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Chapter 1

Introduction

1.1 Hydrogen in metals

Not long after the discovery of the element Palladium in 1803 by W. H. Wollas-
ton, it was Graham in 1866 who found that this noble metal can absorb large
amounts of hydrogen [1]. Increased research showed that many metals are
able to absorb hydrogen resulting in the formation of a metal-hydride phase.
Fundamental research and device oriented research increased tremendously by
the interesting properties of these metal-hydrogen systems: i) hydrogen has
a high diffusion coefficient in metals, as compared to other interstitials, ii)
the hydrogen concentration in a metal is in general continuously variable and
above the critical point this is possible without crossing phase boundaries in
metal-hydride systems like Pd, Nd, Ta and V, iii) unexpected superconduct-
ing behavior of some hydrides e.g. PdH,, Pd,_,Ag,H, with T.’s as high as
16 K iv) the hydrogen storage properties of metal-hydride systems can be
used as energy storage system where the combustion of hydrogen results only
in the production of water. Furthermore, isotope effects can be studied in
e.g. diffusion with the use of H, (hydrogen), D (deuterium), T (tritium) with
corresponding mass ratios of 1:2:3.

Hydrogenation of a metal host material is quite easy and can be accom-
plished by hydrogen gas loading or electrolytic charging. However, hydrogena-
tion and the repeated cycling has a negative effect on the microstructure of the
bulk metal. The material experiences embrittlement due to expansion upon
hydrogen absorption. Eventually this will lead to a pulveration of the host
material. As a result it is not always easy to determine the physical properties
of the metal hydrides. The problem is circumvented by depositing a thin film
of the material. Due to the interaction with the substrate, the film remains
intact during hydrogenation. Thin metal hydride films can thus be used as
model systems to study the hydrogen storage properties. In addition, these
films have very interesting optical properties.
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1.2 Metal hydrides as hydrogen storage sys-
tems

Global warming and the limited resources of cheap fossil fuels increased the
awareness of sustainability. This activate the search for renewable energy
sources and energy carriers, to create a whole new energy network. Hydro-
gen is a very attractive as a energy carrier. To store and transport hydrogen
there are several options, each with it’s own advantages and problems. Hydro-
gen - metal systems receive a lot of attention due to the fact that the hydrogen
density in a metal-hydride is often higher than in a liquid or even in a solid
hydrogen phase. To store hydrogen, the metallic host needs to have certain
properties such as a high hydrogen volume and weight density, a good cy-
cling stability, appropriate thermodynamics and low production costs. These
requirements limit the number of possible candidates strongly.

In a hydrogen based society, heat and electrical power are primary requests.
The stored hydrogen can be used in fuel cells which can provide both by the
recombination of electrons, protons and oxygen to water. A fuel cell can power
anything that requires electricity like cars, trucks, busses, households, laptops
and mobile phones. Heat pumps, hydrogen purification, isotope separation,
and moderation in nuclear rectors are some of the other applications of metal-
hydrogen systems.

Another important application of hydrogen is in metal-hydride batteries
which are used in mobile applications such as laptops and mobile phones. A
typical example are the Ni-MH batteries which due to their energy/weight
ratio makes them very suitable for mobile applications. These compounds are
based on a LaNis hydride, which can contain up to 1.4 wt% of hydrogen. Other
promisimg metal-hydride systems for future applications are MgHs, Mgy TMH,,
(TM = transition metals, Ni, Co, Fe, etc.) NaAlH,, LiAlH, and LiBH,.

1.3 Switchable mirrors

The discovery of the switchable mirror by Huiberts et al. at the Vrije Uni-
versiteit Amsterdam in 1995 changed the way of looking at metal-hydride
systems [2]. They discovered that palladium capped yttrium and lanthanum
films switch reversibly and rapidly between a shiny metal and a transpar-
ent insulator upon hydrogenation. With this discovery it is possible to study
metal-hydrides systems in a complectly different and fundamental way. Also
from an device oriented perspective, switchable mirrors are quite interesting.
One can think of several applications such as smart windows [3] and hydro-
gen diffusion indicators [4]. In a fundamental perspective it enables one to
study/tuning the Casimir force [5]. Furthermore, switchable mirrors can also
serve as hydrogen sensors, which in connection with fiber optics provides a safe
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way to detect hydrogen [6].

The first generation switchable mirrors consisted of yttrium and lanthanum
thin films capped with Pd [2]. Soon it was discovered that al rare earth metals
and their alloys showed similar optical behavior upon hydrogenation. The
fact that YHj3 is yellowish transparent and YH, is bluish in reflection makes
their potential use for applications limited, since color neutral is desired. At
Philips Research it was discovered that by alloying the rare-earth metals with
Mg and Gd, the required optical properties improved considerably due to the
fact that they are color neutral and these alloy thin films are indicated as the
second generation switchable mirrors [7]. Richardson et al have shown that
also e.g. MgyNiH, and other complex metal hydride films (third generation)
show reversible optical switching at room temperature between a shiny metallic
and a transparent semiconducting state [8, 9]. Later, we discovered a third
optical state in these complex metal hydrides. This so-called 'black state’
is characterized by low reflection < 25 % over the whole visible spectrum
when measured from the substrate side, while the transmission, < 0.01 %, is
negligible. As a result, the film has an anomalously high absorption of more
than 75%. The fact that MgyNiH, can be switched between a reflective metal,
an absorbing black and a transparent semiconducting state makes MgoNiH,
potentially attractive for smart coating applications [10]. The search for the
origin of this unusual hydrogen absorption behavior will be part of the research
presented here.

Mg-TM thin films are an interesting example of a complex metal-hydride
with potential both as a storage material and as a switchable mirror (smart
window application). Though its thermodynamical properties are less favor-
able than that of e.g. NaAlH,, its hydrogenation properties may hold im-
portant clues for the optimization of the hydrogenation properties of complex
metal hydrides in general. Secondly, for the use of MgyNiH, as a storage ma-
terial, any effect that appears to catalytically enhance the formation of this
phase is of interest.

1.4 'This thesis

The occurrence of the optical black state and the model to explain this fasci-
nating optical behavior is quite intriguing. In chapter 3 a detailed overview
of the hydrogen absorption properties of Mg-Ni thin films is given. In order
to judge the applicability of this effect for smart window applications, it is
important to understand the origin of this optical behavior.

The main goal of this thesis is to relate microstructure to the optical and
cycling properties of complex metal hydride films, e.g. Mgy, TMH,. This im-
plies that we need to find a connection between the film microstructure and
the hydride nucleation.
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The preferred hydride nucleation (and thus the optical black state) can have
its origin in a chemical gradient throughout the film or in the specific thin film
microstructure. Our approach is to first investigate the chemical homogeneity
of the film and then the microstructure which is treated in chapter 4. We find
no chemical gradient in the Mg-Ni films which is responsible for the preferred
hydride nucleation. However AFM, STM, TEM and SEM measurements show
a particular thin film microstructure. The first 50 nm of the film consists
of a small grained layer. Upon further deposition this layer develops into
a more dense columnar microstructure. It is interesting to note that this
microstructure is consistent with the double layer model that describes the
optical black state. Therefore we propose that the small grained layer close
to the substrate induces the preferred hydride nucleation. After this initial
nucleation, the more dense columnar structure will transform into the hydride
phase.

This leads to the second goal of this thesis. To prove the above proposed
model, we need to change the thin film microstructure in order to change the
preferred hydride nucleation. There are two possible ways to achieve this.
We can adjust the substrate temperature during deposition and in this way
change the thin film growth mode. However, we prefer to grow in-situ the
hydride phase. This new and explorative preparation method will be treated
in chapter 5. The in-situ grown hydride films consists of a very small grain
size microstructure, which is homogenous over the entire film thickness. Most
important, these films do not show an optical black state and thus no preferred
hydride nucleation at the substrate interface. With this observation we prove
the relation between the microstructure and preferred hydride nucleation in
Mg-Ni films.

The wn-situ deposition technique gives also interesting results in the case
of simple hydrides. We find that although in-situ grown MgH, phase is highly
resistive, optical spectra indicate that there is still 10 vol.% of metallic Mg
present in these films. The high resistivity indicates that these particles are
embedded in a MgHs matrix of high purity. Furthermore, these Mg grains
create an optical absorption edge at 2.0 eV. When re-hydrogenating these
Mg films, the absorption edge disappears and the film behaves as an ordinary
ex-situ hydrogenated Mg film. We will argue that the Mg segregation is induced
by the preferential formation of Mg clusters due to their low surface energy.

Remarkably, the in-situ grown MgoNiH, and MgH, films appear to be
stable both in air and vacuum. Dehydrogenation only occurs when a Pd layer
is deposited on top of the in-situ grown hydride film. This indicates that the
dehydrogenation of the hydride is kinetically blocked. Furthermore, we find
that the dehydrogenation induced by the Pd depends very much on the nature
of this layer.

In chapter 6 we investigate the catalytical properties of the Pd caplayer. We
show that the SMSI (strong-metal support interaction) effect, characterized by
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a complete encapsulation of the Pd layer clusters by oxidized species originat-
ing from the active hydride, plays an very important role on the degradation
of the switchability of the film. The SMSI-effect becomes less important when
increasing the Pd-layer thickness, and can be partly suppressed by a good wet-
ting of the Pd-clusters on the hydride forming film. This behavior explains the
critical thickness for the catalyzed hydrogen-uptake observed in many switch-
able mirror systems. In addition we show the effect of contaminations and the
number of active sites on the catalytic properties of the Pd caplayer. From
in-situ hydrogenation experiments we conclude that the presence of a small
amount of sulphur on the Pd caplayer surface has disastrous consequences for
the hydrogen desorption. After sputtering this Pd caplayer with argon ions,
the fresh Pd surface regains its original catalytical properties.
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Chapter 2

Sample preparation

2.1 Molecular Beam Epitaxy deposition

The thin films used for our research are deposited by molecular beam epitaxy
(MBE) (see Fig. 2.1). With this MBE system we can grow both metallic and
in-situ hydride thin films, the as-grown metallic films are hydrided ex-situ.
First we will discuss the deposition of metallic films. The thin films are usually
deposited on transparent substrates suited for optical measurements. A Pd
caplayer is deposited on top of the film to catalyze the hydrogen absorption
and desorption and to protect them from oxidation.

For the deposition of MgoTM (TM = transition tetals: Ni, Co, Fe, etc.)
and Mg films we make use of several electron guns (e-guns) and Knudsen cells
(K-cells). E-guns are used to evaporate the transition metals because of the
elevated evaporation temperatures required for these metals. Furthermore,
our e-guns can contain a large amount of source material which allows us to
keep the MBE system under ultra high vacuum (UHV) conditions for a longer
period. To deposit an alloy we perform a co-deposition using several sources
at the same time. Instead of operating all the sources manually, the e-guns are
operated with a P.I.D. algorithm implemented in a HP VEE program. This
program is able to read the signal of the quartz-crystal monitor (QCM) and
with this information the deposition rate can be held constant and film thick-
ness and composition can be recorded in real-time. High temperature Knudsen
cells (up to 2300 K) can also be used to deposit the transition metals. The
disadvantage is however that these materials react with the tungsten crucible
and one needs to make use of an AlOs liner inside the crucible. The combina-
tion of a HT Knudsen cell with a tungsten crucible and a AlOs liner is very
sensitive to abrupt changes in temperature and the repeated heating up and
cooling down of the K-cell. This often results in a cracked liner or crucible
and since this can damage the Knudsen cell seriously, e-guns are used instead
for deposition of the transition metals. To obtain a stable Mg rate we use a
Knudsen cell for this material. Also these Knudsen cells are operated with a

11
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(b) 9

Figure 2.1: (a) Photograph of the UHV-MBE system used in this work and (b)
a schematic cross-section of the deposition chamber. (1) Ti sublimation pump,
(2) ion getter pump, (3) load lock, (4) evaporation chamber, (5) position K-
cell, (6) multi-pocket, (7) e-gun Ni, (8) connection to transport system, (9)
quartz crystal monitors (QCM), (10) sample position during evaporation. In
the evaporation chamber the e-guns are located at the bottom of the vessel.
The two quartz-crystals at the top are oriented in a way that they see different
sources.
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P.I.D. controller. Typical deposition rates of the Mg and TM are 0.065 nm/s
and 0.015 nm/s respectively.

The deposition of the metallic films (in contrast to the in-situ growth of
hydride films) take place under Ultra High Vacuum (UHV) conditions (1 x
1078 Pa). Before the actual deposition starts, the source material is pre-heated
for half an hour to degas and remove impurities which are adsorbed/absorbed
by the material. The ultra high vacuum system creates a very large mean
free path A (A ~ 10> m at p = 1077 Pa), which minimizes the disturbance
and contamination of the created metallic vapor plume before it reaches the
substrate surface [11].

Since for this research Mg-TM based switchable mirrors are used, we are
interested in alloys of composition A;_,B,, with the individual deposited

thicknesses d 4 and dg as measured by two separated quartz crystal monitors
(QCM). The fraction z is given by

dA VmB
=14+ = ’ 2.1
: ( T vm,A) (2.1)

The thickness of the alloy is equal to (1-z)d4 + zdp, while the molar atomic
volume V', 4110y 0f the alloy is the weighted average of the atomic volumes V', 4
and V,, p of the pure metals A and B respectively. However in actual films
the atomic volume of the alloy V, a0y is not equal to (1 — 2)V,pa + 2V
due to the different density of the actual deposited alloy. This approximation
generally over-estimates the real thickness by 10%.

We deposit the thin films on substrates such as, suprasil™ quartz glass,
sapphire, CaFy, and SiO,. The substrates are cleaned ultrasonically by putting
the substrates in an ethanol bath for half an hour and are subsequently dried by
spinning. Glassex’™ and other cleaning liquids can be used to clean substrates,
however intensive experiments showed that chemical liquids can influence the
hydrogenation behavior substantially. The best way to keep the substrates
clean is to touch them as less as possible. Furthermore a bake-out of the
substrate under UHV conditions, inside the deposition system, is generally
enough to obtain high quality films. Also cleaning the substrates with an
atomic hydrogen flux is very effective in removing any contaminations from the
substrate surface. This is done with the same atomic hydrogen source as used
for the in-situ growth of hydrides. For Secondary Electron Microscopy (SEM)
measurements the switchable mirrors are deposited Si wafers. To remove most
of the oxide skin on top of the Si wafer, the substrates are etched in 48%
Hydrofluoric acid (HF) for approximately 15 minutes. Hereafter the substrates
are transported in demineralized water until they are inserted into the UHV
system. This still leaves a thin oxide skin of around 3 nm on the substrates,
but this does not limit the SEM measurements severely.

The substrate is mounted on a sample holder (stub), which is placed in
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the load lock. In the load lock we can bake out the stub with the substrate
to remove the adsorbed gasses and water. After pumping down the load lock
to 10~7 Pa, the stub is transported to the main deposition chamber with a
linear rack and pineon bar (LRP). Perpendicular to the LRP bar there is a
high precision linear transfer bar (HPLT) which can pick-up the stub from the
LRP bar. In this way the substrate can now be turned over 180 degrees to
face the various deposition sources. This configuration provides the possibility
to mount a mask on the LRP to partly cover the substrate from the sources.
This makes it possible to grow staircase or matrix films in which the deposited
film thickness or composition varies in one or two directions respectively. Fur-
thermore, during deposition it is possible to heat up the stub and so increase
the temperature of the substrate. In this way we can grow crystalline films or
change the thin film microstructure grow mode.

2.1.1 In-situ resistivity measurements

During deposition we can perform resistivity measurements if we have equipped
the substrate with the necessary electrical contacts. The measured resistivity
provides us with information about the nature of the as-grown phase and its
quality. We can determine wether a film grows in the metallic or (hydride)
semiconducting state. Also the growth mode in the initial stages of growth
can be determined.

To measure the resistivity, p, accurate and independent of the sample shape,
we use the Van der Pauw method [12]. To measure the intrinsic resistivity,
four contacts are made to the sample (see Fig. 2.2). When a current i, is
send through contacts a and b, the voltage drop AV, between the other two
contacts d and c is measured. The resistivity Rgpcq is then defined as,

a

ié‘)

C

Figure 2.2: For Van der Pauw resistivity measurements four contacts must be
placed on the edge of the sample. With this method the resistivity can be
measured accurately, independent of the sample shape.
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AVye
Rab,cd =
Lab

(2.2)

By sending a current though contacts b and ¢ and measuring the voltage drop
AV 4 the resistivity is found by

AV,
Rbc,da = d (23)

Lbe

The resistivity of the sample can be found by

p= 7_6 Rab,cd + Rbc,da

) 2 f (24)

In this equation is 0 the film thickness and f(Rgpca+Rbc,da) can be given in

the implicit form
Rabcd/Rbcda_11> <1>
cosh : : — | =exp| = 2.5
(Rab,cd/Rbc,da + 1 f b f ( )

The resistivity of the sample is continuously calculated with a HP VEE pro-
gram by making use of a polynomial fitting of f(Rupca/Rbedqa- This results in
a 3" order polynomial fit for 1 < Rupeq/Rpeda < 3 and 3 < Rypca/ Rpe.da < 10
and a 5 order polynomial for 10 < Rup cq/ Rpe.da < 100.

2.1.2 In-situ optical reflection measurements

Instead of the resistivity we can also measure the optical reflection spectra
during deposition, using a high temperature (HT) fiber as a substrate (see
Fig. 2.3). These types of fibers have a low degassing of the fiber jacket. The
core diameter of the fiber is 200 pym and the cladding is 15 pm thick. The
fiber end is cleaved by using a Vytran LDC-200 auto cleaver. Cleaving the
fiber results in a flat and clean substrate surface. The probe fiber is clamped
in a holder so that it is in line of sight with the various sources. The other end
of the fiber is glued with a UHV epoxy in a fiber-optic SMA (SubMiniature
version A) connector that is mounted in a feedthrough of the load lock. A
bifurcator in combination with a splice bushing is used to guide the light from
a tungsten-halogen source to the end of the fiber (see Fig. 2.3). Reflected
light is guided via the second path of the bifurcator to an Ocean Optics USB
2000 CCD spectrometer. This spectrometer covers the range from 1.2 to 3.1 eV
and records periodically the spectra of the reflected light during the deposition
from the end of the fiber. The spectra are normalized to the corresponding
calculated thin film spectrum. This technique is tested for several metallic thin



16 2 Sample preparation

8
. Light source
. Bifurcator
. Vacuum feedthrough 1
. Load lock

. Sample transport arm
. Deposition chamber

. Fiber end to be coated
. Spectrometer

. Personal Computer

©CONOONPL,WN-

Figure 2.3: Schematic representation of the thin film deposition chamber to-
gether with the fiber set-up to measure in-situ the reflection. The film is
deposited onto the freshly cleaved fiber surface.

films and results in a good agreement between the calculated and the in-situ
measured spectrum.

The reflection and transmission spectra of the complete optical system
(fiber, fiber-film interface, film, film-vacuum interface, etc.) is calculated using
a transfer matrix method that considers the Fresnel reflection and transmission
coefficients at each interface and the absorption in each material [13, 14]. For
this calculation the values of n and k of the involved materials are taken from
Palik’s book of optical constants [15].

The optimization of the deposition conditions for in-situ growth of MgoNiH,
and the tuning of the atomic hydrogen source will be discussed in the next sec-
tion.

2.1.3 Fiber spectroscopy of thin metal films
during growth

The reflection at an energy of 1.95 eV as a function of the film thickness
(measured with a quartz crystal monitor) is shown for Ni, Pd, Mg, Y and
MgoNi in Fig. 2.4. The reflection starts with a decrease in reflection within the
first deposited 10 nm for all the elements except Mg, resulting in a temporary
minimum. Upon further deposition the thin film becomes optically closed and
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Figure 2.4: Reflection of Ni, Pd, Mg, Y and Mg,Ni films at an energy of 1.95 eV
as a function of thickness as measured by a QCM. The beginning of the spectra
is characterized by a minimum in reflection for all the measured elements at a
certain thickness. Above a certain thickness the reflection reaches a constant
value and the films become optically closed.

the reflection reaches a constant value. The reason for the anomalous behavior
of Mg is probably the low sticking of Mg atoms on a bare substrate/fiber
compared to the measured thickness by the QCM [16].

Caranto et al. also observe this reflection minimum in their measurements
but they do not give a proper explanation of the formation of the minimum
in reflection [17]. Emmerson et al. argue that this effect can result from a
change in electronic structure of both the growing layer and the substrate [18].
Furthermore, a decrease in the free carrier density will also result in a decrease
in reflection [19]. Butler et al. assume that the minimum of the reflection is
typical for noble metals [20, 21]. Heavens et al. point out that the minimum
in reflection is precisely in accordance with the theory of a thin homogeneous
film and is observed for many metallic layers. Although they describe thin
film optics quite extensively for several kinds of films, the origin of this effect
is not explained explicitly. Furthermore, they state that the position of the
minimum is wavelength dependent for gold, silver and iron but not for platinum
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Figure 2.5: Reflection (R) as calculated by equation 1. The imaginary part
of ro1 and 7 (Im(7¢1), Im(r)) and the real part of ro; and 7, (Re(ro1),
Re(rint)) are shown. It is clear that 7o is constant and negative (this is due to
the phase change when reflecting at an interface). r;,, Is positive and decreases
monotonically (as one expects due to the higher absorption in the layer with
increasing thickness). The interference of rg; and 7, is destructive for all d
because the 2 contributions are out of phase. The destructive interference is
obviously largest when |rg;+7;,;| has a minimum value.

and that there is a discrepancy between the theoretical calculated reflection
and experiment due to the thin film microstructure, which influences the n
and k values of thin films.

To establish the the physical origin of this behavior, we calculate the re-
flection for a single film with equation 2.6 [13, 14],

rorexp[—id(d)(ny + iky)] + rizexplid(d)(ny + iky)] |?
exp[—id(d)(ny + ik1)] + ro1rizexp(id(d)(ny + iky)

R(w) = (2.6)

in which r;; is the reflection at the interface ij. The film thickness enters
equation 2.6 implicitly through the dimensionless parameter §(d) that governs
the phase shift and the damping of the wave upon crossing the entire film, n;
is the refractive index and k; the extinction coefficient. Equation 2.6 predicts
a reflection minimum at a thickness of 2.1 nm for a fiber/Ni/vacuum system
(we find similar values for the other metals/alloys Pd, MgyNi, Y, etc.). This
means that the characteristic minimum we observe is a direct consequence of
equation 2.6. Since this calculation does not make use of a variation of n and
k as function of deposited thickness or film microstructure, this implies that
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the minimum is due to the thickness dependence of the reflection described by
this equation [13, 14]. Equation 2.6 can be rewritten as equation 2.7.

ria(L = 1 )eapl2i6(d) (my + iky)] |

R = + - -
() o1 1+ royrigexp[2id(d)(ng + iky)]

(2.7)

There are two terms, rg; is the reflection from the fiber/film interface and the
second term, here indicated as r;,;, is the contribution from multiple internal
reflections inside the growing film. In Fig. 2.5 the magnitude of the real and
imaginary part of rg; and r;,, are plotted versus film thickness. The real
and imaginary part of ro; (Rerg; and Imrg;, respectively) are constant and
negative (which is due to the phase change accompanying the reflection at the
fiber-film interface). The real part and imaginary part of r;,; (Rer;,; and Imr;,,
respectively) are positive and decrease monotonically. This is what one expects
for the absorption of a layer which increases in thickness. The interference of
ro1 and r;,; is destructive for all d because the two contributions are out of
phase. As the contribution of r;,; is larger than that of ro; for thicknesses <
2.1 nm, the sum of r¢; and r;,; is positive. Since r;,; is decreasing as function
of thickness, the destructive interference is obviously largest when |rg; 47|
is minimal (R is minimal and in this case at d = 2.1 nm). As r;, dies out,
the sum of r¢; and r;,, become more negative. However due to the fact that
R is defined as R = |rog; + rmt|2, R becomes more and more positive as 7;,;
dies out. This means that the dip in reflection originates from the destructive
interference due to the phase change upon reflection from the surface of the
growing layer combined with an increase of absorption due to the growing film
thickness.

Thus the minimum in reflection is caused by a two-step process. First, due
to a destructive interference which has its origin in a phase change when the
light is reflected from the growing layer. Second the increase in film thickness
causes an increase in absorption. The combination of these two effects result
in the observed minimum. Our calculations show that we can explain the
minimum in reflection by a complete theoretical description without assuming
changes in n and k values as function of thickness or microstructure. Hence, we
can use the optical reflection data as a measure to identify the phases formed
during growth.

To find the optimal metal-hydrogen ratio we use both in-situ resistivity
and optical reflection measurements.

2.2 Activated reactive evaporation

As mentioned before, the Pd caplayer catalyzes the hydrogen absorption and
desorption. However this Pd layer, which remains metallic under hydrogena-
tion, limits a precise determination of the physical properties of the hydro-
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genated film. Furthermore, diffusion of the Pd layer into the film can have
serious influence on the hydrogenation properties. Together with the observed
preferred hydride nucleation in Mg-Ni thin films, led us to the idea of the
in-situ growth of hydrides by activated reactive evaporation (ARE). Since the
MBE deposition chamber is subjected to restrictions on the maximum applied
pressure, it is not possible by just an increase in the applied hydrogen pres-
sure during deposition. In addition it is expected that the reaction of Mg
with a molecular hydrogen flux is negligible. Therefore, to grow a specific hy-
dride phase from the constituent elements, we make use of an atomic hydrogen
source (see Fig. 2.6, 2.7 and 2.8). With this deposition technique we are able
to in-situ grow clean hydride phases. The partial pressure of contaminating
elements in the deposition chamber, e.g. O, CHy4, and S combinations are
below 108 Pa and no contamination of the thin films is expected, which is
confirmed by RBS measurements. The partial water pressure during in-situ
growth is 107 Pa, however RBS measurements show no oxygen contamination
of the in-situ grown Mg,NiH, phase.

In the hydrogen source, molecular hydrogen of purity 5N from a Hy gas
bottle is dissociated at a hot tungsten capillary, 64 mm long, 1 mm in diameter
which is inserted in a water cooled socket (see Fig. 2.6 and Fig. 2.8). Here it
is sealed by a gold wire gasket. The capillary is heated by electrons that
are emitted from a tungsten filament and impacting on the capillary. To
change the temperature of the capillary, and thus the dissociation rate of the
molecular hydrogen, the electron emission current is adjusted. The atomic
hydrogen beam leaves the capillary with an angular distribution peaked along
the capillary axis. The flux of the atomic hydrogen beam can be controlled
by both the molecular hydrogen gas flow and the temperature of the capillary.
The fraction of the hydrogen that is dissociated depends on the temperature
of the capillary and on the hydrogen pressure. The source was kindly provided
to us by Forschungszentrum Jiilich (Institut fiir Schichten und Grenzflichen)
and quantitative data are given in Ref. [22, 23].

