this is 0° if not stated otherwise).
Values at a specific λ are denoted by λ in the subscript. The main
quantities of interest are as follows:

(i) Spectral dependence of the refractive index, n(λ), and
extinction coefficient, k(λ); useful for comparative purposes
(⇔ independent of film thickness) and as an input of optical
modeling during coating design.

(ii) Spectral dependence of the transmittance, T(λ), reflectance,
R(λ), and absorption, A(λ); easy to measure, but less useful
for comparative purposes due to the dependence on film
thickness; necessary as an input for calculating the integral
quantities (see next).

(iii) Integral luminous transmittance, Tlum, (and similarly for
Rlum and Alum) calculated as

Tlum ¼
ð780
380

wlum(λ)wsol(λ)T(λ, Tm)dλ

�ð780
380

wlum(λ)wsol(λ)dλ,

where wlum is the luminous sensitivity of the human eye and
wsol is the solar irradiance. Sometimes given without wsol (⇔

λ-independent illuminant rather than solar illuminant), which,
however, leads to similar results due to a weak wsol(λ) depen-
dence in the visible.

(iv) Integral solar energy transmittance, Tsol, (and similarly for
Rsol and Asol) calculated as

Tsol ¼
ð2500
300

wsol(λ)T(λ, Tm)dλ

�ð2500
300

wsol(λ)dλ:

(v) Modulation of the integral quantities, i.e.,

ΔTlum ¼ Tlum(Tm , Ttr)� Tlum(Tm . Ttr) and

ΔTsol ¼ Tsol(Tm , Ttr)� Tsol(Tm . Ttr)

(and similarly forΔRlum, ΔAlum, ΔRsol and ΔAsol):

(vi) Transmittance modulation at λ = 2500 nm (the upper bound
of common InGaAs detectors), ΔT2500. This is worthy of
mention because of the contrast between how often is it
reported (apparently due to its high value) and how little
does it tell (in the case of interference on multilayers, the
dependence between ΔT2500 and ΔTsol is not even
monotonic).39

(vii) Electrical resistivity, ρ, and its modulation (Δlog ρ rather
than Δρ); a key property for non-optical applications
(together with thermal conductivity, related to it via
Wiedemann–Franz relation); at the same time, another
thickness-independent quantity that is useful for comparative
purposes (contrary to sheet resistance). However, the
strength of the semiconductor–metal transition should not
be confused (by evaluating Δlog ρ in too wide Tm range) with
the exponential dependence of the ρ of semiconductors on
Tm due to excitation. The electrical resistivity is less relevant
when VO2 is overlapped by an insulating antireflection layer.

(viii) The crucial thermochromic transition temperature, Ttr. The
transition is identified using the maximum derivative (more
frequently) or half of the total change (less frequently) of
numerous quantities, ranging from T2500 or R2500 through
log ρ to enthalpy. Characterizing the same coating using dif-
ferent quantities leads to Ttr values that are similar (in most
cases within 3 °C)37 but not exactly the same. Other related
quantities include the width of the middle section and the
total width of the hysteresis loop.

(ix) Coating color in transmission (smart window as seen from
inside; usually yellowish or brownish) and/or in reflection
(smart window as seen from the street; usually bluish or vio-
letish); can be given in various color spaces, including CIE
xyY, based on the relative luminance Y and chromaticity
coordinates x and y, and CIE L*a*b*, based on the lightness
L* and chromaticity coordinates a* (green–red axis) and b*
(blue–yellow axis). The latter color space is perceptually
uniform, which makes the distance of chromaticity from
white,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(a*2 þ b*2)

p
, one possible criterion of success.

(x) Quantities that characterize the potential of the coating and
of its preparation technique for industrialization; in the first
place, the maximum substrate temperature, Ts, during the
deposition and the post-deposition annealing. As low Ts as
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possible facilitates large-scale production by reducing energy
consumption, simplifying substrate heating and cooling pro-
cedures, and minimizing problems with a temperature non-
uniformity over large substrate surfaces. Furthermore, it is
important for allowing the deposition of these coatings onto
temperature-sensitive flexible substrates.

It is highly necessary to take into account all quantities that
are relevant for a given application in parallel, instead of optimizing
one quantity at the cost of another. This is contrary to approaches
such as the optimization of Tlum and ΔTsol regardless of Ttr and Ts,
lowering Ts using substrate bias at the cost of making the deposi-
tion process significantly less industry-friendly, lowering Ttr using
doping in a bad way that decreases ΔTsol, or choosing the thickness
of antireflection layer(s) in order to optimize only Tlum regardless
of ΔTsol. For example, to meet the requirements for the large-scale
implementation of energy-saving thermochromic coatings on
building glass, the coatings should satisfy the following criteria
simultaneously: Ts of ≈300 °C or lower,7,8,30,32,42 Ttr of ≈20 °C,47

Tlum > 60%,36,70–72 and ΔTsol > 10%,
10,25,72,73 more appealing color

in transmission than yellowish or brownish74–76 and long-time
environmental stability.26,33,53,77 Furthermore, what matters in the
case of quantities such as Tlum is their average or even minimum
value: the occasionally preferred focus only on the maximum value
is in contradiction to the efforts to save energy in the infrared at
preserved transmittance in the visible.

III. PROPERTIES AND SPUTTERING OF
THERMOCHROMIC VO2

A representative overview of previously reported properties of
sputtered thermochromic coatings—namely, Tlum, ΔTsol, and Ttr
achieved at specified Ts—is shown in Fig. 2(a). There are several
important achievements (how to achieve them is discussed below)
to note:

(i) There is a development trend characterized by a simultane-
ous enhancement of both Tlum and ΔTsol, from, e.g., Tlum ≈
30% and ΔTsol≈ 3%–4% (year 2003)15 to, e.g., Tlum≈ 50%
and ΔTsol ≈ 10% (year 2020).40 It is also fair to mention the
development in terms of ρ: the state-of-the-art Δlog ρ of
sputtered VO2 is ≈3.3 (only the transition in itself )17,19,22,27

or ≈4.0 (over the usual Tm range, also including the conven-
tional temperature dependence of the ρ of semiconductors).

(ii) The state-of-the-art coatings exhibit a trade-off between Tlum

and ΔTsol (depending, e.g., on the VO2 thickness); see the
results of various laboratories along the line from Tlum ≈ 35%
and ΔTsol ≈ 14% through Tlum≈ 50% and ΔTsol ≈ 10% to
Tlum≈ 60% and ΔTsol ≈ 6%.

