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Photochromic coatings are attractive materials for achieving dynamic transmittance control in glazing. How-
ever, state-of-the-art photochromic materials are either not durable enough (the case of organic photochromic
dyes), or not easily manufactured onto large glass panes (the case of silver halides). The requirements of
durability and large area fabrication have hitherto hindered the application of photochromism in smart glazing.

Thus, the importance of rare-earth oxyhydrides, which have emerged during the last decade as an inorganic
(and hence, in principle, durable) photochromic family of materials that can be prepared onto large area glass
panes by magnetron sputtering. In this work, we will discuss in detail the photochromic effect in oxyhydrides,
how to prepare and optimize photochromic coatings with excellent switching kinetics, as well as answer other
frequently asked questions when it comes to the applications of rare earth oxyhydrides in glazing.

1. Introduction

In 1990 the term chromogenic was coined for designating materials
that change color in a reversible but persistent manner as a response
to an external stimulus [1]. Depending on the nature of the external
stimulus e.g., an electrical current, changes in the temperature, the
presence of certain gasses or light of certain wavelength, a chromogenic
material can be classified within the electrochromic, thermochromic,
gasochromic or photochromic category, respectively. The potential that
chromogenic materials present as smart adaptative materials for the
glazing industry, was identified by C. G. Granqvist [2,3] and C. M.
Lampert [4] very early on. Commonly, the term chromogenics refers
to technologies with applications in dynamic large-area transmittance
control, i.e, in smart window glazing [5].

According to a recent report by the International Energy Agency
IEA, during operation the existing building stock is responsible of
ca. 30% of the global energy consumption and 26% of the global
greenhouse gas emissions [6]. In a building, the glazing envelope is
typically the Achilles’ heel in terms of energy efficiency: windows often
leak heat during cold days and admit too much solar energy during hot
days, putting unnecessary load on the heating/cooling system [7-10].
Commonly, state-of-the-art windows are static and therefore cannot
adapt their optical properties to the weather conditions. This leaves
untapped a large energy-savings potential specially in mid-latitudes:
static windows can be designed to work efficiently — and they do a

very good job — either during summer (solar control windows [11])
or winter (low emittance low-E windows [11]), but not during both
seasons [8,10,11]. In colder regions, such as the Nordic countries,
current architectural trends favor large-area glazed facades. However,
to manage summer conditions effectively, these designs require the use
of solar control windows [12]. Typically, this entails the utilization
of static glass that transmits as little as ~ 50% of the visible solar
radiation [10]. Without the aid of artificial lighting, this results in dim
interiors for the majority of the year, especially when solar light is not
directly reaching the glazing.

Failing to maximize the use of natural resources, solar light and
heat, may impede our progress towards the decarbonization of the
building sector [8,9] and hinder the goals set by international treaties
such as the Paris Agreement. In this sense, chromogenic materials,
are excellent tools for addressing this problem by being the key to
dynamic glazing solutions able to regulate on demand the fraction of
solar light that passes through the building’s glazing envelope and max-
imize the use of natural resources [8-10,13]. The energy savings pro-
vided by chromogenic (electrochromic) glazing are huge and beyond
dispute [13-21], potentially reaching up to 170 kWh/(m? year) [14].

Among the different chromogenic materials, photochromic materi-
als are arguably the most widely recognized by the public thanks to
their signature product: the photochromic ophthalmic lens [10,22]. Fol-
lowing the general definition for chromogenic materials given above,
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Fig. 1. Left: a photochromic material switches reversibly from a state A to a state B with different optical properties by the action of electromagnetic radiation (hw). Right:
taxonomy of photochromic materials according to A. D. Towns [23]. Most photochromic materials with industrial applications lie within the T-type, positive and heliochromic
category, being photochromic eyeglasses (schematically represented in the inset) a notable example of their successful application.

a material is said to be photochromic if it can switch from a state A
to and state B — where A and B exhibit different optical properties —
by the action of light of adequate energy (7w) and intensity, see Fig. 1
(left).

For a material to be considered photochromic the change from
A to B must be reversible, that is, the material has to be able to
return to A from B either by illumination with light of different
wavelength (P-type photochromism) or simply by thermal relaxation
once the illumination has stopped (T-type photochromism) [23,24]. A
T-type photochromic material is said to exhibit positive photochromism
if state A exhibit higher transparency than state B, i.e., a positive
photochromic material darkens as a response to illumination [23,24].
A negative photochromic material, on the other hand, bleaches under
illumination. A. D. Towns [23,24] introduced yet another dimension
in this classification: a T-type positive photochromic material is said to
be heliochromic if it darkens by the effect of solar light. Following these
definitions, the taxonomy of photochromic materials is summarized in
Fig. 1. Only a subgroup of photochromic materials, those heliochromic,
are potentially of interest for large area transmittance control in facade
glazing.

The first photochromic product commercially available was based
on heliochromic silver-halide silicate glass [25]. Developed in the early
60’s at Corning Glass Works, Inc. by W. Armistead and Stookey [22,25],
photochromic silver-halide silicate glass was found to be very adequate
for the ophthalmic industry. The application was simple but brilliant:
prescription glasses that turn into sunglasses under strong illumination
(e.g. outdoors in a sunny day) and that return to their original trans-
parent state once the level of illumination decreases (e.g. indoors), see
an schematic representation in Fig. 1 (inset). The same idea could be,
in principle, applied for regulating the transmittance of the glazing
in the facade of a building. At this point the first setback arises: the
manufacturing of photochromic silver halide-based glass cannot be
seamlessly integrated into the float-glass production process, which
is typical for large-area glass panel fabrication [26,27]. Meanwhile,
the ophthalmic industry transitioned from silver halides into inorganic
photochromic dyes, easier to implement in organic lenses enabling
a lighter and less brittle final product [28,29]. Unfortunately, these
organic dyes are not suitable either for applications in buildings due to
their limited durability, specially under UV irradiation [23]. Indeed, ar-
chitectural glazing is expected to have a lifespan of at least 30 years, far
longer than the lifespan of organic photochromic dyes [23,24]. Other
inorganic compounds, e.g. those based on transition metal oxides such
as WO;, often lack of adequate switching speed and contrast [10,30].

While there are various requirements that a photochromic material
has to fulfill in order to be suitable for the fabrication of smart glazing,

e.g. switching under visible light (not only UV), resilience to high
temperature, bleaching even at low ambient temperature, darkening
even at high ambient temperature, etc., the possibility of large area
fabrication and adequate durability are still the principal challenges
that hitherto have hindered the realization of photochromic facade
glazing. With photochromism out of the picture, the field of large-area
transmittance control is currently dominated by electrochromic de-
vices [31,32]. Still, a hypothetical photochromic glazing would present
certain advantages when compared to electrochromic glazing, being its
simplicity and hence a reduced fabrication cost the most notable one:
whereas a photochromic device requires a single coating to function
(the photochromic material itself), a standard electrochromic device
requires at least 5 layers (2 transparent electrodes, one ion storage
film, an electrolyte and the electrochromic material) plus a control unit
and a source of electricity [9,29,33]. In light of the above, assuming
a similar light transmission control, the energy savings provided by a
photochromic device would be more cost effective than those provided
by an electrochromic device.

What role do rare earth (RE) oxyhydrides play in this context? As it
will be discussed in detail, RE oxyhydrides emerged fairly recently [34]
as a new group of materials exhibiting a dramatic photochromic re-
sponse (T-type positive heliochromic) combined with high transparency
in the clear state. Due to their inorganic nature, RE oxyhydrides are
expected to exhibit a certain degree of stability. Moreover, RE oxy-
hydrides can be deposited at industrial scale by sputtering [35,36],
following the usual protocols for the coating of large-area glass sur-
faces [37]. Thus, for transmittance control in facade glazing applica-
tions, RE oxyhydrides have the possibility to become a game-changing
technology.

The first reference to photochromic RE oxyhydrides corresponds
to yttrium oxyhydride YH,O,, hereinafter referred for simplicity as
YHO (same notation will be applied to other compounds, e.g., GAHO,
NdHO, etc.). Photochromism in YHO thin films was discovered by T.
Mongstad et al. [34] when attempting to prepare yttrium hydride films
by magnetron sputtering in an argon and hydrogen plasma. A visual
inspection of the films, once removed from the deposition chamber,
revealed that they looked nothing like YH,. While, as we will see,
YH, (or more precisely the dihydride p-YH, phase) has a metallic
character and hence it is essentially opaque [38], the obtained samples
were completely transparent, exhibiting a relatively wide band gap
(2.6 eV) [34] of energy between metallic YH, and the larger band
gap observed in Y,05 (5.6 eV) [39]. In addition, the composition of
the samples indicated a large content of oxygen as well as remarkable
photochromic properties, see Fig. 2 upper panel. Later this compound
was identified as an oxyhydride [40], that is, a mixed-anion compound
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Fig. 2. Top panel: photographs of a 500 nm-thick YHO film from the seminal paper by T. Mongstad et al. [34]. The film before illumination is shown in panel (a), and after
illumination in panel (b). The paper clip was used as mask during illumination to highlight the optical switching. Reproduced from Ref. [34] with permission from Elsevier.
Panel (c) shows rare earth elements classified in three categories: (i) those from which photochromic oxyhydride films have been obtained, (ii) bulk oxyhydrides of unknown
photochromic properties and (iii) rare earth elements from which an oxyhydride phase has not been reported.