In our experiments the gas flow rate is usually held constant and results in
a hydrogen pressure at the source inlet and in the deposition chamber of 2.2 x
10® Pa and 2 x 1072 Pa, respectively. Before the molecular hydrogen gas enters
the hydrogen source it is pumped with a turbo pump to remove most of the gas
contaminations (see Fig. 2.7). In reactive deposition conditions, the heating
power is around 130 W corresponding to a capillary temperature of about 2100
K. The distance from the capillary orifice to the substrate is around 15 cm.
From data on the atomic hydrogen flux, measured 8 cm from the capillary
orifice at the substrate position, we estimate an atomic hydrogen flux of 2
x 10'% atoms/cm?s at the actual substrate distance of 15 cm by assuming a
hemi-spherical distribution. When we grow a Mg hydride or MgyoNiH, complex
metal hydride from the constituents Mg, Ni and H, we generally use an over-
stoichiometric flux of atomic hydrogen for hydride formation. As an example of
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Figure 2.6: The atomic hydrogen source incorporates a capillary held by a
water-cooled socket. The capillary is heated by electron impact and is sur-
rounded by radiation shields. Condenser plates at both ends of the source
eliminate escaping electrons. (1) W capillary, (2) W filament, (3) Mo radia-
tion shields, (4) Mo condenser plates, (5) Cu housing, (6) water cooling system,
(7) electrical contact.

the conditions of growth, the parameters of in-situ deposition of the MgoNiH,
hydride is given next. The gas flow rate through the source is given by Q =
Pappt. X Cg with C, the flow conductance of the source. For molecular flow C,,
is found to be 7 cm?/s which gives Q = 0.15 mbarl/s [22, 23]. From the atomic
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Figure 2.7: Photograph of the molecular hydrogen gas treatment before it
enters the atomic hydrogen source. (1) Hydrogen gas bottle (of purity 5N),
(2) pressure reducing valve, (3) valve to change the inlet pressure of the atomic
hydrogen source, (4) valve to turbo pump, (5) tube to the atomic hydrogen
source, (6) turbo pump.

flux data: 2100 K, 0.15 mbarl/s, distance to the substrate 8 cm, the number
of hydrogen atoms arriving at the substrate is around 2 x 10'° atoms/cm?s.
However the distance between our source and substrate is 15 ¢cm so we have
to correct this value by 82/15? resulting in 5.7 x 10 atoms/cm?s arriving
at the substrate. The rate of the Mg and Ni atoms of 0.023 x 1077 cm/s
and 0.005 x 1077 cm/s respectively results in Nj; = 15 x 10' atoms/cm?s
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Figure 2.8: Photograph of the connections of the atomic hydrogen source.
1) Electrical contact, (2) water cooling inlet, (3) water cooling outlet, (4)
molecular hydrogen gas inlet.

and thus is the ratio Ny /Ny, = 4. This is higher than the hydrogen to metal
ratio for stoichiometric MgyNiHy (1.3), so every 37 incoming H atom will be

incorporated in the growing film. During the MgH, thin film growth this ratio
is H/Mg = 25.
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Chapter 3

Mg-TM-H thin films, an
overview

We give here an overview of the structural, thermodynamic and optical prop-
erties of Mgy Ni thin films covered with Pd exposed to hydrogen. Similarly to
bulk, thin films of metallic Mg,Ni take up 4 hydrogen per formula unit and
semiconducting transparent MgoNiH,_s is formed. The dielectric function € of
Mgy Ni and fully loaded MgoNiH,_s is determined from reflection and transmis-
sion measurements using a Drude-Lorentz parametrization. Besides the two
'normal’ optical states of a switchable mirror - metallic reflecting and semicon-
ducting transparent - MgyNiH, exhibit a third ’black’ state at intermediate
hydrogen concentrations with low reflection and essentially zero transmission.
This state originates from a subtle interplay of the optical properties of the
constituent materials and a self-organized double layering of the film during
loading. MgyNiH, 5 preferentially nucleates at the film/substrate interface
and not - as intuitively expected - close to the catalytic Pd capping layer. Us-
ing €nrg,ni and €nrg,vim, and this loading sequence, the optical response at all
hydrogen concentrations can be described quantitatively. The uncommon hy-
drogen loading sequence is confirmed by X-ray diffraction and hydrogen profil-
ing using the resonant nuclear reaction 'H(**N, a~)'2C. Pressure-composition
isotherms suggest that the formation of MgyNiH, s at the film /substrate inter-
face is mainly due to a locally enhanced kinetics. A hydrogen diffusion model
for Mg, Ni thin films is given. This model, which is based on a lower enthalpy
of formation close to the substrate, shows that it is very well possible to have
an increased hydrogen concentration close to the film/substrate interface and
thus a preferred hydride nucleation. Furthermore, the possibility to use these
thin films in devices is discussed.

25
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3.1 General introduction into the structural
properties of the Mg-TM-H system

MgyNiH, is an interesting example of a complex metal hydride with potential
both as a storage material and as a switchable mirror. Though its thermody-
namical properties are less favorable than that of NaAlHy, its hydrogenation
properties may hold important clues for the optimization of complex metal
hydrides in general. Mg,Ni reacts with hydrogen at 1.38 x 10° Pa, at tem-
peratures above 473 K and forms a hydride with 3.6 wt% of hydrogen [24].
However to achieve a desorption pressure of 10° Pa or more, as requested for
practical applications, the MgysNiH, hydride has to be heated above 500 K.

Although the only possible stable ternary hydride compound in the Mg-
Ni-H phase diagram is MgsNiH,, this compound has still some unresolved
properties. The hydrogen solubility range of the hexagonal MgyNi is limited
to MgoNiHg 3 [24, 25]. Bulk MgyNi has a hexagonal symmetry with a = 5.216

and ¢ = 13.20 A and the lattice mainly expands along the c-axis when
hydrogen is dissolved in solid solution (a = 5.23 A and ¢ = 13.43 A) [26]. Sto-
ichiometric MgsNiH, crystallizes in two phases: a low temperature (LT) phase
and a high temperature (HT) phase. Below 510 K the structure is monoclinic
with a slightly distorted antifluorite lattice [27]. Heating MgsNiH, above 510
K, at a hydrogen pressure of one atmosphere, a transition occurs to a cubic
HT-phase with the metal atoms in an antifluorite structure [28, 29, 26]. In the
HT as well as in the L'T phase the hydrogen atoms are covalently bounded to
the Ni atoms. The resulting complex [NiH,]*~ is ionically bound to the pos-
itively charged Mg?* ion. The charge distribution in the HT Mg,NiH, phase
strongly resembles that of the family of Mgo,IVB compounds. Hume-Rothery
[30] reported a well-defined antifluorite-type of compounds with composition
Mg,IVB with IVB representing an element of the group (Si, Ge Sn, Pb), for
which the antifluorite phase MgsIVB is the only stable intermediate phase
present in the respective phase diagram [31]. Calculations by Corkill et al.
[32] and Baranek et al. [33] on the electronic structure of these compounds
shows that there is a weak Mg-Mg and [VB-IVB bonding and a predominantly
ionic bonding between the Mg and IVB atoms. This observation confirms the
idea of a [NiH4|*~ entity which is similar to the IVB*~ ions. This group of
compounds is a subgroup of MgyX which is a family of compounds with the
antifluorite structure with the Mg ions defining the simple cubic sublattice.
The lattice parameters for these antifluorite compounds Mgy X (with X = Si,
Ge, Sn, Pd, FeHg, CoHs, and NiH,) [34] are almost the same. This points to
an equivalence between the tetravalent entities Ge*~ and [NiH,]*", [CoHs]*™,
and [FeHg)*~. The charge transfer of the Mg atoms towards the IVB atom
results in essentially closed s-p electron shells and the IVB atoms tend to com-
plete their octet of valence electrons. Due to these properties, band gaps and
nonmetallic behavior is expected [35, 36].
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In this light the complexes [NiH,]*~, [CoHs]*~, and [FeHg]*~ can be seen as
a sort of pseudo-Ge*~ anions. Alternatively they could be considered as quite
different valence state arrangements of 18 electrons in closed-shell configura-
tions around the transition-metal atom. Both points of view go along with
an inert gas description of the transition metal-hydrogen cluster, and in fact
this has its semi-empirical counterpart in the well-known 18-valence electron
rule [37]. The main difference between Ge*~, [NiH]*~, [CoH5]*~, and [FeHq|*~
clusters is the energy ordering of the nine occupied electron levels. This implies
that the energy band gap depends on the particular transition metal. Gupta
et al. [38] reported that nine-band-filling effects appear to be a most important
factor when considering the stability of the hydrides MgoNiH4, Mgo,CoHs and
MgsoFeHg and that the corresponding tetravalent complexes all obey the 18
valence electron rule. Even more generally, Gupta et al. [39] reported that the
hydrides MgoNiH,, Mgo,CoHs and MgyoFeHg belong to a family of antifluorite
ternary metal hydrides MyTMH,,, where M is a divalent simple metal (M =
Mg, Ca, Sr) and TM a transition metal (TM = Fe, Co, Ni, Rh, Ir, Ru, Os).
For these compounds, = has such a value that the 18 valence electron rule is
always satisfied.

Myers et al. [40] calculated using an energy minimization that for the LT
MgyNiH, phase the hydrogen atoms are in an almost perfect tetrahedron.
However for the high temperature cubic phase Garcia et al. determined the
hydrogen positions from total energy minimization and found a tetrahedrally
distorted square-planar distribution, which is in agreement with neutron dif-
fraction data [34, 41]. Furthermore it is reported that the electronic band
structure around the Fermi level of this compound in the HT phase strongly
depends on the hydrogen surrounding of the Ni atom. A square planar con-
figuration of [NiH4|*~ results in metallic behavior, a tetrahedrally distorted
square planar configuration in a pseudogap, and a regular tetrahedral con-
figuration a semiconducting behavior (which is comparable to the LT phase).
Garcia et al. also investigated the movement of the hydrogen atoms around the
atoms in the high temperature cubic MgyoNiH, form. They found the typical
in-plane and out of plane jump frequencies to be 4 x 103e~129¢V/FT g=1 and 3
X 1013~ 0-67eV/RT =1 pegpectively. It is this movement which makes the exact
determination of the hydrogen positions difficult.

Several other complex metal hydride compounds containing Mg and a first
row transition metal are reported. These include MgoyCoHy [42], MggCooHyy
[43], MgoFeHg [44] and MgsMnH; [45] The ternary hydrides MgyCoHs and
MgyFeHg do not undergo a structural phase transition at 510 K and resemble
the structure of the HT cubic form of MgyNiH,. Cubic MgyFeHg has FeHg*~
octahedra units and Mgy,CoHs has square-pyramidal CoHs*~ units. These
square-pyramidal units also appear in the compounds MggCooH;1, along with
saddle-like CoHs*~ complexes. MgzMnH; contains nearly octahedral MnHg?~
units bridged by Mg in trigonal prismatic coordination, along with an isolated
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hydride ion bonded only to Mg [8, 9]. Band structure calculations for MgaCoHj
(E; = 1.92 eV) MgoFeHg (E;, = 1.8 eV) [38] support experimental evidence
for semiconductor behavior in these materials. MgzMnH; (with calculated E,
= 2.56 eV) [46] has an orange color and is presumably semiconducting. The
enthalpies of formation of MgsCoHs and MgyFeHg are -86 and -98 kJ/mol Hy
respectively [42]. Dissociation pressures at 298 K are estimated to be 5.07 x
10 Pa for Mgy,CoHs, 4.05 x 1076 Pa for Mg,FeHg, and 0.10 Pa for MgHo.

3.2 Hydrogenation of Mg-Ni thin films

3.2.1 Structural investigation XRD

Schefer et al. measured for bulk Mg,Ni a hexagonal symmetry with a = 5.216
A and ¢ = 13.20 A and found that the lattice mainly expands along the c-
axis when hydrogen is dissolved to form a solid solution (a = 5.23 A and ¢
— 13.43 A) [26]. As reported by Richardson et al. as-prepared Mg-Ni thin
films where amorphous by X-ray diffraction and annealing these films at 398
K resulted in reflections of MgyNi, Mg and MggPd for Mg rich samples [,
9]. Post-annealing rendered these samples to become inert to hydrogenation.
Song et al. investigated phase separation due to hydrogenation cycles of bulk
MgyNi with X-ray diffraction measurements [47]. They found that a small
contamination with O, of the Hy gas reacts with MgyNi to form MgO. This
reaction is accompanied by a Ni segregation which results eventually in the
formation of the MgNi, phase. These two examples indicate a few important
properties of the Mg-Ni system as encountered by X-ray measurements. First,
the preparation of crystalline (LT) MgyNi thin films is very difficult. Second, a
possible contamination of the MgsNi phase by e.g. Os, C, S etc. can have large
influences on the crystalline structure and increases the amorphousness of the
original phase. Furthermore, the crystallinity decreases upon hydrogenation
and annealed MgsNi thin films to improve the crystallinity are almost inert to
hydrogenation.

Lohstroh et al. measured with X-ray diffraction the structural changes
upon hydrogenation of Mg,Ni thin films. Figure 3.1 shows the X-ray diffraction
spectra in a 6-26 configuration of a 200 nm thick Mgy Ni film capped with 3 nm
Pd. The two peaks correspond to the (003) and (006) reflection of hexagonal
Mg Ni. The c-axis lattice parameter deduced from the peak positions 26 (003)
= 20.13°, 20 (006) = 40.94° amounts to ¢ = 13.23 A which is comparable with
the bulk value as found by Schefer et al. [26]. The absence of other reflections
in these thin films indicates textured growth with the c-axis of the hexagonal
lattice in the direction of the layer normal. However it is found that the
crystallinity also for these samples is poor, which is confirmed by the width of
the rocking curve around the (003) reflection (larger than 8°).

The structural changes due to the hydrogenation process on the structure
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Figure 3.1: X-ray diffraction spectra of a 200 nm thick as deposited sample
of MgsNi capped with 3 nm Pd. The MgyNi (003) and (006) reflections point
to textured growth of the hexagonal lattice with the c-axis out of plane. The
c-axis lattice parameter (¢ = 13.23 A) is close to the bulk value (¢ = 13.20
A). The background intensity originates from the glass substrate.

of MgyNi is monitored around the (003)-Bragg reflection. In figure 3.2 the
lattice parameter and the peak intensity are shown as the hydrogen pressure
is increased stepwise up to 0.95 x 10° Pa. The data are plotted as a function
of resistivity which is a measure of the hydrogen concentration in the sample.

In the solid solution regime log p ~ = and a linear increase of the c-axis is
observed until a lattice spacing of ¢ = 13.41 A is reached at ~0.065 mQcm.
The peak intensity and width remain constant during the expansion, hence
hydrogen dissolves in the host lattice without changing the crystal symmetry.
A comparison with the bulk value for MgyNiHgs (¢ = 13.43 A) [26] and with
the electrochemical loading experiments confirms that the solubility range 0 <
x < 0.3 is only marginally affected by the thin film geometry or the clamping
to the substrate. Usually, the adhesion to the substrate strongly influences
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Figure 3.2: c-axis lattice parameter (o) and amplitude (o) of the (003) re-
flection during hydrogen loading. At low hydrogen concentration (i.e., at low
resistivity) a linear increase of c is observed. Eventually, ¢ remains constant
and the peak intensity starts to diminish around p ~ 0.25 mQcm. The hy-
drogen concentration (upper scale) is estimated from electrochemical loading
experiments.

the hydrogen uptake in thin films and superlattices [48, 49, 50]. In the case
of MgoNiH, (0 < z < 0.3) the expansion is mainly along the c-axis which - in
the textured films - can almost freely expand along the layer normal.

Noréus et al. and Soubeyroux et al. showed that a MgsNiHg 3 could be
obtained by a conventional hydrogenation process [25, 51]. Mintz et al. de-
termined the solid solution in Mgy NiH, by means of X-ray measurements and
found that the solubility limit of hydrogen is around MgsNiHg o7 [52]. Sev-
eral investigations showed that upon hydrogenating Mgy, Ni above this solid
solution limit, the first hydride formed is MgH, rather than MgoNiH, [24,
53, 54]. Post et al. investigated the hydriding of a Mgy 4oNi sample and
found that MgyNiHg, was formed first (which corresponds to the solid so-
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lution in MgsNiH 3) and subsequently the excess of Mg was hydrided to form
MgH, whereafter the MgyoNiH, further loaded to the fully hydrided phase,
MgNiH, [55]. The possible reason for this loading sequence is that the chem-
ical potential of hydrogen in MgH, is much more negative than in MgyNiHy.
This hydrogenation sequence is theoretically confirmed by Zeng et al. [56].

For hydrogen concentrations above x ~ 0.3 Lohstroh et al. showed that
deviations from the linear expansion of the c - axis occur as shown in Fig. 3.2
and Fig. 3.3. Furthermore, the diminishing intensity of the (003) reflection
points to a decreasing of the MgsNiHy3 volume fraction as the two phase
region MgoNiH( 3-MgoNiH, s is entered. However, Lohstroh et al. could not
follow the whole hydrogenation cycle by X-ray measurements and the crystal
structure of semiconducting MgoNiH,_s thin films could not be resolved. It
is concluded that the crystal structure is either nanocrystalline or amorphous.
The MgyNiHg 3 to Mg,NiH,_; phase transition involves a 32 % volume expan-
sion and a thorough rearrangement of the atomic positions, it is not surprising
that the initially poor crystallinity further deteriorates. Similar results have
been reported earlier for the crystal structure of MgyNiH,_s thin films [57, 58].

Farangis et al. [59] found by investigating the direct environment of the Mg
- atoms by Extended X-ray Absorption Fine Structure (EXAFS) that these
samples (which were X-ray amorphous after deposition) exhibit order on a
microscopic scale up to the second shell neighbors with reduced coordination
numbers. The degree of local order decreases with increasing Ni content. Af-
ter hydrogenation, no EXAFS oscillations could be detected suggesting weak
scatterers with a low coordination number located around Mg, and a further
deterioration of the crystalline order. Furthermore, the hydrogenation process
(in a helium atmosphere with 4% hydrogen) was incomplete in stoichiometric
Mg,Ni thin films i.e. the signature of metallic MgyNi was still present in the
EXAFS spectra [59]. Di Vece et al. showed that EAXFS at the Ni absorp-
tion edge of MgoNiH,_4 films suggests that H is situated in the vicinity to the
Ni-atoms and [NiHy]*~ clusters are formed [58]. After unloading, the Mgy Ni
- Bragg reflection is partially regained which is presumably due to the heat
treatment used in the unloading procedure. These findings make clear that
the crystallinity of thin Mg, Ni films is very low and cannot easily be improved
by means of annealing or deposition techniques.

For bulk powder samples Blomqvist et al. showed that MgsNiH, is thermo-
dynamically stabilized by stacking faults at unit cell level in the lattice [60, 61].
This effect, called microtwinning, depends on the thermal history of the sam-
ple and on the excess of Mg. It is reported that the excess of Mg stabilizes the
Mg,NiH, phase. Furthermore, microtwinning could be induced by mechanical
pressure and oxygen contamination [51, 62]. When the LT MgyNiH, phase
is heated up to the phase transition at 510 K, microtwinning is induced by
the reorientational motion of the tetrahedral [NiH4| complexes. Microtwin-
ning counteracts Mg doping, and the hydride becomes non-conducting. The
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microtwinning is, however, sensitive to mechanical pressure. By compressing
the hydride the microtwinning is reduced and the hydride becomes conduct-
ing again, and also loses its stability. Since the MgyoNiH, phase can be formed
during hydrogenation in Pd capped thin Mg-Ni films at room temperature and
at moderate pressures (up to 10° Pa Hy), it is not subjected to the high-to-low
temperature phase transition at which microtwinning is introduced. Therefore
it is expected that this mechanism is not present in thin films at these pressure
and temperatures [60, 61].
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Figure 3.3: Comparison of c-axis expansion (e) with reflection R and transmis-
sion T" (at 1.25 eV) for a sample 200 nm MgsNi capped with 3 nm Pd. In solid
solution (for z < 0.3), R shows metallic reflectivity. At the beginning of the
two phase regime MgyNiHj 3 -MgoNiH,_s the c-axis expansion exhibits a kink
and simultaneously R decreases dramatically. Transmission is only observed
for x > 3.0. For reasons of clarity 7" is multiplied be a factor 5. The hy-
drogen concentration (upper scale) is estimated from electrochemical loading
experiments.
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3.2.2 Electrical properties

The temperature (between 2 K and 280 K) and concentration (for 0 < x < 4)
dependencies of the electrical resistivity, charge carrier density and magnetore-
sistance of MgyNiH,, thin films were investigated by Enache et al. [63]. They
showed that the charge carrier density ng. (obtained form Hall-effect measure-
ments) decreases linearly with increasing hydrogen concentration z. Although
the electrical resistivity increases by almost three orders of magnitude during
the hydrogenation from metallic MgsNi to MgoNiH,, the charge carrier con-
centration n decreases only gradually from typically 10%* cm™3 to 10%! cm—3.
These metallic-like features indicate that MgsoNiH4_s prepared at room tem-
perature under 1.3 x 10° Pa H, behaves as heavily doped semiconductor and
that the estimated non-stoichiometry is 6 = 0.05 [63]. By combining Hall ef-
fect, electrical resistivity and electrochemical data, it is found that the charge
carrier density n varies like (4-z) with z indicating the hydrogen concentration.
This behavior shows that the hydrogen atom behaves as a negatively charged
H- ion, in agreement with the anionic hydrogen model where each hydrogen
removes one electron from the conduction band to form the negatively charged
[NiH,]*~ complexes in groups I, IT and III of the periodic table [64]. When
the MgsNiH, thin film is completely loaded it behaves like a semiconductor,
which is in agreement with the electronic ground state of the low-temperature
Mgy NiH, phase as calculated by Myers et al. [40] Enache et al. did not know
that there was a double layer in these type of films. The linear decrease of n
with increasing z is thus only a manifestation of the double layer. However
the end state data of MgsNiHjs o5 are still valid [63].

3.2.3 Optical properties Mg-TM-H systems

That Mg-Ni alloys change their optical appearance upon hydrogenation is al-
ready known for decades. Reilly et al. found already in 1968 that metallic
Mg, Ni changes optically to a reddish MgsNiH, compound upon hydrogenation
[24]. Lupu et al. (1987) found a band gap of 1.68 eV for the low temperature
[LT] as well for the high temperature [HT] MgyNiH, phases from resistivity
data and reflection measurements on powder samples [65]. Selvam et al. mea-
sured two gaps, 2.0 eV and 2.4 eV, the direct respectively the indirect gap
of MgyNiHy [66]. A gap of 1.3 eV for a film of unknown composition was
found by Fujita et al. from resistivity data and optical measurements for both
the LT and HT phases [67]. Isidorsson et al. [57] estimated from transmis-
sion edge measurements a gap of 1.6 eV for Mg,NiH, thin films, which is in
reasonable agreement with the band structure calculations of Myers et al. and
Héussermann et al. [40, 68]. The large spread in values of the optical data
indicates that a well defined characterization of the samples is very important
and the preparation with a well defined composition and morphology must be
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accurately controlled.

In 2001 Richardson et al. showed that Mg-Ni films can be hydrogenated
at room temperature and low pressures when they are capped with a thin Pd
caplayer [8, 9]. This is in sharp contrast with bulk Mg-Ni samples for which
high temperatures up to 600 K and high hydrogenation pressures of 10° to 10°
Pa are usually needed [24]. So far all the alloys of Mg with transition metals Ni,
Co, Fe ,Mn, V have been found to switch upon hydrogenation [8, 9]. However
not all the alloys form a stoichiometric phase Mg-TM before hydrogenation. In
case of nickel a stoichiometric alloy phase, MgsNi, with the same Mg-Ni ratio
as the hydride, can be prepared from the elements. This is the reason why a
Mgy Ni film is used in many experiments as a model system. The unloading of
these Pd capped thin films is usually done in air.

During measurements of reflection, transmission and the electrical resistiv-
ity during hydrogenation of a Mgy ;NiH, thin film, Isidorsson et al. found that
an unexpected behavior of the reflection occurs [57]. Above the solid solution,
x = 0.3, the reflection drops markedly and reaches a minimum (R < 10%)
at x ~ 0.8. During this decrease the optical transmission remains very low
(typically 0.001) until x is almost 4. The electrical resistivity at this minimum
in reflection is still relatively low and is in the order of 100 pf2cm. In a simple
Drude model a decreasing reflection R is due to a decreasing plasma energy
wg = n.e?/egm (n.: effective charge carrier density, €;: vacuum permittivity,
e: electron charge and m: electron mass). Such a simple analysis would give
a decrease of the charge carrier density by a factor 25 % [57]. Enache et al.
reported that the Hall effect measurements do not confirm such an abrupt de-
crease of n,. This seems to be mutually incompatible since metals always have
a large reflection. The low reflection and transmission imply a high absorption
of > 75% of the incoming light.

3.3 Optical black state

3.3.1 Properties of the black state

The results described above stimulated an extended research to unravel the
origin of this peculiar optical behavior. Lohstroh et al. performed a detailed
investigation of the hydrogenation behavior of MgyNi thin films. The effect is
illustrated in figure 3.4, where the reflection R and transmission 7" are shown
at various hydrogen concentrations for a 250 nm thick MgyNiH, sample cov-
ered by 7 nm Pd. The resistivity increases from 0.061 mS2cm in the metallic
MgoNi state (corresponds to Fig. 3.4 (a)) to 1.37 mQem for semiconduct-
ing, transparent MgyNiH, (corresponds to Fig. 3.4 (c)), the later value being
mainly limited by the metallic Pd layer on top. At intermediate hydrogen con-
centrations, R decreases dramatically over the entire visible spectrum whereas
T remains extremely low as shown in Fig. 3.4(b). Around 1.5 eV a broad
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Figure 3.4: Reflection R and transmission T of a 250 nm MgyNi / 7 nm Pd
film on CaFy. (a) as deposited MgyNi, (b) black MgoNiH, and (c) fully loaded
MgyNiHy. The reflection is measured through the substrate. At intermediate
hydrogen concentrations, R exhibits a deep minimum around 1.5 eV and stays
below 25 % over the entire visible range while is T very low (7' < 107*). The
solid lines are calculations (see text) using known dielectric functions for Mg, Ni
and MgsNiHy. The curves in (b), corresponding to the black state, cannot be
fitted with any choice of the refraction index n and extinction coefficient k for
the MgyNiH, layer.

minimum (R < 10%) is observed.

