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Mg-Ti-H thin films for smart solar collectors
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Mg-Ti—H thin films are found to have very attractive optical properties: they absorb 87% of the
solar radiation in the hydrogenated state and only 32% in the metallic state. Furthermore, in the
absorbing state Mg—Ti—H has a low emissivity; at 400 K only 10% of blackbody radiation is
emitted. The transition between both optical states is fast, robust, and reversible. The sum of these
properties highlights the applicability of such materials as switchable smart coatings in solar

collectors. © 2006 American Institute of Physics. [DOI: 10.1063/1.2212287]

Many metal hydrides behave as switchable mirrors (i.e.,
their optical properties switch from reflective in the metallic
state to transparent in the hydrogenated state)."™ In addition,
magnesium-rare-earth (Mg-RE) and magnesium—transition-
metal (Mg-TM) switchable mirrors also exhibit an interme-
diate highly absorbing optical state on hydrogenation. The
possibility to switch a film from a reflective state to an ab-
sorbing state suggests that such materials might be interest-
ing for smart solar collectors, which absorb light in normal
operation condition and switch to a reflective state to avoid
overheating. Limiting the stagnation temperature of the solar
collector makes it possible to use cheap materials such as
plastics (generally not designed for high temperatures).

In this letter we show that Mg, Ti,_, thin films prepared
by dc magnetron co-sputtering of Mg and Ti at room tem-
perature (on quartz and CaF,) satisfy the following require-
ments for a smart solar coating: (i) high absorption in the
solar regime (0.5<%Zw<4 eV), (ii) low emissivity in the
thermal regime (Aw<<0.5 eV), and (iii) reversibility. Three
compositions are studied in detail: y=0.70, y=0.80, and y
=0.90. Typical deposition rates are 2 A/s for Mg (150 W rf
power), 0.1-1 A/s for Ti (25-160 W dc power), and
1.3 A/s for Pd (50 W dc power). All the films are covered
with a Pd layer (10-50 nm) to promote dissociation of H,
and to prevent oxidation of the underlying film.

Reflection (R) and transmission (7) spectra are measured
simultaneously during hydrogenation (pressures up to 1 bar
H,) in a Perkin Elmer Lambda 900 diffraction grating spec-
trometer (0.495<2w<6.51 eV) and a Bruker IFS 66 Fou-
rier transform infrared spectrometer (0.2<Aw<1.1 eV).
The R-T spectra are measured through the transparent sub-
strate at near normal incidence of the incoming beam. Fig-
ures 1(a) and 1(b) show the reflection and transmission
spectra measured for 200 nm Mg,Ti;_,/10 nm Pd films
(y=0.90, 0.80, and 0.70) in the as-prepared and hydrogen-
ated states (in 1 bar H, at room temperature). In the metallic
state [Fig. 1(a)] all the films have a relatively high and fea-
tureless reflection that decreases with increasing Ti content.
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After hydrogen absorption, the reflection is low for all com-
positions, whereas significant transmission is observed only
for the y=0.90 sample. The combination of low reflection
and low transmission in the hydrogenated state (y=0.80 and
0.70 samples) gives rise to a highly absorbing state that
extends over the entire visible range. For example,
Mg 50 Tig,0H, absorbs ~87% of the solar radiation in the
hydrogenated state and only ~32% in the reflective state.
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FIG. 1. (Color online) (a) Reflection spectra measured on 200 nm
Mg, Ti;,/10 nm Pd films with y=0.90, 0.80, and 0.70 in the as-prepared
(metallic) and hydrogenated states (1 bar H, at room temperature). (b)
Transmission spectra measured on the same films in the hydrogenated state.
In the metallic state the transmission is below the detection limit of the
spectrometer.
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The highly absorbing state described here is a final state and
not an intermediate optical state as in Mg-Ni-H (Ref. 5) and
is thus robust and easily tunable. The same behavior is ob-
served when using electrochemical loading. Again the reflec-
tion and transmission vary continuously (R decreasing, T in-
creasing) until the maximum concentration of hydrogen is
reached. Thus, this material can be applied both in electro-
chromic and gasochromic applications.

Despite the limited solubility reported for Ti in bulk Mg,
alloying of Mg and Ti is obtained by using physical vapor
deposition,6 mechanical alloying,7 or e-beam deposition.g’9
We observe a similar crystalline Mg—Ti alloy phase (hexago-
nal structure) when co-sputtering Mg and Ti. In hydrogen-
ated films the formation of a MgH,-like rutile phase is ob-
served for low Ti contents (y=0.90), whereas in Mg,Ti,_,
with y=0.80 and y=0.70, a fluorite-like Mg-Ti—-H phase is
formed, similar to that identified by Kyoi et al.'’ in bulk
samples. There are no indications that phase segregation
takes place as is the case for Mg-rare-earth systems such as
Mg-Gd, Mg—La, and Mg—Y.z’11 The influence of phase com-
position and structure on the optical properties will be pub-
lished elsewhere.

The optical properties of Mg,Ti;_, (y=0.85, y=0.73)
thin films capped with 10 nm Pd were also studied recently
by Farangis et al.'* and Richardson et al."” Upon hydroge-
nation, the x-ray amorphous films prepared by dc magnetron
co-sputtering were reported to switch from reflective to
transparent similarly to other Mg-TM (TM=Co, Ni, Fe, Mn),
with Ti acting primarily as a catalyst for MgH, formation."
In comparison with the films studied here, their hydrogen-
ated films do have similar low and featureless reflection, but
also rather high transmission. Probably, due to the small
thickness of their films (40—50 nm), the difference in the
optical properties of the various hydrides does not show up.

