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| Preface

1. Preface

Two worlds. The research on very small structures restarted 40 years ago caused by a steady
development of new or already existing characterization methods. Expressed in scientific periods of
time, it is more probably a young branch of science. Nevertheless, nanotechnology combines two
worlds of “history”. Today, the new “Nano”-Science has only just begun to understand how such
systems behave, but they are empirically used for several thousand years. From Bronze Age (more
than 3000 years ago) [1] the Roman period (1600 years ago), the modern Egyptian history (1000 years
ago) [2], the middle age (more than 500 years ago) and finally up (more than ever) to the present time.
The nanotechnology has already arrived in our everyday life with things such as sun cream, toothpaste

and the well-known lotus effect on textiles and coatings.

However for science, the nanotechnology is of much greater significance because, nanoparticles are
not only a continuous connection within time; rather they connect two widely different physical
“worlds”. “The single isolated nanoparticle is certainly the ideal subject to study the transition
between the molecular state and the bulk solid or liquid state.”[3]. Especially, this transition between
the worlds is the subject of modern research, because it promises interesting and spectacular

phenomena as well as a unique insight into the “heart” of matter.

To grant such an insight into the nature of (nano) materials, it requires not only the knowledge for
preparation of nano-technological products, but rather the continuous development of nano-
technological characterization methods is a major contribution and nanoparticles also form a link

between production and analysis.

This work is focused on the optical properties of metallic nanoparticles and thin films on glass. There,
starting with the production and modification of nanoparticles by a self-organized process, on the
characterization and simulation right through to the application as a sensor system. The main subject
of this work, the optical properties is caused by the plasmon resonance. That means a collective
electron oscillation in a metallic material respectively a metal particle excited by an external electric
field. The mathematical explanation of the resulting optical properties was already done more than 100
years ago by Gustav Mie, although without the exact knowledge of the existence of an electron
oscillation. Nevertheless, Mie’s contribution allows up to the present time (or even at the present
time), predictions about the optical behavior of metallic nanoparticles. A very important prediction is
in fact (in addition to the effect of particle size) the sensitivity to a variation in the optical properties of
the surrounding medium. Especially metallic particles of the type prepared in this work are applicable

as a sensitive element on the basis of this knowledge.
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The peculiarity of optical properties of small metal nanoparticles is that they are often easy to measure.
But on the other hand, the behavior of such “plasmonic” effects is fairly hard to describe and to
predict. A large number of papers on plasmonic properties of gold or (and) silver nanoparticles have
been published. This is due to the fact that the plasmonic effects of these metals (also copper) can be
found in the visible range of light. However, the number of publications is significantly lower away

from these “model” systems.

Two different metallic systems were particularly investigated. The first is focus on gold nanoparticles;
they are compared to the existing research and specifically described with respect to tailoring of the
optical properties. The second system describes the preparation of stabilizing-agent free palladium
nanoparticles for hydrogen sensing based on the change of the plasmon resonance properties. In all
systems, this work is dedicated to the presentation of problems and their solutions that may (or will)

result in affecting the formation and analysis of metallic nanoparticles.
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2. Introduction

In the following, a method is described which enables the preparation of nano particle containing
layers on glass substrates. For this purpose, a thin sputtered metal layer is thermally treated at
temperatures usually below those of the respective melting points. This results in dewetting of the

layer and in the formation of nano particles with sizes in the 20 to 200 nm range.

The application of metal particles, especially on glass surfaces, has disclosed some unresolved issues.
Glass surfaces are well suited to generate optically active metal nanoparticles. The use of glass allows
a simple access to the optical properties of metallic nanoparticles. Glass can be thermally stable up to
1100 °C which enables a thermal preparation procedure as well as investigations up to or even above
the melting point of some metals, e.g. gold. Large area coating systems offer the possibility to produce
supported particles in an industrial scale. Hence the question arises how far a particle layer can be
tailored, protected and applied in technological settings. Here the optical and the dewetting behavior
within a metallic and dielectric layer stack must be considered. The optical properties in dependence
on environmental circumstances e.g. atmosphere and embedding medium have to be determined.
Furthermore, a shift in the absorption maximum which depends on the refractive index of the
surrounding medium may also be utilized to draw conclusions on the nanoparticle systems.
Additionally, the dewetting of non-inert metals showing phase transitions during annealing has yet to
be analyzed in detail as well as an influence of the annealing temperature and heating/cooling rates

applied during dewetting.

2.1 Preparation

The preparation of nanoparticles can be achieved by numerous methods and is described by an almost
unmanageable amount of publications. For this reason it is nearly impossible to give a complete
overview on the existing techniques what is ultimately due to the enormous research activity in this
field. A suitable classification of manufacturing methods is available by differentiation to chemical

and physical approaches [4,5].

Chemical methods are frequently used to prepare metallic nanoparticles for example from a solution
[6-10]. The most common method was presented as early as in 1951 by Turkevich et al. [11] and is
known as salt reduction methods. However, if the particles are mobile e.g. in a solution, they need to

be stabilized, in order to avoid agglomeration and coalescence of the particles [4,5,12,13]. Most of the
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stabilization procedures are realized by chemical modifications of the particle surface. Schmid et al.
[4] described the possibilities to embed the nanoparticles into a substrate as well as in micelles. They
reported on the electrostatic repulsion, the steric hindrance and embedding in nano capsules.
Electrostatic stabilization is realized by ions at the metal surface which results in repulsion forces (due

to their electric charges) between the particles [6,14].

Sterically stabilized nanoparticles are surrounded by a barrier of e.g. polymers or surfactants. Thus the
a direct contact between the particles is prevented. In addition, the particles are held in such a distance
that they are not exposed to mutual attraction forces [6,15-17]. Capek identified also the possibility to
combine both type of stabilizing mechanisms using cationic polyelectrolytes [18]. Another strategy to
prevent aggregation is the subsequent incorporation of the particles in a matrix for example by a sol

gel process [19,20] or their preparation inside a matrix [21-23].

With respect to chemical preparation methods it can be concluded, the (wet) chemical route is most
suitable way, to achieve particles highly controllable in size, shape, composition as well as
functionalization [24,25]. In this regard, Bénnemann and Richards summarizes: “The use of metal
vapor techniques is, however, limited because the operation of the apparatus is demanding and it is
difficult to obtain narrow particle size distributions.” Furthermore, they conclude: “The chemical
reduction of transition metal salts in the presence of stabilizing agents ... become one of the most
common and power-full synthetic methods in this field.” [26] However, this interpretation is not

generally valid.

Thus, additional chemicals at the particle surface such as polymers or charged ions are undesirable for
some applications. Hence the optical properties of the metallic particles depend on the direct
surrounding media as well as on the possible access of reaction educts, such as hydrogen in contact to
palladium. Additionally, the optical properties of some metals e.g. palladium (where the plasmon
resonance is to be expected in the UV-range [27]) may be covered by the cut off wavelength of the
stabilizing chemistry as described in Ref. [3,12,28,29]. In order to obtain stable and manageable
nanoparticles, they should be deposited and fixed on a substrate. However, the generation of a layer
composed by metallic nanoparticles e.g. on glasses, is not always simple. It possibly requires a
previous modification of the glass surface. Shipway et al. present in an overview article a suitable and

commonly used pretreatment procedure to achieve a particle monolayer prepared from a solution [30].

In order to achieve particles without additional chemicals, the surface can be used even as a support. If
it is possible to form particles directly on the surface, the surface can even serve as a stabilizer.
Physical preparation methods are also commonly used and suitable to provide particles, by

nucleation on surfaces or inside a vapor. Physical preparation methods include (among others),
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sputtering [31-37], thermal and electron beam evaporation [38,38-43] as well as laser ablation [44—

48].

It further provides the possibility to produce particles in the vapor by a subsequent deposition onto a
surface [49]. Special experimental conditions also enable the particle formation directly at the surface
[50-53]. In this thesis a route for the nanoparticle preparation is chosen which only shows formal
similarities to the vapor deposition techniques described above. It uses a sputter deposition
technique during which by contrast to the procedure described above, a metal layer is prepared.
During subsequent thermal annealing, dewetting occurs which leads to the formation of metallic
nanoparticles on the surface. The particles are in a well-defined distance and also in a certain
orientation correlation to each other. The formation of such structures will be explained in the

following sections.

At first, sputter deposition is well known in thin film technologies as well as for coating of glass
surfaces. Argon ions, provided by a glow discharge, are accelerated to the cathode (target) and their
kinetic energy leads to the ejection of target atoms [54]. Due to the impulse, the ejected atoms move
away from the cathode towards the substrate, are deposited on the surface and form a film. The atoms
are relative fast, but the velocity is rapidly decreased by collisions with other gas atoms. Hence the
process pressure and the target to substrate distance are critical to the resulting layer properties. The
used DC sputtering system is applicable for sputtering of metals and semiconductors. A conductive
anode is required, but the substrate need not necessarily be conductive [55]. Further literature, which
deals with the exact process of sputtering can e.g. be found in [56,57] and especially in [58]. As
already mentioned, in addition to the distance, the gas pressure as well as the temperature is decisive
for the resulting structures. Thronton proposed a structure model which describes the effect of argon
pressure and substrate temperature [59,60]. This model is based on the final mobility of the deposited
atoms on the substrate surface in dependence on the direction of incidence and incoming atoms per
time as well as the thermal energy (in comparison to the bulk melting point of the deposited material).
Additionally, Thronton described the mechanism which leads to a crystallographic orientation inside a
sputtered metallic layer [61,62]. This orientation may also result in the formation of oriented particles
during subsequent dewetting as shown in article 3.1. However the preferred orientation of a 111

direction perpendicular to surface is also found if other physical deposition methods are applied [63].

As already mentioned, it is thus possible to form nanoparticles already during sputtering [64]. By
contrast, the particles prepared in the experiments concerning this thesis are based on a dewetting
process. Hence, closed layers will be formed at the surface first. According to the structural zone
model of Thornton [59], the layer deposited with the experimental parameters used in this work,

provides the structural properties of zone 1. Zone 1 structures are indicated by voids between columns
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and hence the point of origin is not a perfectly dense layer [39,58]. Hence, the articles 3.1, 3.2, 3.3 as

well as 3.5 and 3.7 illustrate the described appearance of the freshly sputtered layers on glass.

If thin metal layers are exposed to elevated temperatures [65,66], laser [67-69], ion [70,71] or electron
beam radiation [72] they tend to form particles by a rupture process, called dewetting. From a
mechanical point of view, it corresponds to the formation of water droplets on a sheet of glass, as it is
drawn out from a water vessel. Generally, dewetting is a result of the energy minimization in the
system substrate/layer/atmosphere [73]. The effect and the theoretical fundamentals are described

extensively for thin liquid films and polymers on various substrates [74—77].

Bischof et al. identified the fundamental mechanism, which describes the dewetting of a metastable
film [78]. First the nucleation of holes occurs and then, spinodal dewetting takes place caused by
thermally activated surface waves. Michalak et al. expanded the definition of the nucleation of holes to
thermal grooving (at grain boundaries), heterogeneous nucleation caused by defects or impurities and
the thermal nucleation of holes caused by temperature fluctuations [79]. Furthermore, he proposed the
basic classification according to nucleation-dominated mechanisms and thermodynamic system
instabilities (spinodal dewetting). In this respect, liquid polymer films, heated up to the glass transition
temperature [80] as well as liquid crystal and metal films [81], exhibit a spinodal dewetting behavior.
The film disrupts spontaneously due to periodic film thickness fluctuations and a subsequent
formation of a characteristic wavelength of the surface modulation [75,82]. On the other hand, the
nucleation of holes which is reported to be not related to spinodal dewetting is found in [41]. However
this clear and unique separability and their conclusion on a sole function of the dewetting mode is
doubt by several authors [78,83]. Bischof et al. consider in his regard: “Often the basics of dewetting
have been studied on liquid films because heterogeneous influences, i.e., from grain boundaries or

stresses, associated with solid films are not as prominent or must not be considered.” [78].

Furthermore, the applied films are not ideally smooth, and contain irregularities. As already
mentioned, this can very well be recognized in the case of thin layers sputtered at room temperature.
Layers attributed to the zone 1 morphology in the Thronton model, contain irregularly shaped areas,

divided by voids [59].

After the initial nucleation state, the holes grow and the former layer material accumulates at the hole
perimeter which leads to an elevated rim around the them. This behavior was found for polymers [74—
77,81] and metal layers [38,67-69]. A rim of material is comparable with a nano wire. Such a thin an
elongated structure tends to disintegrate into particles by the Rayleigh instability [74,84,85]. A
combination of both mechanisms is described in [75,76,86,87] and gives a detailed illustration of the
hole growth process during which simultaneously particles are formed. If a rim disintegrates into

particles, exactly at this point, a new hole starts to grow and a new rim is formed. However, if the rims
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are not destroyed by Rayleigh instabilities, a network of material threads (webs) is formed. An
ongoing energy input will disintegrate these webs subsequently, so that the original arrangement of the
network is properly maintained [74-76]. This phenomenon is not limited to liquid or polymer films

[67-69].

After the film rupture is finished, the formed separated islands shows an irregular shape. This is well
recognized in [41]. From now, the mechanisms of further energy minimizations are changed and
will occur in morphological transformations of the particle by means of surface or volume diffusion as

well as particle migration.

The irregular structure of the particles disappears and obtains a smooth shape. This does not mean that
the particles are round. There are particles with energetically unfavorable shape e.g. elongated or
branched structures. The same process which destabilized the rims of the holes is responsible for the
breakdown of the elongated particles. The Rayleigh instability leads to more and smaller uniformly
shaped particles [84,85,88]. Such a process is indicated by constrictions of the particles, such as
observed in Ref. [65,79].

At the same time, the interfacial energy can further decrease by a ripening process as well as particles
merge to larger ones. The driving force is again the tendency to reduce the surface to volume ratio. In
this regard, the particle should increased in size and decreased in number [8§9] which however requires
a material transport between the particles. In principle, this leads to a coarsening of the particle
arrangement and in this regard, two different mechanisms are discussed [89,90]. First the transport is
carried out by diffusion. The smaller particles shrink, while the large particles further grow while the
particles are not in contact. This effect is called Ostwald ripening [39,90-92]. Datye et al.
demonstrated also the influence on the particle size distribution. The effective number of particles is
decreased. Hence, the particle becomes so small that they vanish [3]. The arising question is now,
whether the diffusion takes place in the glassy phase, on the surface or, however, in the gas phase. In
the year 2002 Bowker designate the mechanism of mass transport, as the surface diffusion and not

through the gas phase, for a particle supported by a surface [89].

The second possible type of mass transport is the movement of the whole particle itself, followed by a
merging of the particles [88,89,93-95]. The driving force is the same, i.e. the minimization of the
surface energy. Coalescence occurs usually in high density particle system [90]. The movement seems
to be affected by size of the particles and the distance in between. Datey et al. analyzed the sintering
behavior of metallic Pd and Pt in detail [96]. They found a narrow log normal size distribution shifted
towards larger particle sizes. They conclude the occurrence of diffusion controlled particle transport
for Pd caused by a high vapor pressure. For Pt, they found, strongly depend on the atmosphere, the

particle migration process (reducing conditions) and on the other hand Ostwald ripening controlled
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growth mechanisms during annealing in air occur. In contrast to the oxidation affected ripening
mechanisms in air, Geissler et al. determined the mass transport of small Ni particles on oxidized Si
wafers, by particle migration. Furthermore, they observed a strict dependence on the hydrogen partial
pressure. Thus, the magnitude and type of mass transport is depending on atmosphere, substrate,
temperature and particle size. Hence, the accurate determination of the relevant contribution and a

comparison of the results with each other are complicated.

Further annealing will finally transfer the particles into the equilibrium shape. However, this is not a
sphere. Therefore, faceting represents a further minimization of the particle energy and the equilibrium
shape of small single crystals is based on Wulff construction (Figure 1). This fact is also indicated by
the large number of papers (including article 3.1 and 3.8) reporting on facetted metal nanoparticles
[6,39-41,97-99]. Here, the surface energies of the individual facet surfaces plays an important role.
The size and specific surface energy of each facet determine the minimum energy of small (single
crystalline) mostly particles [100]. The most studies were performed with small particles with sizes of
few to some ten nano meters. However, the work of Heyraud and Metois proved the validity at
different temperatures for particle sizes of some microns [101]. Marks noted in this regard, that the
Wulff construction provides the expected equilibrium shape and is indeed (theoretically) size
independent, but the influence of edges and corners becomes more prominent with smaller particle
sizes. Based on thermodynamically calculations, Barnard and Curtiss found that an effect of edged and

corners significantly occurs below 3 nm in diameter [102,103].

The applicability of the Wulff construction is limited to free floating particles inside a matrix. The
theory is in principle not valid for particles deposited on surfaces. Winterbottom described and
completed the Wulff construction to the effect of flat homogeneous (rigid) substrates. He
introduced a component for the free energy of adhesion to modify the free energy at the surface in
contact with the substrate [100,104] (Figure 2). Marks and Ajayan [105] extended the theory to non-
rigid surfaces, but also showed the possibility of transformed morphology [100]. Another
crystallographic phenomenon is twinning. Twining is well known in small metal single crystals (see
article 3.1 and 3.8) and also corresponds to Wulff shape. Marks proposed a modified Wulff
construction for twinned particles [106—108]. Thus, he showed that a twinned particle also represents

an energetically favorable equilibrium shape.
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Substrate

Figure 1 Wulff — construction, to determine the ~ Figure 2 Modified Wulff — construction for
equilibrium shape of small single crystal [109] supported nanoparticles [110]
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2.2 Optical properties of small metal nanoparticles

As already mentioned, the optical properties of small particles are directly affected by the size. In
comparison with the (visible) wavelength of the light, the dimension of a bulk material can be
assumed to be infinite. Hence classical conceptions of optics are applicable. However, small particles
are in size below the range of the light wavelengths, the size is not to be assumed as infinite and size
depend optical behaviors can occur. These interpretations are so far independent of the nature of the
particle material. However in contrast to dielectric materials, the (in a first approximation) free
conductive electrons in metals interact with an electromagnetic wave and specify the optical properties

of small metal nanoparticles (Drude metal).

The insights described below, are published in a very detailed manner in [3,111-114]. In order to
describe and illustrate the special behavior of small metal structures, it should introduce first a simple
electrostatic interaction model for spherical particles called quasistatic approximation or quasistatic
regime [114]. The simplification of this system is restriction to the size of spherical particle is much
smaller than the wave length of the incident light (for visible light ~ d = 50 nm [112]). Thus it can be
assumed that the applied electric field is (spatially relative to the particles) constant and the interaction
is dominated by electrostatic rules instead of electrodynamics. If an electric field is applied to the
particle, the conductive electron cloud is displaced by force in dependence of the field direction
(Figure 3). The displacement is done in relation to the remaining ion cores of the metal lattice. The
electrons accumulate at the surface in the opposite direction of the electromagnetic field and induce a
negative charge at the surface. At the opposite a positive charge is performed by the remaining metal
ions (Figure 4). In this manner, a dipole is created and the metal sphere is polarized. The polarizability
of a metal sphere is given in eq. 1 and the influence of the surrounding medium ¢&,, becomes obvious.
Further, the polarizability is maximum if the denominator in eq. 1 becomes small and thus a
resonance condition can be specified and is given in eq. 1a and 1b. Metals show a complex dielectric
function and the dielectric constant € in eq. 1 have to be replaced with e(w) = & (w) + &, (w) (Where
denotes &; (w) = real part, &,(w) = the imaginary part) and the resonance condition therefore is given

by eq. 1c.

If the direction of the incident field is changed according to the nature of wave, the polarity of the
resulting dipole reverses. Thus, the induce movement of the electrons relative to nuclei leads to
oscillatory system. However, the resulting restoring forces caused by electron-ion Coulomb attraction,
as well as the rejection of the inflowing electrons by the induced negative pole (a new dipole is
induced by accumulated electrons itself [112]). Hence, the oscillating system comes into a destructive
resonant sate, if the electron cannot longer follow the stimulating wave. Kelly et al. designate four

factors influencing the frequency: the density of electrons, the effective electron mass, and the shape

10
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and size of the charge distribution [113]. The latter is depending on the type and size of the particle
geometry, thus different or more than one Eigenfrequency can occur [114]. Such a destructive
resonance exhibits a narrow-band light absorption, with the shape of a resonance curve [115]. Garcia
compares the nanoparticle as a result of damping factors with a linear oscillator inside an alternating
external force field [112]. He concludes that the amplitude and the phase are depending on the force
and the oscillator properties. The frequency is identical with that of the external force, but the
amplitude is strongly increased at the resonance frequency. Furthermore, he described the increased
absorbance in the optical spectra with the increased energy requirement (due the resonance) of the

dipole and as a result of the energy conservation, the required energy is derived from the external field.

Figure 3 Illustration of small metal particle by Figure 4 Resulting polarization of the metal

light irradiation induced electron movement particle by accumulation of electrons (negative

(plasmon oscillation) pole) and the remaining lattice of ionic cores
(positive pole)

This enhanced interpretation is described in the dipolar approximation, [112] or simplified Mie theory
[114] (certain simplifications can transform the Mie theory in this approximation) and is given in
eq. 2. In contrast to the electrostatic description, the solution of the equation results in an extinction
cross section (area as a unit) and corresponds to the interaction strength of particle and light. The cross
section area may be larger than the real geometric size, caused by the induce field and its interaction
with the external irradiation field [111]. However, the maximum of the cross section is also only
dependent on the relation between the real part of the complex dielectric function and the surrounding

media. This results from the resonance condition in eq. 2a.

In the following, an overview of quasistatic models (electrostatic) and the simplified electrodynamic

Mie theory in the quasistatic regime taken from [114] is given:

11
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Where «a is the polarizability of a small sphere, €, the vacuum permeability, R radius of a sphere, €
dielectric constant of a material, &, dielectric constant of the surrounding matrix, g,,; extinction cross
section, w angular frequency, c light speed in vacuum, Vyvolume of a sphere, & (w) real part and

&, (w) the imaginary part of the sphere materials complex dielectric function.

Such a simplified model provides general statements about the behavior nanoparticle systems: First,
the basic dependence of the plasmon resonance to the particle material. The real part dielectric
function defines the position of the plasmon resonance, governed the resonance condition given in
equations 2a. Additionally, the slope of the dielectric function exactly at the resonance generates the
width of the plasmon resonance. Thus, metals can also exhibit multiple or warped resonances, caused
by a discontinuous profile of &; (w) exactly at the corresponding wavelength. From the equations 1c
and 2a, the resonance condition leads to an independence of the imaginary part &, (w) of the dielectric
function. This may lead to incorrect positions and resonance strengths. Strictly spoken, a simple
resonance condition based on the conductive electrons and thus the plasma frequency, is only valid for
alkali metals (Drude metals) [114] Noble metals such as Ag, Au or even Cu cannot be regarded as

Drude metal. They exhibit interband transition from 5 d to the hybridized 6 sp for example of gold.

Hence, it is necessary to use the measured dielectric functions. Especially the imaginary part &, (w),
which contains stands for effects such as the contribution of the interband transitions in noble metals
are required. The second dependency is given by the effect of the surrounding media. Here, the
polarizability of a spherical particle is defined by the combination of the particle material and
embedding media. However, in both equations, the size of the particle has not any influence on the

position of the resonance band. Together with the limitations of the resonance conditions, the model is
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Introduction

too simple (neglect of the imaginary part of the dielectric function), and does not take into account the
effect of size and size distribution. A more accurate model had to be used. One possibility is the usage
of the complete Mie theory, the exact electrodynamic calculation, which includes both parts of the

dielectric function.

In the early 20th century, Gustav Mie developed a mathematical approach to explain the ruby color of
suspensions containing gold nanoparticles, the “Mie theory” [116]. He solved the Maxwell equation
of a spherical particle inside a homogenous medium by using spherical coordinates for the boundary
conditions. The boundary condition corresponds to a sharp transition between the matrix material and
the dielectric complex function of the nanoparticle. He performed a multipole expansion by taking into
consideration an electric and a magnetic field [111,114]. Mie summed up the contribution of each
multipole component (dipole, quadrupole, octupole ...)[112]. He also took into account the electrical
and magnetic mode respectively. The latter is based on eddy currents, consequently no magnetic
material properties but rather electrical [114,117]. Thus Mie obtained extinction and scattering cross-
sections in dependence of the wavelength, the type of material the particles are composed of
(including the imaginary part), the type of the embedding matrix as well as size. In this regard, the

model is taking into account the most important parameters and hence is a good approximation.

2T -
Oore = 77 2 (2n + 1)Re(a, + by,) 3)
My=1
2T ~
Osea =17 @1+ D(lanl? + bal?) @
M4
Ocxt = Osca + Ogps 5)
_ Oext
Qose = 2% ©)

Where o,,; the extinction cross section, 0., the scattering cross section, g,ps the absorption cross
section, k wave vector, n order of partial waves (not the refractive index), a, and b,, scattering
coefficients as well as Q. the extinction efficiency. Calculations using the Mie theory also result in
cross sections. However two cross sections are obtained. These are an extinction cross section eq. 3
and scattering cross section eq. 4. The sum of these two is the absorption cross (see eq. 5). The
dependence on particle size and surrounding medium is introduced into Mie theory by the scattering
coefficients a,, and b,, . These include Riccati-Bessel, Riccati-Neumann and Riccati-Hankel functions.

Furthermore, the particle size, the refractive index of the matrix and of the sphere are input parameters.

13
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Thus, two different cross sections are calculated. It also shows that the extinction spectrum consists of
two spectra caused by different interaction mechanisms. In comparison to the electrostatic regime, the
cross section area may also be larger than the real geometric size. Hence an efficiency Q,,: can be

defined eq. 6

The explanation of a “sloshing” electron gas was developed 60 years later by Kreibig and Zacharias
[118]. Mie did not have knowledge on the underlying principles. A combination of the analytical Mie
theory and collective plasma oscillation is evident in the following statements: Kelly et al. [113]
concludes that the dipole is a radiating dipole, which is followed by the Maxwell equation. The
radiative dipole contributes to the extinction and the Rayleigh scattering of the sphere. Thus he
confirmed the statements of Mie, who proposed two different interaction cross sections (the third cross
section, “absorption” is calculated from extinction and scattering). Furthermore, Aussenegg and
Ditlbacher [115] refer to an energy transfer by scattering into the far field and thus visible with the eye
(see article 3.1). This corresponds to a loss of energy caused by radiation damping. The notation

follows Quintin [3] but similar expressions are published in [111,114] or [119].

Generally, it should be noted that the applicability of the Mie theory is limited. Today, the use of a
sharp discontinuity as boundary conditions is discussed critical. Hence, the dielectric function of a
material cannot readily apply for nanoparticles because at the border of a nanoparticle a continuous
transition of the dielectric function occurs. Furthermore, the dielectric function depend on the size of
the particle [114,117]. Additionally Mie theory does not consider multiple excitations by coupling of
individual particles. In analogy, the transfer of electrons between the matrix and the particle cannot is
not include in the Mie theory [120]. The Mie theory is primarily limited by the exclusive validity on

spheres.

The following will be presented briefly, a third option, which is suitable to avoid the shape limitations
of the Mie theory, the discrete dipole approximation (DDA). Hereby, the particle in interaction with
light is represented by finite cloud of dipoles. Each dipole has a polarizability given by the particle
dielectric function. Furthermore, the dipoles are arranged in a cubic grid spaced by a lattice parameter
and the shape of the particle is defined by the coordinates of each dipole. An applied electric field
induces a dipole moment and the resulting field is in interaction with another dipole (all other dipoles)
[3]. In this way, wave propagation is possibly corresponding to a dispersion relation of the bulk

material [119].
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1. Introduction

Materials containing nanoscale particles of gold have been pro-
duced for centuries. The oldest applications are the so called “gold
ruby glasses” and corresponding glazes, where gold nano particles
(GNP) with a size of a few nm are crystallized from a glassy matrix.
This results in a red to purple coloration of the glass. The primary fun-
damental investigations of colloidal GNP and thin metallic films
were performed over a century ago by Faraday [1] and Mie [2]. Subse-
quently, applications and optical properties of metal nano particles
were widely studied in the past decade [3-9]. Today many optical
effects associated with nanosized metal particles are well under-
stood: the scattering of light and the optical absorption of GNP result
from a collective oscillation of surface electrons, known as surface
plasmons, which are excited by the incident electromagnetic radia-
tion. For GNP with sizes from 5 to 100 nm, the resonance frequency
of the surface plasmons corresponds to the visible and near infrared
range of the electromagnetic spectrum [10], leading to an enhanced
absorption and scattering at these wavelengths. There are many fac-
tors that affect the plasmon resonance frequency and the attributed
absorption spectrum. Here, especially the size and shape of the GNP,
the type of the supporting substrate and/or the surrounding material
of the particles are to be mentioned. The distance between the parti-
cles is also relevant if it is small enough to enable electromagnetic
coupling [11-15].

* Corresponding author at: Fraunhoferstr. 6, 07743 Jena, Otto-Schott-Institut, Jena
University, Germany. Tel.: +49 3641 948501; fax: +49 3641 948515.
E-mail address: wolfgang.w@uni-jena.de (W. Wisniewski).

0040-6090/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.ts£.2012.03.016

To summarize, the optical properties of GNP strongly depend on the
structure and vary notably. This enables a large variety of different
applications, such as catalysts [16], chemical [17] and plasmonic sensors
[18], surface enhanced Raman scattering [19] and non-linear optics
[20,21]. In addition, optical recordings [22] and plasmonic photovoltaic
applications [23] are conceivable. For biological applications such as
diagnosis and even destruction of microorganisms the GNP can be engi-
neered to possess chemical and biological functionalities [24].

An easy way to utilize GNP is the application as thin layers on a
substrate. GNP films are usually prepared by chemical precipitation
[20,25,26], thermal evaporation [27,28] or sputtering [27,29]. Ther-
mal annealing of thin metal films can lead to a disaggregation of the
more or less dense film into particles [30], a process driven by the
minimization of surface energy [31] and denoted as solid state dewet-
ting. The dewetting starts at infinity or small surface fluctuations and
results in the growth of holes. Surface fluctuations can be voids, ther-
mal grooving at grain or twin boundaries, nucleation of vacancies at
the film-substrate-interface or in areas of high local stress. It is as-
sumed that the growth of a hole removes material from the edge of
the hole via surface diffusion [32-34]. The varying distribution and
agglomeration of holes result in irregular growth [35]. The growth
of holes initially leads to a network structure as a neck of the film
material is formed between adjacent holes [32]. The Rayleigh insta-
bility leads to a progressive thinning of these necks and results in
the formation of discrete and isolated particles [36,37].

The crystallographic orientation of thin noble metal coatings and
of nano particles of noble metals deposited on various, usually crys-
talline, substrate materials has been investigated but does not show
consistent results [31,38-43].
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The optical properties of GNP and small metal particles in general
have already been the topic of a large number of publications. However,
a technology to use layers containing GNP for decorative coatings is
rarely described. A contribution to a possible “embedded” coating
step, e.g. in an industrial float glass production line, seems to be
possible.

This paper reports a simple and highly reproducible method for the
fabrication of transparent materials with red coloration and adjustable
light transmission. In the work presented here, float glasses served as
substrates, providing a smooth, transparent, chemically inert, and inex-
pensive platform for a wide range of applications. Thin gold films with a
thickness of only 8 to 21 nm were deposited. It is shown that the gold
layers show a preferred crystallographic orientation. In a subsequent
low-temperature annealing process these thin gold layers form well
separated GNP. The resulting optical properties as well as the mor-
phology and crystal orientation of the GNP are studied. A discrete
texture is described using X-ray diffraction (XRD) and electron back-
scatter diffraction (EBSD). Twinning is also observed.