The peculiarity of the optical black state is obvious when one tries to fit the
reflection and transmission spectra with an effective medium approximation
for a homogeneous MgyNiH, layer. For this one calculates R and T for the
entire sample by means of a transfer matrix method that considers reflection
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Figure 3.5: Contour maps of the reflection (- -) and transmission (---) calculated
for a sample 250 nm MgyNiH, / 7 nm Pd on a CaF, substrate. The incoming
beam (hw = 1.5 eV) reached the layer through the substrate and (n,k) are
those of the Mg,NiH, layer. The contours of the experimentally obtained
values Reqs and T)peqs are indicated (thick lines). There exists no couple (n,k)
that describes simultaneously the experimentally observed reflection R,,cqs and
transmission 7;,cqs, i.€. these contours never cross.

and transmission at each interface and absorption in each layer (i.e. 7 nm Pd -
250 nm MgsNiH, on CayF'). The refraction indices for CasF and Pd are known
(Ref. [15]) and R and T are then calculated for a dense grid of (n,k) values
for the MgyNiH, layer [69]. Possible solutions for (n,k) are found when R and
T coincide with the experimental values.

Figure 3.5 gives the results of such a calculation for incoming light with
an energy of w = 1.5 eV. There is no couple (n,k) that simultaneously de-
scribes the measured values Ryeqs and T,eqs (indicated by thick lines). The
discrepancy is quite serious since a 10% larger transmission would be necessary
for the lines to cross and it persists for all energies between 0.8 eV and 2.5
eV. Although the particle size D ranges from = 30 nm for the metallic sample
to nanocrystalline (too small to be detected with x-rays) in the fully loaded
state and hence D << A (A: wavelength of light) effective medium theories
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[70] fail to explain the optical properties. Measurements of the total reflec-
tion and transmission coincide within experimental errors with the measured
specular reflection and transmission hence confirm that the diffuse scattering
is negligible and can be excluded as a reason for low reflection.

Lohstroh et al. demonstrated that the highly absorbing state in MgyNiH,,
can be explained by a subtle interplay of the effective dielectric function
€ = €1 +1iey (which is related to the refractive index n and extinction coefficient
k by €, =n? — k* and €5 = 2nk) and a self - organized double layering of the
Mgy NiH, film during hydrogenation[71, 72, 73]. It is shown that although the
hydrogen is physisorbed, chemisorbed and absorbed by the Pd layer and subse-
quently diffuses into the Mg, Ni film, the nucleation of the hydrogen-rich phase
starts deep in the sample near the film-substrate interface. This preferred hy-
dride nucleation is obvious when the sample is observed simultaneously from
both sides: once through the transparent substrate and once through the Pd
cap layer side. Figure 3.6 displays photographs taken from two pieces of the
same sample (a) in the metallic MgsNi state and (b) black MgyNiH,, respec-
tively. On the left hand side the view is through the substrate and on the
right hand side the Pd cap layer faces the front. Without hydrogen, both sides
are shiny reflecting, and the small difference in appearance is mainly due to
the different media for the incoming light (sapphire, which is optically thick
and air). After hydrogen is introduced at a pressure of 1.6 x 103 Pa, it takes
a couple of minutes for MgyoNiH, to become black when viewed through the
substrate. Surprisingly, at the same time MgyNiH, keeps a metallic appear-
ance when observed from the Pd side. Note, that the Pd cap layer (5 nm) has
a rather high transparency (7' > 40%) and hence the MgyNiH, layer under-
neath contributes significantly to the observed reflection. These photographs
demonstrate vividly that the originally homogenous film starts to react with
hydrogen at the substrate-film interface. It is indicated that further H-uptake
causes the hydrogen-rich layer to grow at the expense of the metallic part until
eventually the entire film has switched to MgyNiHy.

Due to the double-layering and the transparency of MgsNiHy, the reflection
exhibits typical interference fringes when the optical path of the light reflected
between the two interfaces fits a multiple of the wavelength (see Fig. 3.7).
With increasing hydrogen concentration the increasing thickness of the layer
MgoNiHy yields to a shift of the interference fringes towards lower energies as
well as to a smaller difference between adjacent maxima.

The increasing thickness of the evolving MgoNiH, layer can be directly
determined from the experimental reflection data as shown in Fig. 3.8. The
solid lines are model calculations of R in accordance with the above described
scenario. The dielectric function of MgsNi, MgyNiHg 3 and MgyoNiH, has been
determined independently [72]. In Figs. 3.8 (b) and (c) a self-organized double
layer MgoNiHg 3 / MgoNiHy is assumed for the transfer matrix calculation (see
sketch in Fig. 3.8).
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Figure 3.6: Photographs of two identical films 200 nm MgyNi / 5 nm Pd on
sapphire. On the left hand side we look at the film through the substrate
and on the right hand side from the Pd layer side. (a) As deposited: both
sides appear metallic as can be seen from the reflection of the test pattern in
front of the samples (b) Upon exposure to hydrogen (1.6 x 10° Pa at room
temperature) the "substrate” side of the sample becomes black while the ”Pd”
side stays metallic. The difference in appearance is not due to the thin metallic
Pd cap layer but to the nucleation of the hydrogen-rich phase MgyoNiH, at the
film-substrate interface.
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Figure 3.7: Intensity map of the reflection R (measured through the substrate)
during hydrogen uptake of a sample 250 nm MgyNi / 7 nm Pd. The resistivity
is a measure for the hydrogen concentration, upon loading p increases from
0.061 mQcm (metallic MgoNi) to 1.37 mQem (semiconducting MgaNiHy). At
low resistivity (that is in the metallic state) R is high. At around p = 0.13
m{lcm R exhibits a deep minimum over the entire visible wavelength regime.
A double layer system MgyNiH 3-MgyoNiHy is formed and subsequently inter-
ference minima and maxima appear. As the transparent layer increases in
thickness these interference fringes shift to lower energies. Around 0.75 eV is
an artifact of the measurement due to an absorption line in the background.

The only free parameter is the thickness of MgyNiH, which varies from
d =~ 30 nm to the total thickness 250 nm. In Fig. 3.8(a) (in the black state), the
bottom layer close to the substrate (~ 30 nm) is presumed to consist of a mix-
ture MgyNiHg 3 and MgoNiHy. This mixture of metallic and semiconducting
particles (D << ) can be described within the effective medium Bruggeman
approximation for spherical particles [70] and an effective dielectric function
for a volume ratio 20 vol% MgyNiH 3 - 80 vol% Mgy NiH, was assumed in the
30 nm layer close to the substrate with 220 nm metallic MgsNiHg 3 on top.
The agreement of the calculated curves with the experimental data confirm
that black MgyNiH, can be understood as the result of the interplay of the
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Figure 3.8: Reflection spectra R (o) of a 250 nm MgyNiH, / 7 nm Pd on
CaFy sample measured through the substrate (Rg,) and from the Pd side
(Rpq) at various H concentrations (at p = 0.13, 0.14 and 0.18 mQcm, compare
Fig. 3.7). The solid lines are model calculations that assume a self-organized
double layer, as sketched schematically on the right. The thickness used in the
calculations for the evolving bottom layer MgoNiH, is 30, 50 and 95 nm. The
remaining part of the film (220, 200 and 155 nm) is assumed to be MgsNiH 3.

composition dependent effective dielectric function of the mixed layer and the
self-organized layering of the system. The composite layer near the substrate
effectively suppresses the reflection whereas the metallic MgsNiHg 3 on top in-
hibits any transmission and ensures a metallic conductivity. The discrepancy
between the experimental data and theory at higher energies is most likely due
to non-ideally flat interfaces of the self-organized double layer. The assump-
tion of a volume ratio 20 vol% MgsNiH 3 - 80 vol% MgyNiH, for the first 30
nm close to the substrate is not essential as Borsa et al. have shown [74]. It is
also possible with a 30 nm layer of MgyNiH, hydride phase to obtain a perfect
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fitting of the optical spectra.

As indicated by Lohstroh et al. this self-organized layering process is fully
reversible. During hydrogen unloading reflection, transmission and resistivity
go through the same stages as during loading but in reversed order. In Fig. 3.9
the difference between hydrogen loading and unloading is indicated. Upon ab-
sorption hydrogen enters at the Pd and unexpectedly diffuses directly towards
the substrate side. There it starts to form the hydride and this phase grows
in the direction of the film surface (see Fig. 3.9a). In Fig. 3.9b the unloading
process of the Mg,Ni film is indicated. The dehydrogenation now starts at the
film surface, which is fully understandable from a standard diffusion point of
view.

Hydrogen Hydride Hydrogen Metal
diffusion growth diffusion growth
direction direction  direction direction
A A
Pd Pd
Mg,NiH, Mg,NiH,
Substrate Substrate
(a) Hydrogenation (b) Dehydrogenation

Figure 3.9: (a) Schematic model of the hydrogen absorption by a Mg-Ni thin
film. Hydrogen enters at the Pd side and the MgsNiH, hydride starts to form
at the substrate side. (b) Hydrogen desorption by the same film. Now the
hydrogen leaves the film at the Pd side and this is also where the hydride to
metal transition starts.

As found by Isidorsson et al. and Van Mechelen et al. [10, ?] the Mg/Ni
ratio influences the nucleation of the MgyNiH, hydride phase throughout the
film. In slightly Mg-rich films (with 2.0 < y < 2.4) only the first minimum and
maximum are observed, pointing to the formation of a double layer with ill-
defined interfaces. Borsa et al. investigated this composition dependent effect
in detail by combining optical and electrical measurements with calculations of
the expected reflection, transmission and electrical resistivity using a transfer
matrix method and a mean-field model (Bruggeman). They found that during
the first stages of the hydrogenation process, the Mgy, sNiH, films consist of
a self-organized double layer structure with at the substrate/film interface a
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transparent MgoNiH, layer and a MgoNiHg 3 top-layer. This prefered hydride
nucleation and concomitant optical black state does not depend on compo-
sition. The hydrogenation process of the rest of the film depends critically
on the composition of the Mg-Ni alloy. Hydrogenation of Mg,Ni films with
2 < y < 2.5 takes place by a random nucleation and growth of the MgyNiHy
phase within the remaining metallic MgsNiHy 3 top layer. For thin films of
composition Mg,Ni films with 1.7 < y < 2 the already formed Mg,NiH, layer
at the substrate increases in thickness at the expense of the MgyoNiHg 3 top
layer, resulting in a more extended interference pattern.

An optical black state related to a preferred hydride nucleation is also ob-
served in other Mg-TM systems (e.g. like Mg-Co, Mg-Fe and Mg-Co-Ni [75]).
However the hydride nucleation in these thin films depends on the hydrogena-
tion history of the film. The spatial separation of the hydrogen uptake at
the catalytic Pd layer and subsequent nucleation of the hydride (MgsNiHy,
Mg,CoH; and MgyFeHg) at the film-substrate interface seem to be inherent
to these systems. A preferred hydride nucleation near the substrate occurs in
sputtered films as well as in UHV thermal deposited thin films and is little
influenced by the used deposition technique. It is also independent of the kind
of substrates used (Si, SiOy, CaFy, sapphire, quartz, ITO covered glass) [16].
The initial hydride nucleation at the substrate interface does not depend on
composition for Mg/Ni-ratios between 1.5 and 6 [76].

The optical black state observed for Mg, TMH, thin films has a different
origin as compared to Mg-RE thin films (RE: rare-earth). Giebels et al. showed
that in these Mg-RE thin films the black state results from a spatial dispro-
portionation in Mg and REH, grains upon hydrogenation. The optical black
state in these Mg-RE-H systems is caused by the coexistence of nanograins of
metallic Mg and insulating (dielectric) MgH, [77]. The same effect is observed
for Mg-Gd [78, 79], Mg-La [77, 80] and Mg-Sc [81] films.

Since these films absorb hydrogen quite easily at room temperature and
at reduced hydrogen pressures as compared to bulk samples (pressures well
below 10° Pa) indicates the importance of the small grain size for the hydro-
genation process and the use of a Pd caplayer (typical for these thin films).
The preferred hydrogenation at the film/substrate interface, suggests a tun-
ability of the preferred hydride nucleation. This suggests new strategies for
the optimization of catalysts in, for example, nanostructured hydrogen storage
materials.

3.3.2 Hydrogen depth profiling

To prove the coexistence of two phases in separate layers and preferred hydride
nucleation at the interface, Lohstroh et al. measured the hydrogen depth profile
at two stages of the hydrogenation process, for a thin film in the black state
and in the fully loaded MgyoNiH,_s state.
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Figure 3.10: Hydrogen depth profiling of a 200 nm thick MgyNi film capped
with 5 nm Pd. The sample is first hydrogenated at 10® Pa to generate the
black state (circles) and subsequently exposed to 10° Pa to measure the fully
loaded sample (squares).

After loading a MgsNi film to the black state the sample is introduced in
the analysis chamber and cooled down to 77 K in order to prevent hydrogen
desorption before and during the measurements. Figure 3.10 shows the results
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for a 200 nm thick MgoNi sample capped with 5 nm Pd. The hydrogen con-
centration is plotted as a function of the sample depth, i.e. 0 nm corresponds
to the Pd surface. In the black state, the hydrogen concentration has a maxi-
mum around 180 nm i.e., close the film/substrate interface while the rest of the
sample only exhibits a very small H content. The hydrogen rich layer extends
approximately over 50 nm and the concentration (per MgyNi) is = ~ 2.7 at
its maximum. A second measurement is taken after the sample is exposed to
10° Pa of hydrogen in the H-reaction cell during one week and the results are
also plotted in Fig. 3.10 (squares). The hydrogen concentration of the fully
loaded sample is indeed homogeneous over the entire film thickness and close
to =~ 4. The expansion of the hydrogen profile to higher energies (i.e. larger
depth) reflects the increasing layer thickness (by approximately 15 %) dur-
ing hydrogen uptake. This measurement indeed confirms the prefered hydride

nucleation upon hydrogenation and subsequently the double layer formation
within the MgoNiH, film.

3.3.3 Electrochemical loading of Mg,;Ni thin films

Electrochemical loading is either done in galvanostatic mode with a constant
current I = —50 pA/cm? or by means of the galvanostatic intermittent titra-
tion technique (GITT). In GITT measurements the equilibrium potential U,
is measured as a function of hydrogen concentration. A constant current is
applied during a time 7,,, and subsequently the working electrode (i.e. the
Mg, NiH, film) is allowed to relax in an open circuit configuration to its equi-
librium potential U,,(x;) at the hydrogen concentration z;. These steps are
repeated until the sample is fully loaded. Typical current pulse times are
7, = 40 s with current densities of j ~ 0.05 mA/cm? and relaxation times
T, = 180 s. In a proton donating electrolyte the reaction at the working
electrode is

H,O+e™ — H,y + OH™ (31)

hence for each transferred electron one H - atom is produced that is adsorbed
on the Pd surface and subsequently diffuses into the film. From U, and the
Nernst equation (with py, in Pa, U, in volts)

2F
Inpp, = <—ﬁ(Ueq + ().926)) +11.51 (3.2)

the pressure-composition isotherms can be measured. F' = 96485.3 C/mol and
R = 8.315 J/mol K denote the Faraday and molar gas constant, respectively.
The 0.926 term is a correction for the used electrode and electrolyte. The
11.51 term is due to the conversion from bar to Pa.

Figure 3.11 shows the pressure-composition isotherms of a 190 nm Mg; gNi
sample covered with 13 nm Pd at temperatures T" between 20 and 50 °C. The
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Figure 3.11: Pressure composition isotherms of a 200 nm thick Mg; gNi film
covered with 13 nm Pd at temperatures T' = 20, 30, 40 and 50°C determined
from elctrochemical GITT measurements. With increasing temperature the
equilibrium plateau for the MgoNiHg 3-MgsNiH,_s phase transition increases
from 40 Pa to 460 Pa. [H]/[M] denotes the number of hydrogen atoms per metal
atom. (Note that in contrast, the hydrogen concentration x in MgyNiH,, refers
to the number of hydrogen atoms per formula unit MgsNi.)

plateau pressure of the MgyoNiHg 3 -MgoNiH,_5 phase transition increases with
increasing temperature from ~ 40 Pa at 20 °C to 460 Pa at 50 °C. From the
plateau dissociation pressure pg;s the heat of formation can be estimated using
the van’t Hoff equation: [82]

1 AH AS

—Inpgs = — — — +5.75 3.3

5 0P RT R + (3.3)
where AH is the heat of formation and pg, is given in Pa. For metal hy-
drides, AS mainly stems from the entropy loss of gaseous hydrogen. AH is
obtained from a plot of In py;s vs. 1/T. AH amounts to AH = —31.7 kJ/mol
H which agrees well with the value reported for hydrogen absorption in bulk
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Figure 3.12: Reflection R and transmission 7" of 300 nm Mg sNi covered with
24 nm Pd measured in-situ during galvanostatic loading. [H]/[M] denotes the
number of hydrogen atoms per metal atom. The oscillating behavior of the
reflection is due to interferences of the growing MgoNiH,_s layer thickness.

MgoNi (AH = —32.3 kJ/mol H) [24, 83]. The solid solution limit is [H]/[M]
~ 0.16 at 20°C. Here, [H]/[M] denotes the number of hydrogen atoms referred
to the total number of metal atoms (whereas the hydrogen concentration x
gives the hydrogen content per formula unit MgyNi). The observed solid so-
lution limit is slightly higher than the value in bulk [H]/[M]=0.1 (z = 0.3 in
MgyNiHg3). Above [H|/[M] ~ 1.0 the isotherms increase considerably while
single phase MgyNiH,_4 is further loaded with hydrogen. The plateau observed
at 10° Pa is an artifact of the measurement due to hydrogen gas developing at
atmospheric pressure.

During electrochemical loading, reflection and transmission exhibit the
same features as in gasochromic loading, i.e. a large decrease of R at low
hydrogen concentrations followed by an oscillating behavior and a subsequent
onset of transmission. R and T (at fww = 1.95 eV) of a 300 nm thick Mg, gNi
film covered with 24 nm Pd obtained during galvanostatic loading are shown
in Fig. 3.12. Comparison of these data with those shown in Fig. 3.3 allows
to relate the hydrogen concentration, optical appearance and resistivity values
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for characteristic points in the loading cycle. In the solid solution regime R
is high and the sample is metallic reflecting. The rapid decrease of R coin-
cides with the beginning of the two - phase region (compare Fig. 3.11). The
minimum of R is associated with an average hydrogen concentration [H]/[M]
~ 0.27. At larger hydrogen contents R recovers and even shows a second
oscillation which stems from interference of light that is reflected at the two
interfaces of the evolving transparent MgoNiH, s layer (compare Fig. 3.8¢).
This points to an ordered double layering with flat interfaces. In the black
state each additional H-atom above the solid solution limit is in fact located
in a &~ 30 nm layer close to the substrate interface (see section 3.3.2). If one
considers this double layering and re-calculates the hydrogen content for the
nucleating layer, the concentration amounts to [H]/[M] ~ 1.12. This implies
that in the black state, the hydrogen concentration close to the film / substrate
interface amounts to x &~ 3.14 per formula unit Mg; gNiH, pointing indeed to
a mixture of MgoNiHg 3 and MgyNiH, s (and presumably a small amount of
amorphous Mg-Ni of unknown composition) with an approximate atomic ratio
of 25:75. The average H-concentration in the black state mainly depends on
the ratio between the thickness of the composite layer and the metallic layer
MgsNiHg 3 on top. Above [H]/[M] ~ 1.0, Mgy NiH, becomes transparent.

3.3.4 Hydrogen diffusion model for Mg;Ni thin films

The unusual hydrogenation process in MgyNi films requires an increased hy-
drogen concentration close to the film/substrate interface. This is not trivial
since the hydrogen enters the film at the Pd layer and one expects a hydrogen
gradient towards the interface with the highest concentration at the Pd side.
Borsa et al. investigated the peculiar time dependence of the hydrogen concen-
tration in these kind of thin films and a diffusion model is proposed to explain
the increased hydrogen concentration at the film/substrate interface [74]. To
model the peculiar hydrogen absorption it is assumed that the thin Mgy Ni films
consist of a double layer made of layer C (with columnar grains) and layer N
(with nanograins), see chapter 4 [16]. The enthalpy of hydride formation AHy
is assumed to be more negative than AH¢, the enthalpy of hydride formation
in the columnar region. By solving numerically the diffusion equation with:
(i) at equilibrium the chemical potential is the same everywhere, (ii) the cur-
rent of hydrogen in a material is proportional to the gradient of the chemical
potential gy of hydrogen, i.e. Jy = —LVuy [84], iii) the chemical potential is
a continuous function of space, iv) the H particle current is also a continuous
function and v) at the film/substrate interface du/dx = 0. one can obtain the
evolution in time of the chemical potential and the hydrogen concentration
profiles in this double layer system. The results are shown in figure 3.13, for a
50 units thick two layer model. For the N-layer (10 units thick) AHy/kT =-15
(AH = enthalpy) and for the C-layer AHo/kT = -10. The chemical potential
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Figure 3.13: (a) Profiles of the chemical potential of hydrogen as a function
of time and sample depth. (b) hydrogen concentration c profile in the sample.
Clearly visible is the high concentration in the thin layer near the ’substrate’
on the right. The lowest profile corresponds to t=1 time step; the top one to
12 time steps.
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of the Hy gas is assumed to be p/kT = -12; The parameter L is related to the
diffusion coefficient D through the relation L. = Dcc,/kT (¢ = concentration,
¢p = maxim concentration in the system); the diffusion coefficient D is chosen
as 5 x 1079 cm?/s. Tt is found that for a system where hydrogen diffuses from
the C-layer (i.e. from the Pd side in the real sample) to the N-layer (i.e. to the
substrate side), the chemical potential in the C-layer decreases steadily from
the Pd side to the substrate side (Fig. 3.13(a)) whereas the concentration of
hydrogen in the N-layer (i.e. near the substrate) is clearly larger than in the
rest of the film (Fig. 3.13(b)). This model shows that it is very well possible to
have a higher concentration near the substrate than in the rest of the sample.

3.4 Applications Mg-TM-H thin films

3.4.1 Mg-Ni smart windows

Smart coated windows can have a considerable influence on the heat consump-
tion of for buildings. To achieve a smart coating which regulates the solar heat
input and while maintaining transparency requires that the optical properties
of the visible spectrum should be different from those of the thermal long wave-
length range. The heat dissipation is controlled by the emissivity around 0.1
eV (8 pm; 373 K black-body radiation). To obtain a smart window that is
transparent in the visible and reflects at energies below 0.5 eV (2.5 um), one
can make use of a switchable mirror. The fact that Mg-Ni-H thin films dis-
play three optical states during hydrogenation makes them very attractive for
applications such as in solar heat collectors, hydrogen sensors, smart windows
etc. Since the quality of solar heat collectors depends on a high absorption of
the solar spectrum (at photon energies between 0.5 < E < 4 eV) and a low
emission of thermal radiation (at £ < 0.5 eV, for 372 K) [85], Van Mechelen
et al. investigated the infrared optical behavior of Mg-Ni films upon hydro-
genation [10]. The observed black state (high absorption) for Mgy NiH, films
in the visible spectrum is also found for infrared energies [57, 63, 71, 72, 74].

To control the temperature of solar collectors, these Mg, Ni thin films can be
quite well suited. When the temperature of the device is reaching undesirably
high temperatures, the film can be switched to a reflecting metallic state.
On the contrary, to increase the thermal load of the system, the switchable
mirror can be switched into the optical black state. The most important point
of this temperature regulation is that it becomes possible to use lighter and
cheaper materials for solar collectors (plastics), which are sensitive to high
temperatures.

In figure 3.14 Van Mechelen et al. shows contour-plots of the reflection R
for a Mg-Ni film (as measured from the substrate side), as a function of photon
energy, F, and resistivity (which is a measure of the hydrogen concentration
x [63]), during loading. This is done for films of several thicknesses d. Figure
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Figure 3.14: Contour plots of reflection vs. photon energy and electrical resistivity
p for a (a) 475 nm Mgy ¢6Ni, (b) 250 nm Mg; 7oNi, and (c) 140 nm Mg; 43Ni film.
The hydrogen concentration is very roughly proportional to p.
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3.14a shows also the unloading process which indicates that the hydrogenation
process is completely reversible. This makes these systems very attractive for
future applications. The hyperbolic-like bending of the minima and maxima
as a function of the energy, and the increment of the number of reflection os-
cillations with increasing thickness, are consistent with the two-layer model as
shown by Lohstroh et al. [71, 72]. This interference pattern can be qualita-
tively understood from the interference condition 2t(z)n = NX o< N/E, where
n and N are the refraction index and interference order, respectively [86] and
t(z) is the thickness of the hydrided layer.

Van Mechelen et al. show that one can tune the reflection as a function
of energy for different loading stages as shown in figure 3.15a (A to E in
figure 3.14a) for a d = 475 nm thick film. The film changes optically from
the metallic unloaded film (stage A) in figure 3.15a, to the optical black state
upon absorbing a small amount of hydrogen (the average H content depending
on d [71, 72]), the film becomes black. The reflection decreases drastically
for £ > 0.5 ¢V (A < 2.5 pum), and varies between 0.05 and 0.3 for 0.5 <
E < 4 eV (see Fig. 3.15b and Ref. [57, 71, 72]), while it is still reflecting
(R > 0.6) in the thermal range. It is shown that by linearly extrapolating
the reflection of 3.15b to low energies and convoluting A = 1 — R with the
blackbody radiation at 373 K, the thermal emittance in this state (Fig. 3.15b)
is 0.16. Similarly, a solar absorption of about 0.84 is estimated by using the
data at £ > 0.5 eV in the same figure together with those obtained for similar
films at energies up to 4 eV [57, 71, 72]. These relatively high solar absorption
and low thermal emittance are comparable to those recently reported for films
of a-Si:H/Ti on Al substrates [87]. The main advantage of the MgyNi films is
that their behavior is switchable. Moreover, the small amount of H needed,
which involves minimal morphology changes and thus little aging, makes the
switching between A and B very attractive from an applications point of view.

Van Mechelen et al. showed that upon increasing the H content (stage C)
a very different reflection pattern is measured with a narrow highly absorbing
state at ~ 0.4 eV (A ~ 3.1 pum), whose energy and width can be tuned by
varying the film thickness. Due to the layered loading mechanism, the reflec-
tion spectrum at this state of the loading process is identical to that of a later
loading stage in a thinner 250 nm film (F), as shown in Fig. 3.15c. A larger H
content in a thick enough film gives raise to more than one R minima (D).

Since optical appearance of these Mg-Ni thin films can now be changed by
either thickness [10], hydrogen concentration [10] on composition [74] makes
them very interesting as selective coating.