For solar collector applications, it is desirable to have
coatings that absorb as much solar radiation as possible,
while emitting as little as possible in the thermal range. A
linear extrapolation to lower energies of the R-T spectra
shown in Fig. 1 does not yield the desired low absorption.
This is, however, a problem that is easily solved by choosing
an appropriate thickness of the Mg Ti;_, and Pd layers. The
thickness dependence of the absorption (A=1-R-T) calcu-
lated for a Mg, Ti;_,H,/Pd (y=0.80) film is shown in Fig.
2(a). For these calculations we use the dielectric function of
Mg, Ti,_,H, derived from measurements on thick films in the
0.5—6 eV energy range. The overall reflection (from the sub-
strate side) and transmission are then calculated by means of
a transfer matrix method.'* The quartz substrate and the Pd
cap layer15 are also taken into account. The thickness of the
Pd layer is fixed to 40 nm. Such a thick layer suppresses any
optical transmission and also contributes to the total reflec-
tion (measured from the substrate side). The thickness of the
Mg-Ti—H layer is varied between 30 and 250 nm. As shown
in Fig. 2(a), with increasing layer thickness, the absorption
edge shifts to lower energies, while the overall absorption
stays very high in the solar range. Therefore, to prevent a
high emissivity and still obtain a high solar absorption,
we have to choose an intermediate layer thickness. The ab-
sorption spectra measured on a 65 nm Mg, Ti,_,/40 nm Pd
(y=0.80) film in the as-prepared and hydrogenated states
(1 bar H, at room temperature) are shown in Fig. 2(b) and
compare quite well with the predicted one. In the hydrogen-
ated state, the total solar absorption is high (87%), but low in
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FIG. 2. (Color online) (a) Absorption spectra calculated for a (d nm)
Mg, Ti;_,H,/40 nm Pd (y=0.80) film; the thickness of the Mg-Ti-H layer
(d) is varied between 30 and 250 nm. (b) Absorption spectra measured for a
65 nm Mg, Ti,_,/40 nm Pd (y=0.80) film in the as-prepared and hydrogen-
ated states‘(l bar H, at room temperature). (c) Spectrum of the solar radia-
tion at atmospheric mass (AM) of 1.5 shown together with the blackbody
radiation at 400 K. Both are in arbitrary units.

the thermal range. The thermal emissivity of the system is
calculated by extrapolating the absorption to zero energies
and convoluting the data with the blackbody radiation at
400 K [spectrum shown in Fig. 2(c) together with the spec-
trum of the solar radiation at atmospheric mass (AM) of 1.5].
The result, a thermal emissivity of 0.10, is quite promising
and, indeed, much lower than that of a thick film (~0.50).
A key issue for switchable coatings is the reversibility.
This is tested by measuring reflection (through the transpar-
ent substrate) during gas cycling: hydrogenation with 5% H,
in Ar (250 ml/m flow) and dehydrogenation with 20% O, in
Ar (250 ml/m flow). Here we focus on the highly absorbing
compositions (y=0.80 and y=0.70) that also show better
switching properties as compared to the y=0.90 sample. In
Fig. 3(a) we compare the reflection (Aw=1.95eV) for the
first two cycles measured on 65 nm Mg Ti;,_,/40 nm Pd
films (y=0.70 and y=0.80). The reflective-to-absorbing tran-
sition is very fast and rather independent of composition. An
increase in Ti content has a beneficial effect on the
absorbing-to-reflective speed, though it decreases slightly
the optical contrast. A set of 15 cycles measured for the
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FIG. 3. (Color online) (a) Reflection at Aw=1.95 eV measured on 65 nm
Mg, Ti;_,/40 nm Pd films with y=0.70 and y=0.80; the first two cycles are
shown. Hydrogen is introduced in the system at =0, 730, and 1470 s; the
start of the dehydrogenation period is indicated by the two arrows; loading
is done with 5% H, in Ar flow and unloading with 20% O, in Ar flow. (b)
Same measurements as in (a) but for more cycles.

y=0.70 sample is shown in Fig. 3(b). This result illustrates
both the stability and reversibility of the system: the switch-
ing time from the reflective to the absorbing state is only a
few seconds and stays rather constant similar to the optical
contrast. Switching back to the reflective state is, however,
slower and increases slightly with cycling. This effect could
be related to poisoning of the Pd cap layer and/or intermix-
ing at the interface. Appropriate coatings and/or buffer layers
can improve these performances.

Summarizing, we have shown that Mg, Ti,_, thin films
have very attractive switchable optical properties that can be
tuned by varying the composition and film thickness. In the
optimal configuration, the films absorb 87% of the solar ra-
diation in the hydrogenated state and only 32% in the metal-
lic state, improving thus the solar absorption efficiency and
reducing the stagnation temperature. Furthermore, in the ab-
sorbing state Mg—Ti—H has a low emissivity; at 400 K only
10% of blackbody radiation is emitted. These characteristics
are comparable to that of advanced solar coatings such as
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ceramic-metal composite materials.'® Mg-Ti-H, however,
has the great advantage of being switchable. The combina-
tion of these properties highlights the applicability of Mg—
Ti—H thin films as switchable smart coatings for solar collec-
tor applications. Moreover, the fast switching together with
the high optical contrast between the reflective and the ab-
sorbing states make Mg-Ti—H films also interesting for hy-
drogen sensor applications. The solar collector and sensor
applications of Mg-Ti—H thin films described in this letter
combined with the very large reversible hydrogen storage
capacity of Mg-Ti—H thin film battery electrodes reported
earlier by Notten and co-workers®” make this metal-hydride
system truly remarkable.
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