(iii) Further enhancement of ΔTsol at a given Tlum has been
reported, both by sputtering26 and by other techniques,78 due
to the saving part of the energy in the visible instead of only
in the infrared (i.e., at a cost of enhanced ΔTlum, which is in
itself a negative—a case can be made out that the comfort in
a building is given by the minimum rather than average
Tlum). This is demonstrated, at about the same VO2 thickness
and average Tlum, by a comparison of Figs. 2(b) and 2(c).
Figure 2(b) shows examples of strong transmittance

modulation in the visible, e.g., ΔTlum = Tlum(25 °C)− Tlum(90
°C) = 54.0 − 42.2 = 11.8%, multiplied by a high wsol and, thus,
contributing to a high ΔTsol = 16.1%. Figure 2(c) shows
examples of an almost preserved T(λ) in the visible, e.g.,
ΔTlum = Tlum(−10 °C)− Tlum(70 °C) = 48.6− 45.5 = 3.1%,
leading to a moderate ΔTsol = 10.4%. The physics behind the
very different modulations of the optical constants of VO2 pre-
pared in various laboratories is in my opinion one of the most
important open questions in this field. One possible reason is
a strong dependence of this modulation on the exact elemental
composition of VO2±x, not easy to investigate but representing
a large energy-saving potential for the future. More specifi-
cally, this may include a modulation of k(λ), which affects the
absorption and, in turn, T(λ), modulation of n(λ), which
affects the interference and, in turn, T(λ), or both.

(iv) Figure 2(a) also captures the efforts (mostly doping) concern-
ing lowering Ttr toward the room temperature. Lowering Ttr
without concessions in terms of Tlum or ΔTsol is challenging
but possible: the aforementioned line representing Tlum and
ΔTsol of the state-of-the-art coatings is formed by symbols
representing the whole Ttr range.

(v) Finally, Fig. 2(a) captures the efforts concerning lowering Ts
(making the deposition process more industry-friendly). The
state-of-the-art Ts is approximately 300 ± 30 °C, once again
without any necessary concessions in terms of coating
performance.

There is only one sputtering technique of VO2-based thermo-
chromic coatings, which previously led to a combination of all the
key achievements: a low Ts of around 300 °C using a conventional
glass40 or flexible glass79 substrate without any substrate bias
voltage or post-deposition annealing and low Ttr down to ≈20 °C at
competitive Tlum and ΔTsol. The core of this technique, a low-
temperature preparation of highly crystalline VO2 by reactive
HiPIMS with pulsed O2 flow control,34,35,37,38 is captured by Fig. 3.
Its two key features are the following. First, the technique utilizes
the fact that the high power densities that characterize HiPIMS [see
the waveforms in Figs. 3(b) and 3(c)], in this case up to
2.4 kW cm−2 (argon-rich plasma) or up to 5.0 kW cm−2 (oxygen-rich
plasma leading to enhanced secondary electron emission yield81 of
the relatively more oxidized V target surface), lead to a bombard-
ment of growing films by highly ionized fluxes with many metal
ions [Figs. 3(d) and 3(e)]. The high energy and momentum
delivered into the films by these ions guarantees their crystallin-
ity despite the low energy delivered by ohmic heating at
Ts = 300 °C and despite the amorphous glass substrate34,37,38

(let alone Ts = 250 °C on a crystalline Si substrate).35 Here, it is
worth recalling the compatibility of HiPIMS techniques with
large-area industrial coaters with various target geometries.82,83

Second, the desired VO2 composition (avoiding phases that
are crystalline but either not thermochromic at all or thermo-
chromic only rather far from the room temperature, e.g., V2O5 or
V2O3) is achieved due to the fact that the O2 flow is not constant
but varied between two different values [inset in Fig. 3(b)] by a
feedback logic controller that compares the actual value of the
selected control quantity with its preset critical value. The
control quantity may be either O2 partial pressure [example in
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Fig. 3(b)] or target current [example in Fig. 10(c)]. The lower
value of the O2 flow may [inset in Fig. 3(b)] or may not [inset in
Fig. 10(c)] be zero. Thus, the shape of the O2 pulses is not preset
but automatically decided during the process. The combination
of HiPIMS, the patented84 feedback pulsed reactive gas flow
control, and a to-substrate orientation of the reactive gas inlet
located in the zone of high-density plasma [Fig. 3(a); substan-
tially reducing the target oxidation] has been previously used for
a high-rate (hundreds nm/min) deposition of high-quality
oxides63 and oxynitrides.85 The advantages of this pulsed reac-
tive gas flow control include (i) very high process stability (no
problems encountered with the inertia of the inlet system, delay
of valves and sensors, and hysteresis effects) as the controller

does not try to keep one value but allows for a preselected inter-
val of an output variable in accordance with the control-theory
literature dealing with the control of nonlinear systems,86 (ii)
simplicity, as no additional measurement devices (such as a
plasma emission monitoring system, mass spectrometer, or
Lambda sensor) are needed, and, again (iii) applicability to
large-area industrial coaters as a multi-segment O2 injection
control can be used.

While the presented technique allows the reproducible low-
temperature deposition of strongly thermochromic films, the
windows of the values of the key process parameters that lead to
crystalline VO2 and not to other crystalline or amorphous VOx

phases are narrow. In the case of results shown in Fig. 3 at a fixed

FIG. 2. (a) Representative results of the reactive magnetron sputtering (not including non-reactive sputtering of V followed by its oxidation) of thermochromic coatings in
terms of Tlum and ΔTsol. The figure captures all references from the aforementioned group2–44 that report at least one pair of Tlum and ΔTsol values, and shows up to three
pairs of values from the same reference. The labels denote maximum substrate temperature, Ts, during the deposition and the post-deposition annealing. Different
symbols denote coatings with thermochromic transition temperature Ttr = 20–29 °C (squares), Ttr = 33–40 °C (balls), Ttr = 46-68 °C (triangles up), and unknown Ttr (argu-
ably slightly below 68 °C; triangles down). (b) Example of the performance of VO2 with strongly temperature-dependent optical constants in the visible, shown in terms of
the spectral transmittance of Cr2O3/VO2/SiO2 in the semiconducting state (25 °C) and in the metallic state (90 °C). There are five pairs of lines corresponding to five differ-
ent SiO2 thicknesses.