3.4.2 Mg-Ni hydrogen sensors

The use of hydrogen as an energy carrier in a hydrogen oriented economy
demands hydrogen sensors for all kind of applications. These sensors must
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Figure 3.15: Reflection spectra for the 475 nm Mg; g¢Ni film shown in Fig. 2(a) at
different stages (A to E) of H loading. The letters refer to those in Fig. 2(a). The
solid circles in (c) correspond to the 250 nm Mg; 7Ni film. The line in (d) is the
fit to the data with n ~3.7 and k& =~ 0.5, both weakly depending on energy in the
studied range.

be selective for hydrogen, sensitive, reliable, re-usable and not too expensive.
Furthermore, since hydrogen is highly explosive electrical contacts for the de-
tector in the presence of hydrogen is not desired. Hydrogen is mainly detected
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by a catalytic resistor detectors or electrochemical devices. Problem of these
systems is that they are too large and too expensive to be used in large quan-
tities. This problem can be avoided by using an optical fiber which is coated
on one side with an hydrogen sensitive switchable mirror. The optical changes
of this layer due to hydrogen absorption can be detected optically at the other
end of the fiber, since optical fiber sensors are very sensitive to a hydrogen
concentration [21, 88, 89]. Moreover they are cheap to produce, insensitive to
electromagnetic noise, and explosion safe. By combining several optical fibers
and a central detecting system one can perform multiple sensing on hydro-
gen. When considering the hydrogen sensitive layer on top of the fiber, the
Mg-TM-H systems are very interesting. The reflection of these layers is very
sensitive on the pressure of hydrogen and changes already at low hydrogen
concentrations.

Slaman et al. [6] report about the implementation of Pd-capped chemo-
chromic metal hydrides as a sensing layer in fiber optic hydrogen detectors. A
drop in absolute reflection by a factor of 10 on hydrogenation for Mg based al-
loys on is demonstrated for hydrogen levels down to 15% of the lower explosion
limit. These Mg-Ni and Mg-Ti based coated fibers are tested for sensitivity of
hydrogen in argon and oxygen and temperature dependence of the detectors.
Although the Mg-Ni system has a good response to a hydrogen atmosphere,
the sensors based on a Mg-Ti compound have even more superior optical and
switching properties.



54

3 Mg-TM-H thin films, an overview




Chapter 4

The microstructure of MgyTM
thin films

4.1 Abstract

Hydrogen absorption by a thin Mg,Ni film capped with Pd, results in the
nucleation of the MgyNiH, phase at the film/substrate interface. On fur-
ther hydrogenation a self-organized two-layer system consisting of a mixed
MgoNiHg 3/MgoNiHy bottom-layer and a MgsNiHy 3 top-layer is formed. This
leads to an intermediate optical black state in MgsNi thin films, which trans-
form from metallic/reflective to semiconducting/transparent upon hydrogena-
tion. This hydrogen absorption behavior is completely unexpected, since hy-
drogen enters the film through the top Pd-capped film surface. To explain the
preferential nucleation of MgyoNiH, at the film/substrate interface we determine
the chemical homogeneity of these thin films by RBS and SIMS. Furthermore
by STM, TEM and SEM we analyze the microstructure. We find that up
to a film thickness of 50 nm, the film consists of small grains and clusters of
small grains. On further growth a columnar structure develops. We propose
that the nucleation barrier for the formation of the Mgy,NiH, phase is lowest
for the small loosely packed grains at the interface while the columnar grain
boundaries promote hydrogen diffusion to the substrate.

4.2 Introduction

As shown in the previous chapter, a third optical state in the Mg-TM sys-
tem is found upon hydrogenation. In films thicker than 50 nm we observe a
highly absorbing optical state at intermediate hydrogen concentration. The
fact that MgoNiH, can be switched between a reflective metal, an absorbing
black and a transparent semiconducting state makes MgyoNiH, potentially at-
tractive for smart coating applications [10]. The black state originates from a

)
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self-organized double layering of the MgyNi film during hydrogen absorption
[71, 72]. We have shown by optical modelling that the black state is due to a
highly absorbing initial 30 nm layer (of mixed MgsNiHg3/MgsNiH, particles)
which produces an interference effect with the reflective MgyNiHg 3 top-layer.
The black state is found irrespective of the substrate used so far (Si, SiOa,
CaFy, sapphire, quartz, ITO covered glass). Furthermore, it does not depend
on composition for Mg/Ni-ratios between 1.5 and 6 and remains visible also
after many switching cycles [76]. To identify the origin of the preferred hydride
nucleation and to evaluate its applicability for smart window applications, it
is important to address the origin and mechanism of the self-organized double
layering [21, 88, 89]. Also, for the use of MgyNiH, as a storage material, any
effect that enhances the formation of this phase is of interest.

As evidenced by electrochemical loading experiments, the thermodynamic be-
havior of these thin films is similar to that of bulk samples and similar plateau
pressures were found [72]. Kinetically however, thin films behave differently
from bulk samples. Hydrogen absorption of Pd-capped thin MgyNi films al-
ready takes place at room temperature (RT) and hydrogen gas pressures below
100 Pa. In bulk samples, elevated temperatures (598 K) and high hydrogen
pressures (2 x 10° Pa) are needed to form a hydride phase [24]. There are
two possible explanations for this preferred nucleation behavior: i) a lowered
enthalpy of formation at the interface (thermodynamic origin) or ii) a lowered
nucleation barrier resulting from a local change in the strain state of the film,
a different thin film microstructure or a local change in composition. Even the
presence of the substrate itself may affect the nucleation process as it could
provide the nucleating hydride phase with a lower interface free energy. It is
noteworthy to point out that the dehydrogenation process is not anomalous:
the metallic phase nucleates at the film surface upon dehydrogenation.

To address the origin of this unusual hydrogenation behavior, we investigate
the homogeneity of the as-grown film. The possibility of a chemical gradient
throughout the as-grown films is considered in section 4.4.1. The thin film
microstructure as a possible reason for the peculiar hydrogenation behavior
is examined in sections 4.4.2 and 4.4.2. While the Mg/Ni ratio and chem-
ical composition turns out to be uniform throughout the layer thickness, we
find that the grain size of the as-grown films at the interface is extremely
small as compared to that of the ensuing columnar growth. We argue that
the microstructure generated in the deposition process is responsible for the
self-organized layering upon hydrogen absorption.
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4.3 Experiment

4.3.1 Experimental setup

The MgsNi thin films are prepared in a Ultra High Vacuum (UHV) system
with a base pressure of < 107® Pa by co-evaporation from a Knudsen cell
(Mg, purity 99.98%) and an electron gun (Ni, purity 99.98%). The deposi-
tion rate during evaporation is monitored using two separate quartz-crystal
monitors. For ez-situ experiments the samples are protected from oxidation
by a Pd caplayer (purity 99.98%). This layer also promotes hydrogen dissoci-
ation and absorption. During deposition, the resistance is continuously mea-
sured to find the electrical percolation thickness of the nucleating phases. The
chemical composition and the thickness of the as-deposited films, is measured
by Rutherford Backscattering Spectrometry (RBS). The chemical composi-
tion depth profile is investigated by Secondary Ton Mass Spectroscopy (SIMS)
Depth Profiling. The ToF-SIMS depth profiling is performed with a dual
beam in interlaced mode (alternating sputtering and analysis) on an IONTOF
IV instrument using Time-of-Flight detection of secondary ions. The instru-
ment is equipped with a high-current sputter gun and a 3-Lens Ga gun. For
Scanning Tunnelling Microscopy (STM) measurements the MgsNi samples are
transported in-situ from the UHV chamber to the STM chamber consisting
of an Omicron UHV scanning probe microscope. For topographical images
of the surface the constant current mode is used. Atomic Force Microscopy
(AFM) measurements are done ez-situ with a Digital Instruments Nanoscope
IIT AFM. A Philips FEG XL series x130s apparatus working in TLD mode at
a background pressure of 10~* Pa is used for Secondary Electron Microscopy
(SEM). The cross-section TEM images are made with a JEOL 4000 EX/II
working at 400 kV, which has a point-resolution of 0.17 nm. The cross-section
samples are cut, polished and ion milled with 4 kV Ar-ions with an Gatan
PIPS. The plane-view images are made with a JEOL 2010F working at 200
kV (point-resolution 0.23 nm and an information limit of 0.11 nm). This TEM
also contains a Gatan Imaging Filter (GIF) model 2000.

4.4 Experimental Results

4.4.1 Compositional homogeneity

RBS and SIMS measurements

The homogeneity of the chemical composition is determined from RBS and
SIMS. For RBS measurements we use carbon substrates. We find a Mg:Ni ratio
close to 2 and no perceptible depth gradients. The relative amount of oxygen
[O]/[Mg] is less than 0.006, and is mainly concentrated at the film/substrate



58 4 The microstructure of MgoTM thin films

] (a) Mg Al

5 [“ )

S MgNi (x10)

> "

IS
If“'mmn‘x“l imm“ ”lfllh‘l“‘ MM\ lm‘u"‘“ | ll. i il lx l 1 h |

50 100 150 200 250 300 350 400 450 500

() -

= Mg Al

S i Ni * AIO

iz ,mg

E L
| Wbty »

T T T T T L e e

100 200 300 400 500 600 700 800 900 1000
Time [s]

Figure 4.1: (a) ToFSIMS depth profile Pd/MgsNi/Al, O3 (positive mode) of a
200 nm Mg,Ni thin film covered by 5 nm Pd in the as-prepared state. Pd, Ni,
Mg and Mg Ni intensities are shown together with Al and AlO. (b) ToFSIMS
depth profile Pd/MgyNi/Al,O3 (positive mode) of the same film hydrogenated
to MgyNiH, and then unloaded back to the black state. The MgNi signal is
multiplied by 10 and 3 in figure a and figure b, respectively.

interface and at the film surface. Inside the MgyNi film no contamination with
other elements could be detected.

Using SIMS we investigate the composition depth profile and the influence
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Figure 4.2: (a) ToFSIMS depth profile Pd/MgyNi/Al,O3 (negative mode) of
an 200 nm MgyNi thin film covered by 5 nm Pd in the as-prepared state.
Pd, Ni, Mg and Mg;Ni intensities are shown together with Al and AlO. (b)
ToFSIMS depth profile Pd/MgsNi/Al,O3 (negative mode) hydrogenated to
MgsNiH, and then unloaded back to the black state.

of hydriding in more detail. We compare films in different hydrogen loading
states. To obtain depth information the film is bombarded with 2 keV O3 ions
in the positive mode or 1 keV Cs+ ions in the negative mode, to remove the
surface layer step by step. Between each sputter step, the chemical composition
is probed by using a 15 keV Ga™ ion beam. Therefore, the x-axes (representing
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Figure 4.3: C and MgO, contaminations for different Mgy N4 films: sample 1
is often exposed to air. Sample 2 and 3 were kept under argon and have been
cycled once.

sputter and analyzing time) in Fig. 4.1, 4.2 and 4.3 corresponds to the depth
in the sample, starting from 0 seconds at the Pd caplayer.

Results for the as-prepared Mg, Ni film are shown in Fig. 4.1a and Fig. 4.2a
for the positive and negative mode, respectively. The Mg, Ni and MgNi pro-
files are constant over the whole layer thickness with some decay towards the
sapphire (AlyO3 (1102)) substrate. The latter is possibly caused by ion-beam
induced roughening of the metallic layers. The increased Ni-intensity at the
MgyNi/Al, O3 interface is attributed to matrix effects due to the presence of
oxygen. The low intensity of the Mg and Ni profiles at the surface indicates
that the 5 nm Pd cap-layer is closed. The tail in the Pd profile is most
likely an artefact due to roughening, induced by sputter bombardment. RBS
measurements do not show diffusion of the Pd caplayer into the MgyNi film.
Fig. 4.1b and 4.2b show the profiles for the sample that has been loaded up
to Mg,oNiHy and subsequently unloaded back to the black state. It is obvious
that the Mg, Ni and MgNi profiles remain constant throughout the sample.
No indication is found for a hydrogenation induced phase segregation within
the metallic phase.

The contamination level (e.g. C, O) is generally low (in agreement with
RBS measurements) and depends on the storage conditions. Sample 1, Fig. 4.3,
which was exposed to ambient air several times, shows enhanced impurity levels
at the surface. At the film/substrate interface always some oxygen contami-
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nation is observed. Since we have impurities at both the Pd surface and the
substrate interface, we do not consider them to be related to the preferential
nucleation of the hydride near the substrate/film interface, otherwise we would
also expect the preferred hydride nucleation at the Pd/film interface.

We conclude that the Mg/Ni ratio is roughly constant throughout the
MgoNi film for the as-prepared film as well as for the films that have ab-
sorbed and desorbed hydrogen. However, as depth profiling by ion sputtering
always causes a certain intermixing, SIMS cannot exclude the presence of a
chemical gradient within the first 30 nm.

4.4.2 Structural homogeneity
Resistance percolation measurements

The nature of the first stages of growth may be the cause for local deviations
in stoichiometry. The sticking of impinging adatoms to the substrate may be
different from the sticking to a growing Mgy Ni film. Thus, as long as we do not
have a closed layer, sticking differences could result in compositional deviations
near the substrate. To investigate the nature of the initial growth stages of
Mg, Ni and Mg,;Ni, we measure in-situ the electrical resistance during growth
of the respective layer. Before evaporation two electrical contacts are made to
the non-conducting sapphire substrate. After a certain deposition time of Mg,
Ni or MgsNi the thin film becomes electrically connected, resulting in a drastic
decrease of the electrical resistance. Extrapolating the resistivity to zero at the
steepest slope defines the so-called percolation thickness, see Figs. 4.4d, 4.4e
and 4.4f.

The growth of a Ni thin film results in an electrical percolation thickness of
0.54 nm, Fig. 4.4d. This small value (approximately 3-5 monolayers) is related
to the high density of small nuclei as indicated in Fig. 4.4a. For Mg, however,
we observe a low density of large nuclei. We find an electrical percolation
thickness of 20 nm (see Fig. 4.4e), in agreement with the pronounced island
growth in Fig. 4.4b. Remarkably, when Mg and Ni are co-deposited in a 2
to 1 ratio, a much smaller percolation thickness of 2.5 nm is obtained (see
Fig. 4.4f). The percolation thickness is thus strongly reduced with respect
to the percolation thickness of pure Mg. This is also evident from Fig. 4.4c.
It appears that the nucleation and growth behavior scales roughly with the
melting temperature of Ni, MgeNi and Mg (2073 K, 1033 K and 923 K),
respectively. We conclude that a difference in chemical composition as a result
of different sticking of the Mg, Ni and Mgy Ni on the substrate is likely to occur
only during the first 2.5 nm of MgyNi growth. Since the preferred hydride
phase formation responsible for the black state takes place in a 30 - 50 nm
thick layer adjacent to the substrate, it is not plausible that this is due to a
chemical gradient in the first 2.5 nm.
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Figure 4.4: The AFM images a, b, and ¢ show the surface morphology for
a b nm layer of Ni, Mg, and MgyNi, respectively. In d, e, and f logarithmic
resistance is plotted versus thickness for Ni, Mg and Mg,;Ni, resulting in a
percolation thickness for Ni = 0.54 nm, Mg = 20 nm, and Mg,Ni = 2.5 nm.

STM investigation of the growth of Mg,Ni

To investigate how the microstructure of a thin MgsNi film evolves as a func-
tion of deposited thickness, we study the surface morphology of as-deposited
films in various stages of growth by UHV-STM. Since the optical black state is
observed for a variety of substrates, we assume that the results obtained on sil-
icon substrates are representative for the microstructural development of thin
MgoNi films in general. Therefore we study the microstructure development
during different stages of deposition of thin MgyNi films. Here we assume that
the grown film microstructure is stable and bulk diffusion is negligible. STM
micrographs of Mg, Ni films with a thicknesses of 20, 50 and 150 nm, are shown
in Fig. 4.5. For 20 nm films (see Fig. 4.5a + 4.5d) islands with a grain size
of ~30 nm are observed. These grains are dispersed over the substrate surface
and on top of the islands the onset of a vague substructure of smaller grains can
be seen. When the film thickness is increased to 50 nm (see Fig. 4.5b + 4.5e)
the diameter of the grains increases to approximately 50 nm. Moreover, it is
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Figure 4.5: STM micrographs of in-situ grown thin MgyNi films with thick-
nesses of 20, 50 and 150 nm. Panels (a)-(c) depict a scan range of 500 nm while
panels (d)-(f) show a 200 by 200 nm area of the same samples. The maximum
height difference from low (dark color) to high (white) is given by Az. For a
thickness of 20 nm (a, d) the islands are well dispersed over the substrate and
at d = 50 nm (b, e) clusters of small grains are observed. At d = 150 nm (c,
f) the grains have coalesced into crystallites.

clear now that the grains consist of a cluster of smaller grains. These subgrains
are approximately 10 nm size. Increasing the film thickness leads to extensive
grain growth. The most striking microstructure transition occurs on further
deposition up to a thickness of 150 nm. The initial growth clusters develop into
large grains with a diameter of over 100 nm on 150 nm MgyNi (see Fig. 4.5¢
+ 4.5f). The hexagonal shape of these large grains reflects the hexagonal unit
cell of MgoNi and indicates a preferential orientation of the c-axis normal to
the substrate. Smaller grains are often observed with a typical size between 10
- 30 nm between the large grains. This implies that the microstructure close
to the substrate has a very porous (like) character with many grain boundaries
and interfaces. The 30 - 50 nm thickness of this porous layer corresponds very
well to the 30 - 50 nm layer close to the substrate, which was found to show a
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Figure 4.6: AFM micrographs of Pd capped MgsNi films of d = 5 and d =
200 nm thickness for different scan sizes and height scale Az. At a thickness
of 5 nm the film consists of finely dispersed small grains while at d = 200 nm
large grains of 100 nm diameter are observed.

preferential nucleation of the MgyNiH, phase and hence to be responsible for
the optical black state. The initially grown islands develop into large grains
with a diameter of 100 nm. The development from small island growth (ob-
served at a thickness of 20 nm) to large and dense grain development (at a
thickness of 150 nm) is typical for a columnar growth mode.

AFM surface structure investigation of MgyNi

To investigate the surface morphology of MgsNi thin films on a larger scale, we
perform AFM measurements. Fz-situ AFM micrographs of MgsNi films with
a thicknesses of 5 and 200 nm are shown in Figs. 4.6a - 4.6c and 4.6d - 4.6f,
respectively. These thin films are capped with a 5 nm Pd caplayer to prevent
oxidation effects. The 5 nm thick MgyNi film (Figs. 4.6a - 4.6¢) consists of
equally dispersed small grains of 30 nm in diameter. A 200 nm thick Mg, Ni film
(Figs. 4.6d - 4.6f), shows extensive grain growth up to 100 nm i.e., the same
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Figure 4.7: TEM cross-section micrographs of 10 nm Pd capped 330 nm
Mg,Ni film. This film was hydrogenated and unloaded again to the MgyNiHg 3
phase. Clear dark columnar structures indicate a distinct local microstruc-
ture. Some of these columnar structures develop from a cluster of grains at
the film/substrate interface. The inset shows a High-Resolution image of a
column with the Mgy NiHg 3 lattice planes along the c-axis (¢ = 1.34 nm).

characteristic grain growth as observed in the STM measurements in Figs. 4.5.
The structural evolution of the initial grown grains to large structures, is an
important indication for a columnar growth mode.

TEM measurements on Mg,Ni

The microstructural development observed by STM is further investigated
by TEM measurements. Fig. 4.7 shows a TEM cross-section of a 330 nm
MgyNi thin film covered by 10 nm Pd. The image clearly shows vertical
columnar structures. Note, that a difference in brightness indicates a dif-
ference in intensity diffracted outside the objective aperture (i.e. dark grains
are in strongly diffracting condition). On top of this predominant diffrac-
tion contrast, a slight increase in brightness occurs from bottom to top of the
Mg, Ni film due to a locally decreasing thickness of the TEM sample. These
columns extend from the substrate to the top of the film, where they end with
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(a)
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Figure 4.8: HR-TEM micrographs of a larger grain close to the substrate
interface, which shows the characteristic layering of the MgyNiHg 3 structure
along <110> with ¢ = 1.34 nm.
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local protrusions at the film surface. Close to the Si substrate a more irreg-
ular structure can be seen, consisting of grains or clusters of grains. Some of
these larger interfacial grains appear to act as a pedestal or seed for columnar
growth. After a certain film thickness these clusters disappear into the colum-
nar structures. High-Resolution images (see Figs. 4.8 a-b) both within the
columns and the interfacial grains, allow the identification of the (003)-lattice
planes of MgsNiH( 3 with a c-lattice parameter of 1.34 nm, which is almost
the same value as obtained from X - ray measurements in chapter 3 [72]. A
TEM plane-view measurement of the film surface on the same MgyNi sample is
shown in Fig. 4.9. A pattern of diffuse black lines delineates areas with an aver-
age diameter of 50 - 100 nm. We identify this pattern to be the columnar grain
boundaries resulting from the columnar growth observed in the cross-section
measurements.

Figure 4.9: TEM plane view measurement of the film surface showing a net-
work of diffuse black lines indicating the boundaries of the columns, with an
average diameter of 50 - 100 nm.
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Figure 4.10: SEM micrograph of the cross section of an as-prepared 200 nm
MgoNi film capped by 5 nm Pd. A columnar structure with columns perpen-
dicular to the substrate is observed.

All these observations are in agreement with the textured growth observed
by X-ray measurements, with the c-axis of the hexagonal lattice perpendicular
to the substrate and a coherence length in the growth direction of around 30
nm [72]. This implies that the columnar structures are not single crystalline
but consist of densely packed grains with aligned c-axes.

SEM measurements on Mg,;Ni

To obtain a more direct image of the granular nature of the film, we use SEM
on cleaved 200 nm Mg,Ni films deposited on etched (HF) Si substrates. The
micrographs in Fig. 4.10, show again a pronounced columnar microstructure.

The columns are very similar and the diameter of the columns increases
with increasing distance from the substrate. The orientation of the columns is
almost perpendicular to the substrate surface. Adjacent columns are separated
by what seems to be 'open’ channels as indicated in Fig. 4.11. Close to the
film/substrate interface there is a 40 nm layer with a distinct microstructure.
This layer consists of a more irregular structure of grains and clusters of grains,
resulting in an increased grain boundary density and more disorder at the
substrate interface. Some of these grains seem to serve as seed point for the
growth of a column. The top of the columns corresponds to a local protrusion
at the film surface. From a comparison of this structure with the STM results
in Fig. 4.5, we conclude that the crystallites in Fig. 4.5¢ en 4.5f are in fact the
protrusions as observed in Fig. 4.11.
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Figure 4.11: SEM micrograph of the same film as in figure 10, showing the
columnar grain boundaries as 'open’ channels.

4.5 Microstructure of Mg-Co and Mg-Fe thin
films

4.5.1 In-situ STM on as-deposited 2Mg-Co and 2Mg-Fe
thin films

The structural investigation of thin Mgy Ni films revealed that the microstruc-
ture of these thin films consists of a small-grained layer close to the film/substrate
interface. This porous layer develops into a columnar microstructure upon
further deposition. This specific microstructure is at the origin of the self-
organized double layering of these thin MgyNi films. However, as Lokhorst
et al. have shown [75] in contrast to MgyNi thin films, the optical properties
of Mg-Co and Mg-Fe thin films change with the number of hydrogenation
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Figure 4.12: STM micrographs of in-situ grown thin 2Mg-Co films with thick-
nesses 50, 150 and 200 nm. The scan range in panels (a)-(c¢) is 500 nm and in
panels (d)-(f) 200 nm. The maximum height difference from low (dark color)
to high (white) is 2.0 nm. For a thickness of 50 nm (a, d) small grains with a
diameter of 5 nm are observed that coalesce into larger structures of 25 nm.
At d = 150 nm (b, e) and at d = 200 (c, f) the same kind of small grain
clusters of small grains is observed. This indicates almost no microstructural
development throughout the film

cycles. Upon subsequent loading cycles the hydrogenation behavior changes
from a homogeneous dispersed hydride nucleation throughout the whole film
to a double layer behavior. It is also reported that this effect is more pro-
nounced for Fe than for Co based films and that it increases with increasing
Mg concentration in Mg rich thin films. For Mg,CoH,, with y = 4 and 6, the
transmission increases with the number of hydrogenation cycles. This means
that the amount of residual metallic Mg decreases. This is likely to happen in
large Mg grains whose center part remain metallic during hydrogenation.
Since Mg and Co do not form an alloy at deposition ratio Mg/Co = 2,
we will indicate this composition by 2Mg-Co. To compare the MgyNi thin
film microstructure with that of 2Mg-Co and 2Mg-Fe and investigate how
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,Az=2.1 nm

Figure 4.13: STM micrographs of in-situ grown thin 2Mg-Fe film with a thick-
nesses of 200 nm. Panel (a) depict a scan range of 200 nm while panel (b)
show a 400 by 400 nm area of the same sample and in panel (c¢) an 1000 nm by
1000 nm area is shown. The maximum height difference from low (dark color)
to high (white) is 2.1 nm. These films consist of very small grains which are
in the order of 1 nm. These small grains coalesce into larger structures.

the double layer can evolve as function of the number of cycles, in-situ STM
measurements are performed on 2Mg-Co and 2Mg-Fe thin films of various
thicknesses. In Fig. 4.12 STM measurements of 2Mg-Co films with thicknesses
of 50, 150 and 200 nm respectively are shown.

The 50 nm films (see Figs. 4.12a + 4.12d) show that the grains have a size
of ~5 nm. They are inhomogeneously dispersed over the substrate surface and
seem to accumulate in larger grains/structures of 25 nm. When we increase the
film thickness to 150 nm (see Fig. 4.12b + 4.12¢) the surface microstructure
does not change, as is the case for MgyNi thin films. This is even more clear
when the film thickness is increased to 200 nm (see Fig. 4.12¢ + 4.12f) no
structural development within the film is observed. It is intriguing that there
is no structural development at all, since the temperature zone model at this
temperature predicts a change in structure as a function of film thickness [90].
Most probably this is due to the fact that 2Mg-Co and 2Mg-Fe do not form
an alloy but consist of a two phase system, Mg grains coexisting with Co or
Fe grains.

In Fig. 4.13 STM measurements of a 200 nm 2Mg-Fe film are shown. The
microstructure is quite similar to the microstructure of a 200 nm 2Mg-Co film.
The 2Mg-Fe film shows even smaller grains which are in the order of a few
nm (see Fig. 4.13a + 4.13b). Again these small grains are accumulated into
larger structures (see Fig. 4.13c). These larger structures are more pronounced
than in the case of 2Mg-Co. These observations suggest a distinct difference in
the thin film microstructure of as-prepared MgsNi versus 2Mg-Co and 2Mg-Fe
thin films.
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Figure 4.14: (a) SEM image of the cross-section of an as deposited 200 nm
2Mg-Co. The film does not show a clear microstructure throughout the film.(b)
SEM cross-sectional image of a 200 nm 2Mg-Co which has been cycled for
several times. A clear net of white line has developed throughout the thin film
indicating grain or structure boundaries.