Source: Adapted from D. Chaykina et al. [42] (CC-BY).

in which oxide and hydride anions coexist in a single phase [41].
Follow up works resulted in the discovery other photochromic RE
oxyhydrides, where RE = Sc, Nd, Sm, Gd, Er and Dy [35,42-44]. Bulk
powder oxyhydrides have been reported also for La, Ce, Pr, Tb, Ho,
Er and Lu [45-50] (Fig. 2 lower panel), although their photochromic
properties are unknown [42].

The present work is organized as follows: in Section 2 we will
describe in detail the fabrication process of photochromic REHOs,
while in Section 3 we will study some fundamental aspects of the
photochromic and related issues such as transparency in the clear state,
photochromic contrast, bleaching kinetics as well their dependence on
deposition conditions and on the choice of the particular cation (Y, Sc,
Nd, Sm, Gd, Er and Dy). Note that some REHOs such as YHO have
been much more studied than others (e.g. SmHO, ErHO) and hence, in
this work, some aspects are discussed using YHO (and/or sometimes
GdHO) as reference, assuming that the physico-chemical properties
of lanthanide-based compounds are very similar to those compounds
formed by Y or Gd [35,38,42].

2. Synthesis

RE dihydrides REH, (B-phase) constitute the scaffold on which the
oxyhydride phase can be built. For this reason, before getting into a
detailed explanation of the synthesis process, it is convenient to get
acquainted with the phase diagram of the RE-H system (Fig. 3) [38].
We would rely on this knowledge for some discussions later on. As
mentioned before, photochromism has been reported in REHO thin
films being RE = Y, Sc, Nd, Sm, Gd, Dy, Er. Starting from a metallic
phase (a-phase), these elements form a face-centered cubic fcc fluorite-
type dihydride phase (f-phase) that coexist with the a-phase until a
stoichiometry REH; with 6 ~ 2 is achieved [38]. Further hydrogenation
leads to the formation of an hexagonal trihydride phase (y-phase),
except in the case of Nd where the trihydride also exhibits a cubic
fluorite structure [38]. Regarding the electrical properties, both p-
phase and the a-phase present metallic-like properties, whereas the
y-phase behaves as a wide band gap semiconductor [38]. Hexagonal
trihydrides subjected to pressures above several gigapascals can switch
to a high-pressure fcc phase, usually considered not stable at ambient
pressure [51,52].

Based on the standard Gibbs free energy of formation, Y, Sc, Nd,
Sm, Gd, Dy dihydrides are some of the most stable transition metal
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Fig. 3. Phase diagram of the RE/H system.
Source: Reprinted from Ref. [38] with
permission from Elsevier.

hydrides [38]. Among them, YH, stands out, being able to retain
hydrogen even at relatively high temperatures [53]. Thus, not sur-
prisingly, the first photochromic REHO reported was YHO [34]. In-
terestingly, before the discovery of photochromism in oxyhydrides, A
Ohmura et al. [52] reported photochromic properties in y-YH; (kept
at room temperature and at hydrogen pressures of several GPa) based
on the metal-to-insulator transition that takes place from the f— to the
y—phase.

Achieving REH; typically require injection of hydrogen into rare
earth metals subjected high pressure [38,52,55] and hence, to our
knowledge, REH; films cannot be achieved by sputtering [55]. Thus,
the synthesis by sputtering of REHO oxyhydrides begins with the
deposition of REH, precursor films, which can be achieved in an argon
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Photographs of a sample deposited onto a microscope slide, from
freshly prepared YH, to the formation of YHO after 15 air exposure.

In air, metallic and opaque YH, turns into wide-bandgap transparent YHO. Comparison of the transmittance T, reflectance R
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Fig. 4. The synthesis process consist typically in two steps,: deposition of REH, precursors by sputtering followed by their air exposure for oxygen incorporation (top). The
incorporation of oxygen leads to the band gap opening (middle) and lattice expansion (bottom). Middle panel from E. M. Baba et al. [54] (CC-BY), bottom panel adapted from J.

Montero et al. [36] with permission from Elsevier.

and hydrogen plasma without intentional substrate heating [36]. This
route was the approach taken by T. Mongstad et al. [34] in their first
report of a photochromic oxyhydride. However, the specific details
(determination of the precursor phase and phase transformation) were
described later by J. Montero et al. [36] and F. Nafezarefi et al. [35].
Given the electrical conductivity of REH,, the process can be carried
out by DC or pulsed-DC sputtering using a metallic RE target, achieving
relatively high deposition rates, Fig. 4 top panel (left). In the literature,
the deposition of the REH, precursor is achieved in a wide range
of Ar/H, flow ratios, e.g. 10:1 [36], 7:1 [42], 2:1 or 1:1 [56]. As
we shall see, although for a given set of deposition conditions there
is probably an optimum Ar/H, flow ratio [56], the parameter that
most significantly influences the final properties of the photochromic
samples is the sputtering pressure.

For the formation of photochromic REHO, the REH, precursor
films are exposed to air, where opaque metallic-like REH, trans-
form into electrically highly-resistive [57,58] transparent photochromic
REHO [36]. Simplifying, for an stoichiometry REH, O, where x = 1 and
y = 1, the reaction can be written as follows [44] :

REH2+%02 —REHO+H 1. €})

In agreement with Eq. (1), ion beam analysis revealed that oxygen
and hydrogen content are inversely correlated in photochromic YHO
films [59,60]. Note that Eq. (1) is a simplified version of a more
complex process described in Ref. [44]. Also, depending on the final
stoichiometry of the oxyhydride, the release of hydrogen in Eq. (1) may
not be necessary, thanks to the multi-valence of Y [54]. A sequence of
photographs capturing the transformation of REH, into REHO, being
RE =Y is shown in Fig. 4 top panel (right). The photographs shown
in Fig. 4 were taken in a time interval of 15 min, however, as we
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Fig. 5. Panel (a): Thornton diagram of sputtering zones, reproduced from Ref. [62]
with permission from AIP. Panel (b): evolution of the transmittance at a wavelength of
420 nm as the precursor films, deposited at different pressures, are exposed to oxygen.
Panel (b) reproduced from M. Zubkins et al. [56] with permission from Elsevier.

will see, the time frame of the reaction described by Eq. (1) can vary
largely depending on the deposition conditions. Usually photochromic
REHO films reported in the literature have thicknesses ranging from
hundredths of nanometers to several micrometers [61].

The optical transmittance T(4), reflectance R(4) and absorptance
A(4) as a function of wavelength 4 corresponding to a unreacted (left)
and reacted (right) precursor film (RE = Y) of thickness ~ 1.4 pm is
depicted in Fig. 4, middle panel. In the unreacted film, the optical
properties correspond very well to those expected in YH,, namely high
R(4) in the near infrared region (signature of the presence of free
conducting electrons) and T(4) = 0 (except for a small bump at 500
< A <1000 nm commonly observed in the transmittance trace of rare
earth hydride thin films approaching the stoichiometry REH, where RE
=Y, Gd, Dy, Er [35] as well as in La-Y dihydrides [63]).

After air exposure, the incorporation of oxygen causes the dramatic
increase of T(A) in detriment of A(4) and R(A). Interference maxima and
minima, signature of a transparent thin film, appear in T(4) and R(4),
whereas A(A) is restricted to the fundamental interband transition re-
gion (~ 3.3 or 2.6 eV considering a direct or indirect allowed transition
for YHO [64]). From a structural point of view, as the REH, film turns
into REHO, the lattice expands significantly by the incorporation of
oxygen. Fig. 4 bottom panel shows the evolution of the X-ray diffraction
peak corresponding to the [200] direction of the fcc crystalline structure
in YH, during air exposure [36]. For comparison, the vertical line in the
graphs represent the position of the (200) diffraction line according to
the ICDD card num. 04-002-6938 corresponding to YH,. The diffrac-
tion peak displaces noticeably towards smaller angles, pointing to a
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substantial increase of the interplanar distance as YH, turns into YHO.
This corresponds to an increase of the lattice constant a from ~ 5.2
to 5.4 A as YH, turns into YHO [36]. Contrary to some observations
in the literature [65], the REHO and REH, phases can be clearly
differentiated by X-ray diffraction, Fig. 4 bottom panel. In the case of
yttrium oxydeuterate the lattice constant, as determined by M. H. Sgrby
et al. [66] by neutron diffraction, expands from 5.19 Ato532A as
YD, turns into YDO. Theoretical studies suggest that, in the REHO
structure, 0>~ occupies tetrahedral positions while H* can occupy both
tetrahedral and octahedral positions [67].