26 Reproduced with permission from Chang et al., Nano Energy 44, 256 (2018). Copyright 2017 Elsevier Ltd. (c) Example of the performance of VO2

(doped by W in order to shift Ttr to 22 °C) with almost temperature-independent optical constants in the visible, shown in terms of the spectral transmittance of ZrO2/
V0.984W0.016O2/ZrO2 in the semiconducting state (−10 °C) and in the metallic state (70 °C). There are two pairs of lines corresponding to a soda-lime glass (SLG) and a
flexible glass (FG) substrate.79 The solar irradiance, wsol, and luminous sensitivity of the human eye, wlum, are shown as well. Reproduced from Barta et al., Coatings 10,
1258 (2020), licensed under a Creative Commons Attribution (CC BY) license.
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FIG. 3. (a) Schematic drawing of the experimental setup (a mass spectrometer or substrate holder heated to Ts = 300 °C at the same position) used for the reactive sput-
tering of undoped VO2. Note the positions of the pressure sensor and the Ar inlet in the chamber wall, and the to-substrate O2 injection and the consequently enhanced
local O2 partial pressure (p0O2

. pO2 ) in front of the target.38 (b) and (c) Waveforms of the target current density and the target voltage, respectively, for a
deposition-averaged target power density ⟨Sd⟩ = 13 W cm−2, a voltage pulse duration ton = 50 μs (solid lines) or 80 μs (dashed lines), and a critical oxygen partial pressure
(pox)cr = 15 mPa (green dots in the inset). There are two sets of waveforms and maximum target power densities, (Sd)max, corresponding to the minimum and maximum
values of the oxygen partial pressure (green line in the inset).34 (d) and (e) Normalized time-averaged energy distribution functions of dominant positive ions at the sub-
strate position for ton = 50 or 80 μs. The hatched areas denote their stronger high-energy parts at ton = 50 μs.

34 (f )–(h) XRD patterns and temperature dependence of the
electrical resistivity and of the transmittance at λ = 2500 nm, respectively, of VOx films prepared at (pox)cr = 15 mPa and ton = 40, 50, 80, and 100 μs.

34 Panels (b)–(h) repro-
duced with permission from Vlcek et al., J. Phys. D 50, 38LT01 (2017). Copyright 2017 IOP Publishing Ltd. (i) and ( j) Temperature dependence of the electrical resistivity
and of the transmittance at λ = 2500 nm, respectively, of VOx films prepared at ton = 50 μs and (pox)cr = 10, 15, or 20 mPa.

38 Panels (a), (i), and ( j) reproduced with permis-
sion from Vlcek et al., J. Phys. D 52, 025205 (2019). Copyright 2018 IOP Publishing Ltd.
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deposition-averaged target power density of 13W cm−2 and a
fixed voltage duty cycle of 1%, these key parameters include the
voltage pulse duration, ton, [Figs. 3(f )–3(h)] and the critical O2

partial pressure, (pox)cr [Figs. 3(i) and 3( j)]. The role of ton is par-
ticularly complex, because shorter ton leads to (i) higher O
content in the films at a given (pox)cr [see the x-ray diffraction
(XRD) patterns in Fig. 3(f )] and at the same time to (ii) higher
energy delivered into the films and consequently better crystallin-
ity at a given composition [see the stronger high-energy tails
of ion energy distribution functions at ton = 50 μs compared with
ton = 80 μs in Figs. 3(d) and 3(e)]. Collectively, these phenomena
lead to the following. First, at proper ton [50 μs in Figs. 3(g)
and 3(h)], there is a narrow (pox)cr window [around 15 mPa in
Figs. 3(i) and 3( j), at the best ±10%] leading to crystalline thermo-
chromic VO2. Second, at improper ton, this (pox)cr window closes
from ±10% to zero. Note that crystallinity is more important than
the exact composition: the XRD pattern [Fig. 3(f)] obtained at
ton = 50 μs (VO2 with traces of V4O9) is less ideal than that
obtained at ton = 80 μs (pure VO2), but the former coating exhibits
a stronger thermochromic transition [Δlog ρ = 2.5 compared with
1.8 in Fig. 3(g), and similarly for the transmittance in Fig. 3(h)]
because of larger VO2 grains (trend reported also elsewhere17). A
detailed analysis37 revealed that all properties obtained on a glass
substrate at the optimum (pox)cr = 15 mPa and ton = 50 μs (but not
at other ton values) are equal at Ts = 300 °C and Ts = 400 °C, i.e., the
presented technique allows low-temperature sputtering of thermo-
chromic VO2 without any concessions. Crystalline substrates
support the crystallinity of VO2 in a wider range of energies deliv-
ered by ion bombardment and consequently allow an even more
precise composition control due to a wider window of allowed ton
values.35

IV. WAYS TO IMPROVE THE COATING
CHARACTERISTICS

A. Suitable doping elements

The motivation for doping thermochromic VO2 by other ele-
ments is twofold. The first aim is the shift of Ttr from ≈68 °C
toward the value required by the corresponding application, most
often toward the room temperature of ≈20 °C as required by
energy-saving windows [Fig. 4(a)]. The second aim is a modifica-
tion of the electronic structure, often quantified in terms of
widening the optical gap of the semiconducting phase VO2(M1)
[Fig. 4(b)], in order to shift the coating chromaticity toward white
and to increase its luminous transmittance. Let me emphasize that
the lowering of Ttr by doping is particularly valuable when it pre-
serves the other characteristics of interest, such as ΔTsol or the total
width of the hysteresis loop. This should not be confused with the
occasionally reported4,44,87 lowered Ttr of undoped VO2 resulting,
e.g.,—if not always—from its small crystal size87 and achieved at a
cost of lower or unknown ΔTsol and/or more horizontal hysteresis
loops spanning tens of °C [similar to the loops shown in Figs. 3(g)
and 3(h) for ton = 80 μs], which make the corresponding coatings
less attractive from the application point of view.

The state-of-the-art way how to decrease Ttr of VO2, which is
an oxide of a VB metal, is to incorporate a VIB metal: most fre-
quently W,13,19,25,39,40,71,75,79,88–90 although Fig. 4(c) indicates that
Mo is also a stronger candidate than other elements from other
groups tested for this purpose. The extra valence electron and
the structural disorder resulting from the large size of W or Mo
[Fig. 4(c) confirms that doping by smaller Cr is not effective] destabi-
lize the semiconducting phase and lower the temperature at which
the metallic phase forms. See also the ab initio calculations dealing

FIG. 4. (a) Example of the effect of doping VO2 by W or W + Sr on its thermochromic transition temperature Ttr.
25 (b) Example of the effect of doping VO2 by W or W + Sr

on its optical bap.25 Panels (a) and (b) reproduced from Dietrich et al., Appl. Phys. Lett. 110, 141907 (2017) with the permission of AIP Publishing LLC. (c) Overview of
selected efforts (see the literature overviews88,91 for more references dealing with both sputtering and non-sputtering techniques) to decrease the thermochromic transition
temperature by doping.
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with a wide range of elements91,92 or specifically with W.80,90 While
the qualitative dependence of the Ttr of V1−xWxO2 on the W content
[Fig. 4(a)] has been reported to be well linear,25,90 the gradients that
quantify the shift of Ttr per at. % of W in the metal sublattice are dif-
ferent in different sources. See the literature overview88 for values
obtained using various techniques from −7 to −35 °C/at. % with a
median close to −20 °C/at. %, the aforementioned papers dealing with
sputtering and reporting gradients from −13 °C/at. %25 and −15 °C/
at. %39 through −16 °C/at. %13 and −19 °C/at. %40 to −22 °C/at. %,19

or the prediction based on ab initio calculations of −19 to −27 °C/
at. %.80 In parallel, the preparation procedure apparently affects
whether the W incorporation does (hydrothermal synthesis or sol–
gel)71,75,93 or does not (controlled reactive HiPIMS described in detail
in Sec. V)39,40,79 harm the coating performance in terms of Tlum and/
or ΔTsol. A case can be made out that while there are no open qualita-
tive questions related to the role of W, this is a subfield where
cutting-edge experimental techniques can most support the research
in the field of thermochromic coatings by quantifying the relationships
among size, composition, and Ttr of individual nanocrystals.