4.5.2 SEM measurements on as-deposited and hydrided
2Mg-Co thin films

The thin film microstructure of 2Mg-Co is further investigated by SEM mea-
surements on cleaved 200 nm 2Mg-Co films deposited on etched Si substrates.
The SEM micrographs of an as-prepared 2Mg-Co film and a 2Mg-Co thin film
that is cycled several times are shown in Fig. 4.14a and 4.14b, respectively.
The as-prepared film, Fig. 4.14a, shows that the individual grains, as ob-
served by STM, are too small to distinguish inside the film cross-section. Al-
though the previously observed small grained microstructure can not be seen
by SEM, it is obvious that the cross-section of the film is not completely ho-
mogeneous as indicated by arrows in Fig. 4.14. These structures correspond
probably to the boundaries of grains of different density, structure etc. When
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this 2Mg-Co film is hydrogenated, a change in microstructure can be observed,
Fig. 4.14b. After a few hydrogenation cycles a network of white lines (strong
scattering of the electrons) can be observed. This network of grain boundaries
is inhomogeneous distributed over the cross-section of the film with more and
thinner lines close to the film substrate interface.

4.6 Discussion

We have found no evidence for a compositional change at the substrate in-
terface. However, in the microstructure two sub-layers can be distinguished.
First, we discuss the origin of this microstructure. Then we describe a scenario
leading to the preferential nucleation of the complex hydride.

4.6.1 Microstructural growth of Mg,;Ni

The columnar microstructure (see Fig. 4.15) of MgyNi thin films is consistent
with the predictions of structure zone models, which categorize self-organized
structural evolution during physical vapor deposition as a function of film
growth parameters [90]. The most important parameter is the reduced tem-
perature Ty defined as the ratio of the substrate temperature (Tg) and the
melting temperature of the deposited film (Ty;), Tg = Tg/Ta. The thin
MgyNi films are deposited at room temperature, while the incongruent melt-
ing point is at 1063 K, hence Ty ~0.3. Indeed, the observed columns are
expected only for Tp > 0.3. At this temperature, small nuclei are formed
randomly on the substrate. The temperature is high enough for a partial coa-
lescence of the grains, but too low to achieve complete epitaxy. Due to the low
mobility of the ad-atoms the grown grains increase in size. The competition
in growth rate between neighboring grains induces the columnar growth. In
addition, geometrical shadowing plays an important role in the formation of
these columns [90, 91, 92, 93, 94, 95, 96, 97, 98, 99]. As a result, the columns
are usually tilted towards the deposition source. Since our Mgy Ni films are de-
posited using two separated sources, tilted by an angle of +/- 15° with respect
to the substrate normal, we expect the geometrical shadowing to be negligible
and the deposition geometry cancels the shadowing effect. On the other hand,
as the melting point of Ni (1726.15 K) is much higher than the melting point
of Mg (923.15 K) the mobility of the Mg adatoms on the substrate surface is
higher than that of the Ni atoms, a source dependent growth of the columnar
structure is expected. In these films no preferred columnar growth direction
is observed. This suggests that the adatoms mobility is not the growth rate
determining factor for this columnar growth.
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4.6.2 Preferred nucleation of MgyNiH,

We show now that the peculiar Mgy Ni microstructure, can lead to the preferred
nucleation of the MgyNiH, phase near the interface with the substrate.

As argued above, we assume that the preferential nucleation of the hy-
dride phase near the interface (see Fig. 4.15b) is connected to the thin film
microstructure, Fig. 4.15a. From experimental research on Mg,Ni powder sam-
ples it is known that the hydrogenation kinetics is very sensitive to imperfec-
tions (lattice defects, porosity) in the sample and to stress development during
hydrogen uptake [100]. Alloys consisting of nanocrystalline and /or amorphous
phases absorb and desorb hydrogen more readily at the same hydrogenation
temperature, H, - pressure and sample composition than their crystalline coun-

Columnar microstructure forming Pd
the second sub-layer in the :
Mg,Ni film Mg.NiH,
Mixed phase
(@) Substrate
Pd
Mg,NiH, ,
Mg.NiH,
2 Substrate
Substrate
Pd
Small grained 30-50 nm thick Mg.NiH.,
microstructure favoring ¥ Substrate

Mg,NiH, nucleation

Figure 4.15: (a) Schematic representation of the MgyNi thin film microstruc-
ture. The first 30 - 50 nm thick layer consists of small grains favoring nucleation
of MgsNiH,. From this layer a columnar microstructure develops. Nucleation
of the MgyNiH, phase starts in this 30 - 50 nm sub-layer (b) resulting in
the optical black state. This layer hydrogenates to MgyoNiH, and increases
in thickness upon further hydrogenation (c), resulting in a bi-layer system.
This continues until the whole film is loaded to semiconducting, transparent
MgoNiHy, (d).
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terparts [83, 101, 102, 103]. It has been suggested that the larger surface to
bulk ratio represents an increased density of nucleation sites [104, 105, 106].

Similarly, we assume that the porous, small-grained microstructure ob-
served in thin films near the substrate interface represents a higher density of
nucleation sites [60, 61, 68, 107]. In addition, the small grains have the advan-
tage to transform as a whole, preventing the formation of a metal-insulator
phase boundary. Indeed, we find that the layering persists upon further loading
[72], which suggests that the interface energy between the metal and hydride
phase plays an important role. The interface energy for a closed bilayer is
of course much lower than for hydrides nucleating randomly within columns.
Note, that the persistent layering is only visible in sub-stoichiometric Mg,Ni
films [74].

The nucleation of the hydride at the substrate assumes a supersaturated
MgsNiHg 3 metal phase with a sufficiently high diffusivity. The columnar grain
boundaries provide additional pathways for the necessary fast hydrogen diffu-
sion.

The dehydrogenation of a fully loaded film starts at the top of the film.
However, our kinetic hydrogenation scenario implies that the nucleation of the
metallic phase should also start at the substrate interface, since the nucleation
of the hydride in a metal should be similar to that of a metal in a hydride
matrix. However, the diffusivity through the hydride phase is much smaller
than that in the pure metal, thus the desorption starts at the Pd side. The
asymmetry between H loading and unloading is thus partly due to different
kinetics [108, 109].

4.6.3 Preferred nucleation in 2Mg-Co and 2Mg-Fe thin
films

In this section we discuss the results on the microstructural growth of 2Mg-
Co and 2Mg-Fe thin films with the experimental results obtained by Lokhorst
et al. [75], who investigated the change in optical properties of Mg-Co and Mg-
Fe films as a function of the number of hydrogenation cycles. They found that
as a consequence of the repeated hydrogenation process, the Mg and Co/Fe
grains become better mixed. This structural reorganization is identified as a
transition from a grain-like to a defect-oriented microstructure and involves
large changes in the respective microstructure. Furthermore, this development
of microstructure upon hydrogenation, is accompanied by a change in optical
properties and the appearance of an optical black state. This implies that as
a function of the hydrogenation cycles a preferred hydride nucleation starts to
develop at the film/substrate interface like in the MgsNi thin films.

Lokhorst et al. explained the origin of this hydride formation in terms of a
difference in the amount of high surface energy sites for nucleation. To over-
come the hydride nucleation barrier, the hydride formation preferably starts at
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heterogenous incongruent grain boundaries, because these already have a high
surface energy. In this process the substrate acts as a nucleation site. The het-
erogeneous incongruent boundaries between these grains have a large surface
energy and promote hydride formation. The grain boundaries between grains
of the same material have less surface energy and are therefore not favorable
for nucleation. Therefore, in the less well mixed films a competition between
nucleation at the substrate and at the grain boundaries between the Mg and
TM grains homogeneously dispersed throughout the film is observed. When
the film becomes more and more homogeneous, the only grain boundary is at
the substrate side which subsequently induces a preferred local hydride nucle-
ation. This results in the black state in the Mg-Co-H and Mg-Fe-H systems.

Since the number of hydrogenation cycles change the optical appearance of
these films, it is important to indicate the origin of this mechanism. Hydrogen
absorption and desorption change the film microstructure from a grain-like
structure to a more homogeneous film and induce a defect network throughout
these films. This change from a grain to a defect oriented structure has a large
influence on the hydrogenation behavior of these films. Thus the as-deposited
microstructure of the film is of significant importance for the measured physical
properties of the film and the development of the properties upon repeated
hydrogenation. This indicates that there is a strong relation between the
hydrogenation behavior and the structure of the thin film.

4.7 Conclusion

From RBS, SIMS and electrical resistivity measurements we find that MgyNi
films have a homogeneous chemical composition from the surface to the sub-
strate interface. Only in the first 2.5 nm unequal sticking of Mg and Ni on
the bare substrate might induce some stoichiometry fluctuation. However, the
preferred nucleation of the MgyNiH, phase takes place in a 30 nm layer close
to the substrate. We propose therefore that the origin of the bilayer forma-
tion (and hence of the peculiar optical black state in MgsNiH,) is due not to
chemical but rather to microstructural effects.

By comparing the surface morphology of samples with various thicknesses
ranging from 20 to 150 nm, we find in the first stages of growth an island
growth mode. The islands transform into clusters of small grains resulting in
a porous sub-layer with many grains and grain boundaries. Further deposition
results in an increasing grain size and a subsequent columnar microstructure
in the upper part of the film.

This two-layer microstructure is most probably the origin of the unusual
hydrogen uptake and corresponding optical black state. The small grained
layer close to the substrate lowers the activation energy for hydrogenation,
resulting in a preferred nucleation of MgysNiHy. This double layer formation
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is responsible for the the optical characteristics of the black state. Hence, it
appears that this particular optical property is closely related to the growth
induced microstructure of the thin film.

Our result shows that the simple diffusion models for hydrogenation often
used in the hydrogen storage literature is not necessarily applicable to thin films
or to nanosized metal-hydrides. Depending on the microstructure the hydride
may nucleate from the inside of a grain. Apart from grain size engineering it
might therefore also be worthwhile to try to engineer the defect structure to
enhance the hydrogen absorption rate.

In 2Mg-Co and 2Mg-Fe thin films the defect (micro)structure seems to
play a very important role in the hydrogenation behavior of these type of
films. However further research has to be done to determine the origin of this
behavior.
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Chapter 5

Optical, structural, and
electrical properties of in-situ
grown thin films by activated
reactive evaporation

5.1 Abstract

Mg,NiH, and MgH, thin films have been prepared successfully by activated
reactive evaporation (ARE) in a Molecular Beam Epitaxy (MBE) system
equipped with an atomic hydrogen source. The optical reflection spectra and
the resistivity of the films are measured in-situ during deposition. Both in-situ
grown MgyNiH, and MgH, films appear to be stable in vacuum due to the fact
that the dehydrogenation of the hydride phase is kinetically blocked. Hydro-
gen desorption only takes place when a Pd caplayer is added. The optical band
gap of the in-situ deposited MgsNiHy hydride, 1.75 €V, is in good agreement
with that of MgyNiH, formed by ex-situ hydrogenation of as-prepared metallic
Pd capped Mg,Ni films.

The microstructure of in-situ grown MgoNiHy is homogeneous with very
small grains throughout the layer. As a result, on re-hydrogenation, the
MgyNiHy phase nucleates randomly throughout the film and does not induce
the optical black state.

The in-situ grown MgHy phase is highly resistive, although the optical spec-
tra indicate the presence of 10 vol.% metallic Mg. The high resistivity indicates
that these particles are embedded in a MgH, matrix. It is found that the frac-
tion of metallic Mg grains is almost independent of the Mg and atomic H
deposition rates. This excess of metallic Mg grains creates an absorption band
at 2.0 eV, which is not observed for ez-situ hydrogenated MgH, films. The
observed optical spectra can be modelled accurately using a Maxwell-Garnett
or Bruggeman effective medium approximation. The in-situ deposition tech-
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nique enables us to grow thick MgH, thin films and avoids the formation of
a blocking layer which limits the formation of MgHs films as is the case for
ez-situ hydrogenation of Mg-films. The absorption band observed for in-situ
grown films disappears upon re-hydrogenation and the films behaves like an
ex-situ hydrogenated film.

5.2 Introduction activated reactive
evaporation

As shown in chapters 3 and 4, the optical black state in as-prepared Mgy Ni thin
films originates from the nucleation of the MgsNiH, phase at the film/substrate
interface upon hydrogenation [71, 72]. This results from the peculiar double
layer microstructure of these Mg-Ni thin films [16]. To confirm this model,
we decided to change the thin film microstructure by growing in-situ hydride
films. In all previous studies the hydride phase is formed by ez-situ hydro-
genation using Pd as a catalytic caplayer. Here, we present a new method to
prepare (complex) metal hydride films in-situ using activated reactive evapora-
tion (ARE). So far only a few studies have been done on the in-situ growth of
hydrides. Schoenes et al. report on the optical properties of single-crystalline
YH, thin films prepared by molecular beam epitaxy in the presence of atomic
hydrogen [110]. Hayoz et al. also report the in-situ growth of Y dihydride by
Y evaporation under a Hy partial pressure of 5 x 107* Pa [111]. So far, the
activated reactive evaporation technique has not been applied for the forma-
tion of complex MgoNiH, and binary MgH, films. We demonstrate that it is
indeed possible to deposit also these films from the atomic constituents using
an atomic hydrogen source, a Knudsen source for Mg and an electron gun for
Ni.

The reliable growth of a hydride phase requires in-situ monitoring of the
growth process. For this, we measure the optical properties and the resistivity
during deposition. We find that an atomic hydrogen source is essential to grow
a (complex) hydride phase. During the deposition, the molecular hydrogen
pressure in the deposition chamber rises to about 2 x 1072 Pa. This pressure
is far below the equilibrium molecular hydrogen pressure of MgoNiH, (50 Pa)
and MgH, (1.9 x 107! Pa). These phases can only form due to a sufficient
flux of atomic hydrogen. The hydride phase both in vacuum and in air are
remarkably stable. This shows that the dehydrogenation process has a high
activation barrier.

The ARE technique makes it possible to study the electrical and optical
properties without the interference of the catalytic Pd caplayer. The in-situ
growth technique opens also the way for controlled doping and for constructing
multilayered films of different hydride phases during deposition. In addition, it
is a tool to change the thin film microstructure. Indeed, we find that the in-situ
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grown films display a totally different microstructure. The self-organized bi-
layer segregation and the associated optically black state are absent for in-situ
grown MgyoNiH, films, while the in-situ MgH, films excel by a remarkable high
resistivity. In the first part of this chapter the results on the in-situ growth
of MgyNiH, will be discussed which is followed by a discussion of the in-situ
growth of MgH, thin films. As starting point, we measure the resistivity dur-
ing in-situ deposition of MgsNiH, films to determine the quality of the grown
hydride phase.

5.3 Resistivity measurements during in-situ
growth of Mg,NiH, thin films

Given the 5 orders of magnitude higher resistivity of the hydride phase as
compared to the MgsNi alloy, the change in electrical properties is a good
indication for the amount of hydride formed [63].

In Fig. 5.1, we plot the film resistivity versus heating power of the H source
capillary, which is an analogue for the amount of atomic hydrogen. Each point
in the figure represents a fresh 200 nm thick Mg,NiH, film deposited at the
corresponding heating power. Point 1 indicates the resistivity of a metallic
Mg, Ni film prepared at a background pressure of 2 x 1077 Pa (vacuum con-
ditions). Under these conditions, films with a resistivity of p = 1.45 x 107°
Qcm are obtained. This is the resistivity usually measured for metallic Mgy Ni
films [63, 71, 72]. Using hydrogen, i.e. supplying molecular hydrogen at a
pressure of 2 x 1072 Pa through the source without heating the capillary, re-
sults in a slightly higher resistivity (point 2 in Fig. 5.1). This means that the
film contains a very small amount of hydrogen. Obviously the formation of
the hydride phase is impossible by using molecular hydrogen since we operate
below the hydrogen equilibrium pressure of 50 Pa at room temperature [72].
Keeping the gas flow rate constant and increasing the amount of atomic hydro-
gen by increasing the heating power to 128 watt (corresponding to a capillary
temperature of 2100 K), we observe an increase of the resistivity to 0.34 Qcm
(point 7 in Fig. 5.1). The increase by 5 orders of magnitude of the resistivity
of the exposed film indicates the formation of a semiconducting (or insulating)
phase, MgyNiH, or MgHs. We show below that the film is optically identified
as MgoNiH4. Reducing the deposition rate of the Mg and Ni atoms, to obtain
a larger H/M ratio, does not result in a higher resistivity value. Once a 200 nm
hydride thin film is grown, we terminate the deposition of Mg and Ni as well
as the gas flow and the deposition chamber is pumped down to 2 x 107 Pa.
Remarkably, the resistivity does not change. Apparently, the hydride is stable
and does not loose hydrogen although the pressure is well below the hydro-
gen equilibrium pressure of MgoNiHy. This means that the dehydrogenation
reaction is kinetically blocked.
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Figure 5.1: In-situ resistivity of MgyoNiH, thin films prepared by activated
reactive evaporation. Each point in the figure represents another 200 nm thick
MgoNiH, film deposited at the corresponding capillary heating power (see
text). The horizontal line at 12.9 mQcm indicates the resistivity of an ex-situ
hydrogenated MgyNi film. Point 1: resistivity of a metallic MgsNi thin film
deposited at 5 x 1077 Pa. Points 2-7: resistivity at an increasing heating
power of the atomic hydrogen source capillary. The resistivity increases from
1.45 x 107° Qcm to 0.34 Qcm.

Enache et al. reported a detailed investigation of the electronic transport
properties of MgoNiH,, thin films (capped with a discontinuous 2 nm Pd layer)
[63]. For ez-situ hydrided films they found a resistivity of 12.9 mQcm and
concluded that MgyoNiH, behaves as a heavily doped semi-conductor. The
resistivity value of an in-situ grown MgyNiH, hydride thin film is 26 times
higher than ez-situ hydrogenated MgoNiH, thin films. As we will see later,
the grain boundary density of our in-situ grown films is much higher than
those prepared by ez-situ hydrogenation of MgsNi films. This observation
may explain the difference between the resistivity value found by Enache et al.
and our in-situ grown films.
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In the next sections the optical characterization of the films both during
and after deposition substantiates our claim that we indeed form MgyNiHy.

5.4 Identification of the in-situ grown Mg,NiH,
phase

Figure 5.2 shows the reflection versus thickness of an as-grown MgyNi and
a MgyoNiH, as well as the numerical simulation of a MgoNiH, film at 1.95
eV. The reflection measured during activated reactive evaporation exhibits a
well defined interference pattern. This pattern arises from the reflections of the
fiber/film and film/vacuum interfaces and indicates the growth of a transparent
film. Apart from a small overshoot at the interference maximum and minimum,
the measured reflection spectrum is identical to the calculated spectrum for

Simulatéd Mg,Ni
Measured Mg,Ni
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Figure 5.2: Reflection at photon energy 1.95 eV versus deposited MgoNiH,
thickness. The calculated reflection of a MgsNiH, thin film and of a MgsNi
thin film are also shown. The good agreement between the measured and
simulated reflection indicates that MgsNiH, is synthesized in-situ.
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Figure 5.3: Reflection spectrum versus energy for a 200 nm MgyNiH, thin film.
The great similarity with the simulated spectrum of MgsNiH, indicates that
we indeed grow the hydride phase. It is shifted by 0.15 eV as compared with
the measured spectrum.

a homogenous MgyNiH, thin film. This indicates that we indeed grow the
Mg,NiH, phase from the individual elements Mg, Ni and H. The reflection
measured in-situ as a function of energy and the corresponding calculated
reflection spectrum are shown in Fig. 5.3. Except for a small red shift in
energy of 0.15 eV, the measured and calculated spectra are very similar in
shape.

The reflection and transmission spectra of the in-situ grown MgoNiHy film
are also measured ez-situ using a Bruker spectrometer (see Figs. 5.4 and 5.5).
Note that the film remains stable when it is taken out of the vacuum system.
The resistivity and optical properties do not change when exposing the in-situ
grown film to air/oxygen. Even after depositing subsequently a Pd caplayer on
the film, once exposed to air the films do not unload anymore at temperatures
below 373 K (films capped with Pd directly after deposition can be loaded-
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Figure 5.4: Ez-situ measured reflection spectrum for an in-situ grown 200 nm
Mg,NiHy thin film without a Pd caplayer. The spectrum displays a 0.15 eV red
shift which is also observed in the in-situ measured spectrum. The interference
pattern of the simulated reflection is comparable to the interference pattern of
the measured reflection.

unloaded at RT). This shows that on exposure to air/oxygen a passivated
surface layer forms on top of the hydride. This layer is so thin that it is not
detected optically but it blocks the desorption of hydrogen. Probably an oxide
skin develops on top of the film which prevents dehydrogenation, but we could
not yet identify its nature. The ex-situ measured reflection spectrum is very
similar to the calculated spectrum (Fig. 5.4) with a small red shift of 0.15 eV
(the same as in Fig. 5.3). The transmission spectrum shows a band gap of
1.75 eV (see Fig. 5.5) by extrapolating the top-part of the band gap to zero.
This is close to the band gap of an ez-situ hydrogenated Mg,Ni thin film, 1.9
eV [71, 72], which confirms the direct formation of MgoNiH, by ARE. If MgH,
had been formed, the band gap should be much higher since the band gap of
MgH; is 5.6 eV [77]. Furthermore an effective medium approximation with a
Ni-MgH, compound does not reproduce the obtained optical data.

The red-shift from 1.90 to 1.75 eV in the apparent optical band gap might



5 Optical, structural, and electrical properties of in-situ grown thin films by activated
86 reactive evaporation

0.8
0.7-
0.6-
0.5

c

S

g ]

2 04-

2 0.3 Measured Mg,NiH,
. Simulated Mg,NiH,

0.1

00l NN e
05 10 15 20 25 30 35

Energy (eV)

Figure 5.5: Fzx-situ measured transmission spectrum for an in-situ grown 200
nm MgyoNiHy thin film without a Pd caplayer. We observe that the measured
transmission has an optical band gap of 1.75 eV and the simulated transmission
has an optical band gap of 1.9 eV.

be due to a higher purity of the in-situ grown film. As the apparent gap
in heavily doped semiconductors decreases with the dopant level, the lower
dopant level of our in-situ films might explain the observed reduction [112].
The shift of E, is given by the Burstein-Moss equation:

2

h
AEy =5 (372N, )*/? (5.1)
eh

in which m}, is the reduced effective mass, and N, the optical carrier
concentration. The 0.15 eV band gap shift results in 2.64 x 10?°/cm?® charge
carriers, which is a factor 5 lower than found by Enache et al. [63] for ez-situ
hydrided Mg,Ni thin films. This is consistent with the difference in resistivity
which is one order of magnitude higher in our in-situ grown films as compared
to the ex-situ hydrided films.
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5.5 The optical switching of Mg>sNiH, thin films

Before describing the optical behavior of the in-situ grown films, we shortly
summarize that of an ez-situ hydrided MgoNiH, film for comparison.
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Figure 5.6: Reflection and transmission spectra at photon energy 1.25 eV
versus hydrogenation time of an as-prepared MgyNi thin film. At the minimum
of the reflection, the transmission is essentially zero, indicating the preferred
hydride nucleation at the interface with its maximal absorption.

When a MgsyNi film is exposed ez-situ to hydrogen the reflection drops
to a minimum value at which the transmission is still essentially zero (see
Fig. 5.6). Transmission starts to increase after the reflection has recovered
from its first minimum value. This results in an intermediate optically black
state which is a consequence of the self-organized double layering of these films
upon hydrogenation. The hydride preferentially nucleates at the film /substrate
interface. Consequently it is not possible to find a single set of n and k values
that describe the observed reflection (R) and and transmission (T) spectra
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Figure 5.7: Reflection and transmission spectra at photon energy 1.25 eV
versus hydrogenation time of a film which is in-situ deposited as MgyoNiH, and
then dehydrogenated. At the reflection minimum, the transmission has a finite
value of 0.04. This finite value of the transmission leads to a crossing of the R
and T curves in Fig.5.8.

during the optical black state (maximal absorption) and that one needs to
assume a double layer model to explain the optical state [71, 72].

To examine the re-hydriding properties of an in-situ grown MgoNiH, film,
we cap the film in-situ with 10 nm Pd. This results in the dehydrogena-
tion of the hydride phase and enables us to re-hydrogenate the film. The
re-hydrogenation of the in-situ grown MgsNiHy, thin films displays a clear dif-
ference in hydrogenation behavior (see Fig. 5.7). The minimum in reflection
is less pronounced and before the reflection reaches its minimum value, the
transmission has already increased to T = 0.035. This means that the hy-
dride nucleates throughout the entire film and that effective n and k values
can be found to describe the optical properties of the film. Using a transfer
matrix method as described previously we calculate R and T spectra for a
dense grid of (n,k) for the MgyNiH, layer. A crossing of R and T indicates a
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,(9\

Figure 5.8: Contour maps of the reflection and transmission at 1.25 eV for a
200 nm MgyNiH, thin film capped with 10 nm Pd on quartz. The crossing of
the contour plot for transmission at T = 0.035 and the reflection at R = 0.1
(which correspond to the values for a film in the black state) indicates that
optically the MgsNiH, film can be modelled as a homogeneous layer.

solution (n,k). For the experimental values R = 0.1 and T = 0.035 we find
two sets of effective (n,k) (see Fig.5.8). This implies that the film behaves as
a homogeneous layer, and can be described by an effective medium theory. In
the next section we show that the microstructure of a dehydrogenated in-situ
grown MgoNiH, film is quite different from that of an as-grown MgsNi film.
This explains the different optical behavior. Note, that the microstructure is
largely determined by the thin film growth conditions.

5.6 Microstructure of in-situ grown Mg,NiH,
thin films

The surface morphology of the in-situ prepared MgoNiH, thin films is in-
vestigated by AFM measurements. A comparison between an as-prepared
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MgoNi, an ex-situ post-deposition hydrided MgoNiH, film and an in-situ grown
MgyNiHy film is shown in Fig. 5.9. The grains of a 200 nm ez-situ hydrided
Mgy NiH, film have an average diameter of 75 nm (see Fig. 5.9b) which is com-
parable to the grain size in an as-deposited Mg,Ni film (see Fig. 5.9a). The
surface microstructure of an in-situ prepared MgyNiH, film has a significantly
smaller grain size of 25 nm. Furthermore, the roughness of the in-situ deposited
MgyNiHy film surface has decreased and is in the order of 1 nm, whereas a nor-
mal 200 nm Mg,NiH, film has a roughness of 20 nm, see Fig. 5.9b.