2. Experimental section

Substrates of soda-lime-silica glass sheets with a diameter of 7 mm
and a thickness of 1 mm were used. The substrates were cleaned in a
liquid composed of 58.1vol.% distilled water, 29.2vol.% isopropanol,
11.7vol.%, 25vol.% ammonia solution and 1vol% of a 15% aqueous
tenside for 10 min at 65 °C in an ultrasonic bath. Subsequently they
were rinsed with distilled water and placed in the ultrasonic bath for
another 15 min after which the samples were dried at 110 °C for 1 h.

Gold layers were sputtered using a planar magnetron with a
50 mm gold target. The following parameters were kept constant dur-
ing the coating procedure: the target-substrate-distance (55 mm),
the prevacuum (<1 mPa), the current (100 mA), the resulting voltage
(250 V) and the argon pressure (2.13 Pa). The ratio between the sub-
strate temperature and the melting point of gold (T/T,,) was 0.22. A
deposition time of 5 to 15 s was used.

Annealing was carried out in a muffle furnace at 300 and 400 °C.
The unheated samples were transferred into the furnace preheated
to the desired temperature and annealed for 1 and 24 h.

The samples were studied using a scanning electron microscope
(SEM) Jeol JSM-7001F FEG-SEM equipped with a TSL Digiview 1913
EBSD-Camera and the software TSL OIM Data Collection 5.31 and
TSL OIM Analysis 5. A thin coat of carbon was applied at about
1073Pa to enhance the surface conductivity for EBSD-analysis
which was performed using an accelerating voltage of 20 kV, 1.6 nA
emission current and a EBSD-pattern resolution of 234 x 234 pixels
(binning 4 x4). A short introduction on EBSD and relevant tools of
describing EBSD-results such as the Confidence Index (CI) and the
Inverse Pole Figure (IPF) was previously published [44].

The particle size and Feret-ratio of the GNP were determined from
SEM-micrographs. The Feret-ratio describes for ellipsoidal particles
the ratio semi-minor to semi-major of a particle (a ratio of 1 equates
a sphere). X-ray diffraction was performed in a Siemens D5000 using
CuKa-radiation in a Bragg-Brentano 20/0 setup. UV-vis-NIR spectra
of wavelengths from 400 to 1000 nm were recorded (UV-vis-NIR
spectrometer, TRIAX 320, ISA Jobin Yvon Spex Instruments S.A.). A
scanner (CanoScan 8800f, Canon) was used to visualize the color of
the gold layers. To illustrate the color of the transmitted light, the
samples were scanned with the transmitted light function of the
scanner while the color of the backscattered light was visualized by
scanning with a black background (backscattered light). The samples
were scanned with a white background to illustrate the visual color
(visual). The latter is composed of the double transmitted and the
backscattered light.

3. Results and discussion

Sputtering gold onto the glass substrates leads to the formation of
gold layers, the layer thickness varies with the deposition time. Fig. 1
presents SEM micrographs of layers with thickness of 8, 16 and 21 nm
showing a typical percolating structure with voids and flaws. The
structure coarsens with increasing layer thickness. Although the
freshly sputtered gold layers show numerous cracks, the layers are
continuous and the structure is above the percolation threshold, i.e.
continuous metallic paths over the surface occur [45].

After annealing for 1 h at 400 °C the gold layers have dewetted
and transformed into well separated particles with sizes of 17 48,

layer thickness

not annealed

16 nm

Fig. 1. SEM-micrographs of freshly sputtered and annealed gold layers. The black frame outlines the area presented in Fig. 2.
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Table 1
Particle size and Feret ratio of the GNP from gold layers with a thickness of 8 to 21 nm after dewetting using different annealing times and temperatures.
Annealing temperature 300 °C 400 °C
Annealing time Layer thickness 8 nm 16 nm 21 nm 8 nm 16 nm 21 nm
1h Particle size 28 nm+16 nm 112 nm+ 55 nm 133 nm+ 56 nm 17 nm+ 8 nm 124nm+39nm 189 nm+ 55 nm
Feret ratio 0.744+0.1 0.72+0.1 0.74+0.1 0.754+0.1 0.714+0.1 0.69+0.1
24h Particle size 33nm+13 nm 80 nm+ 38 nm 241 nm+ 76 nm 36 nm+13 nm 88 nm+36 nm 167 nm+47 nm
Feret ratio 0.8+0.1 0.754+0.1 0.714+0.2 08+0.1 0.8+0.1 0.78+0.1

124439 and 189 + 55 nm respectively. Table 1 summarizes the aver-
age particle size and corresponding Feret ratio depending on the
thickness of the former gold layer and the annealing time at 300
and 400 °C. The given errors are standard deviations. Increasing
layer thickness results in an increased GNP-size after annealing. The
size and number of the particles in layers annealed for 24 h at
400 °C are approximately the same as in layers annealed for 1 h at
the same temperature, indicating the annealing time is of minor
importance to the particle size. The Feret ratio of the particles ranges
from 0.69 to 0.80. Annealing at higher temperatures and/or annealing
times seems to result in larger Feret ratios in most cases. This indi-
cates the shape of the GNP approaches a circle in a 2 D-view, which
is a result of the decay of prolate particles and the effect that particles
of irregular shape become increasingly spherical due to surface mini-
mization [36,37]. In contrast, the particles tend to form facets at larger
annealing times instead of becoming increasingly spherical, leading
to the straight edges outlined in Fig. 2. Similar structures were also
observed in GNP presented in Ref. [25].

In agreement to the literature [31], annealing the gold coated glass
samples resulted in the dewetting of the gold layers and the formation
of well separated gold particles. During the process, the fraction of
glass/gold interface decreases, while the fraction of glass/atmosphere
interface is increased. The amount of gold/atmosphere interface
should decrease during annealing, thus, decreasing the total interface
energy, which is the driving force for the formation of discrete clusters
[25]. Reducing the thickness of the sputtered gold layer reduces
the critical size of the structural fluctuations necessary to initiate the
dewetting process [46]. Hence, thin layers contain a larger number
of stable starting points for the growth of voids, leading to a larger
number of small particles. By contrast, the dewetting starts at fewer
and larger available voids in thicker layers, resulting in a longer
growth phase and increasing the void size before the formed holes
meet and coalesce, separating the layer into discrete particles [46].

Fig. 2. SEM-micrograph of the area marked by the black frame in Fig. 1: a gold layer
annealed at 400 °C for 24 h (higher magnification). Faceting of GNP is indicated by
the superimposed lines.

Thus the particles as well as their interspaces are larger. Higher tem-
peratures promote surface diffusion, accelerating the dewetting
process.

The vis-NIR-spectra of freshly sputtered as well as annealed gold
layers with a thickness of 8 to 21 nm are shown in Fig. 3. A decrease
in the transmission is observed with increasing thickness of the gold
layers. The sputtered 8 nm gold layer showed a transmission maxi-
mum at 500 nm and a transmission minimum at 700 nm. Both values
are shifted to larger wavelengths with increasing layer thickness. The
spectra of gold layers annealed for 24 h at 400 °C show a higher trans-
mission at wavelengths larger than 700 nm compared to the freshly
sputtered layers. The spectrum obtained from the annealed 8 nm
gold layer shows a minimum of the transmitted light at a wavelength
of 545 nm. This is caused by a plasmon resonance [47]. Increasing the
thickness of the initial gold layer leads to a shift of this minimum to
larger wavelengths and a broadening of the peak.

The visual color of the freshly sputtered gold layers is shown in
Fig. 4 a-c. It is green and increases in intensity with an increasing
layer thickness. The transmitted light is turquoise and becomes
darker with an increasing layer thickness (Fig. 4 d-f). The optical
properties of the freshly sputtered gold layers are governed by the
dielectric function of gold [48]. A low absorption at a wavelength of
about 500 nm results in the green color of the layers presented in
Fig. 4 a-c. Diffuse scattering does not occur at the continuous gold
layers, leaving the images of the backscattered light black in Fig. 4 g—i.

Fig. 4 k-n shows the colors of the gold layers after annealing them
for 1 h at 400 °C. The annealed 8 nm gold layer is purple to the naked
eye in Fig. 4 k The transmitted light is also purple, but less intense
(Fig. 4 0) while the image of the backscattered light is black in Fig. 4 r,
indicating the small particles (<40 nm) do not lead to significant light
scattering [2].

To the naked eye, the annealed 16 and 21 nm layers are purple-
violet in Fig. 4 m and n, whereas the transmitted light in Fig. 4 p
and q is blue with a touch of purple in Fig. 4 p. For particles larger
than 80 nm, the red-shift of the absorbance peak results in a higher
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Fig. 3. Vis-NIR spectra of freshly sputtered and subsequently annealed gold layers.
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16 nm
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layer thickness: 8 nm
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visual
image
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78r1m

a annealed at 400 °C for 1 h

Fig. 4. Images obtained with a flatbed scanner of freshly sputtered and annealed (for 1 h at 400 °C) samples: visual image (a-c for freshly sputtered films and k-n for annealed
films), transmitted light (d-f and o-q) and the color of the backscattered light (g-i and r-u).

transmission at wavelengths <550 nm, while the light scattering in-
creases at wavelengths >600 nm. The scattered light of both samples
in Fig. 4 s and u is orange-red. An increase in the NIR absorption and a
red shift of the absorption maximum is observed with an increasing
particle diameter [2] (also see Fig. 3). Because the visual color of the
layers is caused by the superposition of the double transmitted light
and the backscattered light, the visual color of the annealed 8 nm
sample is more intense, as scattering does not occur significantly
(see Fig. 4 r) due to the small particles. The layers where scattering
does occur are purple-violet, which is a superposition of the blue
transmitted light (Fig. 4 p and q) and the orange backscattered light
(Fig. 4 s and u).

Using a flat bed scanner is a simple method to illustrate the color
of the GNP layers. This method provides the color of the transmitted
and the reflected light as well as their superposition. In comparison
to other techniques [8], the terms of exposure are very constant and
show a high color reproduction. This allows an accurate description
of the visual optical effects of GNP layers, which is important for the
coloring of surfaces. The color perception of the human eye is only a
slightly effected by the annealing time. The change of color at the
applied annealing temperature of 400 °C is completed within 1 h.

Other parameters besides the particle size significantly affect the
optical properties of the GNP. The shape of the particles (parallel or
perpendicular to the substrate surface), their distance and the dielec-
tric properties of the phases they are in contact with, must be men-
tioned here [49].

The XRD-patterns obtained from a fresh 21 nm gold layer and
after annealing for 24 h at 400 °C are presented in Fig. 5 along with
the theoretical pattern of gold for comparison. Only a single, low
intensity peak attributable to the 111-peak of gold is observed in the
pattern of the freshly sputtered gold layer. The peak is notably broad-
ened due to small crystallites. Using the Scherrer equation [50], the
mean crystallite size calculated from XRD-line broadening is 13 nm.
As gold is the only crystalline phase in the system and the 111-peak
is the only observed peak, it can be concluded that the gold particles
are preferably oriented with their crystallographic [111]-direction
perpendicular to the surface. This has already been reported for sput-
tered layers of gold and other metals with cubic face centered struc-
tures on crystalline substrates [6]. It should be noted that according
to Ref. [51] gold layers sputtered at a temperature of around 0.22 Ty,
(melting temperature) exhibit twin boundaries.

After annealing, only the 111- and 222-reflexes of gold appear in
the XRD-pattern in Fig. 5, indicating the preferred orientation is still
present. The thermally annealed GNP were also analyzed by EBSD.
Fig. 5 shows an SEM-micrograph of the surface superimposed by the
approximate frame of the EBSD-scan performed with a step size of
40 nm covering an area of 6.45 um?®. Reducing the step size below
40 nm under the applied parameters led to the destruction of the sub-
strate material, thus limiting the spatial resolution for EBSD-scans of
these samples. The distortion of the frame is a result of the geometri-
cal setup in the SEM. The glass substrate and unreliably indexed pat-
terns were excluded; only points with a minimum Cl-value of 0.100
were evaluated. The resulting IPF-map of the scan is also presented
in Fig. 6 where blue colors (see colored online document) indicate a
111-orientation is predominant. The frames 1 and 2 in Fig. 6 mark
areas where the gold particles are not mono crystalline, i. e. different
sectors of a gold particle show different orientations which fulfill the
conditions of a first-order twin boundary (}_ 3, rotation around 111-
direction by 60°). The occurrence of }_ 3 twin boundaries has been
previously described for GNP dewetted on Si-wafers using EBSD [52].

Twinning usually serves the purpose of stress relaxation [53] and
its existence indicates some type of stress occurring either during

>
'E | 21 nm Au, annealed 24 h at 400 °C
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Fig. 5. XRD-pattern of a freshly sputtered, 21 nm thick gold layer and of the same sam-
ple after annealing for 24 h at 400 °C.

19



Optical properties of self assembled oriented island evolution of ultra-thin gold layers

C. Worsch et al. / Thin Solid Films 520 (2012) 4941-4946

Fig. 6. SEM-micrograph of the annealed surface superimposed by a frame indicating
where an EBSD-scan was performed. The IPF-map of the scan performed with a step
size of 40 nm is presented. The GNP 1 and 2 show twinning.

dewetting or, in principle, also during the cooling of the sample. The
latter might occur due to the mismatch in the thermal expansion co-
efficients of gold and the substrate. The XRD-data presented here
indicate that the texture of the initial layers increases during the
dewetting process, which is in agreement to previous studies of
gold layers on single crystals [31,41,43].

Fig. 7 a shows the equal area 111-pole figure of the scan featured
in Fig. 6 confirming the impression of a preferred orientation gained
from the IPF-map of the scan and the XRD-data presented in Fig. 5.
If larger areas with more particles are scanned, the texture appears
more homogenous (see Fig. 7 b which is the equal area 111-pole
figure of a scan covering 248.19 um? scanned with a step size of
50 nm). This image indicates, that most grains of gold show an orien-
tation with the [111]-direction perpendicular to the substrate (or the
(111)-plane parallel to the substrate) with a deviation up to +5°
from the substrate normal. The homogeneous ring observed at an
angle of 70° results from the other (111)-planes, since the (111)
lattice planes enclose an angle of 70.5° in a cubic symmetry and indi-
cates that the rotation around the [111]-direction perpendicular to
the surface is random. This corresponds to previous measurements
where the homogeneity of the ring also increased with a growing
number of analyzed GNP [52].

The [111]-orientation of the GNP has already been described via
XRD and EBSD-measurements of dewetted gold layers formed on

a 111 b 111

] [ e
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Fig. 7. Equal area 111-pole figures of a) the scan featured in Fig. 6 covering 6.45 um?
and b) of a scan covering 248.19 um?.
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silicon wafers [31]. It must be noted that the structures featured in
this publication are significantly smaller and grown from thinner
layers of gold. Except for the rarely occurring twin boundaries, grain
boundaries are not observed in the gold layers; the gold particles
are single crystals. Epitaxial growth can be excluded as the reason
for the observed texture because an amorphous substrate was used
in the present studies. The crystallographical texture of the gold par-
ticles on an amorphous substrate is observed. The gold particles are
formed during a self assembling process where the driving force is
the minimization of the total interfacial energies. In Ref. [54] sput-
tered and subsequently annealed gold layers were studied on glasses
using X-ray diffraction and electrical measurements, however, the
optical transmission as well as electron microscopy was not reported.

Thermal evaporation and wet chemical deposition are commonly
preferred techniques for the deposition of gold and GNP. Sputtering,
however, is a coating technology commonly used in an industrial
scale, e.g. for float glasses. This paper provides the description of the
process of thermal dewetting applied to thin sputtered gold films
on glass substrates. The respective optical properties and crystallo-
graphic orientations of the sputtered layers, as well as the GNP result-
ing from the dewetting process, are described and discussed. The
process of producing GNP layers is quite flexible and could principally
be applied off-line or at the end of an existing float glass production
line.

4. Conclusion

A simple, inexpensive, and highly reproducible method to fabri-
cate GNP layers of various colors is presented. Gold layers with a
thickness of 8, 16 and 21 nm were sputtered on soda-lime-silica
glass and annealed at 300 and 400 °C. This resulted in dewetting of
the gold layers and subsequently in the formation of well separated
gold nano particles with an average diameter from 17 to 200 nm.
Thicker gold layers led to larger particles. Higher annealing tempera-
tures resulted in a faster dewetting process and a tendency of the GNP
to facet. Increasing the annealing time from 1 to 24 h did not signifi-
cantly affect the structure of the annealed samples. Layers composed
of GNP with sizes smaller than 40 nm show a maximum light absorp-
tion at 550 nm caused by plasmon resonance and do not show light
scattering. These samples have a purple coloration. GNP with a size
of >80 nm show light scattering at wavelengths >600 nm while the
plasmon resonance peak is broader and shifted toward larger wave-
lengths. This results in a blue color in transmission, an orange-red
color of the scattered light and subsequently to a purple-violet color
in their superposition. The color of the layers can be adjusted by the
layer thickness and the annealing temperature. XRD and EBSD were
used to proved a crystallographic texture of the GNP with the [111]-
direction perpendicular to the surface. Most GNP are single crystals
but twinning was observed as well. The described process allows
the production of GNP layers with tailored optical properties for
transmission and reflection of light and enables the easy production
of materials with tunable colors and reflectivity on standard float
glasses.
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A simple process for producing wear resistant gold nano-particle coatings on transparent substrates is
proposed. Soda-lime-silica glasses were sputtered with gold and subsequently coated with SiO, using a
combustion chemical vapor deposition technique. Some samples were first coated with silica, sputtered
with gold and then coated with a second layer of silica. The samples were annealed for 20 min at either
550 or 600 °C. This resulted in the formation of round, well separated gold nano-particles with sizes from
15 to 200 nm. The color of the coated glass was equivalent to that of gold-ruby glasses. Silica/gold/silica

Keywords: ) coatings annealed at 600 °C for 20 min were strongly adherent and scratch resistant. X-ray diffraction and
Gold-ruby coatings . . . . .

Sputtering electron backscatter diffraction (EBSD) were used to describe the crystal orientations of the embedded
CCVD particles. The gold particles are preferably oriented with their (11 1) planes perpendicular to the surface.

Wear resistant
EBSD

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Gold nano-particles (GNP) are currently used for a large variety
of purposes. Among these are applications as catalysts [1], chemical
[2] and plasmonic sensors [3], as well as Surface Enhanced Raman
Scattering (SERS) [4] and non-linear optics [5,6]. Furthermore,
biological applications such as diagnosis and even destruction of
microorganisms should be mentioned [7]. Although GNP are a pri-
ori biologically inert, they can be engineered to possess chemical
and biological functionality.

GNP exhibit a plasmon resonance (PR), which occurs at wave-
lengths from 510 to 580 nm [8] leading to enhanced absorption and
scattering in this part of the spectrum. The PRis affected by the size
and shape of the GNP, the type of the supporting substrate (mainly
its refractive index) and/or the surrounding material of the parti-
cles. The distance between the particles is also relevant if it is small
enough to enable electromagnetic coupling [9-11].

Layers of GNP are usually prepared by precipitation from aque-
ous solutions [6,12,13] on various materials, e.g. on etched glass
surfaces [13-15]. Thermal annealing of thin gold films produced by
thermal evaporation [16,17] or sputtering [11,16] can also lead to
a disaggregation into particles [18].

The formation of GNP from continuous gold layers is driven by
the minimization of surface energy and is denoted as solid state
dewetting [19]. All the described methods suffer from the poor
adhesion of GNP to the substrate surface.

* Corresponding author. Tel.: +49 03641 948501; fax: +49 03641 948515.
E-mail address: wolfgang.w@uni-jena.de (W. Wisniewski).

0169-4332/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apsusc.2012.05.010

GNP crystallized inside a glassy matrix may lead to a red to
purple coloration (gold-ruby glasses) and have been produced for
centuries. Gold-ruby coatings on glasses prepared by the sol-gel
method result in the formation of a layer, e.g. consisting of an Al;03
[9] or SiO,-matrix [20-22] surrounding the GNP.

This paper reports on a new route where float glass substrates
are sputtered with gold layers and covered or embedded in silica
layers using the combustion chemical vapor deposition (CCVD) of
Si0,.Finally, these layer systems are thermally annealed to produce
wear resistant, discretely textured GNP embedded in an amorphous
matrix. This method for the fabrication of transparent materials
with gold-ruby coloration and adjustable light transmission could
be interesting for (nonlinear) optical and sensoric applications.

2. Experimental procedure

Samples of soda-lime-silica glass with a diameter of 7 mm and
1 mm thick were used as substrates. The substrates were cleaned
in a liquid composed of 58.1vol% distilled water, 29.2 vol% iso-
propanol, 11.7 vol% ammonia solution (25%) and 1vol% aqueous
tenside (15%) for 10 min at 65 °C in an ultrasonic bath. Afterwards,
the substrates were rinsed with distilled water, placed in the ultra-
sonic bath for another 15 min and subsequently dried at 100 °C for
1h.

The silica coatings were deposited via CCVD using a commer-
cial flame coating device (Pyrosil® Flame coating device GVE, SURA
Instruments GmbH, Jena, Germany). The device contains a burner
and a base unit holding two gas cartridges to enable a continu-
ous operation. The burner was mounted on a linear motion unit
(Jenaer Antriebstechnik GmbH, Jena, Germany) to improve the
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12 nm gold

Fig. 1. SEM-micrograph of (a) a 30 nm thick silica layer deposited with CCVD and (b) a freshly sputtered gold layer with a thickness of 12 nm.

reproducibility and moved across the substrate. During the
experiments, all parameters such as gas pressure, distance
burner/substrate and burner velocity were kept constant. In the
applied process, propane was used as carrier gas (100 kPa pressure)
with a constant concentration of tetramethylsilane. The distance
burner/substrate was 7mm. The temperature of the flame was
about 1300 °C and the burner velocity was 100 mm/s. Five passes of
the burner were applied for each silica layer. A detailed description
of the experimental procedure is given in Ref. [23].

A planar magnetron with a 50 mm gold target was used to sput-
ter gold with the following constant parameters: target—substrate-
distance (55 mm), prevacuum (<1 mPa), current (100 mA), voltage
(250V), the argon pressure for coating (2.13 Pa) and the deposition
time (10s).Two types of coating systems were applied: a two-layer
gold/silica and a three-layer silica/gold/silica system where the
respective layers are 12 nm (gold) and 30 nm (silica) thick. Both
layer systems were also performed with slightly thicker gold coat-
ings (17 nm) in order to facilitate EBSD analysis.

The samples were annealed in a muffle furnace at temperatures
of 550 and 600°C. The temperature was increased linearly from
room temperature to the annealing temperatures within 45 min
and the temperature was held for 20 min.

The samples were investigated using scanning electron
microscopy (Jeol JSM-7001 F FEG-SEM). All micrographs were
obtained with an Everhart-Thornley detector and an accelerating
voltage of 15 kV. EBSD-patterns were recorded using a TSL Digiview
1913 EBSD-Camera and an accelerating voltage of 20 kV. Individ-
ual patterns were obtained with a binning of 2 x 2 (e.g. a camera
resolution of 468 x 468 pixels) using a current of 4.55nA and an
exposure time of 0.45s. Scans were performed with a binning of
4 x 4 (e.g. a camera resolution of 234 x 234 pixels) using a current
of 1.7 nA and an exposure time of 0.23s.

UV-vis-NIR spectra were recorded for wavelengths from 400
to 1000 nm (UV-vis-NIR specrometer, TRIAX 320, ISA Jobin Yvon
Spex Instruments S.A.).

3. Results
Fig. 1a shows the SEM micrograph of a silica layer deposited

on a glass substrate via CCVD containing particles of about 40 nm
and agglomerations with sizes up to 500 nm. To the naked eye, the

sample is fully transparent and no obvious difference to an
uncoated substrate is observed. The surface of a glass substrate
sputtered with gold is shown in Fig. 1b which shows a typical
percolated gold layer with voids and flaws [25].

Fig. 2a-f present micrographs obtained from the respective
layer systems after applying the stated annealing conditions. The
gold/silica layer system is shown in Fig. 2a, which shows a particle-
like structure of the silica-layer superimposed by the percolated
structure of the gold layer. A similar structure is observed in the
silica/gold/silica layer system (see Fig. 2b). The silica layers are
barely visible and only larger particles appear. Micrographs of the
gold/silica layers annealed for 20 min at 550° are shown in Fig. 2¢
containing bright, unshaped or branched structures with sizes from
200 to 600 nm. Fig. 2d shows a micrograph of the silica/gold/silica
system annealed at a temperature of 550 °C for 20 min. Here, bright
particles with a size of 200-500 nm are visible. In comparison to
Fig. 2c bright, unshaped or branched structures exist, but in a finer
form. In both Fig. 2c and d some darker, agglomerated, particle-like
structures with sizes of approximately 50 nm are visible. Fig. 2e and
f show the surfaces after annealing the layer systems for 20 min at
600 °C. Particles of bright appearance with sizes from 30 to 300 nm
occur in the gold/silica coated sample. The silica/gold/silica coated
sample shows smaller particles with sizes from 15 to 200 nm.
Furthermore, some darker, agglomerated, particle-like structures
similar to those in Fig. 2c and d are observed in both figures. All
the annealed layer systems have an excellent adhesion to the glass
substrate and the samples annealed at 600 °C display an enhanced
scratch resistance.

Fig. 3a and b shows the framed areas in Fig. 2 with a higher mag-
nification. In addition to the bright, branched structures observed
in Fig. 2c, a darker, agglomerated, particle-like structure with
particle sizes around 50nm is visible in Fig. 3a. This structure
also occurs in the bright areas, where the edges are clearly of
enhanced contrast. Fig. 3b shows a similar particle-like structure
comparable to that shown in Fig. 3a, especially within the bright
areas.

To the naked eye, the gold/silica layer annealed for 20 min at
550°C shows a slight blue-turquoise color in transmission, while
the scattered light is orange-red. After annealing at 600 °C, the sam-
ple is slightly bluish-purple. The silica/gold/silica layer annealed at
550°C is green while the sample annealed at 600 °C is purple and
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gold/silica

20 min, 550 °C not annealed

20 min, 600 °C

silica/gold/silica

Fig. 2. SEM-micrographs of (a) the gold/silica and (b) the silica/gold/silica layer system without annealing. The surfaces of layer systems annealed for 20 min at 550 (c and
d) and 600°C (e and f) are also presented. The white frames in (c and d) outline the areas presented in Fig. 3.

blue-purple in transmission. To the naked eye the scattered light
is slightly red.

Fig. 4 presents UV-vis-NIR spectra of the respective samples.
The gold/silica layer shows a transmission maximum at 515 nm
and a transmission minimum at 850 nm. Annealing the layer for
20min at 550°C increased the transmission, notably at wave-
lengths >550 nm. The maximum transmission is shifted towards
smaller wavelengths by increasing the annealing temperature. The
spectra of the silica/gold/silica layers show a maximum trans-
mission at 500nm and a minimum transmission at 755nm. In
comparison, annealing for 20min at 550 °C results in an increase of
light transmission and the spectrum shows a second minimum at
about 540 nm. The silica/gold/silica layer shows a minimum trans-
mission at 570 nm after annealing for 20 min at 600 °C and a high
NIR transmission. As before, the maximum of the transmission is
also shifted towards smaller wavelengths by increasing the anneal-
ing temperature.

The XRD-patterns obtained from a freshly sputtered 12 nm gold
layer and a silica/gold/silica layer system annealed for 20 min
at 600°C are presented in Fig. 5 along with the theoretical

XRD-pattern of gold for comparison (JCPDS no. 4-0784). Both the
freshly sputtered gold layer and the annealed layer system only
show a single, broadened peak attributable to the 11 1-peak of gold,
justifying the conclusion that it is of increased intensity. Using the
Scherrer equation, the mean crystallite size calculated from XRD-
line broadening is 100 + 8 nm.

During EBSD-analysis, the samples were destroyed if the energy
input of a scan (ratio between step size, current and exposure time)
was chosen too high. Fig. 6 presents the surface of a GNP covered
substrate after such a scan had been performed. Fig. 7 presents an
overview of EBSD-patterns acquired from GNP in the respective
layer systems. All patterns were acquired with a binning of 2 x 2 for
better quality although this binning was not suitable for scanning
as it always lead to sample destruction at any reasonable step size.
The weak EBSD-pattern in Fig. 7a was the best pattern of only a few
patterns that could be obtained from GNP dewetted from a 12 nm
gold layer in the gold/silica layer system. It proves that it is possible
to obtain EBSD-patterns from the described system, although the
pattern quality was not sufficient to enable reliable scans with a
binning of 4 x 4.
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gold/silica

silica/gold/silica

Fig. 3. SEM-micrographs of the areas framed in Fig. 2(c and d): layer systems annealed for 20 min at 550 °C (higher magnification).
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Fig. 4. Vis-NIR spectra of not annealed and annealed layer systems.

Under the assumption that the crystallographic orientation of
the GNP dewetted from slightly thicker gold layers is comparable
to that of GNP dewetted from 12 nm gold layers, the layer thickness
was increased. GNP prepared by annealing 17 nm thick gold layers
under otherwise identical conditionsresulted in significantly better
EBSD-patterns. Fig. 7 shows representative examples of the average

|
\
z
g I
,ué | \'» silica/gold/silica annealed at 600°C
o I
\ e .21 nm Au, unannealed
131
200 Au JCPDS No. 4-0784
35 40 45 so 55 60
26in°

Fig. 5. XRD-pattern of a fresh, 12nm thick, sputtered gold layer and of a sil-
ica/gold/silica layer system annealed for 20 min at 600 °C.

pattern quality b and d and the best pattern ¢ and e obtained from
samples of the respective systems.

The average quality of patterns in the silica/gold/silica system
was too low to enable scans with a binning of 4 x 4. Hence it was
only possible to perform reliable EBSD-scans of GNP grown from
17 nm thick gold layers in the gold/silica system. A step size of
40nm was used in the scans as this was the smallest step size
applicable without destroying the sample.

Fig. 8 presents three maps indicating the data points (white)
contributing to the respective equal area 11 1-pole figures (PF) of
such a scan based on differently filtered datasets: Fig. 8a is based
on all the data points in the scan with a confidence index CI>0.1,
which means an orientation solution has a probability of >96% to
be correct [24]. This PF is quite confusing which is why the image
quality-parameter (IQ) was added to the data filter and the CI-
threshold was raised to 0.2 to increase the reliability of the data
points contributing to Fig. 8b and c. Fig. 8b is based on all data
points with a CI> 0.2 and an IQ-value of more than 20% of the max-
imum value of the scan while Fig. 8 c is based on all data points
with a CI>0.2 and an IQ-value of less than 20%.

4. Discussion

As the difference of the atomic numbers of the elements in
the silica layer and the glass substrate is low, the contrast in the

Fig. 6. SEM-micrograph obtained from a GNP-covered surface (tilted by 70°) after
an EBSD-scan was performed with a binning of 4 x 4 and a step size of 20 nm. The
substrate was overheated during the scan, rendering the scan useless.

26



Gold nano-particles fixed on glass

8510 C. Worsch et al. / Applied Surface Science 258 (2012) 8506-8513

gold/silica

12 nm 17 nm

silica/gold/silica

17 nm 17 nm

Fig. 7. EBSD-patterns obtained from GNP annealed from sputtered gold layers of 12 and 17 nm thickness in the respective layer systems.

SEM-micrographs of the silica layers should primarily be caused by
the topography. Gold has a significantly higher atomic number and
thus produces a strong material contrast in the SEM. The informa-
tion depth of the micrographs depends on the accelerating voltage
and the atomic number as well as the quantity of the respective
elements in the information volume of an SEM-spot. In both the
gold/silica and silica/gold/silica system, the gold below the silica-
layer is still visible due to the material contrast, whereas the surface
topography of the sample is widely caused by the silica layer (see
Fig. 2a and b). The bright areas in Fig. 2c-f result from the high
material contrast of gold. The darker, particle-like structure (see
also Fig. 3) is the result of the silica layer topography. This struc-
ture shows brighter edges within the bright areas attributed to gold,
suggesting that the silica layer occurs above the gold. Increasing
the annealing temperature leads to a smaller number of particles
in the silica layer while the contrast of the residual silica parti-
cles is decreased. This can be caused by a smoother surface, e.g.
less topography contrast. Fig. 2d shows fine, unshaped or branched

structures, which are not agglomerated and probably thin residues
of the sputtered gold film.