The most frequent way how to manipulate the transmittance
and color of VO2 is to incorporate a IIA alkaline earth
metal.9,24,25,88 Qualitatively, this leads to a desirable widening of the
optical gap. Quantitatively, it has been shown24 that Mg exhibits a
higher gradient of the optical gap per at. % than Ca, Sr, and Ba.
Furthermore, there is a possibility of employing the doping focused
on lowering Ttr and the doping focused on widening the optical
gap in parallel (although arguably at the cost of an enhanced risk
of affecting the other quantities); see the promising reports on
codoping by Sr +W [Figs. 4(a) and 4(b)]25 or Mg +W.88 This is
supported by the fact that the effect of alkaline earth metals on Ttr
is quantitatively weak but qualitatively in the right direction. In the
L*a*b* color space, where achromatic white or gray corresponds to
zero chromaticity coordinates a* and b*, while VO2-based coatings
in transmission exhibit a*≈ 0 but b*> 0, the desirable shift of b* to

lower values (albeit not all the way to zero) was reported as a con-
sequence of doping by Sr24 and also by Zr.75 Last but not least, the
doping may take place not only in the metal sublattice (substitution
of V, e.g., by W or Mg) but also in the oxygen sublattice (less inves-
tigated substitution of O, e.g., by F,13,24,74 achievable by sputtering
in CH3F-containing

13 or CF4-containing
24 plasma). The higher

electronegativity of F leads to a lowering of the O2p state and, in
turn, to a widening of the gap between O2p and V3d.

B. Suitable materials of antireflection layers

The first thing to note at the start of the design of well trans-
parent multilayered coatings that combine the active thermochro-
mic (TC) layer with antireflection (AR) layers [Fig. 5(a)] is the
refractive index of the active layer in the visible. In order to make
the discussion and calculations below as widely useful as possible,
they are based on properties obtained39 by us under industry-
friendly deposition conditions at a medium doping level
V0.988W0.012O2 leading to a medium Ttr = 40 °C. These properties
include n550_VO2 of 2.92 and 2.65 below and above Ttr, respectively.
Furthermore, glass substrates exhibit n550_glass around 1.53 and
the air has an n550_air of 1.00. Thus, the upper envelope of
the interference curve T(λ) can be moved as high as possible
using AR layers with n550 bottomAR ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

(n550 VO2 � n550 glass)
p � 2:1

and n550 topAR ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(n550 VO2 � n550 air)

p � 1:7 for the bottom and
the top AR layers, respectively (ignoring finite k550 and the effects
of the other optical boundaries present). In parallel to the required
n550 values, there are other characteristics of potential materials of
AR layers that should be taken into account, ranging from a low
extinction coefficient resulting from a sufficiently wide bandgap
through the crystal structure of the bottom AR layer (providing a
template for the growth of crystalline VO2) to the ability of the top
AR layer to protect VO2 against mechanical damage (ideally by
having higher hardness than that of the VO2 of ≈12 GPa) and to

FIG. 5. (a) Example of an optical model representing a multilayered thermochromic coating on a glass substrate:39 a bottom ZrO2 AR and template layer with a thickness hb,
active VO2-based layer with a thickness h and top AR and protective layer with a thickness ht (the effects of varied thicknesses are shown in Fig. 6). Each thickness value
includes half of the corresponding intermix or roughness layer(s). Reproduced with permission from Houska et al., Sol. Energy Mater. Sol. Cells 191, 365 (2019). Copyright
2018 Elsevier Ltd. (b) Selected previously used (see the text for references) materials of AR and/or template and/or protective layers and their comparative advantages.
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protect metastable hydrophilic26 VO2 against oxidation to stable
but non-thermochromic V2O5.

Selected materials of AR and/or template layers, namely,
oxides of Zr,16,39,40,79 Si,11,20,26,44,94,95 Al,5,44 Cr,8,26 Sn,96,97 and
Ti2,7,15,18,31,95,96,98 (let alone nitrides36 or sulfides99), and their com-
parative advantages according to the above criteria are listed below
and summarized in Fig. 5(b). The dependence of their densification
and, in turn, properties on the preparation conditions is beyond
the scope of this article, i.e., the n550 values below are illustrative:

(i) ZrO2 has an acceptable n550≈ 2.15 for both AR layers and
achievable crystallinity at low Ts (which collectively consti-
tutes an exceptionally industry-friendly design), a higher hard-
ness than VO2, and a wide bandgap. Indeed, ZrO2 layers are
being increasingly applied in architectural glass as a protective
overcoat for advanced low-emissivity stacks.100 Furthermore,
cubic yttria-stabilized ZrO2 (YSZ) reportedly27 constitutes an
even better template than the usual monoclinic ZrO2, allowing
the epitaxial growth of (010) VO2 on (001) YSZ. The (001)
orientation, despite its high surface energy, can be achieved by
optimized ion bombardment.101

(ii) SiO2 has an acceptable n550≈ 1.45 for the top AR layer and
an extremely wide bandgap. However, it is softer than VO2,
and by definition, it cannot be used as a bottom AR layer on
a glass substrate due to almost the same n550.

(iii) Al2O3 has an ideal n550≈ 1.65 for the top AR layer, comparable
hardness to VO2 (let alone higher hardness and n550 of the
corundum phase, occasionally used as a substrate23,43 but
difficult-to-prepare at low Ts in the thin film form), and a wide
bandgap. However, its n550 is too low for the bottom AR layer.

(iv) Cr2O3 has an acceptable n550≈ 2.25 for both AR layers
(although the performance of the top one would not be
ideal), it crystallizes in the hard corundum structure more
easily than Al2O3, and it can be used as a crystalline template.
However, its bandgap is only slightly wider than the energy
of visible photons, easily leading to k550 > 0.