The kinetics of the process described in Eq. (1) is greatly de-
termined by the chamber pressure during the sputtering deposition
of the precursor REH,. Taking as a reference the classic diagram
of sputtering deposition regions by Thornton [62], Fig. 5(a), at low
deposition temperatures there is a given critical pressure P, above
which the deposition regime switches from Zone T (densely packed
grains) to Zone 1 (porous structure). Porosity is a crucial parameter
and thus precursors must be deposited above P, to ensure the correct
incorporation of oxygen [35]. F. Nafezarefi et al. [35] determined P, to
be 0.4 Pa for the deposition of YHO, and slightly larger (P.= 0.6 Pa) for
GdHO, DyHO and ErHO oxyhydrides. G. Colombi et al. [44] determined
P, = 0.3 Pa for ScHO while D. Chaykina determined P, ~ 0.6 Pa for
SmHO. Note that these values may depend on the particularities of
each coater (geometry, distance target-substrate, etc.) as well as other
parameters such sputtering power density.

Fig. 5(b) shows the evolution of the transmittance at a wavelength
of 420 nm of different REH, precursor films (RE = Y) as a function of
time exposure to pure oxygen (5 N), from M. Zubkins et al. [56]. The
transmittance at such wavelength is a good indicator of the opening of
the band gap and hence of the incorporation of oxygen in the lattice
of the precursor film. In this sense, it can be observed that the rate at
which oxygen is incorporated increases with the sputtering pressure.
While samples deposited at high pressures (e.g., 2.65 Pa) react in few
seconds, films prepared at low pressures take longer time, or not react
at all (e.g., the films deposited at 0.40 Pa) [56]. Controlled exposure to
pure oxygen shows that porous films [68] require lower oxygen dosages
to achieve photochromic properties than more compact films [56].
As we will see next, the oxidation process continues when the films
are exposed to air, being the most porous films more susceptible to
degradation. One of the differences between films exposed to air when
compared to films only exposed to pure oxygen is the emergence
of O-H bonds after air exposure, as observed by Fourier-transform
infrared spectroscopy [56]. The implications of the O-H bonds in the
photochromic properties have not been investigated yet.

D. Moldarev et al. [69] determined the atomic ratios of O/H and
0O/Y in two YHO films on which the hydride precursors were prepared
by magnetron sputtering at 1.0 and 6.0 Pa, maintaining the Ar and
H, ratio constant (40 and 160 sccm for H, and Ar, respectively). The
obtained results, presented in Table 1, confirmed that high deposition
pressures result in porous films with higher oxygen content. Besides, as
described by Eq. (1), as oxygen atoms are incorporated in the material,
the content of hydrogen decreases. Moreover, Table 1 shows that the
films keep oxidizing and loosing hydrogen even 7 months after air
exposure being this change more dramatic in films deposited at high
pressures. Additional studies by G. Colombi et al. [44] in REHO (RE
= Sc, Y and Gd), confirmed that the deposition pressure during the
fabrication of the REH, precursors determines the final oxygen content
in the oxyhydride, even in a pressure range closer to P,. How all these
parameters affect the final transparency and photochromic properties
of REHOs will be discussed in next sections.

In addition to deposition pressure, the geometry, target size, and
other characteristics of each sputtering coater will determine the opti-
mal set of deposition conditions, including applied power to the target.
Static deposition of RE, precursor films in large area coaters may result
in precursor films exhibiting a deposition zone gradient which can lead
to an uneven incorporation of oxygen, see C. C. You et al. [60,70].
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O/H and H/Y atomic ratios corresponding to two different REHO samples (where RE = Y) as a function of
time exposure to air. The sample precursors were prepared by sputtering at 1.0 and 6.0 Pa, respectively.
Source: Reprinted from D. Moldarev et al. [69] with permission from Elsevier.

Deposition pressure 1.0 Pa 6.0 Pa

Time exposed to air 1 week 2 months 7 months 1 week 2 months 7 months
O/H 1.0 1.1 1.3 1.7 2.0 2.1

H/Y 2.2 1.7 1.4 0.6 0.7 0.8

It is important to highlight that the low-temperature deposition
process followed for the fabrication of photochromic REHOs (the sub-
strate is not intentionally heated and the deposition power density
applied to the RE target can be kept as low as 1.33 W/cm? [36]),
allows the synthesis onto webs, enabling roll-to-roll deposition and
the fabrication of photochromic membranes which can be used as
standalone devices or for glass lamination. This provides easy ways
of transportation (plastic is much lighter and less brittle than glass,
implying less CO, emissions and lower costs), resulting in a positive
impact on the life-cycle analysis of the final photochromic product [9].

The lattice expansion, caused by the incorporation of oxygen, ob-
served in Fig. 4 bottom panel can often lead to flaking and delamination
of the film. For this reason, a proper cleaning and/or conditioning of the
substrate is very important. For the deposition onto glass substrates, it
is advisable to start by washing the substrates with a mild soap solution
and removing any visible contamination with a sponge. Then, rinse
the substrates with deionized water removing any soap residue and
subsequently blow them dry. Follow by soaking the substrates during
few minutes in acetone to remove any remaining organic residues and
rinse them again with deionized water. Next, wipe them with a lint-
free cloth soaked in isopropyl alcohol, rinse with deionized water and
blow dry. For particularly dirty substrates, use ultrasonic agitation (son-
ication) in a bath of isopropyl alcohol or deionized water to dislodge
any remaining particles or contaminants from the substrate surface.
Achieving good adherence onto some substrates, such as Sn:In,0; ITO
coated glass is, in our experience, particularly challenging. This may
be caused by the larger surface roughness of ITO, which prevents an
intimate contact with the precursor hydride, leading to delamination
when the lattice expands as the oxyhydride is formed.

3. Photochromic effect

Next, we will discuss the effect of the deposition pressure and film
thickness on the transparency and photochromic contrast of REHOs
(Section 3.2). Also, we will describe how the election of the cation
(Y, Gd, Dy, etc.) could ultimately influence the functional properties
of the REHO films, Section 3.3. In Section 3.4, we will investigate
which wavelengths are able to trigger the photochromic effect, while
in Section 3.5 we will discuss about haze and color perception, which
are essential features in glazing applications. Durability, delamination
and capping will be addressed in Section 3.6.

However, before scrutinizing in detail these specific aspects, and in
order to get acquaintance with the photochromic effect in REHOs, we
will first introduce in Section 3.1 some of its basic features. These, as
summarized in Fig. 6, are: solar and visible light modulation, optical
band gap and transparency, a brief discussion of a model for explaining
the observed light-induced darkening, as well as some words on the
reversibility of the photochromic effect.

3.1. Basics

Solar and visible light modulation

The transmittance trace T(4) of a typical photochromic REHO, be-
fore and after illumination, is shown in Fig. 6 left column top panel. In
this particular case, the data shown corresponds to total transmittance
(includes direct, but also possible scattered light, measured in a Perkin-
Elmer Lambda 900 spectrophotometer equipped with an integrating

sphere) of a 1.5 pm-thick GdHO film deposited onto glass. The trans-
mittance in the dark state was measured after illumination with a LED
source during 15 h (4 = 365 nm, power 27 mW/cm?). Since, as we will
discuss later on, light scattering is negligible in these films, the use of
an integrating sphere is facultative. By comparing this transmittance
data with both the spectral distribution of the solar irradiance at the
earth surface ¢, [71] and the relative efficiency of the human eye
@rm [72] (Fig. 6, left column middle and bottom, respectively), we can
draw the following conclusions: (i) REHO coatings block, both in the
clear and photodarkened state, the solar UV radiation (4 < 300 nm),
which is harmful for our eyes and skin, but also for the objects that
are usually kept indoors, e.g., furniture, fabrics, paintings, etc. Note
that ordinary window glass alone transmits some UVA radiation [73].
(ii) The photochromic optical modulation in REHOs occurs not only
in the visible part of the solar spectrum (400 nm < A < 700 nm),
but also in the infrared (700 nm < A < 2500 nm). (iii) The decrease
in transmittance is quite homogeneous in the visible range, so REHOs
keep color neutrality when photodarkened. Points (ii) and (iii) must
not be taken for granted, e.g. silver halide glasses, as well as many
organic dyes, switch mostly in the visible region, but not so much in
the NIR [10,23,74]. On the other hand, photochromic tungsten oxide
switches in the long-wavelength range of the visible spectrum (red),
resulting in deep-blue colored photodarkened films [10,30].