Thermal annealing of the silica/gold/silica layer system leads
to the agglomeration of gold and the formation of separated gold
particles embedded in a silica matrix.

It is known, that thermal annealing of thin noble metal films
leads to a disaggregation of the film and to the formation of well
separated gold particles [16,26,27]. This process is driven by the
minimization of the surface energy, and is reported to occur via sur-
face diffusion and depends on the film material, the film thickness
and the annealing temperature [19,28,29]. However, it is well-
known, that sputtered gold films exhibit a poor adhesion to glass
substrates.

The dewetting observed in the silica/gold/silica layer system
cannot be caused by surface diffusion but must occur via volume
diffusion. This requires a higher activation energy than surface
diffusion and hence requires higher annealing temperatures. Ver-
ifiable volume diffusion in glasses begins at the glass transition

a CI>0.1 b

1 175 25

Cl>0.2 C
1Q>20%

Cl>0.2
1Q<20%

—— [
probability

3.26 4

Fig. 8. 1Q-maps and equal area 11 1-pole figures calculated from an EBSD-scan performed on a sample of the gold/silica system annealed from a 17 nm thick gold layer and

filtered as stated in the figure.
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temperature Ty and Ref. [12] demonstrates that gold nano-particles
can be embedded in a glass surface by annealing at temperatures
slightly above Tg.

Silica layers deposited by the CCVD process are composed of
amorphous SiO; with a porosity of approximately 13% [23]. The Tg
of fused silica (1130°C) is notably higher than the applied anneal-
ing temperatures of 550 and 600 °C. By comparison, the Tg of the
glass substrate is 525 °C meaning diffusion will mainly occur in the
substrate.

Hence it is plausible that annealing the coated samples above Tg
led to a diffusion of the network modifier ions (NMI) of the glass
substrate bottom-up into the silica layer, decreasing the viscos-
ity of the silica layer. The particle-like structure of the silica layers
means locally varying layer thickness and hence different amounts
of material available for diffusion. This results in locally differ-
ent concentration gradients, diffusion profiles and subsequently
in different local viscosities of the glass. At the same time, this
material transport enables the diffusion of gold and thus the pos-
sibility for gold agglomeration, leading to the formation of gold
particles. However, the diffusion of gold is enhanced by low glass
viscosities.

In the gold/silica system the gold film is directly sputtered onto
the substrate. Initially this enables a homogeneous dewetting of
the gold film. Due to the gradually dewetting gold film, the NMI can
diffuse into the covering silica layer as the layers are no longer sep-
arated by gold. The local variation in the glass viscosity changes the
local mobility of gold, leading to the formation of the unshaped or
branched structures as seen in Fig. 2c. Similar structures, but with-
out the covering silica layer and annealed at 250 °C, were reported
in Ref. [12].

By comparison, the bottom layer in the silica/gold/silica sys-
tem immediately leads to locally different glass viscosities during
annealing at temperatures above Tg. Accordingly, areas with a high
and a low mobility of the gold must exist. The second silica layer
covering the gold film increases these local differences in diffu-
sion. Hence, not only the small, unshaped or branched structures,
but also particles of varying sizes exist at the same time (see
Fig. 2d). Generally, the formation of particles seems to be incom-
plete after annealing for only 20 min at 550 °C. Higher temperatures
accelerate the diffusion, however, the mean free path length of
the gold atoms decreases, resulting in smaller structures. Conse-
quently, gold completely exists in the form of small particles after
annealing for 20 min at 600 °C and the unshaped or branched struc-
tures have disappeared. Due to the higher concentration of silica,
and hence a generally higher glass viscosity, the gold particles in
the silica/gold/silica system are smaller than those observed in the
gold/silica system.

The optical properties of both layer systems before annealing are
comparable to those of gold films with a thickness around the per-
colation threshold [29], i.e. 15 nm [30]. Generally, the transmission
of light at wavelengths >600 nm increases with decreasing coales-
cence of gold [30]. The rough, particle-like structure of the silica
layer leads to a less coalescent structure of gold after sputtering in
the silica/gold/silica system. Before annealing, the silica/gold/silica
system shows a higher transmission at wavelengths >650nm in
comparison to the gold/silica system. At wavelengths <700 nm, the
UV-vis-NIR spectrum of the gold/silica layer annealed for 20 min
at 550°C is similar to very thin gold films far below the perco-
lation threshold [30], probably due to a similar structure of the
layer. However, the gold in the gold/silica system annealed at
20min at 550°C is thicker than the gold films with thicknesses
far below the percolation threshold, resulting in a stronger reflec-
tion and hence a lower transmission at wavelengths >700 nm (see
Fig. 4) as well as the orange-red color of the scattered visible
light. Light transmission is increased by increasing the anneal-
ing temperature. In comparison to the gold/silica system annealed

for 20min at 550°C, the layers annealed for 20 min at 600°C do
not show significant light scattering, leading to a notably higher
transmission at wavelengths >600nm. The spectrum of the sil-
ica/gold/silica system annealed for 20 min at 550°C is similar to
that of gold films with a thickness below the percolation thresh-
old [30]. The small absorption peak at approximately 540 nm is
caused by the PR of small gold particles, which are formed during
annealing. The UV-vis-NIR spectrum of a silica/gold/silica system
shows a minimum of the transmitted light at 570 nm caused by
PR [31]. The typical PR peak of GNP occurs at around 520-550 nm
[32].

An increasing particle diameter, increased dielectric constant of
the particle environment (e.g. silica in comparison to air) and/or
the non-spherical shape of the GNP leads to an increase in the
NIR extinction and to a red shift of the absorption maximum. This
runs parallel to a larger full width at half maximum of the PR-
peak [31]. Consequently the peak of the silica/gold/silica system
annealed for 20 min at 600°C is broadened and a red shift occurs
(Fig. 4).

Gold is the only crystalline phase in the system. The only peak
observed in the XRD-patterns is the 11 1-peak, other peaks are
not detected although the JCPDS-file includes further peaks. This
indicates a preferred orientation of gold with its crystallographic
[11 1]-direction perpendicular to the surface. The latter has already
been reported for gold and other face centered cubic structures [25].
After annealing, the 11 1-peak is still the only peak while its inten-
sity is significantly increased, indicating that the homogeneity of
the crystal orientation has increased. The calculated mean crystal
size of 100 nm equates the mean crystal size observed via SEM. This
indicates a symmetrical particle size distribution.

The 11 1-orientation of the GNP is confirmed by the EBSD-
measurements in Fig. 7b.

Analyzing the crystal orientation of the GNP on a glass sub-
strate with EBSD is problematic due to the following three factors:
(i) the size of the GNP, (ii) the thermally sensitive substrate with
a low thermal conductivity and (iii) the silica layer covering the
sputtered gold layer before annealing. The small size of the GNP
limits the applicable step size of an EBSD-scan as it is preferable to
obtain more than one pattern from each GNP to judge the reliabil-
ity of the acquired data. A small step size leads to a high energy
impact as the area in which electrons heat the sample is more
comparable to the information volume of EDX-analysis which is
larger than 1wm3 under the given settings, remembering that
the substrate area between the GNP is also scanned. Hence the
thermal footprints of the patterns acquired during a scan overlap
and lead to a local heating in the sample due to its low thermal
conductivity. If, i.e. Tg of the substrate is reached, the surface is
destroyed during the scan. This is shown in Fig. 6 where a part of
the substrate has clearly flowed down the 70° slope of the tilted
sample.

The small size of the GNP limits the probability of hitting a GNP
with the fixed grid of a scan and increases the grain/grain-boundary
ratio. The small information volume of EBSD [33-35] and a possible
layer of silica covering the GNP may both significantly reduce the
quality of EBSD-patterns as they reduce the amount of crystal lattice
for diffraction in the information volume. It is not trivial that EBSD-
patterns can be acquired from crystals covered by a thin layer of
glass, but recent application of EBSD to surface crystallized glass
ceramics has shown it is possible if the glass layer is thin enough
[36-38].

The high quality of the patterns in Fig. 7c and e indicates that
the GNP were not covered by a glass layer. Hence it is plausible
that the silica layer becomes porous to a certain degree during the
annealing process and some GNP are exposed to the atmosphere.
The low quality of the majority of patterns might be caused by a
thin glass layer and/or the small size of the GNP. If only part of the
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information volume of an EBSD-pattern is composed of crystalline
gold, the resulting pattern quality is reduced.

The map of Fig. 8b shows that the data points contributing to
the texture showing the 1 1 1-fiber texture originate from the larger
GNP. This was previously also observed in GNP grown on glass sub-
strates without the covering silica layer [39] and on oxidized silicon
wafers [19,40]. The map in Fig. 8c shows that the data points con-
tributing to the corresponding PF are single points and not part of
a cluster of points. This is generally problematic in EBSD, reducing
the reliability of this PF despite the high level of Cl-values of the
contributing data. Because very small GNP exist in the surface, it is
not impossible that these data points represent acceptable EBSD-
data from very small GNP. If this data are reliable the small GNP

wgtild shgw difforont gr more diverse crvstal grientatigng than the
WOouLQ SnowW Giiierent or more Giverse Crystai: orientations tnan tneé

larger GNP.

It must be noted, that the curious PF in Fig. 8a, which is clearly
a superposition of the PF’s in Fig. 8b and c, was based on data fil-
tered in the same way as the data was filtered in Ref. [39] where
the resulting PF showed a clear 11 1-orientation of the particles
including the single point data in the scan. Hence it can be specu-
lated, that the small particles annealed from a silica covered gold
layer behave differently from those annealed from an uncovered
gold layer.

It is also possible, that the large GNP are all exposed during the
annealing process [41] and that this contact to the atmosphere ini-
tiates the formation of the texture. If a pore is formed in the silica
layer during annealing, this might ease the formation of a large GNP
which would be oriented comparably to the GNP on oxidized wafers
[19,40] or glass [39] as similar surface energies would interact due
to the contact to air.

On the other hand it is also possible that the large GNP sim-
ply keep the texture already present in the sputtered layer (see
Fig. 5 and Ref. [25]), if diffusion is the only occurring mecha-
nism of transport. Since the melting point of very small particles
is much smaller than that of larger particles [42], it is not sure
that the annealing temperature is still below the melting point.
Fig. 6 shows that the GNP keep their morphology even when
heated above Tg of the substrate (525°C). Assuming the data
in Fig. 8c is reliable, it would appear possible that very small
particles liquefy during annealing and hence do not share the
orientational preference of the larger GNP. In other studies GNP
embedded in glassy silica films were prepared by a sol-gel-process
and subsequent annealing for 1h at 700°C. They also showed
a 11 1-orientation [43]. The nucleation and growth of gold also
occurred in the solid state, concurrently with the densification
of the SiO, films. However, the growth mechanism was not dis-
cussed.

This simple and inexpensive process enables the production of
chemically stable and wear resistant GNP layers. The effect, that
some of the GNP in the layer systems are apparently not covered
by silica may be interesting for application as local plasmon sen-
sors [44], substrates for SERS applications [45] and for improving
photovoltaic efficiency [46]. The described method for producing
wear resistant nano-particles layers can easily be adopted for other
noble metals. This enhances the repertory of available decorative
colors (e.g. yellow with silver) and enables further possibilities for
functionalizing, e.g. antibacterial coatings (silver) or for catalytic
applications (platinum).

5. Conclusions

We presented a simple two-step coating approach for produc-
ing wear resistant gold-ruby coatings where GNP are preferably
oriented in the (111) plane parallel to the surface. Two sepa-
rate layer systems were performed on soda-lime glass: first a

sputtered 12 nm gold layer was covered by a 30 nm silica layer,
which was applied via a CCVD process and secondly a 12 nm gold
layer was embedded between two 30 nm silica layers. The coated
samples were annealed for 20 min at 550 °C and 600 °C. This led to
a dewetting of the gold layer caused by volume diffusion within
the glass substrate and the silica layer, leading to the formation of
GNP with sizes from 200 to 600 nm. The gold layers show an excel-
lent adhesion to the substrate after annealing at 550 °C. Increasing
the annealing temperature from 550 to 600 °C results in smaller
particles with sizes of 15-200nm and an increased wear resis-
tance. The silica gold silica system annealed at 600°C shows a PR
absorption peak at 550nm and a purple coloration. The crystallo-
graphic texture was proved via XRD and EBSD. It was shown, that

ERCN_nattarnc ran ha acranirad fram oanld ~ructale ravarad hr A thin
CoSU-Patierns Can oe aCquirea irom goiG Crysta:s COVErea oy a thin

layer of glass and that some of the particles are not covered by
glass.
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Layer systems composed of gold and silver with a maximum total thickness in 15 nm were consecutively
sputtered on soda-lime-silica flat glasses. Subsequently, the coated glasses were annealed at a temperature
of 400 °C for 1 h in air. This resulted in the formation of tiny, well separated alloyed metal particles on the
glass surface. The attributed optical transmission spectra showed a single plasmon resonance peak for alloyed
particles. The wavelength of the plasmon resonance is reported in dependence of the thickness of the respec-
tive layers of gold and silver. A direct dependence of the stacking sequence, with respect to the contact with
the furnace atmosphere was detected. If the upper layer consisted of silver, oxidation occurred and an alloy

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

If metallic particles possess sizes, d, in the range much smaller
than the wavelength of visible light, \, the optical properties are
dramatically changed in comparison to the bulk material [1]. This re-
sults in special optical properties, e.g. sharp absorption bands which
depend on size and shape of the particles as well as on the distance
between the particles, the dielectric properties of the surrounding
medium and in particular on the type of metal. The optical effects
associated with nano-sized metallic particles were widely studied
and are well understood [2]. Especially systems of gold and silver
are extensively studied [3-12]. Metallic gold and silver nanoparticles
show single absorption peaks at 520 and 400 nm, respectively. How-
ever, nanoparticles consisting of an alloy of Au and Ag result in tun-
able optical properties depending on the composition. The resulting
absorbance is then located between the single plasmonic resonances
of gold and silver.

The optical properties can, for the case of a quasistatic limitation
(d < N), be explained by the simplified Mie-theory combined with
the real part of the complex dielectric function of the respective
metals. The dielectric function of the alloy in a first approximation is
the result of a weighted linear combination between the dielectric
functions of the pure metals [6,13]. Additionally, the resulting optical
behavior in general is affected by many parameters; among these
are dielectric properties of the surrounding medium (such as the

* Corresponding author. Tel.: +49 3641 948522; fax: 449 3641 948502.
E-mail address: Michael Kracker@uni-jena.de (M. Kracker).

0040-6090/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.tsf.2013.04.153

refractive index), the particle size, the size-distribution as well as
the shape of the particles [2,14-23].

Metallic nanoparticles have been prepared by various approaches
including for example sputtering, pulse laser deposition and wet
chemical deposition. Nanoparticles of metallic alloys are also in
focus of research. The most frequently used way to synthesize
nanoparticle alloys is the wet chemical precipitation. This method
exhibits a very good reproducibility and results in a high homogene-
ity of the particles. Some studies described the possibility of produc-
ing alloyed nanoparticles by sputtering. More recently, such a
procedure was introduced, which also used a sequential coating pro-
cedure [24,25]. Usually, the metal alloy layers or particles were pre-
pared by sputtering using targets, which consist of the respective
alloy or a mixture of several metals in the aimed atom ratio. Howev-
er, the latter only allows the preparation of alloyed particles with a
fixed composition.

A well-known property of thin layers can also be used to produce
nanoparticles as well. First, a substrate is coated by vapor deposition,
sputtering or electron beam evaporation, then as a second process
step the sample is thermally annealed which results in a dewetting
of the layers and the formation of nanoparticles. The dewetting
is a process driven by the minimization of the total surface energy
(substrate/metal, substrate/air and metal/air) as well as by stress re-
laxation within the layers [23,26-30]. Depending on film thickness,
particles with diameters in the range of a few nm up to several hun-
dred nm can thus be produced. Due to Rayleigh and Kelvin instabil-
ities as well as sintering and phase separation effects, the size and
shape of the nanoparticles can be varied [31,32]. Due to the large
number of experimental parameters (e.g. annealing temperature,
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layer thickness, material, atmosphere) this process is very complex,
but in principle well understood.

This paper reports on the optical features of multilayer systems
prepared by thin sputtered and subsequently annealed gold and sil-
ver layers. In addition, the change in the optical properties running
parallel to the alloying process was studied. Furthermore, the effect
of the atmosphere as well as of the stack-sequence of the metal layers
is reported.

2. Experimental procedure

Soda-lime silica glass samples with a thickness of 1 mm and a diam-
eter of 8 mm were used for gold/silver coatings. The substrates were
cleaned using a solution composed of 58.2 vol.% deionised water,
29.1 vol.% isopropanol, 11.7 vol.% ammonia solution (25 vol.%) and
1 vol.% of an aqueous tenside (15%) for 10 min at 65 °C in an ultrasonic
bath. Afterwards the substrates were rinsed with deionised water and
treated twice again in deionised water with ultrasonic assistance. Final-
ly the glass substrates were dried at 110 °C for 1 h in air and stored in
vacuum until the layers were sputtered.

Gold and silver layers were sputtered using a DC-sputter-system
(Edwards Auto 306 with high vacuum system). The target diameters
were 50 mm; the target purity of gold was 99.99% and 99.95% for silver.
The coating processes were carried out while the following parameters
were kept constant: substrate-temperature (21 °C), target-substrate-
distance (130 mm), the pressure in the vacuum-chamber (<10 mPa),
the voltage (4 kV), the argon pressure (10 Pa) and the resulting current
(35 mA).

Different sets of multi-layers where deposited on soda-lime glass.
The layer sequence as well as the ratio silver/gold was varied. To control
the thickness of the sputtered layer, a variable deposition time was
used. The preparation procedure of different sets is schematically illus-
trated in Fig. 1d-f and in Table 1 the coating time with the correspond-
ing layer thicknesses can be seen. The layer thickness was obtained
using an atomic force microscope (Zeiss Ultraobjektiv, SIS, Germany).

Annealing was carried out in a muffle furnace at a temperature of
400 °Cin air. The samples were transferred into the furnace and heat-
ed using a rate of 10 K/min. The desired temperature was kept for 1 h.
Subsequently, the furnace was cooled down to room temperature
supplying a cooling rate <1 K/min; then the samples were removed.

UV-vis-NIR spectra were recorded in the wavelength range from
190 to 1200 nm using an UV-vis-NIR spectrometer (Shimadzu
3201). The electron micrographs were obtained using a scanning
electron microscope (SEM JEOL 7001F). For that purpose, most sam-
ples had to be coated with a thin carbon layer in order to avoid charg-
ing of the scanned sample surface.

Table 1
Deposition time and corresponding layer thickness.

Material Deposition time in s Determined film thickness in nm
Gold 60 8+1

45 641

30 5+1

15 2405
Silver 60 7+1

45 6+1

30 341

15 2405

3. Results and discussion

This paper presents a route for the preparation of alloyed
nanoparticles by sequential sputtering of different thin metal layers
and subsequent annealing at low temperatures in air. Thin metallic
layers consisting of silver and gold with thickness of few nm were de-
posited on soda-lime-glass substrates.

Fig. 1a and b shows schematic illustrations of the possible
dewetting behavior. After annealing a single layer leads to the forma-
tion of small particles. In the case of multilayers, the influence of the
stacking sequence on the particles is unknown. In Fig. 1c, potential
morphologies after dewetting of two layers are presented. In the left
part, a nanoparticle surrounded by a layer i.e. a core shell structure
is shown, in the middle a nanoparticle composed of two different
metals and in the right of Fig. 1c a solid solution is shown. Fig. 1d-f
presents different applied ways to stack gold and silver in order to in-
vestigate the dewetting and alloying behavior and to control the op-
tical properties.

The quantities of gold and silver were varied by controlling the de-
position times. Fig. 2a to ¢ show UV-vis-NIR transmission spectra of
freshly sputtered sandwich layers with different compositions and
coating sequences. In Fig. 2a a sandwich system composed by a silver
layer with a thickness of 7 nm (deposition time 60 s) and a gold layer
deposited on top of the silver layer with different thickness (2, 5, 6
and 8 nm) is shown. The thickness of the respective layer increases
with longer gold deposition times. This leads to a decrease of the op-
tical transmittance. If only a silver layer was deposited, a transmission
maximum occurs at 350 nm and a transmission minimum at 800 nm.
The transmission maximum is shifted to longer wavelengths with in-
creasing thickness of the gold layer.

Fig. 2b shows optical transmission spectra of a freshly sputtered
sandwich system. First a gold layer of 8 nm (deposition time 60 s)
and subsequently a silver layer with a thickness of 2, 3, 6 and 7 nm
(deposition times 15, 30, 45 and 60 s) were sputtered. The thickness

layer
dewettingeg™™
2/
multi-layer{_-'@
dewetting
-— —

(&
structures
after

¢ -y W Y

used stacking orders

dewetting

gold silver

Fig. 1. Schematic illustration of layer dewetting. a) Dewetting of a single-layer-system; b) dewetting of a multi-layer-system; c¢) possible morphologies after dewetting of
multi-layer-system, left: nanoparticle core-shell-structure, middle: nanostructure of two non-miscible components, right: alloyed nanoparticles (solid solution, indicated by the
hatching). Used stacking orders d) silver/gold (varied) e) gold/silver (varied) f) silver (varied)/gold.
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Fig. 2. UV-vis-NIR transmission spectra of freshly sputtered multilayer systems,
a) layer thickness for silver 7 nm + gold 0 nm (No. 1), +2 nm Au (No. 2), +5 nm
(No. 3), +6nm Au (No. 4), +8 nm Au (No. 5); b) Layer thickness for gold
8 nm + silver 0 nm (No. 1), +2nm (No. 2), +3 nm (No. 3), +6 nm (No. 4),
+7 nm (No. 5); c) Layer thickness for silver 0 nm (No. 1), 2 nm (No. 2), 3 nm (No. 3),
6 nm (No. 4), 7 nm (No. 5) +8 nm of gold.

silver

of the respective layers increases with longer silver deposition times,
which results in a decrease of the transmission. If only a gold layer
was freshly sputtered, a transmission maximum at 535 nm is ob-
served. A subsequently deposited 2 nm silver layer leads to a shift
of the maximum to 495 nm. With an increase of the respective
layer thickness, the maximum shifts to 520 nm.

Fig. 2c shows optical transmission spectra of freshly sputtered
sandwich systems composed by silver layers of 2, 3, 6 and 7 nm
(using various deposition times of 15, 30, 45 and 60 s) subsequently
covered by a gold layer with a thickness of 8 nm. With increasing
the thickness of the first layer (silver), the shapes of the spectra clear-
ly change. For a layer thickness of 2 nm silver, a new transmission

minimum occurs at around 695 nm. A further increase in the silver
layer thickness to 3 nm (spectrum no. 3) results in a shift of the trans-
mission minimum from 695 to 680 nm, which runs parallel to a
strong increase in the transmission at wavelengths >1000 nm. For
6 and 7 nm thick silver layers the transmission minimum shifts to
800 nm.

In Fig. 3a and b SEM micrographs of freshly sputtered sandwich
layers are presented. They show a typical percolating structure of
thin metal layers (deposited at room temperature) with cracks and
voids. Fig. 3a presents a respective layer composed of 7 nm silver cov-
ered by 8 nm of gold (compare with spectrum no. 5 in Fig. 2a). Fig. 3b
shows a freshly sputtered layer composed of 8 nm gold and 2 nm
silver on the top (compare with spectrum no. 2 in Fig. 2b).

Fig. 4 shows UV-vis-NIR transmission spectra of freshly sputtered
sandwich layers (open symbols) composed of a silver layer with a
thickness of 7 nm and a gold layer deposited on top of the silver
layer using 2 to 8 nm thick layers.

After annealing the sample at 400 °C for 1 h, all gold containing
layers show a characteristic transmission minimum, the so-called
plasmon resonance (PR). When gold was sputtered for 15 s (2 nm),
the spectra showed a transmission minimum at 488 nm. The value
of the minimum is shifted to larger wavelengths and the transmission
gets smaller with increasing sputtering time, i.e. thicker gold layers.
For a layer thickness of 8 nm of gold, the minimum occurs at a wave-
length of 520 nm. A layer solely composed of silver, does not at all
show a transmission minimum if annealed at 400 °C. This is further
illustrated in Fig. 5 where the wavelength of the characteristic trans-
mission minima for silver/gold layers annealed at 400 °C for 1 h
(compare with Fig. 1d) is plotted as a function of the gold layer thick-
ness. With increasing thickness of the gold layer, which is deposited
on top of a silver layer, the wavelength attributed to the transmission
minima increases continuously. After annealing, the wavelength of
the transmission minimum for a layer sputtered for 15 s (2 nm) is
488 nm. While increasing the gold layer thickness to 5 nm, the min-
imum is shifted to 486 nm. A further increase in the gold layer thick-
ness to 6 and 8 nm led to minima at 510 and 520 nm, respectively.
Silver layers which were not covered by gold layer did not show a
transmission minimum also if an annealing temperature of only
350 °C was supplied (not shown).

In the following (see Fig. 6) another stacking order was used
which is different from the experimental setup described in Fig. 5:
The substrate was first coated with a gold layer of constant thickness,
(8 nm), then a silver layer was deposited with a thickness of 2, 3, 6 or
7 nm using deposition times of 15, 30, 45, and 60 s, respectively
(compare Fig. 1e). The wavelength of the characteristic transmission
minima of layered samples after annealing at 400 °C is shown in
Fig. 6 as a function of the silver layer thickness. After annealing a con-
tinuous increase of the plasmon resonance wavelength is observed
for increasing thickness of the silver layer. The transmission mini-
mum is shifted from 528 nm for pure gold to 562 nm if prepared
from gold with an additional silver layer of 7 nm.

Fig. 7 presents UV-vis-NIR transmission spectra of silver layers
with different thickness (2, 3, 6 and 7 nm) covered by a gold layer
with a constant thickness of 8 nm which was deposited for 60 s
(the stacking order is shown in Fig. 1f). The layers are annealed at
400 °C for 1 h. The transmission is in the range from 75 to 80% at
wavelengths below 400 nm, passes through a minimum and in-
creases to around 90% for wavelengths larger than 650 nm. With
increasing layer thickness, the minimum is shifted to smaller wave-
lengths and the attributed transmission slightly decreases. This is
further illustrated in Fig. 8 which presents the wavelengths of the
transmission minima as a function of the silver layer thickness
(compare to Fig. 1f). The silver layers were all covered with a gold
layer with a constant thickness of 8 nm. Subsequently the samples
were annealed at 400 °C for 1 h. After annealing, the transmission de-
creases while increasing the thickness of the silver layer. The position
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1st layer 2d layer | 1st layer +2nd layer

7 nmAg + 8 nm Au

8 nm Au + 2 nm Ag

Fig. 3. SEM-micrographs of layer systems composed of silver and gold layers with different stacking sequences and layer thickness, a) silver 7 nm and gold 8 nm, b) gold 8 nm and

silver 2 nm.

of the transmission minima shifts to smaller wavelength with in-
creasing silver deposition time.

At the sample with a silver layer thickness of 2 nm, the transmis-
sion minimum occurs at 524 nm after annealing at 400 °C. A silver
layer thickness of 3 nm results in a transmission minimum of
512 nm and layer thickness for silver of 7 nm and gold of 8 nm result
in a transmission minimum of 510 nm.

In Fig. 9 SEM micrographs of a single gold layer with a thickness of
8 nm after annealing at 400 °C is presented. The SEM are equipped
with two different detectors for the secondary electrons (SE), an
in-lens detector (IL) and a common Everhart-Thornley (ET) detector;
both were used for recording the micrographs at the same place and

80

—e—7 nm Ag + 2 nm Au
—o—r—<+—7nmAg+5nmAu
————7nm Ag + 6 nm Au
——7 nm Ag + 8 nm Au

60

40 4

Transmisison in %

20

T T T T T
400 600 800 1000 1200
Wavelength in nm
Fig. 4. Optical transmission spectra of silver/gold layers with different; a) freshly

sputtered (open symbols) and b) layers after annealing at 400 °C for 1 h using a
heating rate of 10 K/min (filled symbols).

at the same time. The micrographs show bright particles which are at-
tributed to gold particles with sizes in the range from 36 to 110 nm
providing a high materials contrast with the glass substrate which ap-
pears dark. The in-lens detector reveals some structures with diame-
ters in the range from 150 to 500 nm that are placed in between the
gold particles. These structures are visible if the in-lens detector is
used because of the detector's high sensitivity to topographical con-
trast. Furthermore, the detection of secondary electrons (SE) arises
directly from the primary electron beam having a high energy and
emerging from a very thin layer (few nm) of the surface. By contrast,
the Everhart-Thornley detector which also detects SE with lower
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Fig. 5. Wavelengths of the transmission minima (plasmon resonance peak) of silver
layers of constant thickness (7 nm) as a function of the covering gold layer thickness
after annealing at 400 °C for 1 h using a heating rate of 10 K/min. The box indicates
the position of the varied part of the layer system.
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Fig. 6. Wavelengths of the transmission minima (plasmon resonance peak) of gold
layers of constant thickness (8 nm) as a function of the covering silver layer thickness
after annealing at 400 °C for 1 h using a heating rate of 10 K/min. The box indicates the
position of the varied part of the layer system.

energy (but larger yield) from deeper regions (<10 nm) and also SE
generated by back scattered electrons (also from the chamber
walls) leading to a more pronounced background signal [33].

This leads to a second effect that can be observed if the micro-
graphs of the two detectors are compared: At a first glance the parti-
cles in the micrograph recorded by the in-lens detector seem to be
larger than those recorded by the Everhart-Thornley detector. How-
ever, when the contrast and brightness is adjusted (i.e. the back-
ground signal suppressed), the particles are equal in size in both
micrographs as can be seen in Fig. 9c and d.

Fig. 10 shows SEM-micrographs of different layer systems
annealed at 400 °C for 1 h. In analogy to Fig. 9, the micrographs
were recorded using both detectors at the same place and at the
same time. Fig. 10a and b) present SEM micrographs of a silver
layer of 7 nm and covered with gold using a deposition time of 30 s
(5 nm). In Fig. 10c and d the same system is shown, but using a depo-
sition time of 60 s (8 nm) for gold. Increasing deposition times of the
covering gold film results in larger particles size and a more irregular
shape of the particles after annealing.

In Fig. 10 and f, an annealed layer composed of silver with a layer
thickness of 3 nm covered by a gold layer of 8 nm (deposition time
60 s) is shown. In the IL images (Fig. 10e), a layer, composed of

90 {400 °C for 1h T
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silver
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increase of initial
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70
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Fig. 7. UV-vis-NIR transmission spectra of silver/gold layers with different deposition
times and corresponding layer thickness annealed at 400 °C for 1 h using a heating rate
of 10 K/min.

Thickness of silver-film in nm

Fig. 8. Wavelengths of the transmission minima (plasmon resonance peak) of gold
covered silver layer as a function of the silver layer thickness after annealing at
400 °C for 1 h using a heating of 10 K/min. The thickness of the gold layer is constant
at 8 nm. The box indicates the position of the varied part of the layer system.

particles with sizes in the range from 100 to 300 nm is observed. Fur-
thermore, smaller particles with sizes in range from 35 to 50 nm can
be seen.

From the SEM micrographs, it is evident that sputtering of gold
and silver layers onto a glass surface and subsequent annealing at
400 °C, results in the formation of small metallic nanoparticles. This
conclusion facilitates to explain the UV-vis-NIR spectra.