(v) SnO2 has an acceptable n550≈ 2.0 for both AR layers and the
same rutile structure as VO2. However, its lattice parameters
are different from those of VO2, it is softer than VO2, and its
bandgap is once again only slightly wider than the energy of
visible photons.

(vi) TiO2 has the same rutile structure as VO2 including almost
the same lattice parameters. However, it has the narrowest
bandgap in this list. The refractive index of densified TiO2 is
close to that of VO2, i.e., it cannot be used as an AR layer in
the narrow sense of the word (changing the height of inter-
ference maxima). The TiO2 thickness can be still optimized
in order to shift the position of the interference maximum to
the visible of course.

C. Design of multilayers with optimized ΔTsol and Tlum

The coating design [e.g., Fig. 5(a)] and the choice of the mate-
rial of the AR layers (Sec. IV B) have to be followed by optimizing
their thicknesses, hb and ht. The first approximation can be given
by treating each AR layer separately and maximizing T550 at the
ignored k550. This leads to the well-known formulas hb,t = λ/[4n550]

(quarter-wavelength layers), 3λ/[4n550] (three-quarter wavelength
layers), etc. An exact calculation of integral Tlum leads to slightly
different numbers; see Fig. 6(a) for an example concerning success-
fully used39 ZrO2 AR layers with n550 = 2.15: first-order maxima of
Tlum around hb,t = 45 nm (less than 550/[4 × 2.15] = 64 nm) and
second-order maxima of Tlum around hb,t = 180 nm (less than
3 × 550/[4 × 2.15] = 192 nm).

It is fair to say that the first-order maximum of Tlum has two
clear, albeit quantitatively not decisive, advantages that possibly
lead to its occasional preference: a slightly higher value of the
maximum and higher width of the maximum in terms of Δhb,t/hb,t
(a higher allowed error of the deposition rate). However, the first-
order maximum in the visible does not lead to anything special in
the infrared where most of the energy saving is supposed to take
place. This is contrary to the crucial advantage of utilizing the
second-order maximum in the visible, which is associated with a
first-order maximum in the near infrared [see, e.g., the experimen-
tal result in Fig. 2(c)]. The higher infrared transmittance leads to its
higher modulation and, in turn, to about two times higher ΔTsol
shown in Fig. 6( j). This is mainly given by the strong modulation
of k(λ) and, in turn, T(λ) above ≈1000 nm, while the slight modu-
lation of T(λ) (even increasing with Tm) around ≈800 nm resulting
from a strong modulation of n(λ) at a limited modulation of k(λ)
has a minor role to play in the integral.

The presented advantage of the second-order AR layers is quali-
tatively valid for various coating designs, including those shown in
Fig. 6. Note that Fig. 6 (as well as Figs. 7 and 9) shows results calcu-
lated using the same measured39 properties of the TC layer. Thus, a
comparison of the individual panels of Fig. 6 (contrary to a compari-
son of the published results of different labs) captures only the
changes in optimum hb,t, Tlum, and ΔTsol resulting from different
designs. The presented quantitative differences are the following:

(i) The optimum hb,t values corresponding to a non-zero angle of
incidence [Fig. 6(d)] are higher than those corresponding to
the normal angle [Fig. 6(a)] by a factor (obtained by combin-
ing reflections inside the AR layer with a lateral shift of the
interfering beams) that is close to a reciprocal cosine of the
beam angle in the AR layer. Although the role of this phenome-
non is weakened by the refraction toward normal [in Fig. 6(d)
45° in the air means 19° in ZrO2, and cos19° is as high as 0.95],
it has been considered both in optical modeling36,76 and in
experiments,2 and it is important for the applications.

(ii) Because the interference takes place not only on AR layers
but also on AR + TC bilayers, there is a negative correlation
between optimum hb,t and chosen h. On the one hand, this
correlation is relatively weak for those AR layers that have a
refractive index sufficiently far from that of the TC layer.
This includes ZrO2, which exhibits optimum hb,t of or
slightly below 180 nm for both h = 50 nm [Fig. 6(a)] and
h = 80 nm [Fig. 6(g)], SiO2 [vertical axis of Figs. 6(b) and
6(h)] and Al2O3 [vertical axis of Figs. 6(c) and 6(i)]. On the
other hand, the correlation is much stronger for those AR
layers that have a refractive index close to that of the TC
layer, which minimizes the importance of the optical boun-
dary between them and increases the importance of the
AR + TC bilayer. This includes Cr2O3 [horizontal axis of

Journal of
Applied Physics PERSPECTIVE scitation.org/journal/jap

J. Appl. Phys. 131, 110901 (2022); doi: 10.1063/5.0084792 131, 110901-9

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


Figs. 6(b) and 6(h)] and especially TiO2 [horizontal axis of
Figs. 6(c) and 6(i)].

(iii) In parallel, varying h on the order of tens nm leads to a
trade-off [see also the experimental results in Fig. 2(a)]
between achievable Tlum (requiring low h) and ΔTsol (requir-
ing high h). The corresponding dependencies on hb,t are
visually similar for Tlum [compare Figs. 6(a)–6(c) with Figs. 6
(g)–6(i)] as well as for ΔTsol (not shown), but their color
scales are different.

(iv) In the case of those materials of AR layers that are character-
ized by relatively narrow bandgaps, a replacement of ideal-
ized k(λ) = 0 by realistic previously achieved k(λ) leads to
lower achievable Tlum, and it suppresses the aforementioned
advantage of the thicker second-order AR layers over the
thinner first-order AR layers. This is shown for Cr2O3

[compare Fig. 6(e) with Fig. 6(b)] and TiO2 [compare
Fig. 6(f ) with Fig. 6(c)].

If we leave alone the enhanced k of non-idealized materials of
AR layers (disadvantage of, e.g., TiO2) and potentially improved
properties of the TC layer resulting from a proper growth template
(advantage of, e.g., TiO2), Fig. 6 shows that different coating
designs lead to quantitatively similar achievable coating
performances. For example, the figure makes clear that most of the
aforementioned (Fig. 2)26,40 difference between ΔTsol = 16.1% of
Cr2O3/VO2/SiO2 and ΔTsol = 10.4% of ZrO2/V1−xWxO2/ZrO2 at
about the same Tlum around 48% is not due to the different multi-
layered designs but due to the different properties of the TC layers.