With AFM we can only probe the film surface. We use SEM measurements
on cleaved 200 nm in-situ prepared MgoNiH, films deposited on Si substrates,
to investigate the microstructural cross-section of the film. The specific colum-
nar microstructure of MgsNi thin films with the typical small grain structure
near the substrate interface has disappeared in the in-situ prepared MgsNiH,
films (see Figs. 5.10a and b). The in-situ grown thin film consists of a homoge-
neous phase without any noticeable microstructure and the film microstructure
is smaller than or close to the resolution of the SEM apparatus (maximum res-
olution 1.5-2.0 nm). Preliminary plane view TEM measurements show that
these films are almost amorphous and that the crystallites are typically 1 nm
in diameter. These measurements imply that there is no microstructural rea-
son for a preferred hydride nucleation in contrast to ez-situ hydrided MgoNiH,
thin film. This is consistent with the optical measurements where we con-
cluded that the hydride nucleates throughout the whole thin film, and not just
at the substrate interface.

ium Az=10nm 1um Az=20nm 1pum Az=10nm

-y
-
-

Metallic gzNi ’ () Mg,NiH, ( Mg,NiH,
Ex-situ loaded In-situ grown

Figure 5.9: AFM measurements on (a) a 200 nm MgyNi thin film covered by
10 nm of Pd (b) a 200 nm MgyNiH, thin film covered by 10 nm of Pd (c) a
200 nm MgsNiH,_s thin film prepared by activated reactive deposition. The
shown area is 1 pum
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Figure 5.10: (a) SEM image of the cross-section of an as-deposited 200 nm
MgoNi film. The film has a clear columnar structure. (b) SEM cross-sectional
image of a 200 nm Mgy NiH, thin film prepared by activated reactive deposition.
The surface of the film is very flat as compared to the as-deposited Mgy Ni film.

5.7 The stability of MgyNiH,; and the role of
Pd

The atomic hydrogen source allows us to grow in-situ MgoNiHy thin films at
an applied hydrogen pressure below the Hy equilibrium pressure of MgyNiHy
formation. While the atomic hydrogen source is essential for the hydride for-
mation in complex hydride systems, the blocked decomposition reaction sta-
bilizes the hydride formed. Indeed, the in-situ grown MgoNiHy hydride film
remains in its metastable state in vacuum (5 x 1077 Pa) after deposition. The
hydrogen desorption from the film without a Pd caplayer is almost negligible
on a time scale of hours. This shows that the dehydrogenation process of
Mg,NiH, has a high activation barrier and is kinetically blocked. Depositing
a Pd caplayer on top of an in-situ grown hydride film results in a spontaneous
dehydrogenation of the film. This process starts already with a few angstrom
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Figure 5.11: Reflection at 1.95 eV as a function of deposited Pd thickness on
an in-situ, grown 200 nm MgyoNiH, hydride film. Simulation of the reflection
of a 200 nm MgyNiH, film capped with Pd and capped with PdH 7 are shown
together with a 200 nm metallic MgyNi/Pd film. The developing interference
pattern indicates the unloading of the film with the metallic Mg,Ni phase
forming from the Pd surface downwards. The simulations with Pd and PdH, 7
indicates that the film really unloads and that the change in reflection is not
due to the deposited Pd caplayer.

of Pd, as the oscillations in Fig. 5.11 start immediately. The deposition of a 10
nm Pd caplayer results in a completely unloaded MgyoNi metallic film within
minutes, under High Vacuum (HV) conditions. After re-hydrogenating this
film in the load lock of the vacuum system, the subsequent unloading kinet-
ics slowed down considerably. However, when we subject the film to air, the
hydrogen desorption is accelerated and the film unloads to the metallic phase
within minutes (see point 3 in Fig. 5.12 and point 4 in Fig. 5.13). The need
to activate the dehydrogenation process by O, is always observed in ez-situ
hydrided Pd/MgyNiH, thin films. It appears as if the hydrogenation of the
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Figure 5.12: Reflection at 1.95 eV during the loading/unloading process at
room temperature of an in-situ grown MgoNiHy thin film. (1) Start of the
re-hydrogenation at 1 x 10° Pa of an in-situ prepared MgoNiH, film which
unloaded during in-situ capping with Pd, (2) reduced minimum in reflection,
(3) start to unload the thin films in air, (4) start of a re-hydrogenation but
now at 1 x 10® Pa, (5) again the reduced minimum in reflection is observed
but kinetics is much slower.

Pd-covered metal alloy has a detrimental effect on the activation energy for
dehydrogenation.

In the investigation of the surface reaction of palladium hydride in vacuum,
air and water, Grasjo et al. found that the activation energy of desorption of
hydrogen is lowered by the reaction with oxygen [113]. Furthermore a humid
atmosphere catalyzes the reaction between hydrogen and oxygen and increases
the release rate of hydrogen by a factor of 100 as compared to desorption in
a vacuum system. In a vacuum system the release of hydrogen can only take
place by the recombination and desorption process of hydrogen.
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It is difficult to understand the difference between the unloading of the
in-situ, grown hydride in vacuum and that of the re-hydrided film, because
the dehydrogenation conditions are the same in both cases. Possibly a sulfur
contamination of the Pd or the intermixing of Pd with MgyoNiH, plays a role
here. Although the hydrogen gas used to re-hydrogenate the film is 99.999
pure its contaminants may also degrade the catalytical properties of the Pd.
This is however not plausible since the same hydrogen gas is used in the in-situ
growth.

Alternatively, Borgschulte et al. suggest that the Pd may become covered
by the hydride-metal on hydrogenation. This so-called SMSI (strong-metal
support interaction) effect is driven by the minimization of the surface energy
and plays a large role in the reduced catalytic properties of the Pd caplayer
(79, 114].
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Figure 5.13: Post-deposition hydrogen absorption/desorption cycle of an
in-situ grown 200 nm Mgy NiH, thin film capped with 10 nm Pd. (1) Unloaded
Mg, Ni phase, (2) reduced interference minimum, (3) hydrogen desorption in
vacuum, (4) applied atmospherical air environment. The exposure to an air
environment catalyzes the dehydrogenation tremendously.
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5.8 Conclusions concerning the in-situ growth
of Mg2N1H4

In-situ fiber spectroscopy and in-situ resistivity measurements show that com-
plex metal hydride thin films can be grown by ARE. MgyoNiH, hydride thin
films are formed from the constituent elements Mg, Ni and H, where H is pro-
vided by an atomic hydrogen source. The hydride films are stable in vacuum.
Only after in-situ capping with Pd, do the as-grown hydride films transform
to the metallic state. The dehydrogenation of a re-hydrided film is much more
difficult and requires oxygen. The difference in dehydrogenation behavior of
an in-situ, grown MgoNiHy thin film and a re-hydrogenated thin film may have
its origin in a contamination effect of the Pd catalyst or a microstructural re-
organization upon re-hydriding the thin film. Further research has to be done
to clarify the origin of this effect. The most plausible explanation is a sulfur
contamination of the Pd caplayer.

In-situ resistivity measurements show that the resistivity of an in-situ
grown MgsNiH, thin film is 0.34 Qcm, which is 26 times higher than for a
post-deposition hydrided film. This mismatch between in-situ and ex-situ hy-
drided films can be attributed to the high density of hydride grain boundaries
in in-situ prepared hydrides. The shift of the energy band gap indicates a low
charge carrier density, which may also contribute to the high resistivity value.

As proposed in chapter 4, here we prove the correlation between the pre-
ferred hydride nucleation in Mgy Ni thin films and their specific microstructure.
Thin films grown by activated reactive evaporation consist of a small grained
homogeneous layer and since there is no microstructural development through-
out the film, there is no preferred hydride nucleation within the film. This is
consistent with the absence of an optical black state in these films.

5.9 In-situ grown MgH, thin films by acti-
vated reactive evaporation

The interest in the magnesium-hydrogen system arises from the fact that it
can absorb and desorb a large amount of hydrogen. Furthermore, Mg switch-
able mirrors are color neutral in the fully hydrogenated state which make them
very attractive for smart window applications. However, slow reaction kinet-
ics at room temperature (RT) and poor thermodynamic properties limits its
practical use. The advantages of Mg as hydride storage material are numer-
ous: Mg is abundant, light weight and its hydride phase contains 7.6 wt%
of hydrogen. These attractive properties make it worthwhile to investigate
the possibility to improve its hydrogenation behavior. Mg thin films gained
attention due to their fascinating change in optical properties upon hydro-
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genation. These Mg films can be switched from a shiny metallic film to a
color neutral transparent semiconductor with an optical band gap of 5.6 eV
[77]. Between the metallic reflecting state and the transparent semiconducting
state, Giebels et al. discovered a third optical state. At intermediate hydrogen
concentration a highly absorbing optical state is observed. This optical black
state results from a spatial disproportionation in metallic Mg and MgH, grains
caused by the MgH, nucleation throughout the entire sample [77]. The opti-
cal and electrical properties of these films were modelled with a Bruggeman
effective medium approximation for a Mg-MgH, composite [115]. The origin
of this optical black state is completely different from that observed in MgsNi
thin films [71, 72]. In these films the black state is caused by a self-organized
layering of the film upon hydrogenation, originating from the specific thin film
microstructure [16].

When an as-prepared Mg film is hydrogenated, the electrical resistivity
increases during the transition to the optical black state and reaches a value
of 10 mQem in the fully loaded transparent state [77, 116]. The hydrogenation
kinetics of such a thin film is not straightforward. The formation of a MgH,
layer beneath the protective Pd forms a hydrogen diffusion barrier preventing
hydrogen diffusion and blocks further hydride formation. The growth of the
blocking layer can be circumvented by starting at low hydrogenation pressures
(10? Pa) and higher temperatures (372 K) [117, 118].

The study of the intrinsic physical properties of ez-situ loaded Mg films is
hampered by the presence of the metallic Pd caplayer. It is thus very attractive
to grow the MgH, hydride phase by ARE.

Giebels et al. show that an as-grown 120 nm thick Mg film capped with
10 nm Pd is fully hydrogenated at 107 Pa and 373 K. Therefore, we will use
their optical data and resistivity value as reference for our in-situ grown Mg
hydride films. Furthermore, we use this data to calculate the reflection and
transmission spectra of MgH, films, thus we use ¢; and e; which are obtained
by ezx-situ hydrogenation of an as-grown Mg film. Since we do not know the
exact hydrogen concentration in the in-situ grown hydride Mg films, we will
denote these films as MgH,.. Before we describe the optical properties we start
with a section on the electrical properties of these films.

5.10 Resistivity measurements of in-situ grown
MgH, thin films

The resistivity of a film in the MgHs phase should be extremely high since it is
a wide gap insulator. Indeed we obtained films of which the resistivity was too
high to measure (p > MQcm) using various electrical contacts and techniques.
The high resistivity value indicates a high measure of quality of the in-situ
grown MgH, films. For ez-situ hydrogenated Mg thin films, Isidorsson et al.
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report an electrical resistivity of 630 uf2cm. This rather low resistivity value
is due to the metallic Pd caplayer [116]. Giebels et al. corrected for this and
reported a resistivity 10 mQcm [77]. This rather low resistivity value suggests
that these films have a high impurity level, but the optical data do not give
any evidence for that. The high resistivity of our in-situ grown MgH, thin
films suggests that they have a higher purity than the ez-situ hydrogenated
Mg films. This is intriguing since the optical data show that in-situ grown
films are not at all pure. They still contain some metallic Mg grains.

5.11 In-situ reflection measurements during
ARE of MgH, thin films

With in-situ reflection measurements using fiber optics, we identify the nature
of the growing hydride phase. In Fig. 5.14 the reflection at 1.95 eV versus
deposited MgH, thickness is shown. The observed reflection shows a well
defined interference pattern indicating the formation of a dielectric material.
The oscillation in reflection arises from the reflection from the various interfaces
involved (fiber/film and film /vacuum interfaces). For an accurate simulation of
the reflection data (using the dielectric functions of metallic Mg and insulating
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Figure 5.14: In-situ measured reflection at 1.95 eV versus deposited MgH-
thickness. The simulated reflection of a MgH, thin film is also shown. The good
agreement between the measured reflection and simulated reflection indicates
that we indeed grow the MgH, hydride phase.
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Figure 5.15: Reflection at 1.95 eV of a in-situ grown 200 nm MgH, hydride film
during dehydrogenation. During the first 500 s the Pd caplayer is deposited
at 0.02 nm/s. The developing interference pattern indicates the layer like
unloading of the film. The metallic Mg phase extends from the Pd surface
downwards.

MgH,), we need to assume the presence of 10 vol.% metallic Mg in the form
of small grains. This appears to be typical for all in-situ grown Mg films,
independently of the film thickness. Thus although we supply a surplus of
atomic hydrogen, not all Mg atoms react with the atomic hydrogen to form
the MgH, phase.

We observe that in-situ grown MgH, films remain in their hydrided state
in vacuum (5 x 1077 Pa) when we shut off the atomic hydrogen source after
deposition. The hydrogen desorption from the film is negligible as long as we
do not deposit a Pd caplayer. This indicates the importance of the catalytical
active Pd caplayer. Deposition of a Pd caplayer on the in-situ grown MgH, thin
film, immediately results in a spontaneous unloading in vacuum (see Fig. 5.15).
When the film has returned to its metallic state after unloading, the film can
be re-hydrogenated.

While the atomic hydrogen source is essential for the hydride formation,
the blocked decomposition reaction is essential to stabilize the hydride during
growth. The dehydrogenation process of MgH, has a high activation barrier
and is kinetically blocked.

When we compare the results on the in-situ growth of MgH, with our study
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on the in-situ growth of the complex hydride MgyNiH, [119], there are some
interesting similarities. Also the in-situ grown MgyoNiH, hydride film remains
in its metastable state in vacuum (5 x 1077 Pa) after deposition. Furthermore,
both types of films start to unload upon capping them with a Pd caplayer.
The only difference is that upon Pd deposition the dehydrogenation of MgH,
is much slower (days) than for MgyNiH, (hours).

The metastable state of the in-situ grown hydride phase allows us to trans-
port these samples outside the protecting vacuum system for further experi-
ments. It is found that the oxide skin, which is probably formed when exposed
to air, has negligible influence on the optical properties of the film.

5.12 Ez-situ optical measurements MgH,

Due to the stability of the in-situ grown Mg hydride films, we can measure
ex-situ their optical properties. In Fig. 5.16 the reflection and transmission
spectra are shown for in-situ deposited MgH,, films, grown at different H/Mg
ratio’s: 19 (film A), 7.3 (film B) and 4.2 (film C). The interference pattern of
the reflection spectra is similar to that found for reflection spectra of ez-situ
hydrogenated Mg thin films [77, 116]. However the transmission spectrum
has a completely different shape as compared to the spectrum of an ez-situ
hydrogenated Mg film (see Fig.5.17 Near 2 eV an optical absorption edge occurs
in the in-situ grown film, which is absent in ez-situ hydrogenated Mg films (see
Fig. 5.17). Halfway this absorption edge, at 2 eV, a shoulder is present. The
origin of this shoulder is unclear. The transmission remains practically zero
until around 4.5 eV it shortly increases again before decreasing finally to zero
at approximately 6 eV, which corresponds to the optical band gap of MgHs.

Lowering the temperature of the capillary (at constant applied hydrogen
pressure) and increasing the Mg rate results in a decreasing H/Mg ratio. We
find that the H/Mg ratio affects the reflection without any change in the shape
of the spectra (see Fig. 5.16a). The transmission as shown in Fig. 5.16b is
almost identical for the three films. A small effect is observed for the film with
highest H/Mg ratio which has the lowest transmission below 2 eV.

The absorption coefficient o as function of energy is calculated with equa-
tion ,

1 T
1 -5
d(em) 0 1-R

a(10°ecm™tem) = — (5.2)

From the absorption coefficient, the optical band gap is determined by extrap-
olating the absorption edge to zero. A small shift of the MgH, optical band
gap for film A (5.55 eV), film B (5.48 eV) and film C (5.41 V) is observed.
Although the H/Mg ratio for the three films are quite different, the band gaps
are very similar and consistent with the band gap of 5.6 eV for MgH, found



5 Optical, structural, and electrical properties of in-situ grown thin films by activated
100 reactive evaporation

A)

0.7
! — AH/Mg=19
0.6- _-BH/Mg=73
c 0.51 ... C:H/Mg=42
O
© 0.4+
)

"0 1 2 3 4 5 6 7
B) Energy (eV

10—

09] i —A'H/Mg=19
c08] A --B:H/Mg=73
S 471 ... C:H/Mg=42
0 ]
£ 06]
€ 051
= 001
R 0.4
@ 0.3
| S ]

- 0.2
0.1
0.0/ O\
0 4 5 6 7

Energy (eV)

Figure 5.16: FEz-situ measured (a) reflection and (b) transmission spectrum
versus energy for 200 nm n-situ deposited MgH, thin films grown at a different
powers of the atomic hydrogen source and Mg rate.
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Figure 5.17: Calculation of the reflection and transmission spectrum versus
energy for a 200 nm MgH, film.

by Giebels et al. [77]. The small optical differences between the three films
demonstrate the insensitivity of the deposition process on the H/Mg ratio.
Although the in-situ grown and ez-situ hydrogenated Mg hydride films have
a different electrical behavior, the optical band gap at 5.6 eV, due to MgHo,
is the same for both types of films.

5.13 Effective medium approximations EMA:
Simulating the optical spectra of in-situ
grown MgH,

The induced optical absorption edge at 2 eV in the transmission spectra shown
in Fig. 5.16b suggests the presence of impurities in the film. Since we deposit
a Mg film, metallic Mg grains are most likely the origin of this optical effect.
In the Maxwell-Garnett effective medium approximation (EMA), the effec-
tive dielectric function (€) is approximated by assuming spherical inclusions
of material B (Mg) in a host dielectric background A (MgH,) The grain size
is assumed to be much smaller than the wavelength of light. In this EMA
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Figure 5.18: Absorption versus energy as derived from Fig.5.16 for a 200 nm
in-situ deposited MgH, thin film grown at a different powers of the atomic
hydrogen source and Mg rate.

approximation the effective dielectric function (€) is implicity given by

(€) —€a EB—EA

= 5.3
(&) + 284  PEp+284 (53)

where the volume fraction of B is given by fg. The solution of this equation is

given by:

2(1 —fp)éa+ (1 +2fp)ép
(2+1fp)éa+ (1 —1p)ép

(&) = &4 (5.4)

Reflection and transmission spectra for 5, 10, and 20 vol.% of Mg grains in a

MgH, host dielectric matrix are shown in Figs. 5.19a and b, respectively.
Apart from a small difference in absolute value and a small energy shift,

the calculated reflection for 5 and 10 vol.% of metallic Mg is similar to the
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measured reflection (see Fig. 5.16). From this we conclude that the opti-
cal absorption edge is the result of small metallic Mg inclusions. Although
shifted with respect to the measured spectra it clearly shows the influence of
these metallic grains inside the Mg hydride film. The calculated transmis-
sion becomes negligible at 3.25 eV and the width of the dip in transmission is
smaller than the experimental spectra. Between 4 eV and 6 eV, the calculated
transmission is higher than the experimental observed. The deviations from
the experimental behavior might indicate that the inclusions are not perfectly
spherical as assumed in the Maxwell-Garnett EMA.

For comparison with the results obtained by the Maxwell-Garnett EMA,
we also used the Bruggeman effective medium approximation for the same
film configuration and composition [115]. The reflection and transmission are
shown in Fig. 5.20a and Fig. 5.20b. It is evident that the calculated reflection
resembles quite well the measured reflection, however between 2 and 4.5 eV the
calculated transmission deviates strongly from the measured zero transmission.
However, the absolute transmission represents better the measured values than
in the Maxwell-Garnett EMA. Also the width of the minimum in transmission
(between 2.5 and 4.5 eV) is better modelled by the Bruggeman EMA. We
conclude that neither effective medium theory represents exactly the measured
optical behavior for in-situ grown Mg hydride films. The deviation between
experiment and theory must be found in grain shape and exact concentration
of the Mg grains.

5.14 FEzx-siture-hydrogenation of in-situ grown
Mg hydride films

Capping an in-situ grown MgH, film with Pd results in the dehydrogenation
of the film. In Fig. 5.21 the reflection (measured from the substrate side) of
an 170 nm dehydrogenated in-situ grown MgH, film is compared with the
calculated reflection of an as-deposited Mg film (also capped with 10 nm of
Pd) of the same thickness [15]. The reflection of the dehydrogenated film is
slightly lower than the calculated spectrum, indicating the presence of some
un-desorbed hydrogen.

Note that the presence of some oxygen inside the metallic Mg film cannot
be excluded since the partial water pressure during in-situ growth is 5 x 107¢
Pa. The minimum in reflection at 0.6 eV is attributed to interband transitions
between parallel occupied and unoccupied conduction bands [15, 120, 121].
Fig. 5.22 and 5.23 show the reflection and transmission of an in-situ grown
120 nm Mg film, which is re-hydrogenated at 10° Pa and 373 K. The measured
reflection deviates only slightly from the calculated reflection for a fully hydro-
genated MgH, film. The transmission, however, deviates from the simulated
transmission by roughly 20 %, which is probably due to an incomplete hydro-
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Figure 5.19: (a) Reflection and (b) transmission spectra for a 200 nm MgH,
film with 5, 10 and 20 vol.% of metallic Mg grains using a Maxwell-Garnett
effective medium approximation.
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film with 5, 10 and 20 vol.% of metallic Mg grains using a Bruggeman effective
medium approximation.
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Figure 5.21: Reflection measurement of a Mg film after de-hydrogenation of
an in-situ grown 170 nm MgH, thin film covered with 10 nm Pd.

genation of the film. Remarkably, the absorption edge at 2 eV, observed in-situ
grown MgH,, film, disappears in the re-hydrogenated state. This indicates that
the microstructure of the in-situ film changes drastically on re-hydrogenation.

The same effect is seen in the electrical resistivity. When an in-situ film
is re-hydrogenated we find a value of the same order of magnitude as the
resistivity of an ex-situ hydrogenated as-grown Mg film. This indicates that
there is now an electrical percolation throughout these films which was not the
case for the in-situ grown Mg hydride film.

5.15 Microtopography of in-situ grown MgH,

The surface morphology of the in-situ grown Mg hydride thin films is inves-
tigated with atomic force microscopy (AFM). AFM micrographs of a 175 nm
in-situ grown film are shown in Fig. 5.24. Figure 5.24 show the MgH, film
surface at scan ranges of 10, 5 and 1 um, respectively. In Fig. 5.24d an AFM
micrograph of an 80 nm as-deposited metallic Mg film is shown for comparison.
Figs. 5.24a - ¢ show that the film surface consists of grains with sizes ranging
from 10 to 75 nm, whereas the average diameter is in de order of 20 nm. The
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Figure 5.22: Reflection spectrum of a re-hydrogenated 120 nm in-situ grown
MgH, thin film capped with 10 nm of Pd. A simulation of a 120 nm MgH,
film capped with 10 nm Pd is shown as reference. The difference between the

two spectra is due to the presence of some metallic Mg in the re-hydrogenated
film.

as-deposited Mg film surface, Fig. 5.24d, is characterized by stacked hexagonal
crystals which mimics the hexagonal unit cell of metallic Mg. The average size
of these hexagonal structures is approximately 0.4 pm. The surface morphol-
ogy of an in-situ deposited MgH, film has a smaller grain size. Although we
cannot identify individual Mg-grains, their size will be of the same order as
assumed by the effective medium approximations.

5.16 Discussion

It is well-known that when crystals of any material are scaled down in size,
their optical properties change. First and foremost there is a change in the
perceived color as the crystal is made smaller than the wavelengths of visible
light, which occurs for particle sizes from 500 nm to around 10 nm (classical
size effect). The geometrically induced change in optical properties can be
explained with Mie theory [122]. Quantum size effects take place for thin
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Figure 5.23: Transmission spectrum of a re-hydrogenated 120 nm in-situ grown
MgH,, thin film capped with 10 nm of Pd. A simulation of a 120 nm MgH,
film capped with 10 nm Pd is shown as reference.

continuous metal (conducting) films with a thickness up to 10 nm, thus when
the Fermi wavelength of the free carriers is comparable to the film thickness.
The limited film thickness results in discrete energy levels and the quantum
size effect manifest itself in the transmission, reflection, and absorption spectra
in the form of well defined peaks. For larger film thicknesses the quantum size
effects and the classical size effect converge. We conclude that the observed
absorption width in our case cannot be explained by quantum size effects and
is due to classical size effects [123, 124, 125].

The absorption induced by a particle size effect is reported in several papers
[126, 127]. An explanation of this effect is given by Marton et al. [128] and
Mulvaney et al. [129]. The origin of the change in optical properties is due
to the change in dynamics of the conduction electrons. For particles much
smaller than the wavelength of light, the electrons in the particle move in
phase and thus the electrons can be considered to generate a giant dipole
under the influence of the incident radiation. Electron motion leads to the
generation of surface polarization charges on each side of the particle, which act
as a restoring force on the conduction electrons, and this leads to a resonance
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Figure 5.24: AFM measurements on a 175 nm in-situ grown Mg hydride film
at scan ranges 10 pum, 5 pm and 1 pm respectively with a Az of 30 nm. In (d)
an AFM micrograph of an as-prepared 80 nm Mg film is shown for comparison.

frequency in the absorption spectrum (a surface plasmon absorption). If the
particle increases in size, the electrons run out of phase and the restoring force
decreases with the result that the absorption band broadens. In this context
it is interesting to note that Mulvaney et al. report that the optical properties
are determined by the single nanocrystals as the particle spacing is at least 2
radii. This corresponds to a metallic volume fraction of 10 vol.% [129]. Hence,
we conclude that the absorption effect we observe is due to the presence of
Mg-clusters and is of a similar nature.

The in-situ grown MgH, films reveal several other unexpected properties.
The most surprising observation is that although the H/Mg ratio during depo-
sition is always sufficiently high to form the Mg hydride phase, still 10 vol.%
of metallic Mg is found in the film. This implies the existence of a mechanism
which induces both phases to form simultaneously (see Fig. 5.25). During
growth the film surface is covered by Mg atoms, H atoms and Hs molecules.
This enables several reactions to occur and a competition between the differ-
ent reactions develops. Mg atoms can react with molecular hydrogen to form
the hydride phase Mg + Hy — MgH,, however this reaction is rather slow
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due to the high activation barrier for hydrogen dissociation on metallic Mg
(Ngrskov et al. found 0.5 eV and Bird et al. found 0.4 eV for this activation
barrier [130, 131]). The second reaction Mg + H + H — MgH, does not suffer
from this barrier, however this process requires a 3 atom collision, which is less
likely to occur. The Mg + Mg — Mg, reaction is a fast process since only two
Mg atoms are required. As a result a substantial fraction of Mg-nuclei may
form.