The UV-vis-NIR spectra shown in Fig. 2a and b describe a layer
system consisting of two different metals. However, the transmission
is apparently defined by only one layer, in the following denoted as
“dominant”. In Fig. 2a a typical spectrum of a thin silver layer [34]
and in Fig. 2b of a thin gold layer [23,26] is shown. The shape of the
spectrum is not significantly affected by the additionally sputtered
metal. It can be concluded that the layer, which “dominates” the op-
tical properties of the layer system, is located in the middle of the sys-
tem (between substrate and top layer). This behavior can also be
found in Fig. 2c. Here, the layer thickness of the dominant layer is in-
creased. The optical behavior of the layer system is changing from a
spectrum of a thin gold layer into the spectrum of a thin silver layer
(Fig. 2c, No. 1 and No. 5). Here also combinations are possible,
which show a significant transmission minimum, which is strongly
reminiscent to a plasmon resonance.

Fig. 3 presents the structure of the deposited layer systems. These
layers show a structure which according to the theory of Thornton
[35,36] are in agreement with those deposited far below the melting
point of the deposited metal (gold T/T,, = 0,22 and silver T/T,, =
0,24). This is evident in the numerous cracks and voids.

In the following, the samples sputtered with silver and then with
gold will be discussed first. As shown in Figs. 4 and 5 an increase in
the thickness of the gold layer results in a more pronounced transmis-
sion minimum to larger wavelengths. A thicker layer system shows
larger nanoparticles after dewetting. This runs parallel to a shift of
the plasmon resonance peak to larger wavelengths [26]. In analogy,
alloying silver with gold should also result in a shift of the plasmon
resonance peak to larger wavelengths as reported in Refs. [37-39].
This can easily be explained by the formation of a gold/silver alloy
and the change in the internal electronic structure (to be exact the
metals dielectric function) of the nanoparticles [40]. Thus, increasing
gold concentration in the nanoparticles leads to a shift of the plasmon
resonance to increasing wavelength, and thus, gold dominates the
plasmon resonance of the nanoparticles. According to the literature,
the characteristic transmission minima are located at around
420 nm for silver nanoparticles and 550 nm for gold nanoparticles.
The shift in the absorption minima is also seen in Figs. 4 and 5. The
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Fig. 9. SEM-micrographs of an annealed gold layer after annealing at 400 °C for 1 h and using a heating rate of 10 K/min. Two different electron detectors (IL = In-Lens detector and
ET = Everhart-Thornley detector) for the recording of the images were simultaneously used.

minimum plasmon resonance for very small gold nanoparticles, cal-
culated from the dielectric functions using Mie's Eq. as well as the ex-
perimentally determined value is in the range from 510 and 520 nm
[15,37,38]. Here, the effect of particle shape of a high refractive
indexed environment as well as the interaction between the particles
is not yet taken into account [6].

A plasmon resonance initiated by pure silver was not observed
since thin silver layers or nanoparticles are not stable against air at
elevated temperatures of 400 °C (this behavior will be discussed
later). However a gold layer of 2 nm prepared using a deposition
time of 15 s, covered by a silver layer of 7 nm prepared by using a de-
position time of 60 s results in a small resonance peak located at

mAg +5nmAu, IL
m Ag +5nm Au, ET
m Ag + 8 nm Au, IL
m Ag + 8 nm Au, ET

nm Ag + 8 nm Au, IL
3nmAg+8nmAu, ET
938 nm Au + 3 nm Ag, IL
h)8 nm Au + 3 nm Ag, ET
i) 8 nm Au +7 nm Ag, IL
k)8 nm Au +7 nm Ag, ET

n
333 3™

—
~

Fig. 10. SEM-micrographs of layer systems composed of silver and gold layers with different stacking sequences after annealing at 400 °C for 1 h (compare Fig. 1d-f). Two different
electron detectors (IL = In-Lens detector and ET = Everhart-Thornley detector) were simultaneously used for recording the images. The sequence the deposition steps were
performed and the used deposition times are given in the upper right corner of the illustration.

37



Optical properties of dewetted thin silver/gold multilayer films on glass substrates

M. Kracker et al. / Thin Solid Films 539 (2013) 47-54 53

495 nm. This peak is shifted significantly in comparison to the silver
resonance, but the resulting resonance is located at lower wave-
lengths than for the pure gold.

In Fig. 1f, a schematic of an experiment is shown in which silver is
sputtered directly on the substrate and subsequently a gold layer of
8 nm is sputtered using a deposition time of 60 s. In contrast to
Figs. 4 and 5, the thickness of the silver layer was kept constant
while that of the gold layer was varied. Fig. 8 shows the UV-vis-NIR
spectra of a sample after annealing at 400 °C for 1 h. The wavelength
attributed to the minima of the plasmon resonance decreased with
increasing quantity of silver [4,8]. The shift of plasmon resonances
to smaller wavelengths is also in contrast to the increase in the total
layer thickness. The latter also leads to larger particles (compare
Fig. 10b and d) {1,15,26,39]. Furthermore the plasmon resonances
occur at wavelengths smaller than those observed for pure gold.
Silver/gold alloys should, however, show the opposite effect, i.e. an in-
crease in the wavelength attributed to the minimum of the plasmonic
resonance.

In order to confirm this effect, the thickness of the gold layer was
kept constant and the thickness of a subsequently sputtered silver
layer was increased. Certainly the experiment schematically shown
in Fig. 1e and described in Fig. 6 shows the same effect as described
in the last paragraph, ie. a shift of the plasmon resonance peak to
larger wavelengths.

Thermal annealing was carried out under ambient conditions.
During the annealing procedure, silver is in contact with the furnace
atmosphere, therefore the experimental procedure (illustrated in
Fig. 6) implies that silver (although with different thickness) is al-
ways on top of the layer system. It should be noted that silver layers
only few nm thick and especially small particles are very reactive
and in contrast to the silver bulk materials also react with oxygen at
the temperature supplied during annealing [41-44].

If metallic silver reacts with oxygen to an oxide such as Ag,0 or
AgO, free electrons will no longer occur and hence, the plasmon res-
onance will no longer be visible in the spectrum. Then the optical be-
havior changes to that of a “non-metal” dielectric material with a high
refractive index.

If silver reacts to a silver compound inside a gold silver layer sys-
tem (Fig. 6), then the following should be taken into account: first
the formation of an alloy by solid diffusion does not take place, but sil-
ver oxide with a high refractive index is formed near the gold
nanoparticles. Such a structure leads to significant changes in the op-
tical properties of the adjacencies of the gold nanoparticles. A shift of
plasmon resonance to longer wavelengths by the damping of the
electron gas oscillation would be expected, if the refractive index
near the nanoparticles increases [37,38]. With respect to the effective
medium theory, the effect of a shell or a part of a shell with high refrac-
tive index increases with increasing shell thickness. Hence, the plasmon
resonance peaks attributable to silver nanoparticles observed in Figs. 4
and 5 are no longer detected. In analogy to the gold/silver layers this
can be explained by an oxidation of the silver and the loss of metallic
properties.

It is hence concluded that the formed silver oxide or another silver
compound (e.g. highly silver doped glass) which possess a much
higher refractive-index than the glass used as substrate and is located
near the gold particles is responsible for the shift in the wavelengths
attributed to the plasmonic resonance [40,45].

Silver also has a strong tendency to adsorb oxygen on its surface. An
addition of oxygen was observed in the literature as well [46]. In the
case of such chemisorptions, the density of free electrons of the metal
is reduced by a charge transfer from the particles to the adsorbents.
This will also result in a shift of the resonance to longer wavelengths
[22].

In addition to the properties of the surrounding medium, it is
shown in Fig. 10h and k, that with increasing silver layer thickness,
the gold particles get larger and have a more complex shape. This

also leads to a shift of the resonance to longer wavelengths
[14,47-49].

In summary, annealing of substrates coated first with gold and
subsequently with silver leads to particles with optical properties dif-
ferent from that of an (inverted) multilayer film coated first with sil-
ver and afterwards with gold. It is assumed that in the stacking order
gold/silver, the silver layer is in direct contact with the ambient atmo-
sphere, which enables its oxidation. It can further be concluded that
the oxidation is energetically preferred in comparison to alloying.

Here, the small particles play an important part and possibly also
the diffusion of Ag™ into the glass which both may shift the redox
equilibrium to the oxidized species [50].

A simple method to fabricate alloyed nanoparticle layers is
presented. Gold and silver layers are sputtered on a soda lime silicate
glass. The thickness and the stacking order of silver and gold were
varied. The coated samples were subsequently annealed at 400 °C
for 1 h at ambient conditions. This resulted in the formation of
nanoparticles. The formation of alloyed nanoparticles can be ob-
served, if the silver layer is subsequently covered by a gold layer.
This is indicated by a shift of the plasmon resonance to lower wave-
lengths while the particle diameter is increased. However if the
upper layer consists of silver during annealing, the plasmon reso-
nance peak (contrary to expectations) is shifted to higher wave-
lengths. This can be explained by an increasing particle diameter
and the oxidation of silver which leads to the formation of high di-
electric adjacencies around the resulting particles.
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Abstract Thin layers of palladium with a thickness
of 5 nm were sputtered on fused silica substrates.
Subsequently, the coated glasses were annealed at a
temperature of 900 °C for 1 h. This resulted in the
formation of small and well-separated palladium
nanoparticles with diameters in the range from 20
to 200 nm on the glass surface. The existence of a
palladium oxide layer can be detected using optical
absorption spectroscopy. Purging with hydrogen leads
to an irreversible change in the optical spectra due to
the reduction of PdO to metallic palladium. Changing
the gas atmosphere from hydrogen to argon leads to
significant reversible changes in the optical properties
of the particle layer. Based on Mie theory and the
respective dielectric functions, the spectra were
calculated using the real particle size distribution,
weighted dispersions relation to adapt the geometrical
conditions and complex dielectric functions of palla-
dium and palladium hydride. A good agreement with
measured spectra was found and the dependency of the
surrounding media can be explained.
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Introduction

The system palladium and hydrogen has frequently
been studied in the past (Flanagan and Oates 1991;
Manchester et al. 1994; Pundt 2005; Langhammer
et al. 2010b, c; Kishore et al. 2005; Ke et al. 2004).
Here, especially the interaction with hydrogen has
extensively been described and discussed during the
past 80 years. Especially, the possibility of using
palladium for hydrogen storage was investigated
(Kishore et al. 2005; Langhammer et al. 2007b;
Hakamada et al. 2010; Bérubé et al. 2007). For this
purpose, the properties of solids, layers, and powders
(Flanagan and Oates 1991) were investigated. At room
temperature, palladium can incorporate huge quanti-
ties of hydrogen in its crystal structure. This results in
a pressure-dependent phase transition between an
alpha and a beta phase (Manchester et al. 1994; Pundt
2005; Flanagan and Oates 1991).

Inthe past decades, when science discovered the field
of nanotechnology, the interest in palladium-based
nanoparticles (in the following denoted as PNP) and
nanoparticles in generally increased significantly (Ship-
way et al. 2000; Mulvaney 1996; Katzer et al. 2012;
Daniel and Astruc 2004). It was recognized that the
interactions of PNPs with hydrogen, in comparison to
the bulk material, are fundamentally different and the
phase transition between alpha and beta structure on the
surface of nanoscaled palladium crystals is suppressed
(Pundt 2005; Miitschele and Kirchheim 1987; Kirch-
heim et al. 1988). Especially, investigations focused on
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structural changes during hydrogen exposition and
catalytic properties (Schauermann et al. 2002; Edwards
et al. 2009) as well as preparation techniques have been
published. By contrast, studies on optical properties
of palladium-based nanoparticles have scarcely been
reported in the literature.

In the beginning of the 20th century, Gustav Mie
developed a theory concerning the optical properties of
metallic nanoparticles which enabled to describe the red
coloration of fluids containing gold nanoparticles (Mie
1908). Mie realized that metallic particles changed their
optical properties dramatically, if the size becomes
smaller than the wavelength of the incident light. This
results in special optical properties, e.g., sharp absorp-
tion bands (plasmon resonances) which depend on size
and shape of the particles as well as on the distance
between the particles, the dielectric properties of the
surrounding medium and the type and crystal lattice of
the metal. The solution of the Mie equations results in
a cross-section C, for the absorption, Cg,, and the
scattering C., as well as an extinction cross-section Cex;
(with: Cexy = Caps + Csca) Of the metallic nanoparti-
cles. This geometrical cross-section is equivalent to the
energy loss of the incident light beam after crossing the
particle. This cross-section can also be larger than the
geometrical cross-section in the case of resonance
(plasmon resonance PR). For a better comparison
between spectra of different materials, the cross-section
can be normalized to the real geometrical cross-section
of the particle (Quinten 2011). This normalization is
called efficiency Q. For Q, a similar expression as
for the cross-section applies: Qex = Qaps + Osca-

The optical effects associated with nanosized
metallic particles were widely studied and are well
understood. However, primarily gold, silver, and
copper nanoparticles have been used as a model
system to investigate the optical properties of the
metallic particles. The optical properties of palladium
nanoparticles (PNP), especially during contact with
hydrogen, are scarcely studied (Langhammer et al.
2007a; Silkin et al. 2012; Creighton and Eadon 1991).
These properties, however, are essential for the
development of optical sensors based on PNPs.
Palladium disks with diameters of a few hundred nm
have recently become the focus of research to realize
such sensor systems (Langhammer et al. 2007a, b).
Even an arrangement comprising palladium disks and
gold nanoparticles was reported (Poyli et al. 2012;
Langhammer et al. 2010a; Tittl et al. 2012).

@ Springer

In the literature, predominantly wet chemical routes
for the preparation of PNPs are described (Cookson
2012; Kishore et al. 2005; Hwang 2000; Wang et al.
2012; Aiken and Finke 1999; Teranishi and Miyake
1998). Furthermore, PVD (Lin et al. 2007; Stevens
et al. 2008), CVD (Mekasuwandumrong et al. 2009),
and the preparation of nanoscaled palladium bulk
material by inert gas condensation followed by a
high vacuum sinter procedure has been described in
(Gleiter 2000).

Thin metallic layers can be prepared by various
approaches; for example by sputtering or thermal
evaporation. In this study, a particular route to prepare
nanoparticles is used. First, a glass substrate is coated
by sputtering a palladium layer with a thickness of a
few nm. Then, as a second process step, the sample is
thermally annealed which results in a dewetting of the
layer. During dewetting, palladium nanoparticles are
formed on the surface of the sample. This process is
driven by the minimization of surface and interfacial
energies and denoted as solid state dewetting. A
detailed description of the dewetting procedure of gold
and silver layers was presented in previous papers
(Worsch et al. 2012a, b).

This paper reports on the optical features of thin-
sputtered and subsequently annealed palladium layers
and their behavior in contact with hydrogen.

Experimental

Fused silica glass samples with a thickness of
1.35 mm and dimensions of 22 x 12 mm? were used
for palladium coatings. Optical windows consisting of
fused silica with a diameter of 32.8 mm and a
thickness of 1.9 mm were used to measure the optical
properties during exposure with hydrogen, inside an
optical gas cuvette (Carl Zeiss, Jena, Germany). All
the substrates were cleaned using a solution composed
of 58.2 vol% deionised water, 29.1 vol% isopropanol,
11.7 vol% ammonia solution (25 vol%) and 1 vol% of
an aqueous tenside (15 %) for 10 min at 65 °C in an
ultrasonic bath. Afterward the substrates were rinsed
with deionised water and treated twice again with
deionised water using ultrasonic assistance. Finally,
the glass substrates were dried at 110 °C for 1 h in air
and stored in vacuum until the layers were sputtered.

Palladium layers were sputtered using a DC-
sputter-system (Edwards Auto 306 with high vacuum
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system). The target dimensions were 50 x 50 mm?;
the purity of the target metal was 99.95 % (M&K
GmbH Edelmetallrecycling, Kahla, Germany). In all
the coating processes, the following parameters were
kept constant: substrate-temperature (21 °C), target-
substrate-distance (100 mm), the pressure in the
vacuum-chamber (<10 mPa), the voltage (4 kV), the
argon pressure (10 Pa), and the resulting current
(35 mA).

Palladium layers with a thickness of 5 nm were
deposited on fused silica sheets. To control the
thickness of the sputtered layer, a film thickness
monitor (FTM7, BOC Edwards, UK) equipped with a
quartz oscillating unit was used. Sample and thickness
monitor were covered by a shutter system during the
pre-sputtering procedure.

Annealing was carried out in a muffle furnace at a
temperature of 900 °C using a rate of 10 K/min. The
desired temperature was kept for 1 h. Subsequently,
the furnace was switched off and allowed to cool to
room temperature. This results in a mean cooling rate
<1 K/min (for a detailed description: see later).

To study the effect of the cooling procedure, after
annealing some samples were directly removed from
the furnace to allow a rapid cooling to room temper-
ature (cooling rate: >800 K/min).

UV-Vis—NIR spectra were recorded in the wave-
length range from 190 to 1,200 nm using an UV—Vis—
NIR spectrometer, Shimadzu 3201 and an optical gas
cuvette, shown in Fig. 3. A part of the measurements
were made under argon or hydrogen atmosphere. The
optical gas cuvette was equipped with two identically
prepared palladium coated glasses to double the effect
of hydrogen. In order to expose the palladium layers to
hydrogen, first the gas cuvette was purged with argon
(Argon 4.8, >99,998 purity, Linde AG, Pullach,
Germany) for 5 min to remove water and air.

Fig. 1 SEM-micrographs
of a palladium layer after
annealing at 900 °C for 1 h,
using a heating rate of

10 K/min and after
hydrogen treatment. Two
different angles for
recording were used: a the
viewing angle perpendicular
to the samples surface b an
angle of 70°

Subsequently, the gas cuvette was purged with
hydrogen (Hydrogen 3.0, >99.9 purity, Linde AG,
Pullach, Germany) for 5 min.

The electron micrographs were recorded using a
scanning electron microscope (SEM JEOL 7001F).
For that purpose, most samples had to be coated with a
thin carbon layer to avoid charging of the sample
surface during scanning.

The particle size distribution was determined by an
image analyzing software (AxioVision Ver. 4.8, Carl
Zeiss Microscopy GmbH, Jena, Germany).

The calculation of the Qg spectra were performed
with the software MiePlot 4.3 (supplied by Phillip
Laven) (Laven 2003; Sadeghi et al. 2012). For the
calculations, the determined dielectric function of
palladium reported by Weaver and Benbow (1975)
(Haynes and Lide 2010) and the experimental refrac-
tive indices (in the wavelength range from 200 to
1,000 nm) of fused silica provided by Maltsion (1965)
were used. Furthermore, the particle size distribution
determined from the SEM-micrograph was also used
for the calculation.

Results and discussion

In Fig. 1, SEM-micrographs at two different observa-
tion angles are present. The image Fig. 1a is recorded
perpendicular to the surface and shows round particles
with diameters in the range from 20 to 200 nm (for a
detailed description of the particle sizes see Fig. 2) in
a locally non-uniform distribution. Near the largest
particles areas without any small particles are found.
In Fig. 1b, the same sample tipped by a tilt angle of
70° is shown. It is seen that the large particles are
higher than the smaller ones and the dewetting angle is
greater than 90°.
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Figure 2 presents the particle size distribution
determined from Fig. 1a. The particles at the edges
of the image were removed and the binning size is
adjusted to 5 nm. In total, 6,440 particles were
counted. In the size range from 20 to 25 nm, a
significant maximum in the particle size distribution is
observed. Exactly 1,053 particles are assigned to this
bin, corresponding to 16.4 % of all observed particles.
For larger particle diameters, a flat distribution can be
seen. The number of particles in each bin is approx-
imately constant (around 200) up to a particle size of
130 nm and then decreases.

In Fig. 3a, a schematic of the optical gas cuvette is
shown. To optimize the optical response, two identi-
cally palladium coated and annealed windows were
used, and mounted at both ends of the tube. The coated
layer with the palladium nanoparticles was placed
inside. An illustration of the measurement setup for
optical transmission spectroscopy is shown in Fig. 3b.

In Fig. 4, optical absorption spectra of dewetted
palladium layers before (dashed line) and after (solid
line) the hydrogen treatment is shown. Between the
two measurements, the cuvettes were flushed with
argon. The absorption spectrum of the substrate with
the nanoparticle layer after annealing (see dashed
curve) shows increasing absorptions with decreasing
wavelengths. In this spectrum, some shoulders are
observed at 630, 470, and 350 nm. At a wavelength of
270 nm, a local maximum in the absorbance is seen.

Treatment with hydrogen and subsequent purging
with argon gives rise to significant changes in the
spectrum. In comparison to the spectrum recorded
before purging with hydrogen, the absorption

1200
N -
1000 - / class: 20 - 25 nm
N
800{ N
§ 600 1 § total 6440 particles
o § bin si
Ny in size 5 nm
400 A §
\
N
200 1 §
N
N
0 50 100 150 200

diameter [nm]

Fig. 2 Absolute particle size distribution determined from
SEM-micrograph shown in Fig. 1a
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decreases in the wavelength range from 550 to
1,000 nm and below 230 nm. By contrast, at wave-
lengths between 230 and 550 nm, the absorption is
higher in the hydrogen treated sample. The shoulders
observed in the spectrum of the untreated sample are
no longer visible after hydrogen treatment. The local
maximum of the absorption is now located at 242 nm.
A new shoulder appears at 270 nm.

In Fig. 5, optical transmission spectra recorded
either under hydrogen or argon atmospheres are
shown. For this purpose, the gas cuvette was first
purged with argon and subsequently filled with
hydrogen. This process was repeated several times
and after each period of time (time schedule: see
“Experimental” section), a separate spectrum was
recorded (see also the inset with higher magnification
shown in the upper right part of the image). The optical
behavior of the particle layers under argon before
hydrogen treatment was already shown in Fig. 4. The
spectra recorded under a hydrogen atmosphere show
increasing absorptions with decreasing wavelengths
in the range from 295 to 1,000 nm. At wavelengths
below 295 nm, the absorption decreases again,
reaches a minimum at around 220 nm but re-increases
at further decreasing wavelengths.

The spectra recorded from the samples flushed with
argon after hydrogen treatment also show increasing
absorptions at decreasing wavelengths. In comparison
to the spectra recorded from the hydrogen filled
cuvette, the absorptions are smaller at wavelengths
larger than 426 nm. At wavelengths smaller than
426 nm, the absorptions are larger than those of the
hydrogen purged sample and additionally a shoulder at
270 nm is seen. Also in these spectra, a maximum is
observed in the UV-range at 242 nm. The spectra
strongly depend on the respective gas atmosphere,
however, are almost identical if recorded under the
same atmosphere (using the supplied atmosphere/time
schedule). As seen in the inset of Fig. 4, the differ-
ences in these spectra are within the limits of error.

For a better understanding of the spectra recorded,
the spectra were simulated using the software MiePlot
4.3 using the complex dielectric function of metallic
palladium. Fig. 6a, b present a comparison of
calculated (Qgy) and measured absorption spectra.
The measured spectrum was already shown in Fig. 5.
The effect of the substrate was subtracted from the
measured spectrum to get the pure optical properties of
the nanoparticle layer. The vertical scale of the
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Fig. 3 Schematic
illustration of the optical gas
cuvette, a functional design,
b measurement setup for
optical transmission
spectroscopy
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Fig. 4 Optical absorbance spectra of two palladium (one for

each optical window) layers inside of an optical gas cuvette
filled with Ar, after annealing at 900 °C for 1 h using a heating

rate of 10 K/min with and without a hydrogen treatment
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Fig. 5 Optical absorbance spectra of two palladium (one for
each optical window) layers inside an optical gas cuvette, after
annealing at 900 °C for 1 h using a heating rate of 10 K/min.
The gas cuvette was purged alternately with Aydrogen and argon

‘ﬂl o =

measured graph (solid lines) for better comparison was
adjusted to the calculated spectrum.

In Fig. 6a, the effect of the refractive index (n)
of the surrounding medium is shown for a particle
diameter of 22 nm. For n = 1.25, an absorbance peak
at 220 nm is shown. While increasing the refractive
index to 1.5, the peak is shifted to 247 nm. In addition,
a shoulder at wavelengths in the range from 266 to
308 nm is formed. At wavelengths between 350 and
700 nm, the slope of the measured spectrum is smaller
than those of the calculated ones (Qgy)-

In addition to the calculated spectra for a unique
particle size of 22 nm, in Fig. 6a, a calculated
spectrum using the experimentally determined particle
size distribution is also shown (see Fig.?2) and a
weighted dispersion relation of fused silica. In this
model, the particles are located directly at the interface
substrate/atmosphere and to improve the adaptation of
these geometric conditions, the weighting formula of
the interface is defined by

Reff (}“) = & X Mamosphere 1 (1 — & ) X' Pfused silica (}“)
(1)

For this purpose, the surface (i.e., the interface metal/
atmosphere) of the nanoparticle hemisphere in contact
with the atmosphere was assumed to be twice as large
as the interface glass (substrate)/metal. The refractive
index of the atmosphere is equal to unity. Furthermore,
for frequencies attributed to UV or visible light, for
SiO, as optically transparent material, the dielectric
function can be calculated in good approximation
from the refractive indices:

Efused silica (l) ~ (nfused silica(}~> )2 (2>

A selection of the used refractive indices is given in
Table 1. It is seen that the spectrum calculated under
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wavelength [nm]

Fig. 6 A comparison of a measured absorption spectrum, and
calculated Qg spectra. The height of the measured spectrum is
also adjusted to clarify. a For the calculation of two spectra,
fixed refractive indices (n) of 1.25 and 1.5 as well as a constant
particle diameter of 22 nm are used. For the calculation of two
other spectra, the real particle size distribution (shown in Fig. 2)
and the weighted dispersion relation with g = 0.8 as a function

these assumptions fits the experimental absorption
spectrum much better than the calculated spectrum for
unique particle size shown in Fig. 6b. The shape of the
spectrum is fairly similar to the experimental one.

Figure 6b show a measured (corrected) and
calculated spectrum. A weighting factor of g = 0.4
(see Fig. 1) was chosen, to fit the maximum of the
calculated spectra at 242 nm.

Page 6 of 10 J Nanopart Res (2013) 15:1594
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of wavelength is used. b Calculated Q. spectra with weighting
factor of g = 0.4 and real particle size distribution where used
to adjusted to the maximum. ¢ Calculated Qe spectra with
weighting factor of g = 0.8 and real particle size distribution for
palladium hydride. d Calculated Qe spectra with weighting
factor of g = 0.4 and real particle size distribution for palladium
hydride where used to adjusted to the maximum

Figure 6¢c, d present a comparison of calculated
(Qgxy for palladium hydride and measured absorption
spectra recorded under hydrogen. The measured
spectrum was already shown in Fig. 5 and was
corrected by subtraction of the absorbance spectrum
of the fused silica substrates. The horizontal position
was also fitted for a better comparison. The particle
size distribution shown in Fig. 2 and the dielectric

Table 1 Refractive indices

n Weighted surrounding
medium g = 0.8

n Weighted surrounding
medium g = 0.4

of fused silica (n) and Wavelength n fused
. . . (nm) silica

dispersions relation of

surrounding medium 190 1.565

calculated by weighting '

function 300 1.488
500 1.462
700 1.455
900 1.452

1.339 1.113
1.293 1.098
1.277 1.092
1.273 1.091
1.271 1.090
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function of palladium hydride for wavelengths
>250 nm (thin hydrogen loaded palladium layer)
published in (Vargas et al. 2006) were used for the
calculation. In Fig. 6¢, a weighting factor of g = 0.8
was used to get a good comparison in the shape of the
spectra. In Fig. 6d, a weighting factor of g = 0.4 was
used to fit the peak positions.

Optical absorbance spectra of annealed palladium
layers prepared using two different cooling rates, are
presented in Fig. 7. If the cooling rate is as low as
1 K/min (dashed lines), the spectrum shows a shoulder
at 490 nm and a local maximum at 275 nm. The
irregularities at 830 and 360 nm are caused by the
measurement system itself (switching of the detectors,
grating and light source). If a much higher cooling rate
was supplied (800 K/min) (the samples was removed
from the hot furnace), the absorption is much smaller
at wavelengths higher than 230 nm. The shoulder at
490 nm is no longer visible and the local maximum at
275 nm is shifted to 290 nm (with a simultaneous
decrease of the absorption difference between the
local maximum and minimum).

In Fig. 8, a measured temperature/time graph is
presented. At 900 °C, the temperature, the samples
were annealed, metallic palladium is thermodynami-
cally stable in contact with air, i.e., PdAO which might
be formed is decomposed. During cooling, the tem-
perature passes a range (7 < 819 °C)(Bayer and
Wiedemann 1975) in which PdO is the thermody-
namically stable phase in equilibrium with air. During
slowly cooling, it takes 5 h 43 min until the temper-
ature decreases to 258 °C, the temperature below
which palladium does no longer react with oxygen

0.30

\ cooling rate > 800 K/min
0.25! "9 '

b cooling rate < 1 K/min
1

0.20

0.15-

0.10+

absorbance

0.05-

0.00 - T . . . . -
200 400 600 800 1000
wavelength [nm]

Fig. 7 Optical absorbance spectra of annealed palladium layers
prepared using different cooling rates

because the kinetics are frozen. The two samples
which spectra are shown in Fig. 7 differ by the cooling
rates supplied during the preparation of the samples.
The residence time of the respective samples in the
temperature range, PdO is formed is sketched for the
two samples. First (solid lines), the sample is removed
from the furnace directly, and second (dashed lines),
the sample is cooled to room temperature (see Fig. 8)
inside the furnace, limited by the heat capacity of the
furnace. The slowly cooled sample is during a far
longer period of time in that temperature range PdO is
formed than the rapidly cooled sample. Hence, PdO
should occur in a far larger extend in the slowly cooled
sample.

Sputtering palladium on fused silica leads to the
formation of palladium layers. Subsequent annealing
at 900 °C for 1 h results in the formation of well-
separated round palladium particles with diameters
in the range from 20 to 200 nm with a significant
statistical accumulation of particles having diameters
in the range from 20 to 25 nm. Fluctuations in the
thickness of the layer and in the aging processes such
as Ostwald ripening lead to the formation of particles
with larger diameters.

The optical properties are studied using a gas
cuvette system shown in Fig. 3. After the first contact
with hydrogen and subsequent purging with argon,

1000
H decomposition > 819°C

__ 800 - —
O b\ 5h 43 min
o |
2 6004 | !\ oxidation of Pd
& SR 2Pd + O,—2PdO
o) | \
g 400 |2 ‘| \\
L } S~ formation > 258°C

200 - rapid

cooling

0 2 4 6 8 10 12 14 16 18 20
process time [h]

Fig. 8 Temperature/time schedule and stability of PdO. Heat-
ing rate: 10 K/min, soaking time: 1 h. Two different cooling
procedures were used: solid line samples were slowly cooled
inside the furnace, supplying a mean cooling rate of 1 K/min,
dashed line after annealing, the samples were removed from the
furnace, the cooling rate is approximately 800 K/min. In
addition, the temperature area of stable formation of palla-
dium(I)oxide is shown. The temperatures were taken from
(Bayer and Wiedemann 1975)
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the optical properties are changed irreversibly
(Fig. 4). This can be explained as follows: during
annealing of the layer, particles of metallic palladium
are formed at a temperature, Pd is thermodynamically
stable. During cooling, these particles react with
oxygen of the atmosphere and PdO should be formed
at least at the surface of the metallic particles. A rapid
cooling leads to a lower amount of PdO formed at the
particles surface. This is due to the shorter residence
time. The spectra presented in Fig. 7 show a signif-
icant change in their shape with different cooling rates.
The samples cooled to room temperature in few
seconds (solid lines) show spectra similar to those of
the metallic nanoparticles (see Fig. 5). The total
absorbance is lower because only one layer has been
measured, in contrast to the experimental set-up of the
cuvette with two coated windows. The other sample
was cooled to room temperature within more than 18 h
and is more than 5 h in the temperature range
(258-819 °C) where PdO is formed. These tempera-
tures were taken from Bayer and Wiedemann (1975).
We used the onset of the formation of PdO at 258 °C
and the offset of the decomposition at 819 °C, because
the measured PdO is created during cooling. During
purging the cell with hydrogen, palladium(II)oxide
should first be reduced to metallic palladium. Further-
more, palladium hydride might be formed. During
subsequent purging with argon, notable changes of the
spectra are observed. An alternating purging with
hydrogen and argon shows a highly reversible change
in the spectra. The discrepancies in the individual
graphs are marginal and within the error of the
measurement. The local maximum in the absorption
spectrum shifts to 295 nm and the absorbance is
decreased. Also the shape in the local maximum is
changed, no shoulder is observed.