D. Design of multilayers with optimized ΔTsol and color

The color of thermochromic coatings can be controlled not
only by doping24,75 but also by varying the thicknesses of AR
layers.76,98 The latter approach has qualitative advantages (simpler
preparation) as well as disadvantages (dependence on angle),

FIG. 6. All panels show the calculated properties of multilayers consisting of a glass substrate (thickness 1 mm), a bottom AR layer (thickness hb), thermochromic
V1−xWxO2 layer (thickness h = 50 or 80 nm; properties measured39 at medium x = 0.012), and top AR layer (thickness ht). The materials of the AR layers are ZrO2

(n550 = 2.15, left column), Cr2O3 and SiO2 (n550 = 2.24 and 1.46, respectively, middle column), and TiO2 and Al2O3 (n550 = 2.69 and 1.65, respectively, right column).
(a)–(c) Tlum at h = 50 nm. (d) Tlum at h = 50 nm and angle of incidence, AOI, 45° instead of 0°. (e) Tlum at h = 50 nm for non-idealized properties of Cr2O3 (WVASE data-
base: k550 = 0.047). (f ) Tlum at h = 50 nm for non-idealized properties of TiO2 (own measurement: k550 = 0.043). (g)–(i) Tlum at h = 80 nm. ( j)–(l) ΔTsol at h = 50 nm, with
arrows denoting the corresponding second-order maxima of Tlum as identified in (a)–(c).
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and its quantitative potential is examined in Fig. 7 using the ZrO2/
V1−xWxO2/ZrO2 coating as a test case. While the hb and ht values
leading to optimized integral transmittances (Sec. IV D) are recalled
in Figs. 7(a) (Tlum) and 7(b) (ΔTsol), the hb and ht values leading to
optimized color in transmission can be seen in Fig. 7(c) (chromatic-
ity obtained by putting lightness to its maximum, L* = 100) and
Fig. 7(d) (color at the calculated lightness). Note that owing to the
almost temperature-independent T(λ) in the visible [experiment in
Fig. 2(c) or calculation in Fig. 7(e)] and the resulting similarity of
color coordinates below and above Ttr,

79 Fig. 7 is based on color
coordinates obtained by averaging these similar values. On the one
hand, it can be seen that there are zones leading to almost achro-
matic coatings (a* and b* close to zero). A case can be made out that
the most important achromatic zone is in this case around hb = 128
and ht = 134 nm: a comparison with Fig. 7(b) reveals that achromatic
zones around lower hb and/or ht lead to unnecessarily low ΔTsol,

while achromatic zones around higher hb and/or ht would unneces-
sarily lead to lower allowed relative deviation of the deposition rate.
On the other hand, a comparison with Fig. 7(a) reveals that the ach-
romatic zones are actually close to the local minima of Tlum, while
the local maxima of Tlum correspond—in agreement with the experi-
ment79—to a yellowish color. See also the spectral transmittances
behind this phenomenon: Fig. 7(e) shows that a local maximum
of Tlum is associated with a second-order interference maximum
of T(λ) that is centered in the visible but around yellow wavelengths
well above 550 nm, while Fig. 7(f) shows that the white chromaticity
is achieved only at the cost of an interference minimum of T(λ)
centered around 550 nm similarly to wlum.

The presented phenomena lead to a very complex space of
achievable properties, visualized in Fig. 7(g) by showing the dis-
tance of chromaticity from white,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(a*2 þ b*2)

p
in the perceptually

uniform CIE L*a*b* color space, as a function of Tlum and ΔTsol

FIG. 7. All panels show the calculated76 properties of multilayers consisting of a glass substrate (thickness of 1 mm), a bottom ZrO2 AR layer (thickness hb; n550 = 2.15),
thermochromic V1−xWxO2 layer (thickness h = 30, 40, 50, 60, 70, or 80 nm; properties measured

39 at medium x = 0.012), and top ZrO2 AR layer (thickness ht; n550 = 2.15).
(a) and (b) Tlum and ΔTsol, respectively, at h = 50 nm and varying hb and ht. (c) and (d) Chromaticity (L* = 100 combined with calculated a* and b*) and color (calculated
L*, a*, b*), respectively, at h = 50 nm and varying hb and ht. The arrows denote hb and ht leading to optimized color, i.e., minimized distance of its chromaticity from white.
(e) and (f ) Spectral transmittance leading to optimized performance at h = 50 nm in terms of Tlum and ΔTsol (hb = ht = 180 nm) and in terms of color and ΔTsol (hb = 128 nm
and ht = 134 nm), respectively. The solar irradiance, wsol, and luminous sensitivity of the human eye, wlum, are shown as well. (g) Distance of chromaticity from white, i.e.,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(a�2 þ b�2)

p
in the perceptually uniform L*a*b* color space, as a function of Tlum and ΔTsol calculated at h = 50 nm and hb and ht varying from 0 to 300 nm. (h) and (i)

Chromaticity shown in the CIE xy diagram and trade-off between Tlum and ΔTsol, respectively, at h = 30–80 nm and hb and ht leading to optimized Tlum and ΔTsol (balls) or
optimized color and ΔTsol (triangles). An example of coating with Ttr = 20 °C prepared experimentally40 is included as well (square). Panels (c)–(i) reproduced with permis-
sion from Houska, Sol. Energy Mater. Sol. Cells 230, 111210 (2021). Copyright 2021 Elsevier Ltd.
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(all triplets of these values corresponding to hb,t = 0–300 nm). On
the one hand, the red top right corner of Fig. 7(g), which consti-
tutes the zone of interest when optimizing only Tlum and ΔTsol
regardless of the color, includes high

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(a*2 þ b*2)

p
up to 41.4. On

the other hand, the dark blue top left corner of Fig. 7(g) includes

much lower
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(a*2 þ b*2)

p
down to almost achromatic 3.9. It is very

important that one of the dark blue zones is at the top part of the
figure, i.e., the figure confirms that while there is a trade-off
between Tlum and the color, the focus on the latter does not lead to
any concessions in terms of ΔTsol.

In parallel, the achievable color of thermochromic coatings, does,
of course, depend also on the beam angle. See the original source:76 it
makes sense to optimize the color for AOI = 45° instead of 0°,
although the differences are not dramatic because of—once again—
the refraction toward normal. Furthermore, the achievable color
depends on the thickness of the TC layer. The transition from fixed
h = 50 nm [Figs. 7(a)–7(g)] to varying h = 30–80 nm is visualized in
Figs. 7(h) and 7(i). Figure 7(h) shows that the increasing h shifts the
chromaticity away from white at optimized color and ΔTsol (although
the first three datapoints for low h = 30–50 nm almost overlap) as well

as at optimized Tlum and ΔTsol. Figure 7(i) confirms that the afore-
mentioned [Fig. 2(a) and Sec. IV C] trade-off between Tlum and ΔTsol
resulting from varying h qualitatively exists at optimized color and
ΔTsol as well as optimized Tlum and ΔTsol. Quantitatively, the two cor-
responding dependencies span different Tlum ranges of course.