Rate H Rate Mg

() MgH,
® Mg

Growth direction

A

Induced surface diffusion of Mg atoms
P ) T, T S N () 7 oS
o ®
(]
o e © ® ¢
@ o ® ®
® o ~ ®
® @ @
@ @ o (]

- Substrate -

Figure 5.25: Schematic representation of the induced surface diffusion by the
atomic hydrogen beam. The surface diffusion of the Mg adatoms is increased
by the presence of an hydrogen beam. This results in the segregation of Mg
grains in the MgHs host hydride phase.

Also the fact that metallic Mg has a low surface energy as compared to that
of MgH, favors the nucleation of Mg clusters. For the surface energy of Mg we
find in the literature: 3.14 x 10 - 3.99 x 10 eV/cm? [132, 133, 134]. For
the hydride we have not found any data, but the oxide should be comparable.
A higher surface energy is expected for materials, with a high cohesive energy
and a high melting point. The surface energy of MgO is found to be: 7.43 x
10 - 8.11 x 10" eV/em? [135, 136, 137]. Hence, the nucleation barrier for
MgH, is expected to be higher than for Mg. Wagemans et al. calculated both
the Mg and MgHs energies (using DFT calculations) as function of the number
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of Mg atoms in the cluster. When going down in number of atoms the energy
of the clusters become less negative, which indicates a destabilization of the
small particles. Upon decreasing the cluster size the surface to volume ratio
increases. The surface atoms have a lower coordination and thus the average
number of bonds is lower for smaller clusters. For the metallic clusters a
similar trend in desorption energy vs cluster size is found. However the MgH,
clusters are more strongly destabilized than the corresponding Mg clusters
upon decreasing the cluster size below 19 Mg atoms. Furthermore the hydrogen
desorption energy decreases as the number of Mg atoms decreases. For the
smallest possible cluster, MgH,, the desorption energy drops even to negative
values, which means that the magnesium hydride molecule is not stable [138,
139]. Although the MgH, clusters have a lower total energy than the Mg
clusters, we conclude that the nucleation of Mg clusters is favored over the
formation of MgH, clusters.

In addition, the hydrogen flux may provide an increased surface mobility,
thus enhancing the chance of forming a minority phase. Mg is thermally
evaporated around 673 K and the atoms reach the substrate surface with
an energy of kT = 0.058 eV (k Boltzmann constant, T temperature in K).
Upon condensation these Mg atoms loose their energy within a few diffusion
steps. However, the hydrogen flux increases the surface mobility of adatoms
(Mg atoms) as hydrogen is used to improve the crystalline quality of thin
films during growth. Gerbi et al. e.g. showed that microcrystalline silicon is
deposited when a large quantity of molecular hydrogen is added to the process
gas such that a large flux of atomic hydrogen impinges on the growing film
surface [140]. Hydrogen leaving the hydrogen source reaches the film surface
with an energy of 0.18 eV. These energetic hydrogen atoms increase the surface
diffusivity of the Mg atoms and thus will facilitate the Mg clustering. This
may explain why an increase in the atomic hydrogen flux does not result in a
fully hydrided film. One merely increases the Mg diffusion at the growing film
surface and the competition between the hydride growth and Mg clustering
reaches an equilibrium at 10 vol.% of metallic Mg grains at these deposition
conditions (see Fig. 5.16).

Comparing the ARE MgH, films with the ez-situ hydrogenated Mg films,
we see that the in-situ grown films consist of a collection of grains which are
unequal both in size and composition. Since there is no mixing between these
types of grains, due to the fact that there is no solubility, these composite
films are stable. The existence of isolated Mg particles in an MgH, matrix (see
Fig. 5.25) is consistent with the observation that the resistivity of these in-situ
films is beyond the limit of the measuring setup. The question then arises why
upon rehydrogenation of such a film, the resistivity reduces to 10 mQcm. This
points to an increase or redistribution of conductive material (i.e. Mg). On
the other hand the Mg-related feature disappears from the optical spectrum
on rehydrogenation. We propose that the increase in conductivity is related
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Figure 5.26: Schematic representation of the formation of the electrical perco-
lation network in a hydrogenated MgH, film. (a) A Mg film capped with a Pd
caplayer, (b) random hydride nucleation throughout the Mg film, (c) the nu-
cleating hydride grains increased in size until the film is hydrogenated leaving
a electrical percolation network of grain boundaries. In the fully hydrogenated
state, the top of the Mg layer forms a hydrogen blocking layer, d;. For films
thicker than the critical thickness for rehydrogenation, d3 > ds, the film does
not hydrogenate completely.
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to the formation of a percolative conductive network. This network forms
during the solid state transformation of Mg to MgH,. Its nature is apparently
independent from the pre-existing microstructure since the conductivity of the
sample does not appear to depend on the way the sample was grown. The
microstructure of in-situ films is quite distinct from that of ex-situ films.

Giebels et al. investigated the electrical percolation through a Mg-MgH,
composite film. Intuitively one expects that the percolation threshold depends
on the exact particle shape. To make a simulation on hydriding a Mg film, they
have calculated the resistivity for a 90-nm-thick Mg-MgH, composite capped
with 20 nm Pd-Mg layer. It is found that the resistivity increases strongly
above 65 vol.% of MgHs (35 vol.% of Mg) indicating that the electrical perco-
lation disappears. This is consistent with our in-situ resistivity measurements
in which the resistivity of a 90 vol.% MgH, - 10 vol.% Mg film is very high.

Nevertheless the conductivities after rehydrogenation and the critical thick-
ness for rehydrogenation (ds in Fig. 5.26) are quite similar. The nucleation of
MgH; in Mg occurs more or less randomly throughout the thin film for films <
100 nm [77, 116]. As soon as MgH, grains form they will hinder the diffusion
of hydrogen to the remaining parts of the film, due to the poor diffusivity of
hydrogen through MgH, [77, 116, 118]. This will make it difficult to trans-
form all the Mg, especially at the boundaries between the MgHs grains. Upon
prolonged hydrogen exposure the boundaries at the top of the film may fill
up, but this makes the full loading of the underlying areas even more difficult.
This would then result in a microstructure as shown in Fig. 5.26.

This electrical percolation network (see Fig. 5.26) appears to be quite ro-
bust and persists even after hydrogenation at 107 Pa and 373 K [77, 116].
The origin of this behavior can be due to stress effects, a limited diffusion or
a possible lattice mismatch. Note that, in contrast to MgoNiHy, no shift in
the upper optical band gap is observed. This suggest that this is the intrinsic
optical band gap of MgH,.

Many scientists are interested in metallic particles surrounded by an insu-
lating material, because of their varying physical (optical) properties. As a
possible application of obtaining metallic grains in an insulating matrix, the
ARE technique has shown to be a very useful method to produce and study
these kind of composite systems [129].

5.17 Conclusions

In-situ fiber spectroscopy and in-situ resistivity measurements show that MgH,
+ 10 vol.% Mg thin films can be grown by activated reactive evaporation.
These hydride films can be grown from the atomic constituents Mg and H,
where the atomic hydrogen is provided by an atomic hydrogen source. These
Mg hydride films appear to be stable in vacuum and air. The as-grown hydride
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films only transform back into the metallic state, after the film is in-situ capped
with Pd.

Although optical measurements indicate the existence of metallic Mg grains
in the in-situ grown hydride film, the resistivity is higher than p > M{Qcm. The
re-hydrogenation of these in-situ grown Mg films indicates that the growth of
coalescence of metallic Mg and MgH, grains is not reversible. In contrast to
the in-situ grown Mg hydride films, the ez-situ (re-)hydrogenation of Mg films
results in an electrical percolation network throughout the MgH, film.

The optical absorption edge observed at 2.0 eV is attributed to the interac-
tion between the applied field and the small Mg grains. This absorption edge
disappears upon re-hydrogenation (and thus the metallic Mg grains). The op-
tical band gap at 5.6 eV is attributed to the band gap of MgH, and indeed
confirms the growth of the MgH, phase by ARE.



Chapter 6

Catalysis

6.1 Abstract

The optical properties, switching kinetics and lifetime of hydrogen switchable
mirrors based on Mg-Ni alloys are studied as a function of composition of the
optically active metal hydride layer and the thickness of the catalytic cap-
ping layer. The hydrogenation is correlated to the surface structure of Pd
on Mg,Ni,_, as investigated by Scanning Tunneling Microscopy. The results
are consistent with a strong metal-support interaction (SMSI), characterized
by a complete encapsulation of the capping layer clusters by oxidized species
originating from the active hydride. The SMSI-effect becomes less important
when increasing the Pd-layer thickness, and is suppressed by a good wetting
of the Pd-clusters on the optically active film. This explains the critical thick-
ness for the catalyzed hydrogen-uptake observed in many switchable mirror
systems. The degradation of the kinetics during cycling is found to depend on
the Pd-layer thickness and on the gas environment. The SMSI-effect is partly
reversible: after changing the gas environment from hydrogen to oxygen, the
oxide on the Pd-clusters can be partly removed.

Furthermore, we show in this chapter the importance of contaminations
and the number of active sites of the Pd caplayer. From in-situ hydrogenation
experiments we conclude that the presence of a small amount of sulfur on the
Pd caplayer surface has disastrous consequences for the hydrogen desorption.
After sputtering this Pd caplayer with argon ions, the fresh Pd surface regains
its original catalytical properties. The same result is obtained for depositing
a new and fresh Pd layer.

6.2 Introduction

The wn-situ growth of hydrides showed that the catalytical properties of the
surface are very important for the hydrogenation process. Reversible hydro-
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genation occurs only when covered with a catalyst such as Pd.

The adsorption of hydrogen can be described in terms of a simplified one-
dimensional potential energy curves for an Hs molecule and for two H atoms
on a clean metal surface (see Fig. 6.1). Far away from the surface the two
curves are separated by the heat of dissociation, Ep = 218 kJ/mol H. The
flat minimum in the "Hy + M”-curve corresponds to physisorbed Hy, Ep &~ 10
kJ/mol H. The deep minimum in the ”"2H + M”-curve describes chemisorbed,
dissociated H, AH e =~ 50 kJ/mol H for Pd. If the two curves intersect above
the zero energy level, chemisorption requires an activation energy Egs. The
chemisorbed H atoms dissolve exothermically or endothermically in the bulk
where a hydride phase may nucleate and grow [141]. According to diffusion
data, hydrogen transport inside metals or metal hydrides is fast enough to
provide high hydrogen absorption and desorption rates at room temperature.
However, in most systems only slow rates are observed, which indicates that
the surface properties of the metal grains determine their H sorption kinetics,
i.e. the dissociation of the hydrogen molecule [79, 141]. Borgschulte et al.
concluded that for a high catalytic activity, materials are needed that combine
a small dissociation barrier Eg4,s with a small and negative heat of solution
without exceeding the heat of formation /solution of the hydride forming metal
host [142].

Although Pd is the perfect catalyst in this framework, all switchable mirrors
degrade using this caplayer (see e.g. Refs. [143, 144]). The main reason for
this is, that the capping layer reacts in various ways with the hydriding film
(71, 72, 77].

Several groups found that the switching kinetics of an yttrium switchable
mirror - and consequently its hydrogen uptake rate - is mainly determined by
the thickness of the catalytic Pd cap layer [145, 146, 147]. In particular, it was
observed that a minimum Pd thickness is required for a sufficient hydrogen
uptake. The effect was explained by an encapsulation of the Pd clusters by a
reduced yttrium oxide layer after exposure to hydrogen [79]. The catalytically
active surface of the Pd-clusters is gradually covered and their catalytic effect is
reduced. The degree of encapsulation decreases with increasing Pd thickness.
Small clusters are completely covered with yttrium oxide (-hydroxide), which
explains the minimum thickness required for a fast hydrogen-uptake kinetics of
these systems. This behavior is well known by the catalysis community, which
coined the expression strong-metal support interaction (SMSI) [148, 149]. The
driving force behind the SMSI effect is the minimization of the surface energy.
Borgschulte et al. indicate some favorable surface species may form on top of
the Pd and that the Pd surface energy is replaced by an ”oxide” surface +
interface energy. Due to the SMSI effect a minimum amount of Pd-catalyst is
required on switchable mirrors.

Here, we demonstrate that the SMSI-effect is responsible also for the degra-
dation of Mg-Ni based switchable mirrors. We study the SMSI-effect using a
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Figure 6.1: Characteristic solid-gas interaction steps pictured by the depen-
dence of the potential energy on distance z from surface for two different metals
with a positive (black line), and negative (red line) heat of solution AH,,. In-
tuitively, one expects a correlation between the heat of solution and the barrier
height of dissociation Eg,, i.e. a high negative heat of solution corresponds
to a small dissociation barrier Fg. This is indeed empirically found within a
similar group of materials (Bronsted-Evans-Polanyi (BEP)-relation).

gradient alloy film and the novel indicator method described in Refs. [150, 151,
152]. Our thin film approach allows us to monitor the hydrogen uptake as a
function of alloy composition of the optically active layer and the Pd-catalyst
layer thickness. To shed light on the physical origin of the hydrogen uptake
kinetics, we study the morphology of Pd-capped Mg-Ni films by scanning tun-
nelling microscopy (STM). Furthermore, we investigate how the quality of the
Pd-surface effects the dehydrogenation process. We find that also the surface
properties of the Pd itself (surface roughness, sulfur contamination) determine
its catalytic properties.

6.3 Experiment

Polycrystalline Mg, Ni, and Pd are deposited on glass substrates using DC
sputter sources. The argon pressure is 1 Pa, the background pressure less
than 1075 Pa. Pd is deposited directly on Mg-Ni-alloy films without any in-
termediate oxidation step. A chemical compositional gradient is produced by
adjusting the angle of both Mg and Ni sources relative to the sample surface.
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The composition of the films is determined by Rutherford Backscattering Spec-
trometry (RBS). The surface composition of the gradient film is determined
by Auger Electron Spectroscopy (AES). AES measurements are recorded in
the first derivative mode, dN/dE, where the intensity is measured from the
peak-to peak height.

STM images are taken with an Omicron UHV scanning probe microscope in
constant current mode for the topography images. The STM data are collected
using an electrochemically etched W tip.

The hydrogen loading behavior of the samples is monitored by exposing the
whole sample to 10° Pa of hydrogen gas in an optical setup. Technical details
are described elsewhere [152]. A charge coupled device camera and a PC are
used to sequentially capture images. The manual Hy gas loading introduces
an overall uncertainty in the absolute switching time (~ 2 s). Recording of
the optical changes has a time resolution of about 0.1 s. The time between
the opening of the Hy valve and the maximum slope of the transmission-time
function (corresponding to the formation of an insulating MgH, or MgaNiH,
phase) is defined as the switching time of the film.

6.4 Results and discussion

6.4.1 Ciritical thickness of Pd on Mg,Ni,_,

To determine the minimum Pd-thickness required to catalyze the hydrogena-
tion of Mg,Ni,_, film, we probe a Mg,Ni,_, gradient sample capped with a
Pd thickness gradient perpendicular to the compositional gradient in y. In this
way a number of different composition/thickness combinations are obtained on
a single substrate. By loading the whole wafer with hydrogen we can simulta-
neously study the switching behavior of the various layer combinations using
an optical camera. Apart from being very efficient, this method eliminates
errors due to spread in preparation parameters as we prepare all samples in a
single run.

Figure 6.2 shows the optical transmission images of a 200 nm Mg,Ni gra-
dient film at different hydrogenation states. The Mg,Ni,_, compositional gra-
dient ranges from y = 0.55 to y = 0.95 and is covered by a perpendicular Pd
thickness gradient ranging from 1-8 nm. The film is loaded in 10° Pa hydro-
gen at room temperature for 1 h ("fully loaded’). The optical properties of
MgH,; and MgyNiH, are different due to a band gap of 5.6 eV and 1.8 eV,
respectively, and different absorption coefficients [71, 72]. As a result we have
different colours, bright regions in transmission images representing MgH, and
MgoNiHy. Region (i) in Fig. 6.2 is attributed to a mixture of transparent
Mgy NiH, and metallic (Mgs)Ni, regions (ii) and (iii) to a mixture of transpar-
ent MgoNiH, and transparent MgH,. The borderline between region (ii) and
(iii) is believed to be related to the eutectoid of the phases Mg and Mg,Ni
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Figure 6.2: Optical transmission images of a 120 nm Mg, Ni,_, gradient film at
different hydrogenation states. The compositional gradient is covered by a Pd
thickness gradient ranging from 1-8 nm. The film is loaded in 10° Pa hydrogen
at room temperature for 1 h ('fully loaded’, picture (a). The different band
gaps of MgH, and Mg,;NiH, (1.8 and 5.6 €V) lead to a different coloration of
regions (i), (ii) and (iii). The pure metallic Mg,Ni;_, alloys and MgH., and
MgyNiHg 3 have essentially zero transmission. The borderline of the opaque
region in the fully loaded state (black region at the top of the four photographs)
corresponds to the minimum Pd thickness. This thickness depends on the
underlying Mg/Ni ratio. After unloading in air (b), a small region around
this thickness remains, evidencing the SMSI-effect. For a second loading (c), a
thicker Pd layer is needed for H-uptake as evidenced by several black regions,
which do not absorb hydrogen. After the 2" unloading (d), the inactivated
region has considerably broadened. The white squares indicate regions, which
are probed by STM.

[153]. The borderline towards non-zero transmission in the fully loaded state
displays the minimum Pd thickness needed for a sufficient hydrogen uptake
rate. From the figure it is clear that this thickness depends on the Mg/Ni ra-
tio. After unloading in air for several days, a small region around this thickness
still remains transparent (see Fig. 6.2b). Additionally, we show the transmis-
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sion image of the wafer re-loaded at 105 Pa hydrogen after unloading in air in
Fig. 6.2c and the subsequent unloading in air Fig. 6.2d. These observations can
be easily explained by the SMSI-effect. First of all, partially covered MgyNi
areas will have oxidized in air. Secondly, during hydrogen exposure the small-
est Pd clusters become fully encapsulated by reduced (hydrogenated) oxide
(hydroxide) that blocks hydrogen uptake. The corresponding region (below
the critical thickness) shows no transmission. Slightly thicker clusters retain
enough free metal surface to the Mg-Ni film during the first hydrogen expo-
sure. However, unloading (the reversed process) is not possible any longer,
since the clusters have become fully encapsulated during the loading process.
This effect continues to play a role. The amount of Pd needed for H-uptake
increases as is evidenced by the moving of the borderline towards thicker Pd
(compare Fig. 6.2b with Fig. 6.2d). We conclude that the SMSI-effect is a
dynamical effect leading to a broadening of the inactivated region. It therefore
might be responsible for the degradation observed more or less in all switchable
mirror systems [144]. A closed Pd film extends the SMSI-free time period, but
does not maintain it. While the films capped with 15 nm Pd showed nearly
no changes in the maximum transmission after repeated cycling, we find that
after approximately 200 cycles, [147] deterioration sets in again. Although we
do not completely understand the mechanism, this implies substantial diffu-
sion of the species involved. In the next section we concentrate on the effect
of the Mg/Ni ration on the critical Pd-thickness.

6.4.2 Microscopic structure of Pd on Mg,Ni,_,

Figure 6.2 indicates that the critical Pd thickness depends on the Mg/Ni rough-
ness, which depends in turn on the Mg/Ni ratio. Using STM, we investigate
the morphology of representative Pd-covered Mg,Ni;_, films in order to find
a reason for this dependence. In Fig. 6.3 we show two representative UHV
STM scans for two prominent compositions. One is performed at MgrgNizg,
i.e. near the peritectic point of the binary alloy system [154], and one is per-
formed at MggsNi7, i.e. near the eutectoid of Mg-Mg,Ni. Due to peritectic
segregation during solidification within the sputtering process, the films near
the peritectic point display very disordered structures probably consisting of
MgoNi and MgNiy grains. Accordingly, the surface is very rough. The crys-
tallization process of Mg-rich Mg, Ni-films leads to larger and more ordered
structures, resulting in smoother films (see Fig. 6.3).

The films are covered by Pd-grains. As the radius of curvature of the
STM tip is of the same order of magnitude as the Pd grains, it is impossi-
ble to observe directly whether the Pd-grains form a closed film or not. As
AES-measurements shows only a Pd signal for this thickness, the Pd layer is
probably more or less continuous. To separate the roughness of the two layers,
we measured STM-scans on a 100 x 100 nm? square for both films. The im-
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Figure 6.3: UHV STM scan of the coverage of a 200 nm thick MgyNi film by
8 nm of Pd, acquired at Uy, =2 V, I = 0.5 nA. Small grains associated with
the Pd cap layer are typically 10 nm in diameter. The MgsNi substructure
has a corrugation of 10 nm. The small images (o) are enlargements of the
corresponding top images to show the microscopic fine structure. Pictures
assigned with (f) are fourier filtered to visualize the Pd-grains.

ages are Fourier-transformed and the lower frequencies were removed using a
low-pass filter. Subsequently, the images were back-Fourier transformed. With
this method, we filter the coarse surface structures (Mg, Ni;_,) and extract the
fine structure. Despite the different underlying Mg, Ni;_, structure. Surpris-
ingly, the roughest surface with composition Mg;,Nizy shows the smoothest
and continuous fine structure (see Fig. 6.3f for MgzoNis).

For a quantitative analysis, we compare the surface structure measured on
a mesoscopic scale (1000 nm) with that on a microscopic scale (100 nm) as
a function of composition. The small images (o) are enlargements to show
the microscopic fine structure. Pictures assigned with (f) are fourier filtered
to visualize the Pd-grains. From these images we calculate the rms-roughness
(root-mean square). The roughness analysis on the two different length-scale,
1000 and 100 nm, is used to quantify the structure of the Mg,Ni;_, and Pd-



122 6 Catalysis

/
?
¢
¢
]
\
.
crit. thickness d (nm)

\
/

N
—

—@— averaged on 1000 nm

o
—O—averaged on 100 nm / 1
O

O

O\

0 | L | L | L | L | L | L | L | L
055 060 065 070 075 0.80 0.85 090 0.95
Mg-content y in ngNi1_y

roughness rms (nm)

Figure 6.4: Top: Critical thickness of Pd-capped Mg,Ni,_, films as measured
optically (analysis of Fig. 6.2) as a function of the Mg-content y. Bottom:
Roughness analysis of UHV-STM images (root mean square), averaged on 1
x 1 pm? and 100 x 100 nm? for various compositions.

grains. Figure 6.4 displays the roughness as a function of the composition.
At high Mg-concentration, the roughness is mainly determined by the Pd-
substructure. At MgroNizg, the roughness originates mainly from the alloy
substructure. Here, Pd appears to be relatively smooth and the critical Pd-
thickness determined by optical measurements (see Fig. 6.2) has its minimum.
Comparing the 'Pd’-roughness with the critical Pd thickness as a function of
the Mg, Ni;_,-composition we conclude that the wetting (and consequently the
roughness) of the Pd on the active hydride is the crucial parameter determining
the catalytic activity of the capping layer. This makes sense, since flat, smooth
grains are more difficult to encapsulate than small grains.

6.4.3 Hydrogen sorption kinetics of Mg,Ni,_, films

Here we will study the SMSI effect during repeated hydrogenation cycles. Fig-
ure 6.5 shows switching cycles of 200 nm thick MgyNi films, covered with a
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Pd layer of variable thickness. The whole film is alternatingly exposed to
10° Pa hydrogen and to "vacuum” (< 10 Pa) at room temperature. These
pressures are much above and below the dissociation pressure of MgyoNiHy,
respectively (parg,nim, =~ 50 Pa at room temperature, from Ref. [72]). The
optical transmission T is measured as a function of time t and location and
therefore of the capping layer thickness. For the present discussion, we set the
precise correlation between optical properties of the thin film and its hydrogen
content aside adopt the following convention: minimum transmission = zero
H-content, maximum transmission = 4H/MgyNi (for a more precise analysis
we refer to Ref. [72]) and consider the maximum slope of the optical changes
as a measure of the absorption kinetics of the switchable mirror.

Due to the high optical absorption of metallic Pd, MgyNi films covered
with the thickest Pd layer exhibit the lowest transmission in the fully hydrided
state (see Fig. 6.5, top). To compare different thicknesses, the maximum
slopes dT/dt are normalized and d(InT)/dt are plotted as a function of the
cycle number in Fig. 6.5, (bottom). Maximum changes occur after the first
cycle (counted after the initial loading). The kinetics of films capped with less
than 7 nm Pd slows down by nearly 40%, while for the film capped with 15
nm Pd the kinetics actually improves somewhat. The second cycle does not
affect kinetics as much as the previous one, an effect which continues on further
cycling [6]. The 15 nm capped film starts to deteriorate after approximately
200 cycles [147]. The deterioration in switching speed is strongly dependent
on the Pd thickness. This suggests that it originates from the SMSI-effect.
The cycling dependence is probably due to the diffusion time of the oxide
species to cover the Pd and subsequently inactivate the catalytic properties
upon repeated hydrogenation.

A possible application of switchable mirrors is the use as hydrogen sensors.
In this case, the films have to withstand exposure to air. One might expect
that changing the gas environment from hydrogen to oxygen enhances the
accumulation of oxides on the Pd-surface. However, exposing the sample to
air appears to restore the sample surface. The switching kinetics of the first
hydrogenation after air exposure is faster than that before air exposure - except
for the 15 nm capped film (see Fig. 6.5(b)). The deterioration is again highest
after this first cycle, after which the deterioration slows down.

An important consequence of the SMSI in composite catalysts is the partial
reversibility of the effect. After changing the gas environment from hydrogen
to oxygen, the oxide on the Pd-clusters is partly removed [148, 155]. The
process depends on the exact composition of the used gas, in particular its
water content [155]. Moreover, the process is strongly time and therefore
thickness dependent, which is not surprising as a relatively large amount of
matter is transported during the process. Consequently thin caplayers are
more sensitive to deterioration but are also more easily regenerated. This
is strong evidence for the the important role of the SMSI-effect and not of
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Figure 6.5: Top: Optical transmission of a 200 nm MgsNi film during load-
ing with a Pd thickness ranging from 3 to 15 nm. Bottom: Maxima of the
normalized derivative as a function of the cycle number.
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chemisorption of oxygen/water etc. (’deactivation’ of the surface [156]).

6.4.4 Oxygen impurities on Pd covered Mg,Ni,_,-films

The conclusions of the optical measurements are substantiated by Auger mea-
surements. The Auger spectra between 200 and 900 eV of a sample similar to
that used for the optical measurements are shown in Fig. 6.6. For a sample
that has been cycled once, there are three main transitions visible: Pd-MNN
(triplet around 300 eV), O-KLL (around 500 e¢V), Ni-LMM (triplet between
700-900 eV). With increasing Pd thickness the Ni-peaks rapidly disappear.
Extrapolating this result we conclude that 5 nm Pd completely covers the
MgoNi-film. With increasing Pd thickness, the oxygen signal decreases but
does not vanish completely. Since only the surface of Mg, Ni films oxidizes, the
Auger oxygen signal should decrease when the Mg,;Ni surface is more and more
covered by Pd. However, as we show in Fig. 6.6 one needs more than 10 nm
Pd before 7O” reduce to zero. This observation suggests that Mg diffuses to
the Pd surface and oxidizes there. The poor wetting of the Pd layer contribute
to this effect. This is a hint that the concept of a (strong) metal (Pd)-support
interaction is valid also for completely covered Pd-surfaces.