Transparency and modulation of the visible and solar radiation are
fundamental characteristics of smart window glazing. Those can be
summarized in two parameters: the solar transmittance T, and the lu-
minous transmittance T,,,, which are often used by the industry for the
characterization of architectural glass [75]. T, and its photochromic
modulation AT, can be defined as follows:

[ dAT() @A)

Tg=—7""""—. @
Y i

and

ATsol = Tsol (clear) — Tsol (dark), 3

where T (clear) and Ty, (dark) refer to T, calculated in the clear

(before illumination) and dark (after illumination) state. Analogously,
we can obtain Ty, and its photochromic modulation AT, simply by
substituting ¢, by ¢,,, in Egs. (2) and (3).

According to these definitions, for the aforementioned GdHO coat-
ing, the obtained T, is 65% and 15% in the clear and photodarkened
state, respectively, i.e., AT, ~ 50%. Regarding the visible part of the
spectrum, the coating also provides large modulation, being AT, ~
52%, combined with relatively large transmittance in the visible region
in the clear state (T, ~ 66%).

Without focusing on these exact values of AT, and AT,,,,, which
depend on many factors (sample composition, temperature, illumina-
tion source, illumination time, etc.), we can conclude that the pho-
tochromic switching in REHOs has the adequate spectral distribution to
provide dynamic control of both T, and T,,. Considering the optical
switching properties as seen in Fig. 6 (left column), when implemented
in architectural glass, REHOs can potentially provide thermal comfort,
decrease the cooling demand during sunny days, as well as prevent
glare. On the other hand, during dark cloudy days, the REHO coating
can remain in the clear state, admitting as much natural light and solar
radiation as available, decreasing the heating demand and the need for
artificial lighting.
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Fig. 6. The column on the left shows the optical transmittance T(4) corresponding to a GdAHO sample before and after illumination (top), the solar irradiance at the Earth’s surface
(middle) and the relative efficiency of the human eye (bottom), all as a function of wavelength. Middle column shows the reflectance R(4) of a YHO film before/after illumination
(top) and a schematic representation of the diluted metallic-domain DMD model (bottom). The DMD model works very well in predicting the changes in T(4) vs. illumination
time in YHO (right column, top). T(4) averaged between 899 and 950 nm under light/darkness cycles for a YHO film is shown in the column on the right (middle). XRD patterns
corresponding to clear/dark states in YHO are shown the column on the right (bottom). Right column top reproduced from J. Montero et al. with permission from Wiley. Right
column middle and bottom reproduced from J. Montero et al. [61] with permission from AIP Publishing and E. Baba et al. [54] (CC-BY).

In terms of energy efficiency the parameters Ty, and AT, can
give a good estimate of the energy performance of REHO coatings.
Alternatively to T, and T, in the literature we often find T(4) and
its photochromic change AT(A) averaged in different regions such as in
the visible or near infrared spectral range.

Band gap, transparency and optical absorption

In the visible region (400 < A < 700 nm equivalent to 1.7eV <
hw < 3.0 eV), far from phonon resonances (typically occurring in the
midthermal range [76]) and without free electrons which can cause
Drude-like absorption [77], REHOs remain mostly non-absorbing and
hence optically transparent in the non-photodarkened state. However,
band gap absorption and Urbach tails can penetrate slightly into the
visible region at short wavelengths causing some absorption. Fortu-
nately, the band gap transition is most likely indirect, which reduces
further the effect of this optical absorption in the visible region [78].
In the literature we can find the following optical band gap values
(indirect allowed unless stated otherwise): 2.5-2.6 eV and 3.0-3.3

(direct allowed) for YHO [64], 2.8 to 3.7 for YHO (direct allowed) [79],
2.0 to 2.2 eV for NdHO [43], 2.0 to 2.2 eV for SmHO [42], 2.2 to 2.5 eV
for ScHO, YHO and GdHO [40], 2.2 for DyHO and 2.04 for ErHO [35].
These values ensure a high Tj,;, in the clear state in most cases.

On the other hand, REHOs become optically absorbing in the photo-
darkened state. Fig. 6, middle column top panel, shows the reflectance
R(A) for a YHO film before and after illumination. Same as before,
it is also total reflectance measured using an integrating sphere in a
Perkin-Elmer Lambda 900 spectrophotometer. Illumination in REHOs
causes the decrease of T(4), but also of R(4). Since energy conservation
dictates:

T(A)+RA) +A) =1, @

thus, the photochromic modulation occurs at the expenses of an in-
creased optical absorbance A(4). This has several implications: (i) under
strong solar light, REHOs will become absorbing, largely increasing
their temperature. (ii) As it will be discussed later on in detail, this
temperature raise will have an impact on the photochromic kinetics
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and contrast of the film. (iii) When applied onto glazing, the use of
tempered glass, for a larger resistance to thermal stress, may be recom-
mended, as it is usual in electrochromic glazing [80] which also become
absorbing in the dark state. (iv) Although T, may be largely reduced,
the total solar heat gain coefficient (understood as the fraction of solar
radiation admitted through the coating, either directly transmitted or
absorbed and re-radiated indoors [81]) may not decrease as much as
expected. In order to overcome this problem, in glazing applications
REHOs need to be implemented in combination with Low-E coatings
such as transparent conductors or very thin silver coatings [76,77,82].

The dilute metallic-domain DMD model

The first model for explaining the photodarkening in REHOs was the
dilute metallic-domain DMD model [36,61]. The DMD model assumes
that, during illumination, metallic domains grow embedded in the
REHO transparent film. Rather than forming a continuous layer, these
domains occupy a volume fraction or filling factor f, being f in the
dilute limit (f << 1). Therefore, the optical properties of the result-
ing composite may be modeled using the Maxwell-Garnett effective
medium approximation [83,84]. On this basis, starting from f = 0 in
the transparent state (no metallic phase present in the film), f grows
gradually under illumination, causing the increase of A(4) [36,61]. This
model is schematically presented in Fig. 6 middle column, bottom. It is
important to underscore that the formation of a continuous metallic
layer would result in increase R(A) rather than an increase of A(2),
specially for A in the infrared (below the plasma frequency, which
depends on the number of conducting electrons per volume) [11,77].
This suggests that the photochromic effect is inherent to the whole
volume of the film, rather than being limited to the film’s surface [61].
However, when photochromic contrast is tested in relatively thick films
by using monochromatic light of short wavelengths, a skin effect can
be observed [85,86] inherent to the penetration depth of the incident
beam. For example, in a typical YHO film (thickness ~ 1 pm) the usual
extinction coefficient' a(4) at 4 = 400 nm is ~ 32685 cm~!. According to
Beer-Lambert’s Law, 300 nm deep into the sample the intensity of the
incident beam drops by a factor 1/e, i.e., by 37%. The penetration depth
can be even smaller if the incidence of the light beam is not normal to
the surface of the film.

Back to the DMD model, according to the Maxwell-Garnett ap-
proximation, the dielectric function ¢ of the REHO film at any pho-
todarkening state depends on three factors: the dielectric function of
the matrix ¢,, in which the metallic domains are embedded (that is,
the dielectric function of the film in the clear state), the dielectric
function of the metallic domains ¢, and f. Both ¢, and ¢, can be
determined experimentally by variable angle ellipsometry: ¢,, in a
REHO film before illumination, and &, by assuming it to be similar to
the dielectric function of a non-reacted metallic film deposited at P <
P, [36,61]. This leaves f as the only parameter susceptible of changing
under illumination. For our previous work [36], we tested the dielectric
function corresponding to an oxygen- and hydrogen-deficient YHO and
to the dihydride YH, phase, both of metallic character, as possible
candidates for £,. We achieved a superior fit with the former, while
the results obtained for the dihydride YH, phase were not published.

The DMD model has been proven to work very well for reproducing
T(4) at different photodarkening stages assuming metallic domains of
spherical shape in YHO samples deposited at pressures far from P,. For
example, Fig. 6 right column (top) shows the experimental evolution of
T(A) as a function of illumination time (0, 8, 30 and 64 min of illumina-
tion with a broadband light source EQ-99XFC LDLS) of a film prepared
at 1.0 Pa [36]. According to the DMD model, these photodarkening
levels can be explained by the increase of f vs illumination time from

1 Calculated for the total transmittance and reflectance of the YHO film
shown in Section 3.5.
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f = 0.00 (0 min.) to 0.02 (8 min.), 0.04 (30 min) and finally to 0.06
after illumination during 64 min [36].

The formation of metallic domains as proposed by the DMD model,
is commonly accepted and proven experimentally by several authors
[87-90]. The DMD model is also compatible with the persistent photo-
conductivity observed in REHOs after illumination [34,70,86,91], and
with the emergence of Ruderman-Kittel-Kasuya-Yosida RKKY mag-
netic interactions in GAHO films after illumination [58]. The strong,
repeatable photoresponse in the electrical resistivity observed in RE-
HOs opens up new application opportunities beyond smart glazing,
including the development of light sensors and other optoelectronic
devices [88].

Why these metallic domains are formed by the effect of illumination
- or in other words, what are the factors behind the photochromic effect
in REHOs - is not completely understood and, although some theories
can be found in the literature [54,92], their discussion lies outside the
scope of the present work.