E. Designs based on layers containing VO2

nanoparticles

In addition to the homogeneous thermochromic layers of pure
or doped VO2, thermochromic nanocomposites based on embedding
pure or doped VO2 nanoparticles in a dielectric matrix made of
oxides of other metals54,102,103 or polymers72,93 have been considered.
There are also recent related ideas such as VO2 in a matrix made of
O-rich phases of the same metal V3O7 and V2O5

104 or porous coat-
ings made only of VO2 nanoparticles.

105 See Figs. 8(a) and 8(b) for
an example54 of a sputtered nanocomposite made of VO2 and SiO2

and Fig. 8(c) for a large modulation of its absorption in the near
infrared. The maximum absorption is complementary to a minimum
transmittance reported by the same lab elsewhere.102 An important

FIG. 8. (a)–(c) Photo by scanning electron microscopy (SEM),54 data from mapping by energy-dispersive x-ray spectroscopy (EDX),54 and absorption54 (complementary to
transmittance102), respectively, of the VO2–SiO2 nanocomposite prepared by rf sputtering. Reproduced from Granqvist et al., Buildings 7, 3 (2017), licensed under a
Creative Commons Attribution (CC BY) license. (d) Spectral dependence of the quantity (ε1_VO2 + 2ε1_SiO2)

2 + (ε2_VO2)
2 that should be minimized in order to be as close

to localized surface plasmon resonance (LSPR) as possible, and the optical constants nVO2 and kVO2 of sputtered V1−xWxO2 measured above the thermochromic transition
temperature39 used to calculate this quantity.
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aspect of this approach is the idea to lower the high-temperature
transmittance and, in turn, to enhance the transmittance modulation
by utilizing the light absorption by surface plasmons (collective oscil-
lation of surface electrons) at the boundary between the high-
temperature metallic phase of VO2 and the dielectric phase. This, of
course, comes at the cost of complicating the coating preparation in
general and doping of VO2 in particular, and, therefore, the utiliza-
tion of this potential at similarly low Ts and Ttr, as in the case of the
homogeneous layers, has yet to be demonstrated.

The classical condition for localized surface plasmon resonance
(LSPR) on spherical nanoparticles requires a minimization of the
quantity (ε1_VO2 + 2ε1_dielectric)

2 + (ε2_VO2)
2 where ε1_VO2 + i.ε2_VO2 is

the complex relative permittivity of the nanoparticles and ε1_dielectric
is the relative permittivity of the dielectric matrix.106 On the one
hand, LSPR in the narrow sense of the word cannot be expected, see,
e.g., the non-zero values of the aforementioned quantity for
VO2+ SiO2 in Fig. 8(d). The first summand alone (unfortunately
often not quantified in the cited literature) is not zero in the wave-
length range of interest because ε1_VO2 is not equal to −2ε1_dielectric
for usual dielectrics. The zero can be achieved only for (i) porous
coatings made only of VO2 nanoparticles (ε1_dielectric = 1)105 or (ii)
higher oscillation modes (replacement of 2ε1_dielectric by [(m + 1)/m]
ε1_dielectric where m = 1, 2, 3,… corresponds to dipole, quadrupole,
octupole, etc.). On the other hand, minimum values of

(ε1_VO2 + 2ε1_dielectric)
2 + (ε2_VO2)

2 corresponding to being as close to
LSPR as possible [Fig. 8(d)], and, in turn, the local maximum of A
(λ) [Fig. 8(c)]54 and minimum of T(λ),102 can be achieved in the
desired near infrared wavelength range where this absorption mecha-
nism improves ΔTsol but does not harm Tlum.

F. Decreasing the coating emissivity in the infrared

The heat fluxes into and from a building or a car depend not
only on the absorption of sunlight beams in and behind the window,
but also on the infrared radiation (λ≈ 10 μm for usual room temper-
atures) of the outer window surface. Assuming an equilibrium state,
the emissivity ε(λ) is equal to the absorption A(λ).36 In order to
minimize the energy losses by radiation, low-emissivity windows that
include thin layers of metals such as Ag are being widely used. These
metallic layers are sufficiently thin to be transparent in the visible
but lead to high R(λ) and, in turn, to low ε(λ) =A(λ) = 1− R(λ) in
the infrared (taking into account T(λ) = 0 of usual kinds of glass in
this wavelength range). The aim of this section is to point out that
this effect can be combined with the thermochromic effect in a
single coating by altering its design from the AR layer/TC layer/AR
layer to the AR layer/TC layer/Ag/AR layer.

See Fig. 9 for an example of low-emissivity thermochromic
coating, using AR layers of Si3N4 as a test case. While the

FIG. 9. (a) and (b) Calculated Tlum and ΔTsol, respectively, of a multilayer consisting of a glass substrate (thickness of 1 mm), a bottom Si3N4 AR-layer (thickness hb; n550 = 2.04),
thermochromic V1−xWxO2 layer (thickness h; properties measured

39 at medium x = 0.012), Ag layer (thickness hAg), and top Si3N4 AR-layer (thickness ht; n550 = 2.04) at
hb = ht = 190 nm (second-order maximum) and varying h and hAg. (c) Measured

36 effect of Ag (hAg = 0 or 8 nm) on the reflectance of sputtered glass/Si3N4/VO2/(Ag)/Si3N4
multilayers in the infrared. Reproduced with permission from Baloukas et al., Sol. Energy Mater. Sol. Cells 183, 25 (2018). Copyright 2018 Elsevier Ltd.
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considerations concerning optimum hb,t (Sec. IV C) are the same
as for oxides with the same refractive index (say, fully densified
SnO2 or moderately densified ZrO2), a case can be made out that
sputtering the top AR layer over Ag is simpler when the AR layer is
a nitride.36 First, it is important that the incorporation of a thin Ag
layer (thickness hAg of few nm) does not necessarily harm the
coating performance in terms of Tlum [Fig. 9(a)] and ΔTsol

[Fig. 9(b)]. In fact, it can be seen that hAg≈ 3–5 nm (higher hAg at
lower h) actually leads to almost the same Tlum at even slightly
higher ΔTsol (the VO2/Ag interface is more sensitive to temperature
changes than the VO2/AR layer interface). Significantly higher hAg
values lead to lower T(λ) in the visible, resulting in lower Tlum, as
well as in the near infrared, resulting in a disappearing advantage
of the second-order AR layers in terms of ΔTsol. Second, the

experimental results36 of magnetron sputtering in Fig. 9(c) show
that hAg = 8 nm is sufficient to increase ε in the low-temperature
state from ≤25% to ≈90%. Collectively, the presented data indicate
a potential for another trade-off that has not yet been examined
experimentally in detail, this time between Tlum and ΔTsol on the
one hand and ε on the other hand.