The differences in the spectra obtained in the
presence of hydrogen and of argon must have their
reasons in the electronic structure of the nano parti-
cles. It is well-known that palladium incorporates
hydrogen and forms palladium hydride. This process
is associated with a concentration and temperature
dependent structural transformation of the lattice and
leads to permanent changes in the crystal structure
(Flanagan and Oates 1991).

During the past decade, it turned out that these
results obtained from the bulk material cannot directly
be applied to nanoscale systems. For nanocrystalline
palladium samples, a different behavior with respect to
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hydrogen was found (Miitschele and Kirchheim 1987;
Kirchheim 1988; Pundt 2005). It was described that the
crystal phase transformation from the solid solution
(alpha) to the hydride phase (beta) inside particles is
hindered near the surface (Pundt 2005). For the optical
properties, induced by the movement of electron gas,
the electronic structure of palladium and the effect of
the hydrogen incorporation hereon is crucial. In this
context, also the lattice strain is important, because a
change in the interatomic distances also changes the
band structure (Pundt 2005; Ruban et al. 1997). This
runs parallel to a modification of the dielectric function
of palladium. Furthermore, hydrogen will be incorpo-
rated into the palladium lattice, which also affects the
dielectric function (Kishore et al. 2005; Tittl et al.
2012). Vargas et al. observed that the electron density
in the conductive band will be decreased by filling the
sp states and screening the conductive d electron.
A change in the electronic band structure is also
indicated by the disappearance of the shoulder
observed in the spectrum of pure palladium. This
shoulder results directly from the real and imaginary
part of the dielectric function of the pure metal. These
functions also have shoulders at the respective wave-
lengths, which are directly observed in the optical
spectrum. This behavior can also be seen in Fig. 6a, b.
The changes in the spectra observed during flushing
with hydrogen and argon are reversible. It is assumed
that also the incorporation of hydrogen into the lattice
of palladium nanoparticle and especially the modifi-
cation of their band structure and hence of their optical
properties is a reversible process.

The calculation of the spectra where performed
with the software MiePlot 4.3. This software is based
on BHMIE-code from Bohren and Huffman (1983).
Due to the mathematical conception of the theory
behind this algorithm, a sphere as scattering particle
is necessary for the simple case. Certainly, recent
calculations of optical properties by Sandu (2012a)
based on the boundary integral method shows that
marginal deviations from the spherical form only
induce a negligible influence on the theoretical spectra
in case of the quasi-static approximation. However,
other local optical properties (e.g., near-field enhance-
ment) are more affected by such a change in shape
(Sandu 2012b). The assumption that an ideal spherical
shape of the particles is generated by dewetting, is
only an approximation. In addition, the particles are
located directly at the interface between atmosphere
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and substrate, therefore, an (weighted) approximation
of the surrounding matrix must be introduced. Fur-
thermore, the interactions of particles with each other
are not considered and the particle distribution is
normalized to the size of a single scattering particle.

It should be noted that using the particle size
distribution experimentally determined from the
SEM-micrographs results in a better agreement with
the experimental spectra (see Fig. 6a). However, a
problem with the adaptation of the system is seen. An
adjustment to the maximum of the absorption shows a
significant deviation from the shape of the spectrum.
Conversely, an adaption to the shape results in a shift
of the calculated absorption maximum to smaller
wavelengths. Such a deviation may be explained by
the more significant deviation from the spherical shape
and hence varying contact to the substrate used for the
calculation inside BHMIE-Algorithms.

The preparation method is suited for industrial
application very well and devices based on palladium
nanoparticles fixed on glass might be utilized as
components for gas sensors. Through the preparation
by a non-chemical procedure, an application in
chemical industry by a high purity catalytic active
layer is conceivable.

Conclusion

A non-chemical method for the formation of metallic
nanoparticles fixed on a glass surface, offers the
advantage of a pure system without the addition of any
stabilizing agents. In this paper, a non-chemical route
to produce palladium nanoparticles is presented, which
provides good conditions to describe the optical
properties. A thin layer of metallic palladium is
deposited onto fused silica. Subsequent annealing at
900 °C results in the formation of particles with
diameters in the range from 20 to 200 nm. A first time
purging with hydrogen leads to an irreversible change
in the optical spectra due to the reduction of PdO to
metallic palladium. The extent of the formation of PdO
is strictly dependent on the cooling procedure, because
the PdO in contact with air gets thermodynamically
stable in the temperature range from 258 to 819 °C.
Subsequent hydrogen treatments lead to a significant
reversible change in the optical properties of the
particle layer by manipulation of the electronic band
structure. Simulations of the spectra were performed

using the real particle size distribution, a weighted
dispersions relation to adapt to geometrical conditions
and complex dielectric functions of palladium and
palladium hydride. A good agreement with measured
spectra was found and the dependency of the sur-
rounding media can be explained by calculations based
on Mie theory and the respective dielectric functions.
The measured spectra are due to the Plasmon Reso-
nance of metallic palladium nanoparticles. Also, the
change during the contact with hydrogen is due to
changes in the dielectric function of the nanoparticles.
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Layers of 12 nm thickness were sputtered on fused silica sheets. Annealing at 720 °C in air results in
dense palladium oxide layers with an optical band gap of 1.99 + 0.01 eV and a surface roughness of
1.95 nm. Subsequent purging with hydrogen leads to the transformation to a metallic Pd layer with
increased roughness. It was demonstrated that the oxidation and reduction is responsible for permanent

changes of the optical properties and not only the interaction of hydrogen with metallic palladium.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In material science and chemistry, palladium has extensively
been studied. Nanoparticles, thin layers and foams (Pd-black) were
of considerable interest, especially with respect to the interaction
with hydrogen [1,2]. In particular, the utilization as a storage
material for hydrogen has been discussed. Furthermore, it is
frequently used as catalyst, membrane, in sensors, and filters.

However, from materials science perspective not only the
palladium-hydrogen system is of particular importance. As pre-
viously shown, palladium nanoparticles, formed by dewetting of a
5 nm thin sputtered palladium layer on a glassy substrate at 900 °C
have very special optical properties which change significantly if
they are oxidized to palladium oxide [3]. It is also well known that
PdO is reduced in the presence of hydrogen [4].

Thus, an oxidic layer on palladium nanoparticles can be
removed by hydrogen [5]. This leads to a significant change in
the optical properties. Nevertheless, studies on the optical proper-
ties of PdO films and PdO films in interaction with hydrogen have
scarcely been reported. Han et al. [4] demonstrated that the
surface morphology is changed after PdO is reduced to metallic
Pd and found an increase in the surface area of Pd single crystals
after reduction of PdO with hydrogen. Rey et al. [6] reported on the
optical properties of PdO layers with thickness in the range from
48 to 218 nm and determined a value of 2.13 eV for the optical
band gap.

This article presents a study on the surface morphology and the
optical properties of thin oxidized Pd layers and layers subse-
quently treated with hydrogen.

* Correspondence to: FraunhoferstraRe 6, 07743 Jena, Otto-Schott-Institut, Jena
University, Germany. Tel.: +49 3 641 948522; fax: +49 03641 948502.
E-mail address: michael.kracker@uni-jena.de (M. Kracker).

0167-577X/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.matlet.2013.07.133

2. Materials and methods

Fused silica glass samples with 1.25 mm thickness and a
dimension of 14 x 48 mm? were used as substrates. They were
cleaned using a 5% commercial cleaning solution Tickopur R36
applied for 10 min at 65 °C in an ultrasonic bath. Subsequently, the
substrates were rinsed with deionised water and treated twice
again in deionised water with ultrasonic assistance. Finally, the
glass substrates were dried at 110 °C for 1 h.

Palladium layers were sputtered using a DC-sputter-system
(Edwards Auto 306). The target dimensions were 50 x 50 mm?
(purity 99.95%). During the coating process the following para-
meters were kept constant: substrate-temperature (21 °C), target-
substrate-distance (110 mm), pressure ( < 10 mPa), voltage (4 kV)
and argon pressure (10 Pa). The supplied conditions resulted in a
current of 35 mA.

The thickness of the sputtered palladium layer was 12 nm as
controlled using a shutter and a film thickness monitor (FTM7, BOC
Edwards).

Annealing was carried out in a muffle furnace at a temperature
of 720 °C in air (heating rate 10 K/min). The temperature was kept
for 1 h (cool down inside the furnace).

The coated and annealed silica substrates were placed in a
special chamber and first purged with argon (purity 99.998) for
5 min in order to remove oxygen from the furnace atmosphere.
Subsequently, the sample chamber was purged with hydrogen
(purity 99.9) for 5 min. The same procedure was repeated with a
not annealed sample.

UV-vis-NIR spectra were recorded at room temperature in the
wavelength range from 190 to 1200 nm using an UV-vis-NIR
spectrometer, Shimadzu 3201. An uncoated sample was placed in
the reference beam. The layer morphology and the arithmetic
roughness R, was determined using an atomic force microscope
(Zeiss Ultraobjektiv, SIS,).
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Micrographs were performed using a scanning electron micro-
scope (SEM JEOL 7001F). The samples were coated with a thin
carbon layer to avoid charging of the sample surface.

3. Results

In Fig. 1, SEM and AFM micrographs at three different stages are
shown. At the left column (Fig. 1a) a 12 nm thick freshly sputtered Pd-
layer is presented; the images show a smooth and flat surface
morphology (an exact overview is given in Table 1). The SEM
micrograph shows the typical structure of a sputtered layer with voids
and flaws. The center column (Fig. 1b) shows the layer after annealing
at 720°C for 1 h. A granular structure is seen in the SEM and AFM
images.

The structure of the layer after purging with hydrogen is presented
at the right column (Fig. 1c). The SEM image reveals a structure with
voids, flaws and some additional particle-like fragments similar to that
of the sputtered. The AFM image shows a granular structure similar to
the treated morphology shown in Fig. 1b.

Fig. 2a presents optical transmission spectra of a freshly
sputtered film, an annealed film and a film annealed and subse-
quently purged with hydrogen. The optical spectrum of the freshly
sputtered Pd-layer shows an almost linear curve with a slight
increase in the transmission from 36% to 49% for 200 and
1200 nm, respectively. After annealing at 720 °C, the transmission
increases rapidly from 31% at 500 nm to 92% at 1200 nm. At
wavelengths below 500 nm, shoulders at 450, 350 and 270 nm
occur. While increasing the wavelength from 210 to 270 nm, the

layer with hydrogen, the shape of the transmission curve becomes
more flat and the transmission decreases from 50% at 200 nm to
32% at 1200 nm with a small additional transmission minimum at
270 nm.

In order to determine the onset of the optical band gap, the
absorbance of the annealed layer was plotted against the photon
energy (see Fig. 2b). The graphical method for determining the
optical band gap energy is indicated by the tangent. The deter-
mined band gap is 1.99 + 0.01 eV.

Fig. 3 presents an optical transmission spectra of a freshly
sputtered 12 nm Pd layer before and after purging with hydrogen
for 5 min. The two spectra show a nearly identical shape with a
slight increase of the transmission from 34% at 200 nm to 47% at
1200 nm. The inset presents a part of the spectra in a higher
magnification and shows that the deviation of the two spectra is
smaller than 1%

4. Discussion

Sputtering palladium onto fused silica substrates results in the
formation of a smooth (R,=0.61 nm) palladium layer. During
annealing in air, the layer is oxidized to PdO [7]. The difference
in the densities (Pd=12 g/cm3, PdO=8.3 g/cm3) [8] of the two
phases causes a swelling of the layer. This leads to the granular
morphology observed in Fig. 1b which runs parallel with an
increase in roughness to R,=1.95 nm. Palladium oxide in contact
with hydrogen is reduced to metallic palladium as follows:

transmission increases from 20 to 39%. After purging the annealed PdO+H; — Pd+H,0
a b c
palladium layer oxidized reduced with H,
12 nm 720°C/1h 5 min

12.3 nm 31.8 nm 38.5 nm
25.0 30.0
8.0 20.0
6.0 15.0 00
il 100 10.0
2.0 5.0
0.0 0.0 0.0

Fig. 1. SEM (top-row) and AFM (bottom-row) micrographs (a) of freshly sputtered Pd layers, (b) annealed at 720 °C for 1 h and (c) annealed at 720 °C and subsequently
treated with H, for 5 min at room temperature.

Table 1

Treatment of the samples, roughness, optical bandgap and transmittance at selected wavelengths.

Sample Annealing Purging Roughness R, [nm] Bandgap [eV] Transmittance [%]

Onset Offset 300 nm 600 nm 1000 nm
Pd-layer - - 0.61 - - 37 42 47
PdO-layer 720°C/1h - 1.95 1.99 +0.01 245 +0.01 32 60 89
Pd (reduced) 720°C/1h H, for 5 min 1.95 - - 44 37 35
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Fig. 2. (a) UV-vis-NIR transmission spectra of freshly sputtered, annealed and reduced Pd-layers and (b) recalculated transmission spectra for the graphical onset and offset

determination of the optical band gap.
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Fig. 3. UV-vis-NIR transmission spectra of a freshly sputtered Pd layer before and
after purging with hydrogen without any annealing.

The reduction to the metallic layer with hydrogen does not lead
to a structure and roughness similar to that of the initial layer after
sputtering, nevertheless, the density increases again. Thus, the
surface morphology (R,=1.95 nm) is retained, however, addition-
ally cracks are formed (Fig. 1c).

Palladium layers show a uniform absorbance over a wide
spectral range as presented in Fig. 2a and b. During annealing, a
significant change in the shape of the spectra is observed.
Palladium oxide is a semiconductor with a small optical band
gap (2.13 eV) [6]. This results in a strong increase on absorbance at
energies below a characteristic value (see Fig. 2a) which enabled to
determine the onset of the optical bad gap to 1.99 + 0.01 eV. This
value is smaller than for bulk palladium which is due to the small
layer thickness (and the resulting small interaction volume) as
well as to impurities and defects which might lead to a “blurring”
of the spectral band gap position [9]. The origin of the peaks at
higher energies is not completely clarified. However, it can be
assumed that they result from the band structure.

The phase transition between the alpha (solid solution Pd+H)
and the beta (PdH) phase runs parallel to a change in density, the
formation of stress, and an increasing disorder of the crystal
structure [1,10]. The reduction of the oxide layer to the metallic
layer results in a permanent change of the optical transmission
spectra also in comparison to the freshly sputtered Pd layer.
However, such a change does not occur in a fresh Pd layer during
hydrogen treatment (Fig. 3). Accordingly, the change in optical
properties is based on the structural transformation during the

oxidation and reduction procedure. In this case, recrystallization
and the effect of the grain boundary are mentioned [11,12]. This is
of special importance since grain boundaries give rise to enhanced
diffusion.

In addition to morphological changes of the surface, structural
changes are also possible. Possibly an amorphous metallic layer on
(100) and (111) palladium single crystals occurs after reduction of
PdO with hydrogen, as suggested by Han et al. [4,11,13].

5. Conclusion

A sputtered palladium layer with a thickness of only 12 nm was
oxidized in air at 720 °C without the formation of particles by
dewetting. After the semiconductor PdO is formed, a strong optical
absorbance in visible the range is observed. An optical band gap of
1.99 + 0.01 eV (onset) was determined. Subsequent purging with
hydrogen gas results in a transformation to a metallic Pd layer
with modified optical properties, caused by the structural trans-
formation during oxidation and reduction procedure. This is
indicated by an increasing roughness value.
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Thin palladium layers with thickness of 5, 8, 14 or 18 nm were sputtered on fused silica slides. Heat
treatment procedures were performed to increase the optical response of palladium layers during purging
with hydrogen. First, the layers were oxidized and additionally reduced with hydrogen, to modify the
layer roughness. Second, a 5 nm thick layer was dewetted to obtain nanoparticles. This leads toan increase
of the optical response by up to the factor of 16. Additionally, the type of the optical response has changed
in the case of the nanoparticle layers. The light transmission was determined with simple and inexpensive
measuring instrument, described in detail in this article.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

By the use of hydrogen gas in the technology, science and pro-
duction, a continuous measurement and control is indispensable.
The principles and techniques of hydrogen sensing have been dis-
cussed in numerous articles [1-11]. The simple and inexpensive
preparation is always a key issue of the sensor development. In this
paper, hydrogen sensing by using thermally modified Pd layers and
a simple optical measurement is described.

The system palladium and hydrogen has frequently been stud-
ied in the past [12-15]. Here, especially the interaction with
hydrogen has extensively been described and discussed during the
past 80 years. Studies focused on structural investigations during
hydrogen exposition and catalytic properties [16-18] as well as
preparation techniques [19-24] and palladium as a material for
hydrogen storage has been discussed in numerous papers [25-28].
Hydrogen can be incorporated into the palladium crystal structure
at room temperature in huge quantities [3,12,29]. This leads to a
significant change in the fundamental properties of the material,
which otherwise can be utilized to detect hydrogen. Such funda-
mental properties are electrical (e.g. electron density and internal
electric structure), structural (lattice dimension, interstitial gaps) as
well as numerous optical properties, such as the complex refractive
index.

* Corresponding author. Tel.: +49 03641 948522; fax: +49 03641 948502.
E-mail address: Michael.Kracker@uni-jena.de (M. Kracker).

http://dx.doi.org/10.1016/j.5nb.2014.02.063
0925-4005/© 2014 Elsevier B.V. All rights reserved.

However, a non-electrical detecting method should be preferred
because at least in some cases potentially explosive atmospheres
are studied. Hydrogen is incorporated into the palladium host lat-
tice as atomic hydrogen. This is formed by dissociation of molecular
hydrogen (H; ) at room temperature on the surface of the palladium
metal [12,30-33]. It is hence not surprising, that the surface to vol-
ume ratio plays an important part in hydrogen detection systems
and has to be optimized depending on the respective purpose.

In case when the detector is based on thin palladium films, the
latter must be thick enough to cause detectable changes in the
physical properties (e.g. a significant change in light reflection), oth-
erwise it should be thin enough that the incorporation of hydrogen
is not delayed by large diffusions paths. Since in the present study a
transmission settingis used, a transparent layer is required. In order
to achieve a fast detection of atmospheres with changing hydrogen
partial pressures, an increase in the surface area should be con-
sidered. An increase in surface area in terms of surface roughness
caused by oxidation has already been discussed in [34].

By contrast, it has already been demonstrated that the detection
of hydrogen using metallic palladium nanoparticles can be real-
ized by the measurement of their optical properties [35]. It was
also found that palladium nanoparticles and their interaction with
hydrogen can accurately be described by the Mie theory [35-37].

The Mie theory is a general approach to describe optical proper-
ties of electron conductive nanoparticles. Mie developed this theory
in order to explain the red coloration of fluids containing gold
nanoparticles [36,37] based on the dielectric properties of gold and
the phase in which the nanoparticles are embedded. The optical
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Table 1

Overview of the used Pd layer samples on fused silica (sensor elements) and their preparation parameters. Rapid cooling: the sample was removed from the hot furnace.

Slow cooling: the sample was cooled down with the furnace.

Sample Initial layer thickness (nm) Heat treatment Reason for heat treatment Cooling procedure References
Freshly sputtered Pd 5 5 - 0 - [35]
Pd 5 5 900°C 1 h/air Dewetting to form particle Rapid cooling [35]
Freshly sputtered Pd 8 8 - - [34]
Pd 8 8 700°C 1 h/air Oxidation Slow cooling [34]
Freshly sputtered Pd 14 14 - - [34]
Pd 14 14 700°C 1 h/air Oxidation Slow cooling [34]
Pd 14 long term 14 700°C 1 h/air Oxidation Slow cooling [34]
Freshly sputtered Pd 18 18 - - [34]
Pd 18 18 700°C 1 h/air Oxidation Slow cooling [34]

properties of metallic particles change, if the size becomes much
smaller than the wavelength of the incident light. This results in
special optical properties, e.g. sharp absorption bands (plasmon
resonance) which depend on size and shape of the particles as well
as on the distance between the particles, the dielectric properties
of the surrounding medium and the type and crystal lattice of the
metal [37-40].

In the literature, the preparation of palladium nanoparticles
is predominantly reported by wet chemical routes [18,21,41].
The preparation procedure of stabilizing agents-free nanoparticles
(dewetting of Pd-layers) has recently presented in [35]. The driving
force of this process is the minimization of the surface and interface
energies and, in the literature, denoted as solid state dewetting.
It is a fairly versatile route suitable for numerous metals such as
gold, silver, platinum and palladium. Further explanations of the
dewetting procedure were presented in previous papers [42,43].

This paper reports on a low cost optical transmission hydrogen
detection system based on very thin palladium films and palladium
nanoparticle layers.

2. Experimental

Fused silica glass samples with a thickness of 1.35mm and a
dimension of 22 mm x 12 mm were used for palladium coatings.
All the substrates were cleaned using a commercial solution “Trick-
opur R36” in an ultrasonic bath at 65 °C. Afterwards the substrates
were rinsed with deionised water and treated twice again in
deionised water with ultrasonic assistance. Finally the glass sub-
strates were dried at 110°C for 1h in air and stored in vacuum
until the layers were sputtered.

Palladium layers were sputtered using a DC-sputter-system
(Edwards Auto 306 with high vacuum system). The target dimen-
sions were 50mm x 50mm; the purity of the target metal
was 99.95% (M&K GmbH Edelmetallrecycling, Kahla). In all the
coating processes, the following parameters were kept con-
stant: substrate-temperature (21°C), target-substrate-distance
(100mm), the pressure in the vacuum-chamber (<10 mPa), the
voltage (4kV)and the argon pressure (10 Pa). For these parameters,
the resulting current was 35 mA.

Single palladium layers with a thickness of 5, 8, 14 or 18 nm
were deposited on fused silica sheets. To control the thickness of
the sputtered layer, a film thickness monitor (FTM7, BOC Edwards,
UK) equipped with a quartz oscillating unit was used. Sample and
thickness monitor were covered by a shutter system during the
pre-sputtering procedure.

To prepare oxidized layers, annealing was carried out in a muffle
furnace at a temperature of 700 °C in air. The samples were trans-
ferred into the furnace and heated using a rate of 10K/min. The
desired temperature was kept for 1h. Subsequently, the furnace
was cooled down to room temperature supplying a cooling rate
<1K/min; then the samples were removed.

In order to dewet the sputtered palladium layer and to transfer
it to nanoparticles arranged at the surface of the silica substrate,

annealing was carried out in a muffle furnace at a temperature
of 900 °C under ambient conditions. These samples in the follow-
ing are denoted as “dewetted”. The samples were transferred into
the furnace and heated using a rate of 10 K/min. This temperature
was kept for 1h. To minimize the oxidation at the surface of the
Pd-nanoparticles, the samples were directly removed from the fur-
nace to allow a rapid cooling to room temperature (cooling rate:
>800 K/min). For each sample, an untreated (freshly sputtered) and
thermally treated sample (oxidized) was produced. A complete
overview of the used preparation conditions and used samples is
given in Table 1.

The experimental setup is shown in Fig. 1. The gas flow was
controlled by a thermal gas flow meter MC500SCCM-D (Alicat Sci-
entific Inc.) and was kept constant at 250 sccm. The sensor body
is a custom build system (excerpt see at the upper right corner at
Fig. 1) equipped with a red LED (LED emission spectrum is addi-
tionally shown in Fig. 2(A and B) and a photodiode (Osram SFH
203) to measure the intensity of the transmitted light. The sensor
body is equipped with two slices (sensor elements in slot 1 and
slot 2) in order to increase the optical response. However, in these
studies only one coated slice was used and the opposite sample slot
was equipped with an uncoated fused silica slice. The photodiode
signal was processed by a current-voltage (TLC271) converter and
recorded using a voltmeter (Metrahit 28S) equipped with a data
logging unit (Metrahit SI232) to obtain a time resolved measure-
ment. The sampling rate was set at 20 Hz.

3. Results

First the different preparation procedures will be described.
Fused silica slides were coated with thin Pd layers, these layers
in the following are denoted as “freshly sputtered”. After a heat
treatment of 700°C, films with thickness of 8, 14 and 18 nm are
transformed into an oxide layer. These layers will be denoted
as “oxidized layers”. In another series of experiments, a 5nm
thick Pd-layer is heat treated at 900°C which leads to the forma-
tion of a nanoparticle film which in the following is denoted as
“dewetted layer”. After the first contact to hydrogen, all oxidized
layers undergo a significant and irreversible change which leads to
highly modified sensing properties. These layers will be denoted
as “purged layer”. A complete list of all experimental parameters is
given in Table 1.

Fig. 2 shows the optical properties of the different used sensor
systems in comparison to the emission spectrum of the light source.
In (A) the difference in the optical transmission between a PdO
layer (oxidized Pd layer) and its chemically reduced (by hydrogen)
metallic Pd layer is shown.

The optical behavior of metallic Pd nanoparticles under different
atmospheres (hydrogen and argon) is shown in Fig. 2(B). In this case
the optical spectrum under a hydrogen atmosphere was subtracted
from the optical spectrum under argon atmosphere. In analogy to
Fig. 2(A), the difference in the optical transmission between an
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source for the experiments.

oxidized and a reduced layer is presented. For this purpose the data

were taken from [34].

The emission of the used LED is mainly in the wavelength range
from 600 to 660 nm with a sharp maximum at 630 nm. In Fig. 2(A),
the above described difference is negative up to a wavelength of

approximately 530 nm, then gets positive and increases steadily

in the whole studied wavelength range. At a wavelength the LED

emits, the change in the transmission is approximately 28%.
In Fig. 2(B), the difference in the transmission is also negative at
short wavelengths and gets positive at wavelengths above 440 nm.
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Fig. 3. Schematic drawing of voltage response during one cycle of switching the hydrogen flow on and off. The way of determining the respective characteristic times
discussed in the text are also shown in the figure.
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Table 3
Measured time and signal values during first contact to hydrogen (purging).
Sample donset (Min) Sonset (Min) Asignal (V)
Pd 5 0:15 0:45 0.04
900°C/1h
Pd8 1:16 1:04 0.66
700°C/1h
Pd 14 1:13 1:40 0.63
700°C/1h
Pd 14 1:56 1:35 0.64
700°C/1 h, long term
Pd 18 1:21 1:15 0.59
700°C/1h
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Fig. 6. Voltage response of a single Pd/PdO coated glass sample of 18 nm thickness.
The red rectangular graph below shows to the switching state of the H, gas magnet
valve. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

are illustrated for an oxidized palladium layer with a thickness of
14 nm. The signal decreases irreversibly from 1.81V to 1.2V after
the first contact with hydrogen and subsequently to 0.95V after
the hydrogen was turned off. The total level of the signal is notably
lower than at an 8 nm thick layer shown in Fig. 4. Fig. 6 shows
the similar result for an 18 nm thick oxidized palladium layer. In
comparison to Figs. 4 and 5, the voltage is smaller over the entire
studied period of time.

Fig. 7 shows the signal voltage response of the Pd nanoparticle
layer, prepared by dewetting of a 5 nm thick freshly sputtered Pd
layer at 900 °C. The signal decreases from 2.67 Vto 2.625V after the
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Fig. 7. Voltage response of a single glass coated with Pd-nanoparticles. The red
rectangular graph below shows to the switching state of the H, gas magnet valve.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

first contact with hydrogen. However, after the hydrogen flow was
switched off, the signal increased to 2.73V and decreased rapidly
to 2.63V if the cell was again purged with hydrogen again. This
behavior is just the opposite of that shown in Figs. 4-6.

In Fig. 8(A and B), a comparison of as freshly sputtered and oxi-
dized and additionally purged Pd layers as well as nanoparticle
Pd layers (after the first contact to hydrogen see Fig. 8(D)) dur-
ing hydrogen absorption is shown. The graphs are normalized (at
the signal axis) and synchronized (at the time axis) and the change
in the voltage signal versus time is plotted. After the hydrogen was
switched on (at 105s), as shown in Fig. 8(A), the signal increases by
0.2V for oxidized and purged Pd-layers and only by 0.028V in the
case of as freshly sputtered Pd-layer. This behavior is almost similar
for thicker layers (14 and 18 nm) as shown in Fig. 8(B and C), respec-
tively. However, the behavior changes in the case of a 5nm thick
layer dewetted at 900 °C as illustrated in Fig. 8(D). For a freshly sput-
tered 5 nm thick layer, the signal change increased by 0.028 V while
purging with hydrogen. In the case of a dewetted (900°C) 5nm Pd
layer, the signal decreased by 0.1V during hydrogen contact.

In Fig. 9 a similar comparison as in Fig. 8 is shown for the hydro-
gen discharge behavior. For an freshly sputtered Pd-layer with a
thickness of 8 nm (shown in Fig. 9(A)), a signal change of —0.02V
is observed, while in oxidized and purged layers, a signal change
(in two steps) of —0.2V is seen. The values for 14 and 18 nm thick
samples show similar signals. In analogy to the behavior shown
in Fig. 8, the optical behavior of Pd nanoparticles (dewetted 5nm
thick Pd layer annealed at 900°C) during hydrogen discharge is
notably changed in comparison to as freshly sputtered Pd layers
(see Fig. 9(A-C)). The signal is increased by 0.1 V (also in two steps),
while the signal of an as freshly sputtered 5 nm layer decreases.

Fig. 10(A) shows the voltage response of an oxidized Pd layer
with a thickness of 14nm with more hydrogen load cycles, to
demonstrate the influence of the signal drift observed in Figs. 4-6.
During the PdO reduction (first contact to hydrogen) the signal
decreased by 0.64V in 95s. After the hydrogen is switched off, the
signal decreases from 1.42 Vto 1.21V in two steps. After the hydro-
genis turned on again, the signal is increased to 1.40 Vimmediately.
In Fig. 10(B) a compilation of the drift properties is shown. Illus-
trated are the relative voltage changes of all the thermally treated
layers in this article. The voltage level was measured while the film
is in contact with hydrogen. This value was set in relation to the
first hydrated state, just after the PdO reduction.

4. Discussion

A simple, low-priced and highly reproducible method of hydro-
gen sensor layers based on Pd-coated glass slides is present.

Palladium forms a stable oxide at temperatures above 258°C
(DTA onset) and PdO also decomposes back to metallic Pd above
775°C(DTA onset) [44]. Caused by recrystallization and an increase
in the volume (decrease in density) of the PdO layer, the roughness
of the layer is increased. PdO is a semiconductor and in contact
with hydrogen it will be reduced to metallic palladium. This causes
a sharp change in the optical properties. Furthermore, the surface
roughness remains unchanged during reduction. In a further series
of samples, thin sputtered layers were prepared and dewetted by
thermal treatment which resulted in a layer formed by palladium
nanoparticles. An annealing procedure at 900 °C is enough to start
the dewetting and is attributed to a temperature range where PdO
is not stable. Rapid cooling from 900 °C to RT minimized the quan-
tity of PdO significantly in comparison to slow cooling, since the
residence time of the sample is very low in the temperature range
of oxide formation. The transmission spectra of layers composed by
Pd nanoparticles with diameters of around 20 nm [35] show a well
pronounced plasmon resonance. The largest (optical) difference
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between the metallic and the hydrogenated state is observed at a
wavelength of 630 nm. For both series of samples, the as sputtered
as well as the subsequently dewetted samples, the wavelength
attributed to the emission maximum of the LED is close to the max-
imum change in the transmission. Hence the transmission of light
at a wavelength of 630nm is very sensitive with respect to the
interaction with hydrogen.

Fig. 3 presents a simple method of signal processing by a tangent
method used for determination of all values listed in Table 2.