Reversibility and memory effect

This brief introduction to the photochromic effect in REHOs would
be incomplete without commenting on its reversibility. To reiterate, for
a material to be considered photochromic, the optical change has to be
reversible. On this basis, Fig. 6 right column middle panel shows T(1)
averaged in the interval 899 < 4 < 950 for a YHO film subjected to
cyclic illumination (the sample was subjected to 1 min illumination
with a 4 = 405 nm laser, followed by 59 min of darkness. This
cycle was repeated 70 times), as presented by J. Montero and S. Zh.
Karazhanov [61]. This film exhibits excellent reversibility. Also, a mem-
ory effect is observed since the optical contrast increases every cycle
during the first 30 cycles [61], as confirmed by other authors [55].
It is also worth mentioning that under cyclic illumination, the lattice
of the oxyhydride contracts/expands [54,93], as illustrated by the X-
ray diffraction patterns presented in Fig. 6 in the right column, bottom
panel, see Ref. [54].

3.2. Deposition pressure and thickness

In photochromic REHOs, the deposition pressure P used during the
sputtering process has a large influence on the final transparency and
photochromic contrast. This is because, as previously discussed, P has
a direct impact on the O/RE atomic ratio [44,69,94,95].

Fig. 7(a) shows T(4) averaged in the wavelength range between
500 and 900 nm (Tsg,_ggo), both in the clear and dark state, for YHO
films deposited onto glass at different P values. The optical contrast,
represented by ATsy,_go (achieved after 1 h illumination with a solar
simulator) is also included. These particular films were prepared at P
ranging from 1.2 to 6.0 Pa by C. C. You et al. [79]. The thicknesses d
were 1290 nm, 1220 nm, 1300 nm and 870 nm for the films deposited
at 1.2, 2.0, 3.0 and 6.0 Pa, respectively. From Fig. 7(a) it is possible to
conclude that increasing the deposition pressure causes an increase in
the transparency in the clear state but a decrease of the photochromic
contrast. Or, in other words, the larger the oxygen content, the more
transparent the film but the smaller the optical switching.

Accordingly, a compromise must be achieved: a large enough oxy-
gen content in the film is needed to ensure transparency, while the
content of oxygen has to be low enough to ensure photochromic
contrast. Importantly, P is the key parameter to regulate the oxygen
content. We note that the sample prepared at P = 1.2 Pa and d=
1290 nm, is capable of combining a large transparency in the visible
region T, ~ 83%, with a large photochromic contrast AT, ~
22% [79].

The thickness d of the films is yet another parameter to consider. J.
Montero and S. Zh. Karazhanov [61] studied the impact of d in T},,, and
ATy, (after 1 h illumination with a solar simulator) achieved by YHO
films prepared at P = 1.0 Pa, Fig. 7(b). Additionally to experimental
data, Fig. 7(b) also shows predictions of T}, and AT, according to the
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Fig. 7. Panel (a), shows T(4) averaged between 500 and 900 nm, Ts, oo, for the clear and dark state for YHO samples deposited at different deposition pressures. The change in
Tsp0_000- i-€., ATs0 990 after 1 h illumination with a solar simulator is also included. Panel (a) is reprinted from C.C. You et al. [79] with the permission of AIP Publishing. Panel (b)
shows T,,,, and AT,,, after 1 h solar simulator as a function of film thickness for samples synthesized at 1.0 Pa deposition pressure. Predicted values of T, and AT, according
to the DMD model are also included. Panel (b) is reprinted from J. Montero and S. Zh. Karazhanov [61] with the permission of John Wiley & Sons, Inc. Panel (c) represents
a map of the qualitative photochromic contrast AT and transparency T in the clear state of different YHO samples as a function of thickness d and deposition pressure P. The
diameter of the circles is proportional to AT, whereas the color is proportional to T according to the color bar on the right. The figures in Panel (c) are not to be interpreted as
absolute values but rather as representations to convey overall patterns of photochromic REHOs observed in the literature [44,61,79].

DMD model. Superimposed onto panel (b) are the results corresponding
to the film prepared at 1.2 Pa by C. C. You et al. [79]. This particular
film serves as a bridge between Refs. [61,79], since it was prepared
using the same sputtering machine at approximately the same P and it
was tested under the same illumination conditions.

According to Fig. 7(b), relatively thick films (above 2 pm) are
required to achieve a good photochromic contrast AT, ~ 30% at depo-
sition pressures of 1.0 Pa. These films, despite their large thickness, are
able to retain large transparency in the visible region, being Tj,,s0%-
On the other hand, thinner films (d = 170 nm) prepared at 1.0 Pa
exhibit higher transparency, Ty, ¢34, but very weak photochromic
contrast, AT}, ~ 3.0%. These results are consistent with the results
reported by G. Colombi et al. [44] corresponding to 150 nm-thick
YHO films deposited at 1.0 Pa. However, G. Colombi et al. [44] also
demonstrated that 150 nm-thick YHO films deposited at lower pres-
sures, closer to P,, can exhibit transparency and photochromic contrast
comparable to those achieved by ten times ticker films deposited at
higher pressures [79].

As a summary of these observations, Fig. 7 panel (c) depicts a
qualitative map of YHO films deposited at different pressures P and
of different thicknesses d, which can convey the trend in transparency
and contrast expected in other photochromic REHOs. In the graph,
each point is represented by a circle, being the diameter of the circle
proportional to the photochromic contrast and where the color of the
circle represents the transparency in the clear state, according to the
color scale in the figure. The critical pressure P, is fixed at 0.4 Pa [35].

Numerical values, including pressure ranges, in Fig. 7 panel (c) are
intended as an approximate guide for providing a general sense of the
trends of transparency and photochromic contrast followed by REHOs,
and must not be interpreted as absolute values. As it can be observed
in Fig. 7 panel (c), samples with a larger photochromic modulation can
be achieved either by (i) keeping a intermediate deposition pressure
(e.g. 1.0 Pa) and increasing the film thickness above 1 pm or (ii), by
decreasing P towards P,, and keeping the thickness of the films to
few hundred nanometers. Obviously, samples deposited below P, are
neither photochromic nor transparent.

It is worth noting that photodarkened samples acquired following
strategy (ii) present a much larger optical density in the photodarkened
state that those obtained following (i). On this basis, we can speculate
that samples prepared by strategy (i), which are more porous for being
prepared higher pressures, contain a larger fraction of other phase or
phases, e.g. an oxide phase not optically active. This idea agrees with
previous studies that suggest that REHO photochromic films are in-
deed inhomogeneous, constituted by two [65] or more [96] coexisting
phases. Moreover, this can be justified by the fitting to the DMD model:
as it is observed Fig. 7(b), the change of transparency and photochromic
contrast as a function of d follows very well the predictions of this
model. For a correct fitting of the DMD model to the data presented
in the figure, a thin Y,0; layer (of constant thickness ~ 50 nm)
was assumed to form onto the surface of the film upon air exposure
irrespective of the total film thickness [61]. For a fixed value of P, the
presence of this layer, which is expected to be X-ray amorphous but its
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Table 2

Luminous transmittance T, and solar transmittance T, before (clear) and after (dark)
illumination, as well as their respective change AT, and AT,,, for Y, Gd, Dy, Er
oxyhydrides. The thickness the samples are in the range 270 nm <d< 350 nm. The
photodarkened state was measured after UV exposure during 5 h at a power 5070
uWem?. Data extracted from F. Nafezarefi et al. [35], see acknowledgments.

Tium (%) Toor (%)

Clear Dark ATy, Clear Dark AT,
YHO 79.9 50.1 29.8 77.6 53.5 24.1
GdHO 67 315 35.5 70.1 33.9 36.1
DyHO 59.8 37.2 22.6 58.1 36.3 21.7
ErHO 59.4 40.3 19.1 63.9 44.5 19.3

presence is confirmed by XPS [54], ion beam analysis [59] and neutron
reflectometry [97], has an increasing impact on the optical properties
of the samples as the total thickness is decreased. On this basis, by
decreasing P, it is possible to obtain larger contrast in thinner layers,
not only because the changes in stoichiometry of the oxyhydride phase
itself derived from a lower incorporation of oxygen, but also because
an increase in the oxyhydride/oxide ratio. This observation has also
implications on the band gap determination: the presence of the oxide
layer could lead to an overestimation of the band gap when calculated
by optical methods.

3.3. Cation dependence

The transparency and photochromic contrast were studied for the
first time for different RE cations by Nafezarefi et al. [35]. This prelim-
inary study, which compares the photochromic effect of oxyhydrides
of Y, Gd, Dy, and Er, provides T(4) curves in the range 300 nm <
A < 2500 nm before and after illumination, which permits calculations
of Tiym> Tsoi @s well as their change after illumination. The summary
of these parameters is shown in Table 2. The data presented in Ta-
ble 2 shows how samples with high transparency in the visible and
solar spectra can provide large photochromic contrast, not only in the
visible, but in the full solar range. Under the particular experimental
conditions described in Ref. [35], oxyhydrides based on Y exhibit both
the largest luminous transmittance and solar transmittance in the clear
state (Ty,, ~ 79.9%, Ty, ~ 77.6%). However, the largest photochromic
contrast was achieved in Gd oxhydrides (AT, ~ 35.5%, ATy, ~ 36.1%).
Dy and Er oxyhydrides exhibited both lower transmittance and lower
photochromic contrast.