V. SPUTTERING OF HIGH-PERFORMANCE VO2-BASED
MULTILAYERS

Owing to the successes of the numerous ideas presented above,
the time is now ripe for combining them in a single coating, upscal-
ing and industrialization. Figure 10 captures an early example of

FIG. 10. (a) Schematic drawing of the experimental setup used for the reactive sputtering of doped V1−xWxO2 [see also Fig. 3(a) and its detailed caption].79 Reproduced
with permission from Barta et al., Coatings 10, 1258 (2020), licensed under a Creative Commons Attribution (CC BY) license. (b) Hysteresis loops showing Ttr = 20–21 °C
of the coatings ZrO2/V0.982W0.018O2/ZrO2 with the V0.982W0.018O2 thickness h = 45 or 69 nm.40 (c) and (d) Waveforms of the target current density and the target voltage,
respectively, for deposition-averaged target power densities of 12.9 W cm−2 (V target) and 33 mW cm−2 (W target) and a critical average current on the V target in a
period of 0.43 A (green dots in the inset). There are two sets of waveforms corresponding to the minimum and maximum values of the oxygen partial pressure (green line
in the inset).40 Panels (b)–(d) reproduced with permission from Kolenaty et al., Sci. Rep. 10, 11107 (2020), licensed under a Creative Commons Attribution (CC BY)
license. (e) and (f ) Cross-sectional image from transmission electron microscopy and optical model, respectively, of the ZrO2/V0.984W0.016O2/ZrO2 coating deposited onto
ultrathin flexible glass.58 Reproduced with permission from Jiang et al., Surf. Coat. Technol. 424, 127654 (2021). Copyright 2021 Elsevier Ltd. (g) and (h) Photo and sche-
matic drawing, respectively, of a large-scale roll-to-roll coater (VON ARDENNE FOSA labX 330 placed in Fraunhofer Institute for Organic Electronics, Electron Beam and
Plasma Technology, Dresden, Germany) used for the industrialization of sputtered thermochromic coatings.109
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these efforts, dealing with a large-scale low-temperature reactive
sputtering of the thermochromic coating ZrO2/V1−xWxO2/ZrO2.

First, it can be seen that the transition from the mere HiPIMS
of V [Fig. 3(a)] to a combination of HiPIMS of V and pulsed dc
sputtering of W [Fig. 10(a)] allows one to dope VO2 by W and to
shift Ttr from ≈57 °C [0% W; Figs. 3(h) and 3( j)] to ≈20 °C
(1.6–1.8% W in the V sublattice; Fig. 10(b)].40,79 Note that at about
the same deposition-averaged target power density on the V target
of 12.9–13.0Wcm−2 [at ton of 50 μs, duty cycle of 1% and repeti-
tion frequency of 200 Hz: waveforms in Figs. 3(b), 3(c), 10(c)
and 10(d)], the aforementioned doping level is achieved at a very
low deposition-averaged target power density on the W target of
33 mWcm−2 [at a ton of 16 μs, duty cycle of 8%, and repetition fre-
quency of 5 kHz: waveforms in Figs. 10(c) [1000 ×magnified] and
10(d)]. It is crucial that the sputtering technique shown in Fig. 10
allows one to lower Ttr at the low Ts = 300–330 °C and the high
transmittance and its modulation shown in Fig. 2(a) (Tlum = 48% at
ΔTsol = 10.4% or Tlum = 59% at ΔTsol = 5.5%). This is contrary to
those efforts where the doping by W71,75,93 or other elements9,10,74

damaged the thermochromic performance and/or did not lead to
similarly low Ttr at all. Generalized statements that the doping by
W is harmful for the thermochromic performance9,10,80 are too
pessimistic in the presented context.39,40,79

Second, Figs. 10(e) and 10(f ) demonstrate a successful realiza-
tion of the optimized coating design (Sec. IV C) on an ultrathin
(100 μm) flexible glass, at the same Ts and approximately the same
Tlum, ΔTsol and Ttr as on a conventional soda-lime glass.58,79 The
ultrathin flexible glass is a recently introduced and much more
thermally stable (above 500 °C) alternative to flexible polymer foils.
The bendability of this glass enables its high-volume processing
using industrial-scale roll-to-roll deposition devices with magne-
tron sputter sources107–109 and opens the pathway for new applica-
tions of sputtered thermochromic coatings such as the retrofitting
of low-efficiency glass windows and manufacturing of new high-
efficiency insulated glass units with multiple functionalities.

Third, Figs. 10(g) and 10(h) show a photo and a schematic
drawing of a roll-to-roll deposition device where the first large
(300 mm × 20 m) flexible glass rolls are currently being coated by
the multilayers shown in Figs. 10(e) and 10(f ) using the deposition
technique based on reactive HiPIMS with feedback pulsed O2 flow
control described in Figs. 10(a)–10(d).109

VI. SUMMARY AND OUTLOOK

Reactively sputtered VO2-based thermochromic coatings are
very interesting from the perspective of fundamental research,
exhibit a competitive performance, can be prepared under industry-
friendly conditions that allow a transition to large dimensions, and
show an enormous potential for near future applications. In order
to achieve their full potential, further research efforts are needed,
and the following is recommended to be kept in mind:

(i) All quantities that are relevant for a given application should
be optimized in parallel, and only those research outputs that
report the values of all of them should be taken seriously. In
the case of smart windows, this includes at least luminous
transmittance, modulation of the solar energy transmittance,

maximum substrate surface temperature during the deposition
and annealing, and transition temperature.

(ii) The main ways of improving the aforementioned quantities
include an utilization of the energetic bombardment of
growing films using controlled reactive HiPIMS, doping (pri-
marily by W and Mg) using those techniques that do not
harm other properties, transmittance modulation in the
visible by making slight changes to the metal-to-oxygen
ratio, second-order antireflection layers, and localized surface
plasmon resonance.

(iii) This may be increasingly often complemented by the quanti-
fication of other characteristics such as color (strengthening
the roles of other kinds of doping and multilayers), shape of
the hysteresis loop (increasing the importance of crystal
sizes), environmental stability, or emissivity. Considering the
realistic angles of sunlight beams and infrared absorption in
glass substrates of realistic thicknesses will increase the
impact of future results as well.

(iv) Each improvement in coating performance should be not
only reported but also explained. It is desirable to distinguish
reproducible benefits of an innovative coating design from,
e.g., the benefits of unintentional and unknown slight com-
positional changes. In the case of enhanced energy saving by
modulating T(λ) not only in the infrared but also in the
visible, it is desirable to distinguish these two cases and to
quantify minimum Tlum.
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