4.1. Optical response after the first contact to hydrogen
(reduction of PdO to metallic Pd)

After the first interaction of the oxidized Pd layers with hydro-
gen (shown in Figs. 4-6), the transmission decreased irreversibly.
This effect is caused by the reduction of PdO to metallic Pd (com-
pare with the difference transmission spectra shown in Fig. 2A).
However, under the experimental conditions supplied the changes
in the optical transmission occur only within a narrow time range
from 73 to 82s. First, a certain amount of metallic Pd is necessary,
which can provide atomic hydrogen by dissociative adsorption
(chemisorption) [12,31,32]. This atomic hydrogen is highly reactive
and accelerates the reduction reaction to form metallic palladium,
which certainly also accelerates the formation of atomic hydrogen.
Su et al. describes such a temperature depend mechanism for the
reduction of PdO under CH4 and H, atmospheres [32].

However, the effect of the layer thickness on the resulting volt-
age difference, the reaction time and offset time is fairly small.

Within the supplied conditions, only the absolute level of the signal
depends on the layer thickness.

This behavior is also seen in the case of the dewetted, i.e. the
layer composed of palladium nanoparticles (see Fig. 7). In compar-
ison to the oxidized layer, the transmission changes after only 15s.
Also the time to complete the reaction as well as the voltage signal
difference is notably shorter than in the case of oxidized continu-
ous layers as discussed above. This is not surprising, because the
cooling procedure is the crucial step. The nanoparticle sample was
rapidly removed from the furnace in order to decrease the cooling
time. Then the temperature range in which oxidation to PdO might
occur is short.

It can be concluded, a “pretreatment” with hydrogen is manda-
tory to remove the irreversible part of the optical response.

4.2. Cyclic loading with hydrogen

Figs. 4-7 (Fig. 8 shows a summarizing representation) show the
optical response during cyclic loading with hydrogen and purging
with argon. In the case of 8, 14 and 18 nm thick purged Pd layers
(after their first contact with hydrogen), the optical transmission
increased while hydrogen is incorporated into the palladium matrix
[8].1t is found that the layer thickness does neither affect the inten-
sity of the signal nor the response time. Here, the optical response
after the hydrogen was switched on is extremely fast. However, due
to a magnetic perturbation during the measurement, the reaction
time cannot be determined exactly. This perturbation is caused by
a switching operation of the magnetic valves, which leads to an
electromagnetic pulse coupled into the connection wire and the
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evaluation unit. Nevertheless, it can be stated that the reaction
is completed within 250 ms. The only exception is the dewetted
nanoparticle layer, because the particles react slightly delayed on
hydrogen and the optical response occurs after the perturbation is
over. This result in a reaction time of 189 ms with an incubation
time of 178 ms. A smaller surface area and an associated reduc-
tion to atomic hydrogen, gives a possible explanation for this delay.
The surface of the palladium is responsible for the conversion into
atomic hydrogen. In addition, the optical response is based on par-
ticle plasmons and the absorbance increases which is in contrast to
the dense layers.

4.3. Comparison to freshly sputtered layers

Annealed and hydrogen purged layers are most advantageous
for sensing which can easily be seen in Fig. 8(A-D). The signal
response after heat treatment and subsequent purging with hydro-
gen (graphs A-C) is between 9 and 16 times higher than that of
freshly sputtered layers. The overall 16 times higher response is
based on the fact that the freshly sputtered 18 nm thick layer itself
has a very low signal value (“Asignal” at Table 2). The dewetted
layer (graph D) shows a 4 times larger optical response than the
freshly sputtered film. Nevertheless, the change in the signal has
the opposite direction due to a different mechanism, as explained
above.

A further significant change in comparison to freshly sputtered
palladium layers occurs during desorption of hydrogen (Fig. 9). The
most noticeable difference is the shape of the graph which shows a
significant additional plateau. The palladium hydrogen phase dia-
gram possesses three areas, the alpha phase, a miscibility gap, and
the beta phase (also called palladium hydride). The alpha phase is
a solid solution of hydrogen in palladium. The hydrogen is located
inside octahedral interstitial position and is randomly distributed.
The lattice parameter of the alpha phase is slightly changed with
an increase in the hydrogen concentration (0.3890-0.3894 nm) up
to 0.015 H/Pd. For higher concentrations, the H-H interaction leads
to the formation of a second fcc phase (palladium hydride) with
a notable larger lattice parameter of 0.4025 nm. This corresponds
to a volume expansion of 10.4% from alpha to the beta phase. In
the phase diagram appears a miscibility gap between 0.015 and
0.58 H/Pd wherein both phases (alpha and beta) exist side by side.
Above 0.58 H/Pd and up to 0.7 H/Pd only the beta phase is present;
the lattice constant (up to 0.4040 nm for 0.7 H/Pd) is slightly larger
[14].

It is assumed that the 3 stages of desorption correspond to the 3
different phases within the system Pd-H (alpha, alpha + beta, beta).
The first stage is equal to the beta phase (PdH). The subsequent
section, with a smaller slope, corresponds to the compositions
containing both the alpha and the beta phase. The last stage cor-
responds to the alpha phase, i.e. the solid solution of palladium
and hydrogen. This is in agreement with the results of Zalvidea
et al. [45], which, however, have been obtained at temperatures
around —20°C. Another possible explanation is the electron den-
sity of thin layers. The electron density for thin Pd films depending
of the hydrogen concentration, was published by Vargaz et al. [8]
The electron density of the palladium/hydrogen system is a func-
tion of the molar hydrogen concentration (molar ratio Pd/H in the
metal) and shows a similar dependency as the optical response of
all treated layers.

By contrast, all freshly sputtered layers show a single response
during desorption. This is certainly in agreement with reports in
the literature. However, it should be noted that the transmission
of a freshly sputtered layer decreases with a time delay which is
nearly the same as the second inflexion of the oxidized and purged
layers (at 305s).

4.4. Long term experiments with an extended number of cycles

The results in Figs. 4-6 provide the indication of a signal drift.
Fig. 10(B) (upper diagram) shows the change in the hydrogenated
voltage level as a function of cycles for all treated layers performed
in this article.

To clarify this behavior, a new layer was prepared and was mea-
sured with a higher number of purging cycles. In Fig. 10(A), it can
clearly be seen that the ground state and the hydrogen state is
decreased up to the 9th cycle. However, the difference in the sig-
nal is increased by 12% from the first to the 9th cycle. This effect is
found in all treated layers with the exception of the nanoparticle
layers.

The basic effect of this work relies on specific destruction (dis-
turbance) of thin Pd-layers. So it is not surprising that repeated
purging with hydrogen and a consequent swelling and shrinking
of the layer can create additionally faults by a stress relaxations
mechanism. However, these faults increase the roughness and also
increase the surface area and the response of the layer on the pres-
ence of hydrogen. This means that the sensor shows a higher signal
intensity due to the aging.

Such stress relaxation mechanisms should not occur in “free-
standing” nanoparticles and, by contrast, the signal difference
should remain almost constant. As shown in Table 2, the signal
difference remains almost constant. The absolute voltage level
is slightly increasing with time (7mV in 18 min) as shown in
Fig. 10(B). But it should point out that the difference is positive.
This means that the drift has the opposite direction in comparison
to that shown in the roughened layer. Since the optical response
has also the reverse direction (by the plasmon resonance), this is
an indication of the structural reasons of the drifts. However, the
statement is speculative, since the magnitude of drifts is very small,
so that it is in the measurement error range.

To demonstrate the transient behavior of the sensor, the mea-
surement was interrupted for 15min (while purging with argon
was continued). Subsequently the measurement was started again.
In the first cycle, a slight voltage drop is seen. This is attributable
to a transient behavior. Especially, the signal difference after the
sensor switch on again still remains unchanged.

It should be noted that the absolute voltage level of the 14 nm
thick layer in Fig. 10(A) compared to 14 nm thick layer in Fig. 5 is
slightly shifted approximately 0.19 V upwards. This should be due
to small variations in layer thickness (between coating cycles) due
to our chosen preparation process. Nevertheless, all determined
relative values of signal difference, signal difference during hydro-
gen desorption, minimal response time and signal difference during
PdO reduction are in an excellent agreement, with the results dis-
cussed above.

5. Conclusion

The features of the optical response at Pd coated glass slides
with different treatments and thickness have been measured time-
resolved under (100%) hydrogen and argon atmosphere. In case of
oxidized and subsequently hydrogen purged Pd layers, it could be
found that the magnitude of the optical response is up to 16 times
larger than that of freshly sputtered layers. In case of a dewetted
Pd layer of the optical response is 4 times larger.

In contrast to untreated layers where the optical response occurs
in one step, during desorption of hydrogen three subsequent steps
are observed. This behavior is not affected by the layer thickness in
the studied range from 5 to 18 nm. In a view of a technical appli-
cation a thinner layer and hence a smaller amount of Pd results in
the same sensitivity as a thick layer. In all layers, an irreversible
chemical reduction from PdO to metallic Pd was detected at the
first contact with hydrogen.
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coated with a 20 nm silica layer and subsequently with a 12 nm gold film. Then these layers were covered
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1. Introduction

The special properties of gold nanoparticles (GNP) offer a wide
variety of applications. Among them are catalysts [1,2], devices
for biological applications [3,4], plasmonic sensors [5-8], sensors
based on surface enhanced Raman scattering [9,10], as well as a
large variety of applications in non-linear optics [11,12]. Further-
more, gold nanoparticles might increase the efficiency of solar cells
[13,14].

Numerous studies on gold nanoparticles were carried out in
recent decades and today many optical effects of GNP are well
understood [15-23]. A specific property of metal nanoparticles, so
called localized surface plasmon resonance (LSPR) results from the
collective oscillation of the electrons. These oscillations are stimu-
lated by the incident electromagnetic radiation. Due to the damping
forces of the electrons (e.g. restoring force and collision of elec-
trons with atomic nuclei) frequencies exist, where the oscillation

* Corresponding author at: Otto-Schott-Institut of Materials Research, Jena Uni-
versity, Lodbdergraben 32, 07743 Jena, Germany. Tel.: +49 03641 947773;
fax: +49 03641 947702.
E-mail address: christian.worsch@posteo.de (C. Worsch).

http://dx.doi.org/10.1016/j.snb.2014.05.092
0925-4005/© 2014 Published by Elsevier B.V.

becomes resonant. The resonance frequency of the plasmons of
GNP with sizes<100nm, is in the visible range of the spectrum
[19,24-29]. This LSPR results in absorption and scattering of light
at these wavelengths. There are many parameters which affect the
LSPR and hence the attributed absorption. For example, the size and
shape of the nanoparticles, the dielectric environment and the dis-
tance of the particle from each other (if it is small enough to allow
electromagnetic coupling) [25-32]. This enables a wide range of
variations in the (optical) properties of GNP.

Numerous papers describe the preparation of GNP from (mainly
aqueous) solutions using a wide variation of reducing agents and
surfactants [27,33]. The precipitation of GNP from glasses by a
thermal treatment slightly above the glass transition tempera-
ture is known since a long time and is utilized for the fabrication
of so called “gold ruby” glasses. Another method which is espe-
cially advantageous for the preparation of large areas covered by
metallic nanoparticles is the deposition of thin metal layers on flat
substrates, such as float glass and subsequent thermal treatment.
The thermal treatment of metal films with a typical thickness of
5-29 nmresults in a dewetting and the formation of well separated
particles of well defined sizes [17,31,34,35].

For many applications, the GNP needs to be applied or embed-
ded on or in solid substrates. Especially for optical and sensor
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applications glass as a substrate material offers a number of advan-
tageous properties. In most studies, GNP is precipitated on a
substrate; they have usually a poor adhesion to the surface and
are not long-term stable. Therefore, it might be required to pro-
tect the GNP by an appropriate thin transparent dielectric layer, i.e.
embedding them in a matrix [21,36,37]. A further route to prepare
strongly adherent and scratch resistant GNP layers is the thermal
treatment of soda-lime-silica glasses coated with a thin sputtered
gold layer, which was subsequently covered with silica [18].

In this article, a method for the preparation of micro structured
glasses functionalized with GNP is presented using the isothermal
hot embossing process. If the hot embossing is carried out at high
temperatures, which means at low viscosities, it results in strong
adherence or a sticking of the glass to the surface of the tool. This
will inevitably cause damage to the glass, as well as in most cases
of the molds [38]. On the other hand, if hot embossing is carried
at lower temperatures, the necessary mechanical load is too large
and the embossing time is to long to allow a efficient production
process. In addition an increased wear of the tool in the continuous
operation of the production process can be observed. It should be
noted that this cannot be prevented by coating the tool used for the
hot embossing process and which leads to satisfactory results only
in the classic glass pressing process [39]. Hence, for structuring, a
special coating strategy for the hot embossing of glass is applied
[40,41]. In a first step, the substrate glass is coated by a thin silica
layer and subsequently sputtered with a thin gold layer. The both
layers were covered with a further thin film of silica. The silica layer
prevents the sticking of the glass during the subsequent embossing
process. Hence, the limitations of the hot embossing process, such
as the maximum temperature which can be supplied are signifi-
cantly less strict [40,41]. Using a thin gold layer as coating on the
substrate enables the formation of a stable layer composed by GNP
which is spontaneously formed during the hot embossing process.
The suitability of an as prepared microfluidic chip as plasmonic
sensor is described in the following.

2. Experimental

Two soda-lime-silica glass substrates (glass transition tempera-
ture, Tg: 525 °C) with a dimension of 25 mm x 17 mm were cleaned
and subsequently coated with a 20 nm thick silica layer using a
combustion chemical vapor deposition (CCVD) process. This CCVD
procedure has already been described in detail (see e.g. in [42,43]).
Second, a 12 nm thick gold layer was deposited using a sputter
coater. In a third step, a further 20 nm thick silica layer was applied.

The hot-embossing was realized using an experimental setup
consisting of a precision pressing machine with an integrated gas
tight process chamber, including mold, substrate, heater as well
as sensors for process control. The hot embossing was performed
under inert argon gas atmosphere (500 Pa) and isothermal condi-
tions, at 660°C, i.e. 135K above the Tg of the glass substrate. The
pressing force was 2000N, corresponding to 8 MPa pressure. In
order to prepare a microfluidic structure, a laser-processed silicon
carbide mold with a flow analysis system as shown in Fig. 1 was
used. The channel width was 500 wm and the depth of the channel
was 100 wm.

The gold coated glass sheet covered by silica was hot embossed
with the microfluidic structure. The applied pressing impulse has
been tailored to achieve an optimum structure replication in the
glass. Boundary condition was that the demoulding forces remain
small, to avoid damage to the glass or the tool. After the form-
ing process, three holes were drilled in the channels in order to
enable injection of the fluids. In a second step, a flat glass substrate
coated with the same silica/gold/silica layer was used as a cover

Fig. 1. Laser structured silicon carbide mold with a structure of a microfluidic flow
analysis system.

sheet to build the microfluidic structure via bonding at 600 °C, kept
for 60 min.

The accuracy of the embossed structure was examined
using laser-scanning-microscopy (Zeiss Laser Scanning Mikroskop
Axiolmager Z1m PASCAL5). Micrographs of the layers were
obtained by scanning electron microscopy (Jeol JSM-7001 F FEG-
SEM). Using the complete microfluidic chip, the channels were
filled with several different liquids, water, ethanol and xylene. Then
UV-vis-NIR spectra were recorded (UV-vis-NIR spectrometer, Shi-
madzu UV 3101 PC, spot size 7mm x 16 mm). For comparison
UV-vis-NIR spectra were also recorded from respectively two GNP
coated glass cuvettes. One was prepared by a simple annealing pro-
cess which resulted in dewetting of the thin sputtered gold films
[17]. In this case, the gold film was not covered with silica. A sec-
ond cuvette was coated with a thin gold layer sandwiched between
two 20 nm silica layers. Both cuvettes were annealed with the same
temperature program as the microfluidic chip. Then, the variouslig-
uids (deionized water, ethanol, xylene) were given in between the
coated glasses and the spectra were recorded. The microfluidic sen-
sor was measured in the same spectrometer, but with a changed
spot size of 4mm in order to minimize the influence of the chip
area which is not in contact with the liquid. The measurement pro-
cedure where performed in analogy with the cuvettes, described
above. All spectra where fitted near the minimum with a Gaussian
function in order to determine the center of mass and denoted as
“minimum”.

The theoretical calculation where performed with the software
MiePlot 4.304 based on the BHMIE Mie-code from Bohren and Huff-
mann [26]. The required refractive index data of gold are taken
from Johnson and Christy [44]. The simulations were performed by
an adjustment of the particle sizes as well as of an effective dielec-
tric medium to adapt the special geometric conditions. A weighting
function was applied to calculate an effective medium (see Eq. (1)).

Neff = & * Nubstrate + (1 — &) * Nanalyte (1)

It should be noted that the effective medium is applied only to
the dielectric components (silica layer and analyte), in contrast to
an effective medium consisting of dielectrics and metallic particles
like the Maxwell-Garnett theory.
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To determine the minimum of each calculated spectra (extinc-
tion cross-section vs. wavelength), the data were fitted with a
Gaussian function and the center of mass was taken as the min-
ima. The calculations were performed using the refractive indices
of the analyzed liquids with and without the weighting factor in
(Eq. (1)). The obtained values of the minima were fitted using a
quadratic function across the refractive indices and are plotted in
Fig. 7. Additionally, an overview of the used refraction indices and
effective refraction indices is given in Table 2.

The real particle size distribution was determined by image
processing. The particle diameter is calculated from the circuit area
equivalent of the particle projection in Fig. 3c.

3. Results

Fig. 1 shows the mold used for preparation of the microfluidic
chip. A schematic drawing of the preparation process (treatment
time and temperature), the resulting layer structures and optical
transmission set up is presented for the cuvette in Fig. 2a. Here,
the analyzed fluid is in direct contact to the GNP. The bonding of
the both coated substrates and the dewetting was realized in one
single processing step.

By contrast, the microfluidic chip, as well as the second cuvette
is schematically shown in Fig. 2b. Both are coated by a layer of GNP
plus a silica layer on top. Hence the fluid is in direct contact to
the silica layer, but not to the GNP. The microfluidic chip consists
of two coated substrates, but only one is structured. The prepara-
tion of the chip was performed in two steps. The first step was the
hot embossing of the fluidic structure (including dewetting) and
the second was the bonding procedure. All sensor types were filled

with water, ethanol or xylene. As reference also spectra from empty
sensors (i.e. filled with air) were recorded.

A typical SEM micrograph of a silica layer deposited with CCVD
is presented in Fig. 3a. A particle-like structure is observed. Fig. 3b
shows an SEM micrograph of a gold layer covered with a CCVD sil-
ica layer. The particle-like structure of the silica-layer is observed
which is superimposed by the percolated structure of the gold
layer. The SEM micrograph of the layer system after the embossing
process is shown in Fig. 3¢ (material contrast) and d (topography
contrast). In the material contrast image particles with sizes of
20-150nm are observed. A detailed analysis (not shown) of the
particle derivation exhibits a log-normal distribution with a mean
diameter of 64 nm and a consequent asymmetric margin for error
of —25nm and +40 nm (standard deviation). The topography con-
trast shows a particle-like structure with particle sizes in the range
from 50 to 200 nm.

A detail of the topography of the hot embossed microflu-
idic structure is shown in Fig. 4. The determined edge radius is
15 wm. The obtained structure corresponds to that of the used
mold. A photo of the subsequently bonded microfluidic chip is
shown in Fig. 5. In order to contact the chip with supplies and
drain, three holes were drilled into the cover glass (marked with
white arrows in Fig. 5). For the naked eye, the chip shows a
gold-ruby color. The structure is completely bonded and without
leaks.

The transmission spectra recorded in a wavelength range from
425 to 660nm from a cuvette deposited only by the GNP layer is
shown in Fig. 6a. The spectra show distinct transmission minima,
which are observed at different wavelengths in the range from 544
to 557 nm depending on the fluid. The empty sensor shows a mini-
mum at the smallest wavelength of 544 nm, followed by the sensor

cuvette type and| layer composition at initial : ;
arrangement | state and after processing processing details
processing
substrate —— dewetting
a) CCVD Si02 N
og bondin
gold 1% %%%88 .
QOG%% :
Vi Go%l Q
analyte CIEJ
processing h
substrate ——= processing time
CCVD SiO2
b) gold — RS §8es
CCVD SiO2 h 'g§§gz‘
analyte e
processing hot embossing
— > 4
| substrate ——— dewetting
| i CCVD SiO2 " bonding
c) 0 ! gold — Eﬁggg E
CCVD SiO2 BN Wil |-
“ana -
processing fime =

Fig. 2. Schematic drawings of the used sensor systems. (a) A sensor system comparable to the cuvettes, with uncovered GNP, prepared with single step process. (b) A sensor
system comparable to the cuvettes, with silica covered GNP, prepared with single step process. (c) A microfluidic sensor embossed directly into the substrate glass and

subsequently bonded.
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Fig. 3. SEM micrographs of (a) silica layer deposited with CCVD, (b) gold layer covered with a CCVD silica layer, (c) the layer system after the embossing process (material

contrast), (d) the layer system after the embossing process (topography contrast).

filled with water (551 nm) and ethanol (552 nm). The largest wave-
length (557 nm) was that attributed to the minimum of the xylene
filled sensor.

The spectra recorded from the cuvette coated with the silica
sandwiched GNP-layer are shown in Fig. 6b. In analogy to Fig. 6a,
all spectra exhibit pronounced minima, where the attributed wave-
lengths depend on the fluid. In comparison to Fig. 6a, the minima
occur at somewhat larger wavelengths (approximately 9-12 nm).
In analogy to Fig. 6a, the empty coated cuvette exhibits the mini-
mum located at the smallest wavelength (556 nm) and the xylene
filled cuvette that at the largest wavelength (568 nm). The minima
of the water and ethanol filled cuvette is in between at 562 and
563 nm, respectively.

In Fig. 6¢ the optical transmission spectra of the hot embossed
microfluidic sensor are presented. It should be mentioned that
these spectra result from an overlapping of “active” and “non-
active” areas of the chip, measured with a spot size of 4mm. The
empty (air filled) chip exhibits a minimum at 551.9 nm, whereas

the minimum of the spectrum recorded from the xylene filling is
shifted to 557.6 nm. In analogy to the measurements in the cuvette,
the minima of water and ethanol appear between at 554.8 nm and
555.0 nm respectively.

The minima (LSPR) of all recorded spectra are summarized in
Table 1.

Fig. 7 shows the resonance wavelengths as a function of the
refractive index of the fluid (analyte) for the measured systems
points (cuvettes and sensors) as well as the calculated curve (lines)
of the cuvettes with and without an effective (dielectric) medium
around the particles. All measured and calculated systems show at
arefractive index of n=1 the lowest resonance wavelength. While
at arefractive index of the xylene (n=1.492), the highest resonance
wavelengths are obtained. Within the limits of error, a continuous
increase of the wavelengths attributed to the minima is observed
with increasing refractive indices. The dashed lines correspond to
the calculated LSPR wavelengths based on the Mie theory with a
weighed effective dielectric medium surrounding the GNP. The full
lines, show the behavior without the weighted effective dielectric

Fig. 4. The topography of the embossed microfluidic structure.

Fig. 5. An image of the bonded microfluidic chip.
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Table 1
Minima of the plasmonic peak of GNP and of silica coated GNP in contact with air and different liquids.
Air Water Ethanol Xylene
Uncovered gold nanoparticles Plasmon resonance in nm 544 551 552 557
on a glass cuvette Ainnm 0 7 8 13
Silica covered gold nanoparticels Plasmon resonance in nm 556 562 563 568
on a glass cuvette Ainnm 0 6 7 12
Gold/silica layer in the Plasmon resonance in nm 551.9 554.8 555 557.9
microfluidic chip Ainnm 0 29 3.1 6
air ethanol water xylene
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Fig.6. (a) Transmission spectra in the wavelength range from 460 to 650 nm of the cuvette (only GNP) filled with different liquids. (b) Transmission spectra in the wavelength
range from 460 to 650 nm of the cuvette (GNP plus silica layer) filled with different liquids. (c) transmission spectra in the wavelength range from 460 to 650 nm of the

microfluidic-chip (GNP plus silica layer) filled with different liquids.

Table 2

An overview of the used simulation parameters. The refractive index of CCVD silica surface is specified as ngypstrate = 1.460 [48].

System Particle diameter (d) Weighting factor (g) Analyte Refractive indies Resulting effective
(Manatyte) refractive index (neg)
Air 1.000 [48] 1.377
Cuvette, uncovered Water 1.332 [48] 1.437
GNP 64nm 082 Ethanol 1.361 (48] 1.442
Xylene 1.492 [48] 1.466
Air 1.000 [48] 1.391
Cuvette, silica, covered 720m 085 Water 1.332 [48] 1.441
GNP - Ethanol 1.361 [48] 1.445
Xylene 1.492 [48] 1.465

medium, using the experimental particle sizes of 64 and 72 nm
determined by the adaption of the cuvettes. All used simulation
parameters are summarized in Table 2.

4. Discussion

Hot embossing of glass substrates under isothermal conditions
is a serious problem due to a strong adherence of silicate melts
with all known tool materials [38]. In the past few years, a tech-
nology has been described in the literature according to which not
the tool material is coated, but the glass substrate [40,41]. The hot
embossing process is carried out while the ductile substrate coating
is deformed together with the glass substrate. It has been shown
that many coating materials — among these sputtered gold layers
- drastically decrease the adhesive forces between the (coated)
glass and the tool. As shown in Fig. 4, also high aspect ratios can
be achieved using the described technique.

Thin sputtered gold films shows dewetting during thermal
treatment and form small islands with sizes in the range from
20 to 150 nm. This effect is well known and has frequently been
described in the literature [34,45,46]. The sizes of the GNP depend
on the thickness of the sputtered layer, the heating rate and the

temperature where the thermal treatment is carried out [17,35].
The glass forming process occurs at temperatures above Tg of the
substrate glass. Hence also the silica covered gold layer can dewet
in GNP [18]. Due to the resulting exposed glass surface after dewet-
ting, a thin single gold layer without a silica cover layer is not
sufficient to entirely prevent sticking during the hot-embossing
process. Hence, the silica layer has tree significant functions: first,
it should further reduce the sticking of the viscous glass on the
mold during the hot-embossing process [41], second the mean free
path length for diffusion of the gold atoms will be decreased, which
results in smaller particles and third it leads to an increase of the
mechanic stability of the GNP [18].

It was shown that two of the coated glass substrates can bond
together by a second heating step at a temperature 75 °C above Tg
of the glass substrate. It can be assumed that the alkaline ions can
diffuse through the silica layer which results in the good bonding
[18].

The mold used has tiny structures related to the production pro-
cess, i.e. small grooves on the surface, and a high roughness, which
results from the production process (Fig. 1). These were accurately
reproduced into the substrate (see Figs. 4 and 5) which illustrates
the high precision of the embossing process. The higher roughness
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Measurement Simulation This weighting factor assumes an effective medium consisting of
B Cuvette uncovered Mie theory the substrate surface as well as of the surrounding liquid (see Eq.
A Cuevette Covered with SiO, | - Mie theory weighted (1)
& Microfluid-chip Since in this method, the resonance wavelength and slope (LSPR
570 . L. . .
T I shift vs. refractive index) has been used, an independent determi-
% e ) d nation of the particle size and the weighting factor is possible.
5 . - P From the chip, spectra of areas which are responsive to a change
2 PR ofthe refractive index and areas which are still unchanged, because
§ o0 i they do not have a contact to the liquid and cannot be separated
8 - B due to the comparably large spot size. Hence, a quantitative state-
£ 5404 ment on the system is more difficult. Nevertheless, the determined
§ particle size distribution (from the SEM micrographs in Fig. 3c) of
g 530+ - 64nm is in a very good agreement with the theoretical predictions
g Hh from the simulation (of the cuvette) discussed above.
& 5204 A comparison of the measured and calculated data shows that
< the surrounding liquid has a contribution of only 15-18% to the
510 . dielectric function, i.e. to the surrounding medium. This result is not
1.0 1.1 1.2 1.3 14 1.5

refractive index analyte

Fig. 7. Minima of the plasmonic peaks shown in Figs. 5 and 6 as a function of the
refractive index of the fluid. Circles: cuvette (only GNP), Squares: microfluidic chip
(GNP coated with silica). Dashed lines: According to Mie theory taking into account
with and without a weighting factor (see text).

provides a higher surface area which facilitates the subsequent
bonding process. However, the remaining grooves lead to light scat-
tering and hence the optical properties, especially the transmission
will thereby be degraded.

The dewetted films possess red color and the attributed spec-
tra show a well pronounced minimum which is due to the LSPR.
The LSPR is affected by a collective oscillation of electrons induced
by the incident light and the surrounding medium is, besides the
size and shape, one of the crucial points. Since the particles are
smaller than the wavelengths of the visible light, the electron can
leave the physical boundaries of the particles and thus interact with
the surrounding medium. In this case, a higher refractive index
shifts the resonance to lower energies. The transmission spectra
can be calculated from the geometry (size and shape) and geomet-
ric arrangement of the GNP, their distance from each other and the
dielectric function of the metal as well as from the refractive index
of the surrounding medium using Mie theory. In the following,
results of simulations based on Mie theory are described.

As a first approximation, the model of a small spherical and
metallic particle within a homogeneous dielectric medium was
assumed. The shift of the PR wavelength to higher values with
increasing refractive index of the studied liquid is in agreement
with Mie theory.

In comparison to simulations using the refractive index (not the
weighted effective medium) of the analyzed liquids, the shift in
the respective LSPR wavelength of the measured liquids does not
quantitatively match the predictions of the model system. Thus, the
theoretically resonance wavelengths are significantly (35-45nm)
shifted to smaller values. Whereas the calculated values for xylene,
with its refractive index very close to that of SiO,, corresponds to
the predictions very well.

As amedium with a refractive index close to that of the matrix, it
can be concluded that the nanoparticles do not interact as strongly
as expected on their environment (at lower refractive indices)
because their interface to the changeable surrounding matrix is
partially blocked by SiO,. Hence, as mentioned above, the used
algorithm is based on the assumption of a free-floating spheri-
cal structure within a homogeneous medium and the effect of the
(changed) refractive index should be much lower, since the GNP
are not entirely surrounded by the analyzed liquid. This was taken
into account by introducing a weighting factor into the calculations.

surprising compared to the typical rough surface structure of CCVD
silica. However, Okamoto et al. described a sensor system which is
based on a single layer of GNP, where the optical properties were
determined as a function of a PMMA cover layer thickness [8]. It
was shown that the LSPR shifts to higher wavelength, up to a layer
PMMA thickness of ca. 20 nm. As also discussed in that article, the
narrow range around the GNP can assumed as an effective medium.

Furthermore, the difference in the weighted refractive indices
between water and ethanol is only 0.04, but a difference in the PR
wavelengths is clearly detected. This is characteristic for the high
optical sensitivity of the nanoparticle systems.

The spectral peak shift and the peak broadness result from the
dielectric environment, the size and size-distribution of the parti-
cles. All samples were annealed above Tg of the glass. In the case of
the cuvette, where the gold layer was not covered by a silica layer,
the GNP subside in the glass surface. Whereas the silica covered
gold layer form GNP, which can lift to the surface and are coated by
only a thin silica cover layer. As described in Ref.[18,47] some of the
GNP may not be covered by silica and some GNP might be exposed
to the atmosphere. The subsidence of the GNP in the uncovered
cuvette and the thinning of the silica cover layer of the sandwiched
GNP layer results in a comparable high sensitivity to surrounding
media.

In comparison to the cuvettes, the transmitted light as well as
the sensitivity (i.e. LSPR-shift) of the microfluidic chip is lower.
Since the light beam of the used spectrometer is larger than the
channel structures, the peak intensity or the transmission of the
chips is lower than in the cuvette. Increased peak intensity might
be achieved by an adaptation of the beam size (of the spectrometer)
to the channel width on the chip, so that the complete fluid-filled
area will be transmitted by the beam.

By using other metals, such as silver, palladium, platinum or
even alloys, not only the plasmon resonance, but also the reactivity
or the catalytic activity of the nanoparticles can be modified. The
described preparation method of metal nanoparticle functionalized
and structured glass chips will enlarge the list of applications of
microfluidics as well as micro electromechanical and micro optic
systems.