Systematic studies on Y, Gd and Sc oxyhydrides [44], including
variations in deposition pressure, controlled thickness and composi-
tional analysis, pointed out to the possible connection between the
cation ionic radius r; and the photochromic contrast. According to this
hypothesis, cations with a larger ionic radius (e.g. Gd**, r; = 93.8 pm
or Nd**, r; = 98.3 pm), would result in oxyhydrides exhibiting a larger
photochromic contrast than those formed by smaller cations, e.g. Y>* (r;
= 90.0 pm), Sc3* (r; = 74.5 pm), Er** (r; = 89.0 pm) or Dy** (r, = 91.2
pm). This is partially confirmed by the study by S. M. Adalsteinsson
et al. [94] except for the case of Dy: in the later work, the thickness-
normalized photochromic contrast from largest to smallest was found
in DyHO, NdHO, GdHO and YHO thin films. Note: all the values of r;
provided in this section are sourced from the data compiled by R. D.
Shannon [98].

However, this trend needs to be observed with caution because the
deposition pressure and hence the oxygen content in the oxyhydride
film have a tremendous effect in the photochromic effect. For a fair
comparison, all different REHO films must be deposited at their own
optimal conditions, and the illumination source must be chosen in
accordance with the different optical absorption coefficients in order to
avoid the influence of the skin effect (by which the proving beam will
reach different depths in different samples depending on their optical
band gap).
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3.4. Excitation and recovery

Many organic photochromic compounds switch from a transparent
state to a photodarkened state by the action of UV light [23]. Since
usual soda lime glass absorbs most of the solar UV radiation, many pho-
tochromic compounds will not switch, or switch poorly when placed
behind a glass pane. This is not the case of oxyhydrides: YHO has been
found reactive to light from yellow (2.20 eV), green (2.34 eV), blue
(2.80 eV) and to UV (3.14 eV and above) [99]. Not response has been
observed under orange (1.94 eV) or red (1.80 eV) illumination [99]. In
this particular case, the optical band gap of the studied YHO film was
estimated to be ~ 2.39 eV.

The power of the light beam has also an influence in the photodark-
ening, where a higher power results in larger photochromic contrast.
For similar power (e.g. yellow light at 4.9 mW/cm~2 and UV light at
5.1 mW/cm~2) higher energetic light (UV) has been found to cause a
larger photochromic contrast in YHO [99].

Given a fixed illumination wavelength and intensity, the temporal
dependency of the photochromic contrast is observed to reasonably
conform to a logarithmic law. In this sense, the largest photochromic
contrast is achieved shortly after illumination has started: when illumi-
nating YHO films with a solar simulator, there are not large differences
in the photochromic contrast of samples illuminated during 5 h or 24
h [60].

Concerning the bleaching kinetics, the literature often relies on
the time constant 7, for evaluating how fast a photochromic material
bleaches back to the original state once illumination has ceased [44,
100]. 7, can be calculated according to:

" <—ln (T(V) > i

=——1—In((T,
<Tclear> Tp n« dark>)

where (T(t)) is the average transmittance in a certain wavelength range
(e.g. 450 nm < 4 < 1000 nm) as a function of illumination time t, and
(Tejear) and Ty, ) are the average transmittance in the aforementioned
wavelength range in the clear (initial or clear) and photodarkened
(final) state. Eq. (5) assumes that the species responsible of the pho-
todarkening of the film decrease as a function of time following first
order kinetics [100].

Once again, 7, depends on the deposition pressure, being smaller
(i.e., faster bleaching) at deposition pressures far from P,, where trans-
parency is high but photochromic contrast is low. Also, the ionic radius
seems to play a role, where smaller cations (Sc) result in longer bleach-
ing times that larger cations (Y, Gd). According to the literature [44],
it is possible to achieve YHO and GdHO films exhibiting excellent
transparency, photochromic contrast and bleaching speed: T,s0_1000 ~
84, 83%, AT,s0 1000 ~ 18, 20%, 7, = 12, 9 min for YHO and GdHO
respectively. These data correspond to 150 nm-thick films illuminated
with UV light (385 nm, power 75 mW/cm?) during 30 min.

In addition, the temperature of the sample has an effect on the
photochromic contrast and darkening/bleaching speed [44]. Under
illumination, photodarkening and thermal bleaching compete, reaching
an equilibrium. This equilibrium is altered by the temperature of
the film. R. Hallardker et al. [101] investigated the effect that the
temperature (in the range between 37 °C and 87 °C) has on the
photochromic contrast of YHO films. For a fixed wavelength and power
of the illumination source, the higher the temperature at which the pho-
tochromic YHO film is kept, the lower the final photochromic contrast
achieved. Besides, in the absence of illumination, photodarkened YHO
films kept at higher temperatures recovered faster than those at lower
temperatures.

A photochromic REHO film will heat up under real solar illumina-
tion because it becomes optically absorbing when photodarkened. In
this sense, the photochromic contrast may be lower than that achieved
when the film is illuminated with an LED source. The reverse is also
true as reported by E. M. Baba et al. [102]: an YHO film, when cooled
down to ~ —268 °C (5 K), is able to achieve a larger photochromic
contrast than an equivalent film kept at room temperature [102]. Ac-
cording to this study, partial bleaching occurs in temperatures ranging
from —173 °C (100 K) to —23 °C (250 K) [102].

(5)
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Fig. 8. Total transmittance (top left), diffuse transmittance (top right), total reflectance (bottom left) and diffuse transmittance (bottom right) of a YHO film (ca. 1 pm thick)
before and after UV illumination (365 nm). The measurements where performed in a Perkin-Elmer Lambda-900 spectrophotometer equipped with an integrating sphere. Measured

at normal incidence.
3.5. Haze and color perception

Receiving natural light and allowing visual contact with the exterior
stands as a primary and fundamental goal in architectural glazing.
This involves the creation of occupant-friendly well-illuminated spaces
by making the most out of natural daylight, while at the same time
offering the occupants the possibility to engage visually with the ex-
ternal surroundings [11]. These aspects have been proven to have a
positive effect in the recovery of patients in hospitals [103], make
employees more productive [104], improve academic performance of
students [105] and, although this is a bold statement difficult to
quantify, make our daily life more pleasant.

On this basis, current architectural trends highlight the importance
of a multidimensional combination of several factors including the
well-being of the occupants, aesthetics and the efficient use of energy
resources. This is not without a purpose: we spend up to 90% of our
times indoors [106]!

As we have discussed previously, in the context of daylight manage-
ment, we expect T(4) in the visible region to be as large as possible in
the clear state, while at the same time keeping a large photochromic
response. In this way we can ensure natural light and visual comfort
by preventing glare. As we have seen, this information can be reduced
to Ty,, and AT),,. Besides, except for specific applications involving
privacy or solar control by light back-scattering [107], we want glazing
to scatter light as little as possible to ensure a clear view.

In this section we will study the scattering properties as well as
color neutrality aspects in photochromic oxyhydrides. After all, glaz-
ing act as an optical filter through which we see the exterior and
receive light. On this basis, we have to assess the quality of the visual
connection with the ambience and the quality of the light that we
receive through REHO-coated glasses. Color perception is a subjective
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experience and often requires the conduction of perception surveys
amongst users [108,109].

Light scattering, caused e.g. by particulate-films [110] or surface
roughness [111] (i.e., Mie scattering), can result in films exhibiting
a turbid or milky appearance which can severely limit the visibility
through them. This effect is manifested by large values of diffuse
transmittance or reflectance. Fig. 8 shows the total transmittance and
reflectance (left, top and bottom panels respectively), corresponding
to an YHO film before and after UV illumination, as measured in
a Perkin-Elemer Lambda 900 spectrophotometer equipped with an
integrating sphere. Total transmittance (or reflectance) values are im-
portant because they represent the fraction of light that is transmitted
(or reflected) considering both, direct and scattered light. As mentioned
before, since both total transmittance and reflectance decrease after
illumination, and according to Eq. (4), the film becomes absorbing after
illumination, with the implications already discussed above. Measure-
ments of diffuse transmittance and reflectance (Fig. 8, right top and
bottom panels), revealed that the fraction of light that suffers scattering
is very low, below 1.0% in the clear state and even lower in the
dark state. As a comparison, in thermotropic hydrogels, which provide
dynamic solar control by varying their light scattering properties in the
backward direction [107,112], the fraction of scattered light can reach
values > 80 %, where visibility is severely impaired [113]. In contrast,
the low values observed in YHO guarantee a clean view without haze
in both clear and photodarkened state.