Originally, the SMSI was proposed for metal clusters deposited on an oxide,
which creeps up and eventually covers these clusters. Figure 6.6 demonstrates
that this explanation can also be applied to all-metal systems. The only dif-
ference is that the oxides are introduced by impurities in the hydrogen gas
and/or exposure to air during the switching process. The crucial consequence
of the SMSI, i.e. the coverage of catalytically active clusters by oxides after
hydrogen exposure, remains the same [157].

There might be various ways to reduce the negative impact of the SMSI-
effect in switchable mirrors. One way is to use buffer layers, which prevent
interdiffusion as successfully realized with Al,O3 [146] and NbyOs5 [8].

6.4.5 Sulfur impurities on Pd

From the previous sections it is obvious that the SMSI effect plays an impor-
tant role in the cycling stability of switchable mirrors. However, there are
other mechanisms/processes effecting the H-sorption process. We find that
the in-situ grown films immediately unload in vacuum when covered only with
a few angstroms of Pd. After re-hydrogenation these films do not unload in
vacuum anymore and behave just like ez-situ hydrogenated films. We believe
that the reduced catalytic activity, as compared to freshly deposited Pd, has
its origin in a poisoning effect of the Pd layer.

In literature it is reported that a sulfur contamination of the Pd surface
is very effective to block hydrogen absorption. Burke et al. showed that the
hydrogen coverage of the Pd surface linearly decreases with increasing sulfur
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Figure 6.6: (a) Auger electron spectra of Pd on Mg;Ni as a function of the
Pd-thickness. (b) Intensity of the Auger transitions extracted from the spectra
of (a). The background noise is around I ~ 5 (compare Ni LMM signal). After
one hydrogenation cycle, the sample has been transported through air before
measurement.
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coverage due to site blocking [158]. Rendulic et al. reported that adsorption
of sulfur on Ni(110) and Pd(100) preferentially blocks the non-activated path
leading to predominantly activated adsorption. The same observation is made
by Wilke et al. who showed that the poisoning effect of sulfur originates from
the formation of energy barriers hindering the dissociation of Hy [159, 160].

Not many results are reported on the role of sulfur during the dehydro-
genation process. Castro et al. show that sulfur poisoning induces a delay on
hydrogen desorption kinetics and that the effect increases for samples with
a greater surface-to-volume ratio [161]. Burke et al. showed that for a sul-
fur coverage above © = 0.28 no hydrogen dissociation on Pd(100) is possible.
Furthermore, they observe that the activation energy for hydrogen desorption
with a sulfur coated Pd layer is reduced. This is at first sight curious since
one would expect that a low activation energy enhances kinetics [158]. How-
ever, these authors measure the desorption of surface adsorbed hydrogen. The
blockage of surface sites by sulfur hinders the adsorption and lowers the ac-
tivation energy for desorption. Castro et al. report that for a sulfur covered
Pd surface the activation energy for hydrogen desorption from the bulk indeed
increases [161]. However, as shown by Borschulte et al., apparent activation
energies often describe both the surface adsorption and the ensuing specific
diffusion process and therefore they are not necessarily an intrinsic surface
property of the catalyst.

To investigate the blocked dehydrogenation we examine the chemical sur-
face composition with X-ray photoelectron spectroscopy (XPS). We measured
a 100 nm thick Pd film in the as-grown, hydrogenated (10° Pa, room temper-
ature) and annealed state (at 815 K in UHV). We find that on hydrogenation,
the sulfur concentration of the Pd surface increases considerably, as indicated
by the sulfur 2ps; peak in Fig. 6.7. This means that the hydrogenation process
induces a segregation in which the sulfur diffuses towards the Pd surface. An-
nealing the hydrogenated Pd film results in a decrease of the sulfur signal.
Probably part of the sulfur has dissolved again in the Pd or it has evaporated
to the vacuum.

From XPS measurements we know that roughly the first 20 monolayers of
Pd contains 2.3% of sulfur which increases to 2.9% upon hydrogenation and
decreases to 1.28% upon annealing. This means that not the complete Pd
surface is covered by sulfur. However, as we have discussed before, sulfur also
has a blocking effect on neighboring sites. From RBS measurements we found
that there is some sulfur throughout the Pd with a maximum of a few percent.

If sulfur is indeed responsible for the decreased dehydrogenation, the cat-
alytic properties should be recovered once the sulfur has been removed from
the film surface (see Fig. 6.10). Unfortunately, at 815 K Pd strongly reacts
with Mg-compounds and thus we cannot use the annealed sample to test this
idea. Therefore, we tried to remove the sulfur by sputtering the surface with
argon ions. A 200 nm Mgy Ni film is grown on a fiber and is subsequently cov-
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Figure 6.7: XPS measurement on a 100 nm thick Pd sample. A measurement
of the as-prepared state is shown. Subsequently the film is hydrogenated at 10°
Pa at RT which increases the surface sulfur content considerably. Annealing
under UHV conditions of this film results in a decrease of the surface sulfur.

ered with 10 nm Pd (see Fig. 6.8). After deposition, the fiber is transported
under UHV conditions to a hydrogenation chamber where it is loaded at a
hydrogen pressure of 10° Pa at room temperature. The dip in reflection is due
to the fact that we go through the optical black state. After hydrogenation,
the chamber is pumped down to 107° Pa starting at point (f). As a result
the reflection decreases slowly due to the dehydrogenation of the film. Then
(g) the Pd is sputtered with argon ions at 1 keV. This results in an increased
dehydrogenation rate and a rapid decrease of the reflection. Due to this bom-
bardment some Pd atoms together with the adsorbates (sulfur) are removed
from the surface leaving a clean Pd surface (equivalent with a freshly deposited
Pd surface). When the bombardment is stopped the dehydrogenation slows
down as indicated by point (h) in Fig. 6.8. Starting the sputtering process
again the dehydrogenation rate increases. Note, that between i and j the re-
flection goes through a minimum again, due to the fact that during unloading
we again pass through the black state, now in the opposite way. Although
the film is still under an argon bombardment at point (1), the dehydrogena-
tion has essentially stopped here, which is due to the fact that the complete
Pd caplayer is sputtered away. The fact that argon sputtering influences the
hydrogenation was also found by Gdowski et al. who investigated the effect
of the surface temperature on the hydrogen sorption by Pd(111) [162]. They
report that sputtering the Pd(111) surface causes an increase in the hydrogen
absorption rate at 115 K. Our experiment reveals that 1) as long as the film
is covered by a "fresh” Pd caplayer the dehydrogenation (hydrogenation) rate
is fast and 2) the catalytic properties of the Pd layer degrade when exposed
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Figure 6.8: Determining the surface properties of a Pd caplayer upon sput-
tering with argon ions. First, between point a (0 s) and b (2580 s) a 200 nm
Mgy Ni film is grown on a fiber. This film is subsequently covered with a 10
nm Pd layer, point ¢ - d (3385-3820 s). At point e (4080 s) the hydrogenation
of the sample starts (at 10° Pa and room temperature) until point f (5580
s) whereafter the system is pumped down to 107 Pa. From this point the
reflection decreases only modest. At point g (7110 s), i (8250) and k (11400 s)
the sample is bombarded with argon ions which induces an increase in the de-
hydrogenation rate. When the argon beam is switched off, the rate decreases
again, point h (8004 s) and j (10320 s). After point 1 (13125 s) the dehy-
drogenation decreases strongly due to the fact that the catalytic Pd layer is
sputtered away. The minimum in reflection between point e - f and point i - j
corresponds to the black state of the Mg-Ni film.

to vacuum and hydrogenation cycles. An important observation is that the
dehydrogenation rate decreases as soon as the sputtering is stopped, indicating
the fast degradation of the catalytic properties of the Pd layer.

The same result is obtained upon depositing a new Pd layer on the blocked
Pd caplayer. In Fig. 6.9 the film is hydrogenated until 2100 s after which
the system is pumped vacuum. It is obvious that the film does not unload.
However upon depositing 5 nm of Pd at 3800 s, the film spontaneously starts
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to unload reaching its initial unloaded state at around 5400 s.
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Figure 6.9: Dehydrogenation in vacuum of a hydrided film upon depositing
a new and fresh 5 nm Pd layer. The colored blocks indicate time interval of
a certain action. At (a) we start with a 200 nm metallic film. (b) The film
is hydrogenated till 2100 sat room temperature and a hydrogen pressure of
10° Pa. At (c) the system is pumped vacuum (107° Pa). At 3800 s (d) an
additional 5 nm Pd cap layer is deposited after which the film spontaneously
unloads.

Summarizing, we find that the dehydrogenation of in-situ grown and as-
deposited films depends strongly on the physical conditions. 1) The desorption
of hydrogen is in most cases impaired. At room temperature one has to apply
an air/oxygen atmosphere to the Pd surface to obtain a sizeable desorption.
2) In vacuum (< 107 Pa) dehydrogenation is only possible from a clean or
freshly deposited Pd caplayer. During Pd deposition or argon sputtering, the
Pd surface is not in an equilibrium state and may contain non-equilibrium
sites and/or a transient lattice spacing, which may have a large influence on
the hydrogenation kinetics. After some time in vacuum, the Pd surface reaches
an equilibrium state under the influence of minimizing of the surface energy
and so reducing the amount of non-equilibrium sites for hydrogenation. In
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a tentative model to explain our results, desorption only takes place from
special step-edge sites and such sites can be easily blocked by the presence
of a few sulfur adatoms (see Fig. 6.10). New step-edge sites can be created
by sputtering, which result in a higher desorption rate. When the sputtering
is stopped these edges disappear due to the rearrangement of the Pd surface
and/or can be blocked by the sulfur. Note, that desorption in air is always
fast. In this case a surface reaction occurs which results in the formation and
desorption of water. This reaction apparently depends not on specific sites
and is therefore insensitive to the Pd-surface properties.

(a) Blocking active sites (c)  Argon sputtering
Active site for hydrogenation Argon flux Removed species
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H H
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Figure 6.10: Schematic representation of processes involved in hydrogen des-
orption. (a) Active sites for hydrogen desorption are blocked by a sulfur atom.
(b) In an air atmosphere, hydrogen desorption can occur at less favorable
sites. The creation of a clean and fresh Pd surface with active sites for hydro-
gen desorption can be obtained by argon sputtering of the Pd surface (c) or
by deposition of a new Pd layer (d).

The idea that there are different types of sites (or defects) which have dif-
ferent energies for hydrogenation is supported by findings of Wilke et al. and
Behm et al. [159, 163]. They show that there is a difference in the hydro-
gen adsorption energy between the surface hollow sites and other adsorption
positions and as a result the hollow sites are first occupied. Okuyama et al.
shows that hydrogen absorption occurs only at surface defects on Pd(100) and
that no absorption via terrace sites is observed [164]. In this context it is
interesting to note that Behm et al. shows that for Pd(100) (24.5 kcal/mole),
Pd(111) (20.8 kcal/mole) and Pd(110) (24.4 kcal/mole) the strength of the
metal-hydrogen bond is only very little affected by the crystallographic orien-
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tation of the surface [165]. Furthermore, deposition and sputtering can result
in a transient lattice spacing, which can improve the dehydrogenation.

Future experiments needs to be done to determine if the sulfur or the lack of
special surface sites is responsible for the activated dehydrogenation. Because
our Pd is of purity 99.95, a plausible way to examine this problem is to work
with Pd of higher purity. On the other hand due to prolonged exposure to air
Pd may pick up sulfur from air contaminations as well. Castro et al. indicated
that the sulfur contamination has its origin in a stainless-steel component [161].
During sample hydriding, gaseous hydrogen reacts with the sulfur and forms
HsS, which subsequently pollutes the sample surface. There it decomposes
and the sulfur covers the Pd surface. Comparable results with CSy on the
desorption of hydrogen is found by Bucur et al. [166]. However as we do not
observe a S or HsS contamination in the UHV chamber during deposition by
partial pressure measurements, this is not a very convincing mechanism to
obtain the sulfur contamination.

6.5 Conclusions

The impact of the microscopic structure on the kinetics and stability of Mg-
Ni switchable mirrors has been investigated by means of a high-throughput
method and various surface science techniques. The strongest limiting factor
in mirror switching kinetics is the deterioration by oxidation of the optically
active hydride layer. The oxidation is only partially prevented by a Pd-capping
layer. During the hydrogenation process part of the catalytic Pd caplayer is
covered by an inactive oxide layer limiting the kinetics of this layer. We studied
the behavior of this layer as a function of the capping layer thickness and Mg-
Ni thin film composition. The microstructure of the Mg-Ni thin film system is
related to its composition and determines the critical Pd-thickness required for
hydrogen uptake. We find that the strong metal-support interaction (SMSI)
plays a major role. The interaction depends on the applied gas atmosphere,
which changes during hydrogenation cycles from Hy to Os in Ar. The loading
cycles lead to a rearrangement of the capping layer and eventually the deteri-
oration of the whole thin film system. Originally, the SMSI was proposed for
metal clusters deposited on oxide supports. We demonstrate that this expla-
nation can also be applied to all-metal systems, in particular to the Pd/MgsNi
system. One way to minimize the consequences of the SMSI-effect is the use
of very thick Pd capping layers. However a complete coverage of the film with
Pd is not enough to suppress the effect completely. Another possibility is the
reinforcement of the interface by surface oxidation of the hydride layer or by
the growth of an intermediate buffer layer, to prevent interdiffusion.
Furthermore we show by means of XPS measurements that the presence
of sulfur on the outermost Pd surface limits the dehydrogenation process in
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vacuum tremendously. Removing this contaminated Pd skin by argon sput-
tering results in an increase in the dehydrogenation properties of the catalytic
Pd layer. The same result is obtained by depositing a new Pd layer on top of
the blocked Pd layer.
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Samenvatting

Groei, microstructuur en waterstof-absorptie door
Pd-gekatalyseerde, complexe metaal hydride dunne films

Schakelbare spiegels

Het onderzoek dat in dit proefschrift gepresenteerd wordt is gebaseerd op ex-
perimenten met een bepaald type schakelbare spiegels. Huiberts e.a. toonde
het schakelbare effect van dunne metaal lagen voor het eerst aan in 1995 aan de
Vrije Universiteit Amsterdam. Een schakelbare spiegel bestaat uit een dunne
metaal film die is aangebracht op een glasplaatje, het substraat. De eerste
schakelbare spiegels bestonden uit de metalen lanthaan (La) en yttrium ().
Het andere element dat nodig is voor het functioneren van een schakelbare
spiegel is waterstof (Hs). FEen waterstof molecuul bestaat uit twee water-
stof atomen en wanneer deze moleculen gesplitst worden kunnen de waterstof
atomen opgenomen worden door de metaal laag. Op deze metaal laag wordt
doorgaans een palladium (Pd) laag aangebracht die de film beschermt tegen
oxidatie en de waterstof opname katalyseert. De waterstof atomen, die tussen
de metaal atomen door diffunderen kunnen dan met de metaal atomen een
hydride fase vormen. Wanneer dit gebeurt dan verandert de film van een
spiegelende metaal film naar een transparante isolator (vergelijkbaar met een
normale ruit). Het bijzondere van deze reactie is dat deze omkeerbaar is door
het waterstof te verwijderen wordt de transparante film weer een metaal film.

Schakelbare spiegels die volledig uit zeldzame aarden bestaan worden gerek-
end tot de eerste generatie schakelbare spiegels. Philips research ontdekte in
1997 dat een legering tussen magnesium (Mg) en zeldzame aarden (tweede
generatie) resulteert in een schakelbare spiegel die neutraal in kleur is in de
transparante toestand. Vanzelfsprekend is dit voor een toepassing van een
schakelbare spiegel als ”smart window” zeer interessant. Het blijkt echter dat
deze schakelbare spiegels naast de reflecterende en transparante toestand nog
een derde optische toestand bezitten namelijk een optisch zwarte toestand.
Het opvallende licht wordt geabsorbeerd en dit resulteert in een zwarte toe-
stand. Dit fysische verschijnsel maakt deze schakelbare spiegels zeer interes-
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sant voor een temperatuur regelende functie in bijvoorbeeld zonnecollectoren.
De volgende (derde) generatie schakelbare spiegels werd gentroduceerd door
Richardson e.a. Zij ontdekten dat schakelbare spiegels die bestaan uit een
legering tussen magnesium en overgangs metalen (TM = Ni, Co, Fe etc.) ook
schakelen van een reflecterende metaal fase naar een transparante toestand.
Dit brengt ons bij het onderwerp van dit proefschrift.

De zwarte toestand in Mgy;Ni-H dunne films

Na intensief onderzoek aan Mg-Ni schakelbare spiegels hebben wij aangetoond
dat ook deze schakelbare spiegels een zwarte toestand vertonen. Echter, het
mechanisme dat leidt tot deze zwarte toestand is volledig verschillend van
de fasescheiding die de zwarte toestand in Mg-zeldzame aarden schakelbare
spiegels veroorzaakt. De oorsprong van de zwarte toestand in Mg-TM schakel-
bare spiegels was lange tijd onduidelijk. Dit is dan ook een van de centrale
vragen in mijn proefschrift. We zullen laten zien dat de zwarte toestand in Mg-
TM schakelbare spiegels een oorsprong heeft in het ontstaan van een metaal -
hydride dubbellaag in de film gedurende de waterstof opname. Dit mechanisme
wordt beschreven in hoofdstuk 3 samen met de optische, thermodynamische
en structurele eigenschappen van Mg-Ni films.

Overzicht van kenmerkende eigenschappen van Mg-Ni
schakelbare spiegels

De optische zwarte toestand in Mg-Ni films is het gevolg van het samenspel
tussen de optische eigenschappen van de verschillende fases en de ontwikkeling
van een dubbellaag in de film gedurende waterstof opname. Uit het modelleren
van de optische data met behulp van de dielectrische constanten €ps4,n; en
Emgonim, Dlijkt dat de hydride nucleatie bij voorkeur aan het film/substraat
interface plaatsvindt. Dit is een zeer opvallend resultaat aangezien je verwacht
dat de hydride nucleatie begint waar het atomaire waterstof de film bin-
nenkomt, namelijk aan de Pd kant. Dat deze voorkeurs-hydride groei inder-
daad optreedt laten we zien door middel van X-ray diffractie metingen en
de film dikte afhankelijkheid van de waterstof concentratie (gemeten met de
resonant nucleaire reactie "H(**N, «av)'2C) gedurende waterstof opname.

Wanneer we de druk-compositie isothermen van deze films vergelijken met
die van bulk samples, zien we dat de hydride groei aan het substraat interface
een lokaal kinetisch effect kan zijn. Echter ook een thermodynamische oor-
spong is niet uit te sluiten. Omdat je verwacht dat de waterstof concentratie
het hoogst is aan de Pd kant en afneemt naarmate je dichter bij het sub-
straat komt, hebben we ook de waterstof diffusie door de film onderzocht. Dit
model voor Mg, Ni films laat inderdaad zien dat het mogelijk is een verhoogde
waterstof concentratie aan het substraat interface te hebben.
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De oorzaak van de voorkeurs-nucleatie aan het interface wordt onderzocht
in hoofdstuk 4.

Structurele eigenschappen van Mg-Ni films

De voorkeurs-nucleatie aan het substraat interface kan grofweg twee oorzaken
hebben. Ten eerste is het mogelijk dat zich gedurende de depositie van de
film zich een gradiént ontwikkeld in de chemische samenstelling van de film.
Een tweede mogelijkheid is dat de specifieke hydride groei gestuurd wordt
door de microstructuur van de film. De chemische homogeniteit van de film
hebben we onderzocht met RBS en SIMS metingen. Hieruit blijkt dat er
geen gradiént in compositie is die de zwarte toestand zou kunnen verklaren.
We concluderen dat de zwarte toestand een structurele oorspong heeft. We
hebben de microstructuur geanalyseerd met behulp van STM, TEM and SEM
metingen. Het blijkt dat tot een dikte van 50 nm de film bestaat uit een
zeer fijne korrel structuur. Bij films dikker dan deze 50 nm ontwikkelt zich
een kolom structuur bovenop deze fijn-korrelige laag. Deze kolom structuur
heeft een hogere dichtheid dan de initiele laag. De nucleatie van de hydride
fase vindt dus plaats in de laag die uit kleine korrels bestaat. Wij nemen aan
dat de nucleatie vergemakkelijkt wordt door deze kleine korrels, waarna de
hydride verder door de kolomstructuur kan aangroeien. Uit de SEM metingen
blijkt verder dat er een "tunnel” structuur bestaat tussen de grensvlakken
van de verschillende kolommen. Deze faciliteren mogelijkerwijs de waterstof
diffusie naar het substraat. Om dit model te toetsen hebben we getracht de
microstructuur te veranderen en zodoende de zwarte tostand te onderdrukken.
Dit lukte niet door een verandering van de substraat temperatuur tijdens de
groei. Een andere mogelijkheid die we onderzocht hebben is om de hydride
fase in-situ te groeien.

In-situ groei van hydrides

In hoofdstuk 5 laten we zien dat we in-situ de MgsNiH, en de MgH, hydride
fases direct kunnen groeien met behulp van een geactiveerde reactive depositie
(ARE) in een MBE systeem. Om dit te bereiken maken we gebruik van een
atomaire waterstof bron.

De groei van de hydride fase kunnen we volgen door gedurende de depositie
in-situ de weerstand te meten. Om een idee te krijgen van de kwaliteit van de
gegroeide fase meten we ook in-situ de reflectie met behulp van fiber optica
en een spectrometer. Fz-situ reflectie en transmissie metingen wijzen uit dat
in-situ gegroeide MgsNiH, films bij opnieuw beladen geen zwarte toestand
vertonen en er dus geen initiéle hydride nucleatie aan het substraat interface
plaatsvindt. SEM metingen laten duidelijk zien dat de microstructuur van
een in-situ gegroeide MgoNiH, film uit een zeer homogene korrelstructuur van
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kleine korrels bestaat over de hele dikte van de film. Dit heeft tot gevolg
dat de hydride nucleatie willekeurig plaatsvindt door de hele film. In-situ
gegroeide MgyoNiH, films hebben een optische band kloof van 1.75 eV. Deze is
vergelijkbaar met de band kloof of ez-situ geformde Mg,NiH, films.

Deze in-situ groei experimenten leveren nog veel meer interessante gegevens
op. Zowel de in-situ gegroeide MgoNiH, als de MgHs fase zijn stabiel in vacuum
en dit laat zien dat het ontladen kinetisch geblokkeerd is. De in-situ gegroeide
hydride films ontladen alleen wanneer er een (katalytische) Pd laag op gegroeid
wordt.

Het is opmerkelijk dat de in-situ gegroeide MgH, fase een zeer hoge elek-
trische weerstand heeft, maar dat optisch blijkt dat deze films nog 10 vol.% Mg
bevatten. Dit geeft aan dat deze metallische Mg korrels volledig geisoleerd zijn
van elkaar. Deze Mg deeltjes hebben een grote invloed op het optische gedrag
van deze films, ze creéren namelijk een absorptie band bij 2.0 eV, waardoor
deze films roodachtig zijn in transmissie. Met de ARE depositie techniek zijn
we in staat om dikke MgH, films te groeien zonder dat de waterstof diffusie
blokkerende MgH, laag ontstaat. Echter wanneer we deze films bedekken met
een Pd laag om vervolgen weer te beladen, dan gedragen deze films zich als
normale metallisch gegroeide Mg films. Ook is dan de absorptie band bij 2.0
eV verdwenen. Gedurende deze experimenten hebben we ondervonden dat de
katalytische eigenschappen van de Pd laag zeer belangrijk zijn en veranderen
gedurende waterstof-absorptie en -desorptie.

Katalyse

In hoofdstuk 6 zullen we de katalytische werking van Pd bespreken en wat
de invloed van het SMSI effect op het beladen is. Het SMSI effect houdt
in dat onder invloed van waterstof-absorptie en -desorptie de katalytische Pd
clusters bedekt worden door oxides die hun oorsprong hebben in de actieve
laag. We onderzoeken de optische en kinetische eigenschappen alsmede de
schakelstabiliteit van Mg-Ni films als funktie van Mg-Ni compositie en Pd
dikte. Met STM metingen relateren we de oppervlakte structuur van de Pd
laag aan de beladingseigenschappen van de schakelbare spiegel en we laten de
invloed van het SMSI effect zien op de schakel-eigenschappen van de film.

Het teruglopen van de katalytische eigenschappen van Pd ten gevolge van
het SMSI effect is tegen te gaan door de Pd laag dikker te maken. Ook wordt
het SMSI effect onderdrukt naarmate de bedekking van de Mg-Ni film door
het Pd beter is. Dit verklaart ook waarom er een kritieke Pd dikte is voor
de gekatalyseerde waterstofopname door schakelbare spiegels. Wanneer de Pd
laag te dun is wordt deze snel bedekt door oxides en verliest het zijn katalytis-
che eigenschappen. De teruglopende katalytische eigenschappen hangen dus
af van de Pd dikte en de gas atmosfeer.

Uit de in-situ beladings experimenten blijkt duidelijk dat een H, gas-
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beladen film niet meer ontlaat in vacuum. Dit effect is echter niet toe te schri-
jven aan het SMSI effect. Daarom moet de geblokkeerde desorptie veroorzaakt
worden door een contaminatie van het Pd oppervlak of een reductie van het
aantal actieve sites voor waterstof desorptie. In-situ beladings experimenten
tonen de desastreuze gevolgen aan voor desorptie wanneer er zich een kleine
hoeveelheid zwavel op het Pd oppervlak bevind. Deze films ontladen niet, ook
niet in ultra-hoog vacuum. Wij vinden dat waterstof het beste desorbeert (bij
kamertemperatuur) als het Pd oppervlak vers opgedampt is, vrij van zwavel is
of met Ar-ionen gebombardeerd wordt. Dit zwavel diffundeert onder invloed
van het beladen naar het Pd oppervlak. Echter na sputteren met argon ionen
verkrijgt het verse Pd oppervlak weer zijn oorspronkelijke katalytische eigen-
schappen. Wij vinden dan ook dat een vers en schoon Pd oppervlak vereist is
voor een snelle desorptie in vacuum.

Conclusie

In dit proefschrift laten we zien dat de microstructuur een elementaire rol speelt
in het beladingsgedrag van een metaalhydride. De nucleatie van een hydride in
een metaal wordt daardoor niet altijd door het diffusieveld bepaald. Als gevolg
hiervan treedt er in MgyNi films een intermediare zwarte (licht absorberende)
fase op.
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