5. Conclusions

A soda-lime-float glass coated with a layer stack of silica, gold
and silica was structurized with a microfluidic structure using the
isothermal hot-embossing process. The gold film dewets during
the forming process and forms a layer of GNP, while the silica
layer prevents effectively the sticking of the glass on the mold. The
microstrucured substrate was bonded together with an identical
coated substrate in a second annealing step. The LSPR peak in the
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transmission spectra of the GNP in the resulting microfluidic chip
shows a detectable sensitivity for the refractive index of filled in
liquids. In comparison, two simple cuvettes coated with GNP, with
and without a silica cover layer were prepared and the LSPR were
theoretically simulated and compared with the measured results.
A weighting factor is determinable by a theoretical consideration.
This weighting factor is primarily a correction for coverage as well
as particle geometry and size distribution. Important is the knowl-
edge about the plasmonic behavior at different refractive indices,
thus a particle size and correction factor can be estimated.
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1. Introduction

Metallic nano particles (NP) have been extensively studied and are most frequently produced
by chemical methods which include adding organic additives to the system.!'! By comparison,
the thermal dewetting of metallic layers with a thickness in the nm-range into NP to achieve
optically active surfaces is performed less often.

Dewetting allows the production of large, additive free systems and an interaction between
the dewetting metal layer and its substrate which in turn allows a self assembling orientation
relationship in the form of a crystallographic texture. Dewetting itself may occur far below the
melting point of the metal, e.g. as low as 300 °C for gold,[2’3] and has been performed in a
number of systems including gold, platinum and palladium. In this article we discuss particle
formation effects, morphologies and crystallographic orientations as well as textures in
dependence of the process temperature and the cooling procedure. We also highlight the
importance of phase transitions during particle formation during heating as well as cooling.
Because gold does not show any phase transitions during annealing, we use comparably
produced palladium NP for these experiments which exhibit a pronounced tendency to
oxidize during sample preparation.

The faceting of metallic nano particles has been discussed in detail in Ref. [4] where AFM-
profiles show a facetted particle to be flat on the upper side. It has also been shown that
facetted gold NP on sapphire become rounded with increasing temperatures'? which was
reported to be accompanied by a loss of the strong 111 texture observed at lower

e.g.[2-7]

temperatures.” While a large number of publications feature gold NP, the literature

concerning dewetted NP of Pt and Pd is more manageable.[s'lg]

When it comes to literature describing textures and crystallographic orientations, mainly

information concerning gold NP on substrates such as single crystals,' oxidized Si-wafers!]

[31.[6]

or glasses was found by the authors. It has been shown that the gold NP are preferably

oriented with a {111}-plane parallel to the substrate surface on oxidized Si-wafers® and
2
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[31.16] indicating this is a self organizing process. If the NP are heated above

amorphous glasses
their melting point on a sapphire substrate, the preferred orientation seems to be lost but the
facetted morphology reoccurs if the NP are held at an appropriate temperature for some
time.[” It was also shown that dewetting is possible on inexpensive materials such as soda-
lime-silica-glass. Two superimposed textures were described in correlation with the particle
size in experiments where the gold layers were covered by a layer of silica before the
dewetting process.[él

It is generally accepted that the driving force of thermal dewetting is the minimization of the
surface energy in the three phase system; substrate — metallic NP — furnace atmosphere.
However, the self-organization into textured layers with defined preferences of certain

crystallographic orientations is not really understood. While it seems logical that the fcc-

lattice of gold may prefer orientations where the close-packed {111}-layers arrange

[3,5,6] [2] and

themselves parallel to the substrate, the loss of such a texture at high temperatures
the formation of subtextures where even an obvious relationship to a crystallographic plane is
lacking!® remains an open question which should, however, be of interest for all research

where dewetted NP are used to induce the growth of nano wires!'”!

which frequently show a
crystallographic relationship to the seeding NP.

As a number of parameters such as substrate chemistry, substrate microstructure, cooling rates
or the atmosphere during annealing may affect this self organization, the current article is
aimed at providing a reference for future research by presenting texture analysis of a number
of dewetted metal layers on fused silica glass. Fused silica is a suitable material due to its
simple chemistry, its high thermal shock resistance and chemical stability as well as its
excellent optical properties for the analysis of the plasmonic characteristics of metallic NP in
the near UV range down to 200 nm. Additionally, it is available as a high purity material

throughout the world. The surface crystallization of fused silica above 1100 °C has recently

been studied including texture analysis.™ In the following we present studies on texture
3
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based on the electron backscatter diffraction (EBSD-) analyses of dewetted layers of Au, Pt
and Pd/PdO. In contrast to orientation analyses carried out using X-ray diffraction, EBSD
enables to determine the orientation of each individual metallic nano particle from which

EBSD-patterns can be obtained and a much more detailed, phase specific texture analysis.

2. Results and Discussion

In order to visualize the texture information presented in this article, Figure 1 schematically
shows three orientations of a cubic unit cell towards a substrate and the attributed poles these
orientations cause in the 001, 101 and 111 pole figures (PFs). The rings in the illustration
visualize the result of a random rotation around which ever direction is perpendicular to the
substrate. Finally, the superposition of all textures is presented to show that the central dot
(see arrows) is characteristic for only one texture while multiple textures may contribute to a

ring in some PFs.

2.1. Gold

Gold nano particles are by far the most frequently analyzed system of this topic and textures
as well as twinning orientations have previously been described in three different
experimental setups.[3’5’6] Gold sputtered on silica at up to 210 °C has been analyzed in ref.
[21], however they were not produced by dewetting and information about a crystallographic
texture is not presented. The dewetting of Au on fused silica has not been analyzed by EBSD
and the result of applying a dewetting temperature high enough to melt the Au layer has not
been reported for any substrate to the best of our knowledge. Hence, multiple Au layers with a
thickness of 14 = 1 nm were annealed at temperatures from 424 to 1102 °C to allow
comparability to ref. [3], the comparison to the other metal layers featured in this article and
finally the self organization of the layer after heating above the melting point of the metal.

Figure 2 presents SEM-micrographs of the dewetted particles after annealing at a) 424 °C and
4
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b) 965 °C. The particles are 159 and 113 nm in size and do not show a bimodal size
distribution which is in contrast to the results of Ref. [4] where dewetted Au layers with a
thickness of more than 10 nm showed bimodal size distributions. Dewetting at 424 °C
(Figure 2 a)) indicates a high degree of faceting which is systematically reduced at the
temperature of 965 °C (see Figure 2 b); this is phenomenologically in agreement with ref. [2].

Hwang and Noh? recently concluded that the surface energy is responsible for the rounding
phenomena and additionally proposed a correlation between the crystal structure of their
sapphire substrate and the gold NP. However, the NP described in the present paper were all
formed on amorphous SiO,-glass substrates excluding the possibility of a foreign (vaccinating)
lattice. The faceting describes a further minimization of the energy and the resulting shape is
determined by the Wulff construction and corresponds to a truncated octahedron.**?! In
order to describe the morphology, Barnard et al. calculated the equilibrium shape of gold NPs
using a thermodynamic model.” They found that significant changes in the particle
morphology occur before the melting point of particles is reached. These results were
confirmed by Shim et al.” and the rounding was mathematically also confirmed for copper
particles by Nielsen et al.*> The occurrence of twinning is well known in NP of this system

and is also explained by a modified Wulff construction.*)

The articles discussed above describe the fact that the surface fraction of typical crystal facets,
e.g. the 111 face, are reduced with increasing temperature. Hence a shape transformation
occurs in addition to a premelting mechanism.’”?”) The preferential 111 orientation of the
particles is obtained by the formation (dewetting) of an oriented initial metal layer.m As the
temperature increases, the equilibrium shape of the particles is changed, hence the possibility
exists, that a particle may tilt by reducing the 111 contact surface,’”” and a different
crystallographic orientation may be adopted. It may be concluded, that slow cooling may

cause the optimal surface at low temperatures to be observed after annealing while fast
5
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cooling freezes the morphology observed at high temperatures. However, this argumentation

must be performed under consideration of the substrate.[**

Figure 2 also shows the 001, 101 and 111 PFs of textures calculated from EBSD-scans
performed with a step size of 40 nm covering an area of more than 450 umz. For the
temperature of 965 °C, we present textures from two samples prepared simultaneously
(sputtering, annealing at 965 °C, slow cooling, and carbon coating) and a rapidly cooled
sample to illustrate the differences which may occur despite identical preparation and to test
the effect of the cooling rate. Please note that a very weak 111-texture may be shown in the
111 PF of the rapidly cooled sample if an even more sensitive scale is chosen.

The PFs show that only a 111-texture is observed in the annealed samples up to 718 °C. An
additional 001 texture occurs after annealing at 815 and 965 °C. At 965 and 1057 °C, a 101
texture is additionally detected after annealing. The type of the predominantly occurring
texture, i.e. “the strongest texture”, may shift between samples and, as a matter of fact, even
between different areas on the surface of one sample, hence we will not state a hierarchy.
Surprisingly, annealing at 1102 °C, i.e. above the melting point of Au, does not lead to
complete destruction of the particle arrangement. However, a crystallographic texture can no
longer be detected after annealing above the melting point, which confirms the previous
results obtained for only up to 20 particles!”) for a statistically representative number of NP.

In contrast to lower annealing temperatures, substrate modifications in the form of small
depressions or holes were detected after annealing at 1102 °C as shown in Figure 3. As fused
silica is known to crystallize above 1100 °C and the initial crystals have been shown to form

depressions in the surface,?!

it is possible that these small impressions are tiny surface
crystals. However, the nucleation rate would be much higher which could point towards the

Au layer or the NP functioning as a nucleating agent at the surface. Alternatively, these

depressions could also result from a substrate-NP interaction during dewetting and be visible
6
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if the NP observed after melting are not in the positions of the NP formed during dewetting.
Twinning as described in the refs.[3] and [S] may be observed on all the surfaces analyzed

here.

These results indicate, that the texture formation is temperature dependent but perhaps not
substrate dependent for amorphous substrates, as the sole 111-texture previously described on
soda—lime-silica-glassm after annealing at 400 °C corresponds to the data presented here.
However, only 111-textures were reported in ref. [5S] where Au layers were dewetted and
annealing was performed at temperatures from 400 to 1000 °C under controlled atmospheres
on oxidized Si-wafers using polymer microspheres in the setup. Although the dominance of
the 111 texture is reduced with an increasing annealing temperature, which was also observed
using a sapphire substrate,'! a clear 111 texture is still observed after annealing at 1057 °C.
Hence the 111 texture is observed throughout the entire temperature range while the 001
texture occurs at 815 and 965 °C and the 101 texture occurs at 965 and 1057 °C.

As most samples were cooled slowly, it is impossible that the textures formed solely during
cooling because if that were the case all the samples should feature the same textures. At the
same time the clear observation of facetted as well as rounded particles clearly shows that the
applied “slow” cooling process is still fast enough to freeze the high temperature morphology
of the particles. The absence of a texture after heating above the melting point may be seen as
proof that the NP contributing to the textures measured by EBSD are too large to be
significantly affected by the melting point reduction observed in very small NP.P%
Additionally, it clearly proves that texture formation is caused by a self organization during

dewetting which does not occur during solidification of a melt.

The particle size distributions of the surfaces represented by the SEM-micrographs in the

Figures 2 a) and b) are presented in Figure 4 and are fitted by a Gaussian distribution. The
7
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area of each particle is determined and a diameter of the corresponding circuit is calculated.
The mean particle diameter is 159 + 58.5 nm at 426 °C and decreases to 113 + 38 nm after the
heat treatment at 965 °C. This effect can be explained by the Rayleigh instability, where
elongated particles disintegrate into several smaller particles at higher temperatures and a
decrease in the particle size should occur accompanied by an increase of the particle number
and consequently a more narrow size distribution. It should be noted that these micrographs
only show a projection of the particles, hence a statement about the three-dimensional shape
cannot be made here.

As statistical analyses or the particle size distribution were not given in the refs. [3] and [6]
we would like to amend this here: a bimodal size distribution cannot be detected in the SEM-
micrographs of the samples featured in both articles.

The circularity of a particle can be mathematically defined by a feret ratio where the
maximum and minimum diameter of a particle is determined and the related ratio is
calculated.”! Hence a value of “1.0” is equivalent to a circle while a value of “0.0”
corresponds to an infinitely long string. A detailed analysis of the particle shape in Figure 5
by ferret ratio exhibits a log-normal distribution. Annealing at 426 °C for 3 h results in a
maximum at 0.76 while increasing the temperature to 965 °C shifts the maximum to 0.88 and
narrows the distribution.

This confirms the visual impression that the particles become increasingly rounded at higher
temperatures which has also been reported for gold NP dewetted on crystalline sapphire.m
The fits shown in Figure 4 are negative skew lognormal distributions. In order to perform a
sufficient coverage, the independent variable x = (x-1) is assumed for the equation of the

lognormal distribution.
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2.2. Platinum

Platinum nano particles are interesting because they combine the catalytic properties of Pt
with a relatively large surface. They may also be used as an etch mask. However, Pt and Si
form alloys of multiple compositions with melting points down to 830 °C and SiO, may be
reduced by H,P” or an electrical current in a glass melt?®" to provide the alloying component.
The thermal dewetting of Pt on Si with a natural oxide layer has been studied for layers from
1.5 to 15 nm deposited by electron beam evaporation and annealed at 400 to 1000 °C for only
30 to 240 s with a focus on NP morphology.[s] Increasing the annealing time led to larger
particles in a narrower size distribution.®**! The formation of PtSi-phases and nano wire
growth was observed when annealing Pt-layers on Si wafers.®"®) In addition, interactions

with other substrates are not uncommon.”’!

Due to the lack of a reducing agent, PtSi alloys should not play a role in the experiments
performed here. Additionally, all Pt;Si; phases known to the authors are not cubic and hence
their EBSD-patterns would not be reliably indexable as metallic Pt. Dewetting sputtered Pt
layers of 14 nm at 965°C for 3 h led to the Pt NP presented in the SEM-micrograph of
Figure 6 which show a regular log normal size distribution if the circuit diameter in the SEM-
micrograph is analyzed as illustrated below. The centre of mass is 84.0 nm -34.1 and + 57.5.
Some of the large particles show faceting into triangles or irregularly shaped hexagons as well
as rods. The rods protrude from the surface and hence might also be described as whiskers or
nano wires, making a statement towards true particles sizes problematic for these samples.
Figure 6 also presents 001, 101 and 111 PFs of textures calculated from an EBSD-scan
covering 4,500 pm” with a step size of 100 nm. The PFs show a double texture where crystal
orientations with either a {101} or a {111} plane parallel to the substrate surface preferably
occur. A 100 texture is not indicated. Attempting to perform a size-dependent texture analysis

comparable to that presented in Ref. [6] only showed that reliable data points with a low
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image quality (<30%) show the same texture information as the entire scan. 111-twinning in
the form of two orientations within one NP sharing a common {111} plane was also detected
in these samples. Annealing Pt above the melting point of 1772 °C is not possible using fused
silica substrates because the glass crystallizes to high-cristobalite above 1100 °C which in

turn melts at 1713 °C.

2.3. Palladium/Palladium Oxide

Palladium in the form of NPs, thin layers and foams are of notable interest in materials
science due to their interaction with hydrogen[lo] and their catalytic activity with respect to
various redox reactions.®” Therefore the material is used as a catalytic agent, in gas
purification systems and hydrogen sensors.’™ Pd NP have special optical (plasmonic)
properties which change significantly if the particles are oxidized to palladium oxide.!'"! Pd is
not inert during annealing in air but oxidizes to PdO above 258 °C and starts to decompose
back to metallic Pd at temperatures above 775 °C (both temperatures correspond to DTA
onset).!"?) The crystal structure changes from cubic to tetragonal during oxidation*” which
enables to identify the individual phases using EBSD. The oxidation of Pd to PdO has been
studied on a Pd film under a controlled atmosphere.”® PdO is also reduced in the presence of
hydrogenm] meaning an oxidized layer may be converted to metallic palladium at room
temperature. ") These properties of palladium are of interest for NP research and
preparation in general. Hence, the effect of the phase transition at higher temperatures can be
studied at room temperature. In addition, this phase transition can be reversed at room
temperature by purging with H,. The size dependent kinetics of Pd-hydration have been
studied on nano structured materials,”” thin films®® and nano particles.Bg] Michalak et al.
described the possibility of thermally induced spinodal dewetting in thin Pd layers.'®!
However, those experiments were performed in ultra high vacuum (UHV) which completely

suppresses the oxide phase. Moreover, Mizsei et al. heated thin Pd layers on glass substrates
10
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at atmospheric conditions up to 600 °C and observed no dewetting but the formation of PdO
as well as large accumulations of material in the film.l'”’ After adding hydrogen at 500 °C, a
preferred 111 orientation of palladium was described.'"® While the presented structures
resemble those shown in Ref. [15], it would seem the temperature was not high enough to

produce completely separated particles.

In a first step we present results obtained from samples prepared by a non-chemical dewetting
procedure at 965 °C and ambient conditions. As the oxidized species of palladium

decomposes to metallic Pd between 775 and 800 oc,H10M!12]

the use of hydrogen can be omitted
during dewetting. Due to the oxidation behavior of Pd, an effect of cooling rates on the PdO
formation during cooling may not be neglected and the applicability of texture analysis after
flushing with H, gas must be analyzed. Hence comparable samples with a Pd layer thickness
of 18 nm were annealed at 965 °C for 3 h after which one sample was directly removed from
the furnace, causing a high cooling rate of more than 800 °C/min, while the other was left in
the furnace to cool slowly. Both samples were then coated with carbon, analyzed by EBSD,
flushed with H, and reanalyzed by EBSD. The acquired results are presented in Figure 7
along with EBSD-patterns of Pd and PdO.

EBSD-pattern acquisition was very difficult from the unpurged, quickly cooled sample so that
only ca. 400 data points were of sufficient quality (confidence index CI>0.1) in a scan of
almost 200,000 patterns. While this is within the error margin of the indexing procedure, it
was possible to locally obtain high quality EBSD-patterns of Pd from this surface. The latter
cannot be said for PdO. Hence, the corresponding 111 texture of Pd indicated by the PF is
probably real although not representative while the reliability of the PdO texture must be
questioned altogether. After flushing with H,, the NP from the same area provided well
indexable EBSD-patterns of Pd indicating clear 001 and 111 textures while the number of

patterns attributed to PdO with a CI>0.1 is again within the error margin.
11

87



Textures of Au, Pt and Pd/PdO Nano Particles Thermally Dewetted
from Thin Metal Layers on Fused Silica

W oW ~Joy 0w -

WILEY-VCH

The increase of the ability to acquire EBSD patterns after flushing may indicate that the NP
initially showed a core-shell structure of Pd surrounded by a thin PdO layer despite the high
cooling rate. The combination of both crystal lattices (Pd and PdO) within the information
volume of EBSD may lead to pattern superposition (e.g. at grain boundaries) or prevent the
formation of an EBSD-pattern as may be assumed here.

The sample cooled slowly showed well indexable EBSD patterns of PdO after annealing
while Pd was not detected reliably. After flushing with H,, the NP on the surface failed to
produce a percentage of EBSD-patterns comparable to that obtained from the quickly cooled
sample (only 0.03%). However, the 1796 reliably indexed EBSD-patterns of Pd in the scan
indicate the same coexistence of a 001 and a 111 texture which was also observed in the
quickly cooled sample after flushing with H,. As the optical properties of this sample indicate
a reduction of PdO to Pd and only a negligible amount of patterns is indexed as PdO by
EBSD, the question arises why EBSD-patterns cannot be obtained from most particles. This
problem was detected on numerous samples cooled slowly after annealing at various
temperatures.

As it is possible to obtain EBSD-patterns of high quality from a few NPs, errors due to sample
preparation, i.e. the thickness of the carbon coating, can be neglected. Additionally, the
experiments performed on the quickly cooled samples show that flushing with H; after carbon
coating led to the reduction of PdO in a comparably prepared sample. The detailed SEM-
micrographs of Pd NP resulting from slow and rapid cooling after annealing at 965 °C and
purging with Hj presented in Figure 8 show a pronounced morphological difference between
the particles. The particle shape is “rugged” after the particle oxidized completely and formed
PdO of higher volume!" during the slow cooling process, see Figure 8 a). In contrast, the
rapidly cooled NP in Figure 8 b) are rounded, again implying that any oxidation during rapid
cooling only forms a thin shell of PdO on a core of Pd as already outlined above. Hence the

structure of a quickly cooled Pd/PdO NP is quite different from that of a slowly cooled
12
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Pd/PdO NP even after being flushed with H,. However, a more detailed analysis of this aspect

is beyond the scope of this article.

Hence it must be noted that cooling rates affect the structure of the NPs in this system and
possibly the texture formation. It is probable that the phase transformations of Pd to PdO and
vice versa have no effect on the texture of quickly cooled NP because they were never fully
oxidized (PdO was not reliably detected by EBSD on the quickly cooled sample in contrast to
the slowly cooled sample). Please note that none of the PFs of PdO allow any certain
conclusion on the possible textures of PdO because the two cubic textures of Pd allow at least
six tetragonal PdO textures which in turn would probably not show an elevated probability of
any orientation and hence remain unnoticed. A similar cubic-tetragonal transition also occurs

during cooling after the surface crystallization of fused silica.*"

A temperature series was performed to allow a comparison with the results of gold presented
above. These samples were always rapidly cooled in order to minimize oxidation and flushed
with H, for at least 15 min to obtain metallic Pd as the results of Figure 7 showed that even
rapid cooling cannot prevent the formation of a thin oxide layer. The resulting SEM-
micrographs in Figure 9 show that the palladium has a much smaller temperature window in
which dewetting occurs. After 3 h at 767 °C, the layer is not dewetted and contains star
shaped cracks which were also observed in Ref. [15]. Well separated particles are observed
after annealing at 876°C for 3 h with an additional substructure between the particles, see
arrows, which probably results from the irregularly shaped layer residue. These substructures
are no longer visible after annealing at 965 °C. Pd could not be detected by EDX on the
surface of the sample annealed at 1256 °C where the SEM-micrograph only shows
depressions and a crack. This temperature was chosen to see what happens during the

dewetting procedure if the substrate crystallizes during annealing but below the melting point
13
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of the metal. As the sample is fully crystallized here, these depressions cannot be small
cristobalite nuclei as proposed in Figure 3 but probably indicate locations where the Pd NP
interacted with the substrate after dewetting but before disappearing, probably by evaporation.
The absence of Pd was also observed for a sample annealed at 1600°C (not shown), i.e. above
the melting point of Pd, but there was no trace of the depressions shown in Fig. 10. Please
note that the cracks in crystallized fused silica form due to the phase transformation between
200 and 275 °C,%” je. liquid Pd cannot flow into the cracks, again pointing towards an

evaporation of Pd.

The particle size distributions corresponding to Figure 9 are presented in Figure 10 where
bimodal Gaussian distributions are clearly indicated. At 876 °C, the determined mean particle
sizes of the respective peaks are 45.6 +=28.6 and 185 £48.0 nm while at 965 °C they are
88.8 +74.4 and 331.0 + 89.0 nm. A bimodal size distribution was also detected for 5 nm thick
Pd layers dewetted on fused silica.'V It seems logical that the continuously dewetting layer
residue leads to the smaller particle species in the bimodal size distribution. Coalescence and
Ostwald ripening shift this bimodal distribution to larger particles sizes as the atomic mobility
is increased by annealing at the higher temperature. However, the exact reason of the thin
layer residue is not yet fully understood, because such thin structures should have dewetted
long before the large particles in the layer were formed. It must be noted, that a statistical
analysis of the figures presented in ref. [16] where oxidation was prevented during annealing
does not show a bimodal size distribution.

Hence two different dewetting mechanisms may exist: when the layer reaches the dewetting
temperature, it is heavily disturbed due to the volume expansion during oxidation and the
subsequent volume decrease due to the thermal reduction. The resulting layer morphology
containing the star shaped holes (see Figure 9) is not comparable to the hole formation in a

gold layer.[41] Please note that dewetting Pd in a vacuum,®

14
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transformation, leads to dewetting morphologies similar to the spinodal dewetting of gold.
Hence material accumulations may already exist in the oxidized and reduced system before
the actual (spinodal) dewetting begins.['”

Figure 10 also presents texture information on the Pd-layers dewetted at 876 and 965 °C,
EBSD-patterns could not be obtained from the sample annealed at 767 °C. The PFs of the
samples annealed at 876 and 965 °C both show 001 and 111 textures while a 101 texture is

not detected. 111-twinning of Pd was observed in all EBSD-scans of H,-flushed samples

featured in this article.

3. Conclusion

The thin films of all studied materials show a dewetting of the metallic film into metal nano
particles at high temperatures. The experiments focused on the crystallographic and
morphological behavior of the resulting particles as a function of temperatures, cooling rates
and chemical phase transitions during preparation. It was shown that the cooling rate may not
be neglected in the cases of Au and Pd where temperature dependent particle forming/aging
mechanisms were observed. Interactions with the substrate at high temperatures are implied in
all cases.

Because Au, Pt, and Pd are all fcc materials, it is of no surprise to find the 111-texture and the
111-twinning in the NP. The 001- and 101-textures, on the other hand, have not been
described before and do not occur in the dataset of the previously analyzed Au particles.”®! For
both orientations, a crystallographic axis is oriented parallel to the substrate surface. At 965°C,
all three textures were detected in Au NP while only the 111 and 101 textures were detected
in Pt NP and only the 111 and 001 textures were detected in Pd NP. Particle size dependent
textures were not detected after dewetting on fused silica. 111-twinning was observed in the

metallic NP of all metals analyzed here.
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In the case of Au, it was shown that any texture is lost if the metal is melted during annealing.
Comparable results could not be obtained for Pd and Pt due to evaporation or the melting of
the substrate, respectively.

Gold NP show a rounding in the particle shape with increasing dewetting temperature on the
amorphous substrate in agreement to the literature. In contrast to gold, the dewetting of Pd NP
leads to a bimodal size distribution caused by a different dewetting mechanism. Pd NP also
show faceting and the morphology is affected by the cooling procedure due to the time and
temperature dependent phase transition which also affects the ability to acquire EBSD-
patterns. The observed structural modification implies a significantly different NP structure.

Nano rods were observed after dewetting Pt on fused silica.

4. Experimental Section

Fused silica glass samples of 8 mm diameter and a thickness of 1.25 mm served as substrates.
They were cleaned in an ultrasonic bath for 10 min at 65 °C using a 5% commercial cleaning
solution (Tickopur R36). The substrates were subsequently rinsed with deionised water,
followed by another two steps of rinsing in deionised water with ultrasonic assistance and
finally dried at 110 °C for 1 h.

A DC-sputter-system (Edwards Auto 306) with target dimensions of 50x50 mm? for gold
(purity 99.99%), palladium (99.95%) as well as a round target of 500 mm diameter for
platinum (99%) was used to sputter layers of various thicknesses from 14 to 18 nm. The
following parameters were kept constant for all metals during the process: substrate-
temperature (21 °C), target-substrate-distance (110 mm), pressure (< 10 mPa), voltage (4 kV)
and argon pressure (10 Pa). The supplied conditions resulted in a current of 35 mA. The

thickness was controlled using a shutter and a film thickness monitor (FTM7, BOC Edwards).
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Dewetting was achieved by annealing the samples for 3 h in a muftle furnace at temperatures
from 424-1600 °C in air (heating rate 10 K/min). For a better control of temperature, all stated
annealing temperatures (except 1265 and 1600 °C) were logged during the process using a
thermo couple (Ni-CrNi) placed ca. 1 cm vertically above the sample surfaces. After the
respective annealing time, the furnace was either switched off, enabling slow cooling, or they
were directly removed from the furnace (rapid cooling). The exemplary cooling curved of a
slow cooling process from 865 °C is presented in Figure 11.

The samples were analyzed using a Jeol JSM-7001F equipped with an EDAX Trident
analyzing system containing a TSL Digiview 1913 EBSD-camera. EBSD-scans were captured
using TSL OIM Data Collection 5.31 and evaluated using TSL OIM Analysis 6.2. The scans
were performed using a binning of 4x4, a current of about 2.40 nA (measured with a Faraday
cup) and a voltage of 20 kV. Only data points with a confidence index (CI) of at least 0.1
were used for texture calculation. All samples were coated with a thin layer of carbon at about
10 Pa in order to optimize the surface conductivity for analysis in the SEM. The particle size
distribution and particle shape analysis was determined by image processing performed on
SEM-micrographs.
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Figure 1. Orientations of a cubic unit cell and their poles in the respective pole figures. The
rings indicate the result of a random rotation around the respective direction perpedicular to
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Figure 2. SEM-micrographs of gold NP dewetted on glass at a) 424 °C and b) 965 °C. Pole

figures of textures calculated from EBSD-scans performed on layers dewetted at the stated

temperatures visualize preferably occuring orientations.

tilted by 70':77

Figure 3. SEM-micrographs Au NP dewetted at 1102 °C for 3h.

0.25
965 °C 3h

426 °C 3h
0.20

times probability

100 200

equivalent circuit diameter [nm]

Figure 4. Equivalent circuit diameter of glold NP formed by dewetting at 426 and 965°C.
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Figure 7. SEM-micrograph of Pd NP dewetted from a 18 nm thick Pd film by annealing for
3 h at 965 °C followed by fast cooling. EBSD-patterns of Pd and PdO are presented in the
insets. EBSD-Scan 1 was performed directly after annealing while Scan 2 was performed
after the sample was additionally flushed with H, gas for 15 min. Textures of Pd and PdO
calculated from the Scans 1 and 2 as well as comparable scans obtained from a slowly cooled
sample flushed with H, for 30 min are presented below allong with the number of reliable

data points (CI>0.1) contributing to the respective texture.
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This article proves that multiple crystallographic textures coexist in metal nano particles
produced by thermal dewetting in contrast to the usually assumed or described 111 texture. It
is shown that cooling rates may affect the texture and structure of the nano particles. The
texture is lost if annealing is performed above the melting point of the metal.

Keywords: textures, nano particles, dewetting, gold, palladium

M. Kracker*, W. Wisniewski, C. Riissel
Textures of Au, Pt and Pd/PdO Nano Particles Thermally Dewetted from Thin Metal

Layers on Fused Silica

slowly cooled rapidly cooled
.

m

texture:
11

27

103



Discussion

4 Discussion

4.1 Particle preparation

The wording ‘“dewetting” is sometimes misleading. The dewetting phenomenon describes basically
the rupture of thin films on solid substrates Spinodal dewetting and heterogeneous hole nucleation
represents merely the first step in a sequence of different mechanisms and deals with the first
occurrence of fractures inside the layer. The growth of holes, with the formation of rims, networks (by
contact of growing holes) and particles, etc. will take place regardless the origin of the initial holes.
However the initial condition of the subsequent layer disruption, such as frequencies of the formed

holes and time of occurrence, are different. Thus the resulting particle layers are theoretically different.

Furthermore, the structure of deposited metal layers corresponding to the zone 1 in the Thornton
model are presented and discussed in [58,59,62]. The layer is not free of irregularities like voids and
holes. The discontinuous layer morphology acts as a starting point (heterogeneity) for the
heterogeneous hole nucleation. This line of argument does not exclude the spinodal dewetting as a
thermodynamically driven process. Rather, it is a superposition of two dewetting (hole nucleation)

mechanisms. Hence the layers are thin enough to disrupt by thermal induced surface waves.

Comparable to the spinodal dewetting, the heterogeneous nucleation of holes shows layer thickness-
dependent characteristics. According to Lanxner et al. existing or formed holes need a minimum size
to enable their growth, otherwise they heal and disappear. Tesler et al. shows the initial states of
dewetting, depending on the initial layer thickness [41]. Layers with a thickness of 15 nm, shows the
closing of holes in an early stage of dewetting. Such a modification of the initial hole density may lead
to larger particles. Hence the frequency of the initial holes decreases, while in thin layers, even the
smallest cracks can grow and can initiate a higher frequency of growing holes. As a consequence, a
high hole density leads to a higher number of smaller particles. Krishna et al. shows this impressively

on the example of silver [68].