On the other hand, large values of T}, and lack of scattering are not
always synonym of color neutrality. In fact, REHOs are often described
as yellowish [34,40,42,99,108]. In this sense S. Arbab et al. [108]
studied how different colors, under different illumination conditions,
are perceived when observed through an YHO-coated photochromic
glass pane. For this purpose, 21 participants were asked to undergo
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Fig. 9. Perception of nine different colors through two types of glass: electrochromic in the clear and dark state (EC clear, EC dark) and photochromic YHO (PC). Each case
was studied under three illumination conditions corresponding to light of correlated color temperature of 2700 K (left panel), 8000 K (center panel), 6500 (right panel). Results
are presented in three radar charts (one for each illumination temperature) of 9 spikes, where each spike corresponds to a particular color, labeled with letters from A to I
The correspondence of these labels with their respective color is depicted in NCS notation (bottom panel) together with a square of approximate color as reference. The radial
direction, starting from the center of the radar chart and moving outwards, correspond to the average score given to each particular color (1 corresponds to a perfect match with
the reference color, whereas 5 corresponds to a large deviation in the color perception).

Source: Adapted from the work of S. Arbab et al. [108] (CC-BY)

a matching procedure in which a panel containing an arrangement of
rectangles of 9 different colors was observed through an YHO coated
glass. An identical reference panel was simultaneously available with-
out any, coated or otherwise, glass plane obstructing the view. The
panels contained colors corresponding to the NCS codes as shown in
Fig. 9 (bottom), where they have been labeled from letters A to I for
convenience. Additionally, in Fig. 9 bottom panel, a square with an ap-
proximate visual representation of each color is presented. Participants
were told to evaluate (by giving a score from 1 to 5, were 1 is a perfect
agreement with the color in the reference panel) how they perceived
each color through the YHO coated glass.

The experiment was performed under different illumination tem-
peratures: 2700 K (corresponding to sunrise or sunset), 8000 K (corre-
sponding to midday clear sky illumination) and 6500 K (corresponding
with midday overcast sky). The average scores given by the participants
for each color and for the YHO glass (clear state), together with those
corresponding to an analogous experiment using electrochromic glass
(manufactured by Gesimat) in the clear and dark state, are compiled in
the radar charts in Fig. 9 left panel (2700 K), middle panel (8000 K),
and right panel (6500 K).

As it can be observed in Fig. 9, the electrochromic window and the
photochromic YHO glass pane (both in the clear state), have very little
effect in the perception of the different colors, with scores between 1
and 2 irrespective of the illumination conditions. This is a surprise for
the yellowish YHO film. In the dark state, however, the electrochromic
film has a profound effect in the colors close to the red spectrum,
namely C (NCS S 3020-Y50R, light yellowish red), D (NCS S 3020-
Y9O0R, light greyish red) and E (NCS S 2040-R40B, light reddish purple).
It is worth noting that the typical electrochromic device manufactured
by Gesimat, include a Prussian blue layer as ion storage layer [29],
which provides a large absorption in longer wavelengths of the visible
spectrum in the dark state, hence the large distortion on the perception
of reddish colors observed in Fig. 9. Unfortunately no data were pre-
sented regarding the YHO film in the photodarkened state. However,
since the decrease in transmittance in the photodarkened state occurs
evenly in the visible spectrum, see e.g. Fig. 6 (left column top), we can
speculate that color neutrality is also expected in the dark state.
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In contrast, follow up studies by S. Arbab et al. [109] demonstrated
that the hue perception of yellow, red and violet colors was largely
affected when seen by light that has passed through an YHO-coated
glass pane. Unfortunately, Arbab et al. [108,109] do not provide any
information about the nature of the YHO coating, e.g. deposition pres-
sure, thickness, Ty, Ty, OF comment on the photodarkened state. In
any case, the takeout message is clear: the color neutrality of REHOs
needs to be improved for a satisfactory application in glazing.

3.6. Durability

In contrast to organic materials, REHOs are not expected to degrade
by UV light, and hence UV-dosage test, commonly applied in the
organic photochromic industry, may not be the most adequate in this
case [23]. In this sense, adequate durability tests for REHOs need
to be devised, and presumably will involve repeatedly photochromic
switching. Unfortunately, studies involving durability tests of any kind,
performed on these materials, are lacking in the literature. However, as
discussed below, it is already possible to identify some vulnerabilities
of REHOs.

As observed in Table 1, REHOs seem to gradually incorporate
oxygen from the atmosphere and lose hydrogen [43,70,79,114]. As
discussed before, there is an optimal O/RE ratio at which a maxi-
mum photochromic contrast is achieved combined with a reasonable
transparency in the clear state and bleaching kinetics. The gradual
incorporation of oxygen by air exposure result in a weakened pho-
tochromic response. Besides, the incorporation of oxygen causes a
lattice expansion as observed by X-ray diffraction [43,44,70]. This
expansion may be the source of lattice strain and delamination. In fact,
in our experience, films kept in air tend to suffer from flaking and
delamination after a period of time that can vary from few days, in the
case of NdHO [43] to years in the case of YHO. Fig. 10 left panel shows
a photomicrograph of a YHO film after storage during ca. 4 years in air.
Different regions of the film show different degrees of delamination.

In principle, ageing by oxidation can be avoided by lamination or
capping of the photochromic film [43]. However, as we have demon-
strated [54], correct bleaching requires, at least under certain condi-
tions of illumination power and wavelength, the availability of oxygen
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Fig. 10. Left panel: photomicrograph showing the delamination observed in a YHO film after ca. 4 years of storage in air, courtesy of Senior Research Engineer J. Thyr. Middle
panel: evolution of T,,, of a photodarkened YHO film during bleaching in air or N, atmosphere. The horizontal dashed line indicates the value of T, in the clear state. Adapted
from our previous work [54] (CC-BY). Right panel: bleaching of a GdHO photodarkened film with and without Al,O; capping plotted in a double logarithm plot according Eq. (5).
(T) stands for the average transmittance between 450 and 1000 nm. Dashed black lines correspond to the slope calculated following this model.

Source: Adapted from Ref. [43] (CC-BY).

in the surrounding environment [54,115,116]. Fig. 10 middle panel,
depicts the evolution of Ty, corresponding to a photodarkened YHO
coating as it bleaches in air or in nitrogen atmosphere [54]. As it
can be observed, the film recovers much faster in air than in an inert
atmosphere. We note that the fact that the film was photodarkened
by repeatedly cycling is relevant: the recovery of the sample decreased
gradually as it was subjected to illumination/darkness cycles in nitro-
gen [54]. This need to be considered when implementing REHOs in
glazing: a common strategy for controlling heat transfer by conduction
include the use of multiple glass panes in between which inert gas
(e.g. Ar) is confined [82,117]. It is not clear how placing REHO coatings
facing this confined spaces can affect the bleaching kinetics of the
photodarkened films.

Environmental dependence

The environmental dependence of the bleaching effect in YHO films
shown in Fig. 10 has a strong resemblance with the photochromic
behavior in transition metal oxides such as WO; [118,119] or related
compounds [120], in which oxygen plays an important role. In partic-
ular, C. Bechinger et al. [118] identified two different channels in the
bleaching kinetics of photodarkened WO;, one associated to interstitial
oxygen and a second one associated to ambient oxygen, which bears
similarities with our data presented in Fig. 10 middle panel.

YHO films protected by Al,0; and Si;N, coatings deposited by sput-
tering retain unaltered the reversibility according to previous works
[121]. These capping layers, which were 50 (Al,0;) and 60 nm (Si;N,)
thick, were prepared without intentional substrate heating under rela-
tively high (0.8 Pa for Si;N,) and very high (5.0 Pa for Al,03) depo-
sition pressures. However, as discussed previously and as described by
the Thornton diagram [62], Fig. 5 panel (a), films deposited at high
pressure and low temperature may not be optimal as oxygen-diffusion
barriers.

In contrast, coatings deposited by atomic layer deposition ALD,
may be more compact and able to prevent oxidation. Studies on pho-
tochromic NdHO revealed that these films, when encapsulated by
ALD-deposited Al,O; capping layers (47 nm thick), were able to photo-
darken normally under illumination, but the change in the reversibility
kinetics was noticeable [43]. The capping, however, helped in stabiliz-
ing the NdHO coatings, which otherwise detached from the substrate
after few minutes in air.

The recovery kinetics of Al,0; photochromic GAdHO films is severely
impacted by encapsulation in a way that the assumption of a first-order
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process described by Eq. (5) is no longer valid [43]. As observed in
Fig. 10 right panel, only uncapped GdHO follows first-order kinetics
according to Eq. (5). This is attributed to the effect of the capping
layer itself, as well as to the removal of defects due to the relatively-
high temperature (87 °C) achieved during the ALD process by which
the Al,O; capping was deposited on top of the GAHO film. These
observations lead us to the next point: how stable are REHOs when
subjected to relatively high temperatures (up to 100 °C)?

Thermal stability

YHO films can withstand annealing at temperatures ~ 100 °C in air
during 30 min, without suffering a substantial impact on their trans-
parency and photochromic contrast [90,99]. R. Hallaréker et al. [101]
reported that heating YHO films at 87 °C in air do not prevent the
films from fully bleaching to their original state. YHO samples annealed
above ~ 100 °C incorporated oxygen while at the same time released
hydrogen [90,99], leading to an increased transparency in the clear
state, but to a reduced, or even suppressed, photochromic contrast [99].
Of course, the thermal stability may depend on the cation of the REHO
film but these preliminary studies suggest that photochromic REHOs
can withstand the typical temperatures that glazing can reach in sunny
days without problems.

Summary and outlook

Rare earth oxyhydrides (REHOs), with RE = Y, Gd, Dy, Er, Sm,
Nd, Sc, are photochromic materials exhibiting many attractive features
for their application in large-area transmittance control applications.
REHOs present high transmittance in the visible region, while a large
(and rapid) photochromic transmittance switching, particularly homo-
geneous in the visible range, occurs across the full solar spectrum
range. The photochromic effect can be triggered by light in the visible
region, without needing UV. REHOs are materials rather resilient to
temperature and can be prepared by readily scalable methods for the
glazing industry. Based on the study of existing literature, no other
family of photochromic materials is able to combine all these desirable
properties.

REHOs can be fabricated by magnetron sputtering, a technique
frequently used by the glazing industry, and are inorganic thus, in prin-
ciple, more stable than organic dyes. During the sputtering process, the
deposition pressure is a crucial parameter that dictates how permeable
the coatings are to oxygen, ultimately influencing their transparency,
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Table 3

Frequently asked questions and answers when it comes to the implementation of rare earth oxyhydrides for solar control transmittance in
glazing.

Question Answer

Can REHOs be prepared onto
large substrates?

REHOs can be prepared by magnetron sputtering, a technique that is compatible
with large area fabrication. The process takes place without intentional substrate
heating and hence allows the use flexible substrates and roll-to-roll fabrication.

Does the photodarkening only
occur by the action of UV light?

No, they darken with less energetic light as well, e.g. YHO even switches by the
effect of ~ 2.2 eV light. Of course, there is a dependency on light power and energy:
intense light sources of shorter wavelengths result in larger photochromic contrast
that less intense and energetic light.

In which wavelength range the
optical switching occur?

The switching occurs from 300 nm to 2500 nm and beyond, covering both the
visible part of the spectrum and the solar spectrum. The switching occur fairly
evenly in this wavelength range.

Is the photochromic contrast in
the transmittance caused by an
increase of reflection or
absorption?

Under illumination REHOs switch from light transparent to light absorbing. For this
reason, the temperature of the coating is expected to strongly increase under solar
light. As a consequence, REHOs need to be used in combination with low-E coatings
to prevent re-radiated heat to penetrate the building. Also, as with electrochromic
coatings, when implemented onto glass substrates, tempered glass may be required
to withstand the temperature changes that may occur during operation.

What are typical values of Ty,
and AT, ?

For YHO samples exhibiting T,,,, ~ 80% it is possible to achieve AT, ~ 30% after 1
h illumination with a solar simulator. This values may vary depending on
illumination time and temperature.

What are typical values of T,
and AT, ?

sol

There are not many reports that include a wide-enough wavelength range (optical
measurements are typically restricted to the UV-VIS region) to calculate this
parameters. We have reported T,,;= 65% and AT,;= 50% in GdHO films after 15 h
illumination with 365 nm-led light. To our knowledge, measurements of T, and
AT, under real or simulated solar conditions are lacking in the literature.

Are REHOs in the transparent
state color-neutral?

REHOs usually present a yellowish appearance. However, color perception surveys
revealed that the perception of colors does not vary significantly when seen through
an YHO-coated glass pane. However, light passing through an YHO-coated glass pane
can impact hue perception of yellow, red and violet colors.

Can a clear film become dark by
the effect of light even if the
temperature is high?

Under illumination, darkening/bleaching processes compete, thus, for a fixed
intensity, the higher the temperature the smaller the switching. However, the
capacity of switching in YHO has been demonstrated at temperatures as high as
~90 °C.

Can a photodarkened film bleach
back to the transparent state
during cold weather?

The bleaching is a thermal process that is severely affected by temperature.
However, it has been demonstrated that some partial bleaching can occur in YHO
even at temperatures below 100 K. To our knowledge, experiments under realistic of
REHO-glazing operating during winter have not been reported.

How durable are REHOs?

As inorganic materials, REHOs are not expected to degrade by the action of UV
light. However, it has been observed that, when kept in air, they tend to incorporate
oxygen and release hydrogen, reducing for this reason their photochromic
performance. The incorporation of oxygen causes the expansion of the crystalline
lattice, causing strain between the film and the substrate, which can lead to
delamination.

In an insulating glass unit IGU, is
it possible to place the
photochromic coating facing the
space between two glass panes?

This issue can be problematic, since the space between glass panes in a IGU is
typically filled with Ar or other gasses to reduce thermal conduction and the
bleaching of YHO has been proven to be dependent on the environment.
Photodarkened films kept in oxygen-free atmosphere tend to bleach slower than
those kept in air. However, it is worth noting that the gas filling between window
panes is not completely oxygen-free.

Can REHOs be protected from the
environment by lamination of
capping?

This is a controversial topic. Given the previous point, it is expected from lamination
to affect the bleaching of REHO coatings. ALD-deposited Al,O; onto Gd,0; has been
found affect the recovery kinetics. On the other hand sputtered Si;N, or Al;0;
capping layers prepared in Zone 1 of Thornton diagram have been reported to allow
the recovery of YHO films.

photochromic contrast and bleaching/darkening kinetics. The selection
of the RE cation has a impact on these parameters as well: in principle,
cations of large ionic radii result in photochromic films exhibiting faster
bleaching and largest contrast, but at the cost of a reduced transparency
in the clear state.

The application of REHOs in the glazing industry is not without
challenges, strategies for achieving long-term stability without imper-
iling photochromic contrast and dynamics must be devised. In Table 3
we discuss some of the most pressing issues when it comes to the
implementation in glazing of REHOs.

Provided that these challenges are met, REHOs can be the key to
photochromic smart glazing, regulating solar transmittance on demand
to enhance thermal and visual comfort for building occupants, while
reducing energy consumption. During hot sunny days, a REHO-based

14

coating can remain dark, limiting the inlet of solar energy and solar
light to the building, reducing the cooling load and preventing glare.
On dark cold days, the coating can remain transparent, providing as
much daylight as possible and ensuring an unobstructed visual contact
with the surroundings. Note that while the laboratory photochromic
performance of REHOs is very promising, it is essential to validate
the results in real-world applications. Factors such as illumination,
temperature, and other environmental conditions may significantly
impact the photochromic switching and dynamics.

A word on materials sustainability

Rare earth metals, which constitute the base of this photochromic
technology, are much more abundant in the Earth’s crust than Ag or In,
and have a similar (although still higher) abundance than that of Sn or
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Fig. 11. Number of reported inorganic compounds including single anion (oxides,
fluorides, nitrides) and mixed anion (oxyfluorides, oxynitrides and oxyhydrides). The
insert is a magnification of the shadowed area in the main graph.

Source: Adapted from H. Kageyama et al. [41](CC-BY).

W [122]. We note that Ag, In, Sn, and W, are commonly used today in
commercial glazing [11]. Unfortunately, the use of rare earths comes
with supply bottlenecks, geopolitical aspects and sustainability issues
that, although out of the scope of this work, need to be addressed care-
fully when it comes to a practical application [123]. Fortunately, we
can benefit from the emerging models and strategies by the permanent
magnet industry, in which rare earth metals play a fundamental role,
towards a clean and sustainable supply of these metals [123-125].

Oxyhydrides: a terra ignota

The development of photochromism in oxyhydrides illustrates the
possibilities that can arise from the exploration of mixed anion com-
pounds as recently highlighted by H. Kageyama et al. [41]. This new
form of chemistry could potentially offer the possibility to obtain
functional materials with properties previously beyond reach, for ex-
ample, in the case in question, the synthesis of photochromic materials
by methods compatible with large-area fabrication. While inorganic
functional materials based on single anion compounds have been ex-
tensively investigated for decades, multiple anion compounds are a
true terra ignota [41,126]. Indeed, as shown in Fig. 11, the number of
reported inorganic single anion compounds, including oxides, fluorides
and nitrides, is overwhelmingly larger than the number of reported
inorganic mixed anion compounds (e.g. oxyfluorides, oxynitrides and
oxyhydrides). The lack of knowledge in the field of mixed anion com-
pounds is daunting, especially in the case of oxyhydrides (see inset
in Fig. 11). The huge technological potential of oxyhydrides remains
largely unexplored [126].
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