Thermal treatment of thin sputtered layers leads to small metal particles. In article 3.1, detailed studies
are presented which concerned the instability of thin layers, the dewetting phenomena as well as the
resulting optical properties. In general, if the layer thickness is increased, the particle size after the
dewetting is also increased. However, the temperature range, dewetting occurs is not narrow. As
expected, the particle forming procedure shows a transition range. If the required energy is too low
and / or the time is too short, the shape becomes irregular (randomly shaped). With longer annealing

time such irregular forms are rounded. Elongated particles are separated by the Rayleigh instability
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into smaller particles. This can clearly be seen from the constrictions in Figure 1 in article 3.1 (16 nm,
1 h, 400 °C). Further aging effects can be detected and discussed. Using a longer annealing time and
an 8 nm thick initial layer, the particles diameter increases (see Table 1, article 3.1). These results
from Ostwald ripening, and / or coalescence thereby larger particles grow at the expense of smaller
particles. Datye et al. describes a similar evolution of size distribution in case of Pd and Pt particles on

alumina also in dependence of the applied atmosphere [96].

Additional morphological changes are also seen at 21 nm thick layers annealed at 400 °C for 1 to 24 h
(see Fig. 1 article 3.1). The particles show a faceted shape. This is typical for small single crystals
[100,103,110,121]. Their occurrence after a long annealing period, suggests that there is a further state
of energy minimization. The origin of the facets and their behavior at higher temperatures as well as a

detailed EBSD analysis is discussed in more detail in article 3.8.

The particle layers prepared according to article 3.1 are not stable against any physical contact such as
touching or scratching. Hence, it was attempted to cover the gold particles with a protecting layer.
With respect to the application as anti-adhesive layer for a hot embossing process, an SiO, layer
prepared by a pyrolytic CCVD (combustion chemical vapor deposition) was applied. However, the
dewetting behavior during the thermal annealing described in article 3.2, changes totally if the system
is covered by an SiO, layer. A thin gold layer with a thickness of 12 nm dewet at much higher
temperatures in comparison to the uncovered gold film. As reported in the literature and also discussed
in article 3.2, the minimization of the surface energy during dewetting occurs by surface diffusion.
However, since this diffusion pathway is blocked, the material transport is realized by volume
diffusion. This results in a higher activation energy and consequently a higher annealing temperature
is required. Two different sandwiched layer systems were studied and presented in the micrographs
shown as Fig. 2 and Fig. 3 in article 3.2. A gold layer directly sputtered onto the soda lime glass
substrate and subsequently covered with silica is shown as well as a gold layer embedded in two silica
layers (silica-gold-silica). The glass transition temperature (T,) of the soda lime silicate glass substrate
is 525 °C. The dewetting temperature is adjusted in order to enable dewetting of the gold through the
interface between glass and SiO, layer. Karakouz et al. reported for a borosilicate glass (T, = 557 °C)
a sinking of the gold particles into the surface already at 600 °C [40]. In general, annealing at 550 °C
for 20 minutes results in irregularly shaped layer fragments since the dewetting procedure is not
finished yet. By contrast, an annealing procedure at 600 °C for 20 min leads to well separated and
nearly round particles. However, the resulting particle sizes between the two layer systems are quite
different. The mobility of the gold atoms is more hindered between the silica layers which should have
a very high T, (1220 °C, [122]). The mobility of the gold atoms is smaller, and therefore smaller

structures will be formed. This behavior also affects the optical properties in a clear manner and
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provides the basis to realize integrated optical (hot embossed) microfluidic sensors discussed in more

detailed in article 3.7.

A further possibility to affect the formation of particles by an additional metal layer is presented in
article 3.3. In contrast to an SiO, cover layer, not only the formation is affected, but also the
composition of the resulting particles. Thin gold and silver layers were sputtered sequentially onto
soda lime glass substrates. During annealing at 400 °C for 1 h nanoparticles are formed. Using
different thickness ratios of gold and silver, the composition of the resulting particles may be affected,
which leads to a modification in their dielectric function and hence their optical properties. An
alloying could be detected under specific conditions but silver tends to oxidation, and an alloying can
also be suppressed, if silver is in contact with air. The results illustrated in article 3.3 are mainly

focused on optical properties of the resulting particle layers and will be discussed later.

The previously discussed metals gold and silver feature a model character. First as already mentioned,
in optical point of view, they have plasmon resonance frequencies in the visible range of light. Thus,
the requirements for the optical measurement technology and particularly the substrate are less than
for metals with resonances in the UV range. Certainly these metals (and also copper) play a significant
role for decorative applications. Furthermore, the stability against air is advantageous with respect to
the application as a sensor. Another advantage, at least for gold, is that the oxidation resistance enables
the analysis of dewetting processes at elevated temperatures without the influence of chemical
reactions which would distort the results. Nevertheless, in some applications, a chemical reactivity is
preferred. Here, especially, the catalytically active metals palladium, platinum and rhodium are to be
mentioned. Up to now, a scientific approach of the dewetting process (in the nano meter scale) as well
as the optical characteristics is scarcely available. In this thesis, further investigations on palladium
were subjected, as it is known to interact at room temperature with hydrogen. Moreover, even studies

on platinum are commenced, although in a much lesser extent and reported in article 3.8.

In contrast to gold, the preparation of palladium nanoparticles by dewetting is more complex.
Concerning its chemical properties, palladium is comparable to silver and thus not inert. Hence, as
already shown for silver, a chemical reaction with the surrounding atmosphere during the preparation
is not completely ruled out. The reactivity of the palladium is not a disadvantage; on the contrary it
will (especially in the nano-particulate appearance) be required in some applications. In article 3.4, a
new method to obtain palladium nanoparticles by a dewetting procedure at atmospheric conditions
was introduced. Michalak et al. also showed recently the dewetting behavior of thin palladium layers
under ultra-high vacuum conditions on a sputtered SiN surface of an oxidized Si waver [79]. In

contrast to the previous articles, fused silica glass instead of soda lime silicate glass was used. This
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was done taking into account the very high band gap energy of SiO, and the associated high optical
transmission in the UV range. On the other hand, fused silica possesses excellent thermal properties
such as high thermal shock resistance which allows very high cooling rates. A thin palladium layer
with a thickness of 5 nm was deposited onto a fused silica surface. A subsequent treatment at 900 °C
for 1 h (in air) results in a thermally induced formation of round particles with a diameter up to
200 nm. However, the size distribution diagram shows a significant accumulation in the size range
from 15 to 30 nm. Around the largest particles, no smaller particles can be found. This indicates
ageing effects such as Ostwald ripening and Kelvin instabilities, Rayleigh instabilities as well as the
movement of whole particles, results in coalescent structures. Additionally, the same experiments
were also performed on larger fused silica substrates in order to demonstrate the optical properties of
palladium nanoparticle layers under different atmospheres. If the palladium nanoparticles are located
in a hydrogen atmosphere, the optical properties are changed very significantly by the incorporation of
hydrogen into the palladium lattice (see the explanations in chapter 4.2). In these experiments, it
became also apparent, that probably an oxidation to PdO takes place. By varying the cooling rate, it
was observed that there is a clear evidence of the formation of palladium oxide and it was concluded
that the oxidation takes place during subsequent cooling. This means that the dewetting at 900 °C
takes place in the metallic state, because palladium oxide is not stable in air above 819 °C [123,124].
This assumption was verified by a detailed optical examination in articles 3.5 and 3.6 as well as a

crystallographic EBSD analysis in article 3.8.

In order to understand the (optical) oxidation behavior of palladium, oxidation and reduction
experiments were carried out on palladium layers with a thickness of 12 nm in article 3.5. The
oxidation of palladium occurs between 258 and 819 °C. Therefore, the thermal annealing was carried
out at 720 °C in order to obtain an oxide layer. From Fig.1 in article 3.5, it is seen, that no dewetting
has occurred. Hence, the temperature of 720 °C is not high enough for a dewetting procedure. With
respect to the oxide phase, however, it is beneficial for the study of optical conditions, since they are
more prominent. Although no dewetting occurred, the palladium oxide layer as well as the reduced (by
hydrogen) metallic layer shows a significantly changed morphology. This can be explained by the
increase in volume during the oxidation. The layer compensates the stress by upraising and in
consequence the roughness is notably increased. But surprisingly, this process is not reversible.
Because a reduction with hydrogen gas no longer results in a smooth layer. The roughness remains
unchanged. Furthermore, this preparations behavior has been used specifically in article 3.6 in order

to develop a highly optically active hydrogen sensing layer.
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In article 3.6, layers prepared by the procedures in article 3.4 and 3.5 were investigated in detail, with
the aid of a specially developed optical sensor head. This sensor type is used to determine time
conditions during the hydrogen absorption and desorption. Freshly sputtered palladium layers with
thickness of 12, 14 and 18 nm were deposited onto fused silica. These simple and commonly used
hydrogen-sensitive layers, serves as a reference setup for further experiments within the sensor head.
The layers were treated at 700 °C for 1 h in air in order to obtain oxidized layers, according to
article 3.5. This was used to study the reduction behavior as well as the optical response of a
roughened layer (after reduction to metallic palladium), compared to a freshly sputtered palladium
layer. In order to investigate the optical properties of nanoparticles in contact with hydrogen, a
palladium layer with a thickness of 5 nm was prepared and subsequently annealed at 900 °C for 1 h in

air. This procedure has been carried out according to article 3.4.

The particle formation within and below an SiO, layer as presented in article 3.2 is further described
in article 3.7. A plasmon based microfluidic sensor made of glass is presented. For this purpose, a
microfluidic structure, based on the layer system (SiO, / Au / SiO,) was hot embossed into the soda
lime glass surface. Here, during the embossing procedure, i.e. at high temperature, also dewetting of
the gold layers into nanoparticles occurred. An additional heat treatment was necessary because a back
side glass sheet had to be bonded onto the structured glass. The second final SiO, layer was necessary
in order to prevent the sticking of the mold during the hot embossing process. In order to better show
the effect of this top layer, another simple cuvette was prepared without the hot embossing step. It
became clear that the double treatment and especially the forming process have a significant influence

on the layer structures, and thus the optical properties of the sensor system.

In comparison to article 3.1, in which a detailed description of the resulting morphology of the
nanoparticles at temperatures up to 400 °C was presented, article 3.8 deals with the dewetting

temperatures > 1300 °C especially for gold and palladium.

For gold, it should be noted that the particles are stable at high temperatures under the applied
parameters. Even if the bulk melting point is exceeded (for 1 h), the particles were not completely
destroyed, however, the texture is lost in this step. In addition to crystallographic changes, which will
be discussed in a later section of this discussion, also significant changes in the resulting shape of the
nanoparticles occur. The facets which were described as a result of energy minimization disappear
with increasing temperature. This trend of rounding is statistically illustrated by image analysis. Here,
the largest (feret) diameter of a single particle was compared with its (feret) smallest diameter. The

increase of the coefficient to unity means an approximation to the circular shape.

The layers were annealed in air, and thus the layers oxidize to PdO. Therefore, in contrast to gold, the

dewetting mechanism becomes more complex. SEM micrographs (see Fig. 9) show after dewetting at
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876 °C residual thin layers between larger particles. However, such structures should be completely
dewetted before such large regular particles occur during the course of a normal particle size
evolution. An increase in the dewetting temperature to 965 °C leads to the disappearance of the
residue and the formation of small particles instead. It can be concluded, that this small particles origin
from the residual thin layer and are responsible for the bimodal size distribution shown in Fig. 10. Ata
temperature of 965 °C, the particles are susceptible to aging effects as discussed in article 3.1. Oswald

ripening and coalescence leads to a significant shift in the mean particle size.

The oxidation of the layer is maybe responsible for a disturbed dewetting behavior. Thus dewetting
performed at 767 °C shows a corrupted layer interpenetrated with star shaped cracks. Mizsei et al.
found that thin palladium layers, annealed in air at 600 °C are not dewetted but oxidize and
accumulations of material are formed [125]. It can be assumed that these structures may already exist
in the oxidized layer and later form the large particles. In a further study he shows comparable
granular structure after purging with hydrogen as shown in article 3.5. However, in these experiments,
the temperature was not high enough to dewet the palladium layer. In contrast, Michalak et al.
examined the dewetting behavior of palladium layers under ultra-high vacuum conditions could prove
a spinodal dewetting behavior [79]. However, the resulting size distribution is not bimodal as it is also
found in article 3.4 and 3.8. Furthermore, the bimodal size distribution itself is not an effect of
coalescence or Ostwald ripening of particles. This is a hint at another dewetting mechanism which

differs significantly from a spinodal dewetting mode.

The oxidization influences the dewetting process, but also affects the particle properties during the
cooling down to the room temperature. If the temperature range were PdO is thermodynamic stable is
crossed too slowly, a significant deformation of the particles is observed. The shape becomes rugged
with sharp edges. This is caused by the same volume expansion, which also destroys the closed

palladium layers as reported in the article 3.5 and 3.8.

The preparation of platinum nanoparticles by dewetting of sputtered layers was also studied. This
topic is only mentioned in this work in order to demonstrate the feasibility. In addition, it is suspected
that platinum nanoparticles can affect the crystallization of glasses used as substrate due to their high
melting point and high dewetting temperatures. Thermal treatment of a thin sputtered platinum layer at
965 °C leads to the formation of nanoparticles with sizes mainly in the range from 50 to 20 nm, but
with a significant occurrence of unusually large particles with sizes in the range from 300 to 500 nm.
The largest particles are faceted, similar to the gold particles in article 3.1 and 3.8 and to the
palladium particles in article 3.8. Surprisingly, also single crystal platinum whiskers were found
which protrude from the glass surface. The particle size distribution shows a log normal size

distribution and indicates Ostwald ripening as the predominant mechanism [90].
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In the following, reference [126] describes a suitable procedure to analyze surface supported particles
by TEM techniques. As already mentioned, the field of nano technology not only deals with the
preparation and application of nano structures, also the further development of new analytical methods
plays a key role in this research area. The discussions of all articles presented in this work have clearly
shown that the surface is certainly essential for the production of nanoparticles by a dewetting
procedure. Unfortunately, on top of a glass sheet, the particles are inaccessible for a high resolution
TEM analysis. Dissolution of the substrate and a subsequent deposition of the particles on a TEM
support destroyed the orientation and distance relationship to the former surface and to the particles to
each other. Thus, a fixation of the particles in an additionally applied chemical resistant matrix is
necessary. Subsequently, the glass carrier substrate is dissolved in a mixture of hydrofluoric acid and
nitric acid. Because the particles and the carbon layer are resistant against the applied acids, the carbon
film which contains the particles can now be placed on a TEM chopper grid. This described previously
method corresponds to the standard replica technique for the preparation of surface imprints suitable
for TEM analyses. However, this simple and fast sample preparation technique allows the detachment
of all particles from a glass substrate surface. The inherent nature is now accessible by a TEM
analysis. The preparations parameters of the particles are shown in this article and correspond to the

specifications in article 3.8. The dewetting was performed at 965 °C in air.

4.2 Optical characterization

Light as an electromagnetic alternating field, interacts with the electrons gas of the metallic particles
and excites this to oscillate. Damping the restore speed of the electrons (according to the polarization
change of the field) is not infinitely fast. The system comes in a resonance state, in mutual dependence
of material, particle size and wavelength of the incident light. This resonant state consumes energy,
resulting in an increased absorbance at a certain wavelength, in the optical spectrum. The typical

resonance wavelengths for gold are in the range of 520 nm to IR range [113].

The fundamental optical properties of gold nanoparticles are described in article 3.1. The optical
spectra of annealed layers with a different thickness are demonstrated. As described at the beginning
of this discussion, an increasing layer thickness leads to an increasing particle size and the optical
properties are mainly affected by this particle size. In this specific example, the particle size is
increased from 36 to 167 nm and thereby the plasmon resonance peak (absorbance maximum) shifts
from 545 to 630 nm. However, it should be noted that with increasing size the particle shape is also
changed and this leads to an additional shift of the resonance to longer wavelengths. A shift of the
absorbance maximum is also accompanied by a peak broadening which is also due to an increasing

scattering power with increasing particle size. From a theoretical point of view, the absorbance of
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small metal particles consists of absorption and scattering components. Gustav Mie accurately

described this behavior in the theory named after him.

Therefore, an additionally simple but powerful method which deals with these phenomena is also
described. The samples are scanned with a flatbed scanner, to capture the color appearance at different
backgrounds and optical setups. If the light source is located behind the layer (on transparent
substrate), the light passes through the layer. The wavelengths, (back) scattered and absorbed by the
nanoparticles are missing and the layer will appear as colored. This setup corresponds to the
conditions within an optical spectrometer in transmission arrangement. However, the perception of
color of a nanoparticle layer is also affected by the optical properties of the background. If the light
source is located e.g. behind the observer and if the background (behind the sample) is colored frosted
black, it follows that only the back scattered light from the layer is visible to the observer (or the
flatbed scanner). However, if the background is white, the light transmitted through the nanoparticle
layer is reflected, and passes again the nanoparticle layer on the way back to the eye (sensor). In this
case, it superimposes with the back scattered light from the layer which results in a distorted
(superimposed) color perception. Accordingly, the color perception of the eye is not fully comparable
with the results of a spectrometer. Although calculations allow the determination of the color from an
optical spectrum, the optical setup is also crucial for the color impression of the human eye. The
presentation and interpretation of these effects succeeds with the aid of optical spectra and Figure 3
and 4 in article 3.1 illustrate this approach in a significant way. In the first row of Fig. 4, it is
demonstrated what the eye sees and the second row (d — q) corresponds to the optical transmission
spectra, while the third row illustrates the (diffuse) back scattered light. The change of color in the
second row corresponds to a shift of the plasmonic resonance to larger wavelengths. Such a shift
results to an increase in transmission in a wavelength range of around 500 nm and also with an
increased absorbance at 630 nm. This leads to a higher proportion of blue and a lower red proportion,

i.e. the appearance of the layer becomes increasingly blue.

A further effect, which has been predicted by the Mie theory, is the appearance and displacement of
the scattering maximum with increasing particle sizes and is also responsible for the peak broadening
discussed above. The third row in Fig. 4 (r-u) shows the diffuse reflectance of the particles realized by
a black background. For the smallest particles, where no scattering phenomena occur, the scanned
images remain black. With increasing particle sizes, a diffuse orange layer appears which corresponds
to scattering of light by interaction with the oscillating electron gas. It should be noted that with this
method, no specular reflection is measured as the optical arrangement of the flatbed scanner is not

designed for. Wherefore the closed untreated layers appear also in black.

The article 3.2 presents the optical properties of gold nanoparticles covered or embedded in an SiO,

matrix. If nanoparticles coated with a matrix of higher refractive index, their plasmon resonance shifts
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toward longer wavelengths [3,113,127] (for more details describing these facts see article 3.7 and also
3.3). Since the dewetting occurs in this example inside or within an SiO, layer, the structures and the
optical properties differ significantly from those dewetted on top of a surface. The most noticeable
result of this article is the decolorizing of the sample if it is covered with an SiO, layer before
dewetting. Figure 4 shows that the plasmon resonance of the gold particles in the visible range is
suppressed. Nevertheless, the typical gold inter band absorption in the region below 500 nm is still
observed. This suggests that still metallic gold must be present. Furthermore, the range between 600
and 1000 nm shows a consistently low (at least for a transparent and clear sample) transmission of
only 60 or even 50 % at lower dewetting temperatures. The optical spectrum of the covered particles
corresponds to a thin layer below the percolation threshold [128] and the characteristic spectra of
particles and layers are superimposed. Similar structures and their corresponding optical spectra can
also be observed in an incompletely dewetted gold layer by time resolved optical spectroscopy [41].
However, even after the dewetting system gold/SiO, is completed, no plasmon resonance is observed
in the absorption spectrum. The particles with a size up to 750 nm are too large for a strong plasmon
resonance in the visible range. Possibly, these large particles are no longer approximately semi
spherical, but have the shape of discs. However, such an assertion cannot be derived from the recorded

SEM images.

However, the effect of discoloration can be prevented by an additional SiO, layer below the gold /
Si0, system. Then, the resulting gold particles are finally embedded in SiO,. It has been argued that
the increased roughness of the additional first silica layer affects the dewetting and promotes the
formation of smaller particles. This is clearly seen in Figs. 2 e and f. Smaller particles exhibit (in
agreement with the previous argumentation) a noticeable plasmonic resonance in the visible
wavelength range which is also observed in the optical spectra shown in Fig. 4. In analogy to the gold
silica system, no clear plasmon resonance is observed at wavelengths up to 1000 nm visible when the

dewetting is not yet complete, as it is also seen in [41,129].

The knowledge about this behavior is crucial taking into account the design of sensors in article 3.7,
which are covered with an SiO, layer to prevent sticking during hot embossing. A sensor system, as
described above is not possible without a significant plasmon resonance and thus without an additional

silica layer.

The effect of an additional metal layer is described in article 3.3. In contrast to the dielectric SiO,
layer, an additional layer formed by another type of metal has, with a suitable choice of the respective
metals, the ability to form alloys. In this work, a system consisting of gold and silver was studied

which in this sense exhibits a perfect miscibility.
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Using a simple mixture of these metals, the plasmon resonance is observed at significantly smaller
wavelengths than in the case of pure gold particles. The minimum plasmon resonance of very small
gold nanoparticles is located at 510 to 520 nm [3,114,130,131]. An increase in the particle size, in the
refractive index of the matrix (or substrate), or if the shape differs significantly from a sphere, leads to
a shift of the absorbance maximum to higher wavelengths [3]. For silver, the characteristic
transmission minima is located at around 360 to 420 nm [3]. Since the plasmon resonance is defined
by the dielectric function of each metal, a mixture performs the tunable optical properties as a function
of ratio of the respective metal concentrations. In article 3.3, the concentration of each metal was

adjusted by the thickness ratio of the initial layers.

With increasing thickness of initial gold layer, the plasmon resonance peak shifts from 488 to 520 nm
after the annealing (shown in Fig. 5). This can be explained by an increasing amount of gold in the
dielectric function of the resulting nanoparticles. However, the dewetting results also in larger
particles, since the initial layer thickness also increases. As already mentioned in article 3.1, larger

particles leads to an additional shift to longer wavelengths.

If the layer system is deposited in the opposite stacking order, i.e. a gold layer with a constant
thickness is followed by a silver layer with varied thickness, then the resulting plasmon resonance is
also shifted to higher wavelengths. At a first glance, this behavior is surprising; it can, however, be
explained taking into account, that silver is oxidized under the applied conditions. Hence, it is due to
the oxidation of silver. The effect of alloying is suppressed (or extinguished) by the formation of a
matrix around the particles which has a high concentration of silver and hence, a high refractive index.
A comparable behavior is shown in article 3.7, an increase in the refractive index of the surrounding

medium leads to an increase in resonance wavelength.

This behavior can be suppressed in a certain extent by changing the stacking order. An increased silver
layer is covered with a gold layer of a constant thickness. Hence, silver is protected against the
atmosphere for a longer period of time. This leads to a shift in the plasmon resonance to smaller
wavelengths with increasing particle size. An uncovered gold film dewets and forms particles with a
resonance wavelength at 527 nm. An additional silver layer with a thickness of 7 nm after dewetting
leads to a plasmon resonance at 509 nm, i.e. at a smaller wavelength than for pure gold. This means
that the long-wavelength shift which should be observed in the case of larger particles is completely

compensated and exceeded by the short-wavelength shift caused by the formation of an alloy.

A further important result, taking into account the absence of the plasmon resonance of pure silver, at
a temperature above of 400 °C. In Figure 4 in article 3.3, a characteristic absorbance peak is not seen

in the case of 7 nm thick silver layer according to dewetting. Nanoparticles in general do not show a
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Plasmon resonance if they lose their metallic properties, i.e. if no longer a free electron gas exists

which is necessary for the resonant interaction with a light wave.

In article 3.4, the optical properties of palladium nanoparticles prepared by the dewetting method are
shown. Dewetting of closed layers to form palladium nanoparticles has the advantage that no chemical

substances affect the optical spectrum especially the UV cut off wavelength [12].

Langhammer et al. described the fundamental optical properties of small palladium nano disks
[132,133,133] and their application for plasmon resonance based hydrogen sensing [134,135]. As the
particles have distorted aspect ratio, the plasmon resonance is shifted into the vis-IR wavelength range.

The applied particles were prepared by a hole mask lithography [136].

Since the plasmon resonance depends basically on the intrinsic electronic structure of metals,
discontinuities in the dielectric function are directly transferred to the optical properties. The dielectric
function of palladium indicates a characteristic shoulder in the range from 200 to 300 nm, which is
also observed in the optical spectrum in the form of a significant change in the slope. Simulations,
which will be more precisely discussed, confirm this fact and prove the direct relationship of dielectric
function and resulting optical spectrum. Hydrogen incorporation into the palladium lattice
significantly affects the electrical structure of the host metal, which can also be seen in a clear change

in the optical spectrum of the particles in a pure hydrogen atmosphere.

In contrast to gold, the dewetting behavior of palladium is more complex caused by an oxidation
process. Palladium reacts (in air) to PdO at a temperature above 258 °C which decomposes to metallic
Pd above 819 °C. In order to prevent an oxidation during the formation of the particles, a process
temperature of 900 °C was used for dewetting (see article 3.4). After the annealing program is
completed, the sample was cooled down to room temperature. Below 819 °C, the oxidation to PdO is
thermodynamically possible, however, below 258 °C it does not occur for thermodynamically reasons.
In order to prove the presence of metallic palladium during dewetting, the cooling rate was increased.
This led to a decrease in the amount of oxide formed during the cooling procedure. However, in
article 3.6 it is shown, that a complete suppression is not possible under the conditions applied by this
method because the reaction kinetics is too fast. However, PdO at room temperature is not stable
against the attack of hydrogen. This enables the preparation of metallic palladium nanoparticles from
PdO particles. The optical properties are irreversibly changed by the first interaction with hydrogen, A
further contact to hydrogen results only in a reversible change in the optical spectra, caused by the
formation of PdH, (see above). This indicates that a chemical reduction of PdO to Pd has expired.

Hence, below 258 °C no (significant) PdO is formed and the reaction becomes irreversible at RT.

To get a better insight into the optical and structural behavior of palladium during the oxidation

process, palladium layers with a thickness of 12 nm were annealed below the PdO decomposition as
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well as below the dewetting temperature. A palladium layer with a thickness of 12 nm still shows
optical transparency and an optical transmission analysis as well as an application according to
article 3.6 is even possible. The optical results are basically presented in article 3.5, Figs. 2 and 3.
After the oxidation, the optical spectrum is changed dramatically caused by the transformation from a
metal to a semiconductor (PdO) which results in different effective mechanisms of interacting with
light. The optical band gap of the resulting palladium oxide shows a steady transition over a wide
wavelength range, which may possibly be due to impurities. Below wavelengths of 500 nm, further
optical effects occur upon oxidation and may correspond to the interband transitions or charge transfer
bands. Additionally a similar observation in the same wavelength range was also discussed in article
3.4 after heat treatment which results in the (therein still suspected) oxidation of palladium
nanoparticles. However, a continuous layer is much better suited to describe the optical properties of

palladium than the oxidized nanoparticles. The exact origin of the optical band is not yet clarified.

In article 3.5, a further important fact is exposed. The optical properties of a continuous palladium
layer after reduction with hydrogen is not identical to that prior to the oxidation. This is attributed to
changes in the surface morphology presented in chapter 4.1. The layer has changed permanently and it
cannot be explained only by the interaction (incorporation) of hydrogen and palladium. As explained
below, the effect of the interaction of hydrogen with an oxidized layer as well as with palladium

nanoparticles is discussed in more detail.
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4.3 Sensor application

In some sections of this work it has been discussed that nanoparticles can change the optical properties
in dependence of their composition and that of the surrounding matrix. Furthermore, it has been
shown, that the metallic particle in a certain way response to the environment and hence, it should also
be suitable as a sensor. The next section introduces two basic types of optical sensors which not only
enable the detection of substances, but also allows a deep insight into the nature of the nanoparticles

and matter in general.

In article 3.6, the optical properties of palladium nanoparticles and continuous layers in contact with
hydrogen are shown in an application related consideration. The retooling of a spectrometer was too
complex and therefore a simple and uncomplicated sensor system which allows time resolved
measurements with a suitable sampling rate was developed. The optical setup of the sensor head is
equal to a transmission spectrometer. Two windows coated with the target layer are illuminated by a
red LED, the light is transmitted through the windows, the layers as well as the chamber. At the
opposite side, the light is collected by a photodiode. In contact with hydrogen, the optical properties of
the coating will be changed according to articles 3.4 and 3.5. The optical analyses given in these
articles, allow to calculate difference spectra, which provide information about the maximum optical
change in the spectrum during and after the contact to hydrogen. It can be concluded: a red LED with
the outlined emission spectrum is very suitable as light source for the sensor using palladium coatings.
In a home-built system the comparability to other setups is not given sometimes. Hence, the results of
this work are discussed in relation to a standard procedure, which consists of untreated freshly

sputtered palladium layers of respective thickness.

As expected, the optical transparency at wavelengths which can be generated by LED changes in
dependence of the atmosphere applied. If the layers have been oxidized, at the first contact to
hydrogen, an irreversible reaction of PdO to PdH takes place which results in an immense decrease in
the transparency. With respect to the layers, the change in the transmission is three times as large as
that attributed to the conversion from Pd to PdH. The reaction of Pd to PdO is that of a metal to a
semiconductor and hence is attributed to a fundamental change of the light absorption mechanism. If,
however, particles are used for the measurement, a similar but much smaller (16 times in comparison
to the continuously oxidized layers) effect occurs. In this regard, it is also interesting that the particles
used for the measurement are rapidly cool to prevent the oxidation by air as described in article 3.4.
Therefore it becomes clear that a complete suppression of the oxidation, with the parameters of this

cooling method and without replacing air as atmosphere, is not possible.
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The reversible effect present in all studied types of coatings corresponds to the formation of palladium
hydride. However, all types of coatings also show different optical responses during the contact with
hydrogen. The freshly sputtered and oxidized layer differ (beside the signal height) by the desorption
behavior. The reduced and roughened layers, shows a three step desorption behavior. However, there
are several different lines of argumentation. First, the three steps correspond to the 3 different stages
within the Pd-H system. However, the reason why the freshly sputtered layers show only one stage is
not yet understood. Possible explanations are the resolution of the measurement is too small, and only
the strongest change is visible, or 2 phases (the beta phase and therefore the alpha-beta steady state

phase) within the phase diagram are suppressed.

The particles basically show the same behavior (except signal height) as the previously oxidized
layers, but the signal has the opposite sign. This is also explained by different absorption mechanisms,
but here between two different types of interaction of light with a metal. Firstly, the absorption in a
layer, and on the other hand manipulation of a plasmon resonance of small metal nanoparticles. The

direction which turns the signal also results from the difference spectra in Fig. 2, in article 3.6

Another type of sensor is present in article 3.7 and deals with a change in the dielectric constant of the
surrounding medium. The basics of optics and preparation are described in the articles 3.1, 3.2 and 3.3

as well as in refs. [137,138].

Gold layers were prepared and subsequently covered by an SiO, layer in order to prevent sticking
during the hot embossing process. During hot embossing, the particles are formed below or within the
silica layer. To investigate the effect of an additionally SiO, layer on the sensor properties, cuvettes
with and without a silica top layer were prepared and filled with different liquids as well as with air as
standard. To illustrate the effect of hot forming, these measurements are compared with an integrated
microfluid glass chip. A soda lime glass substrate was coated with an SiO,/Au/SiO, layer system and
subsequently hot embossed directly into the coated substrate. As discussed in article 3.2, a layer

system without silica as the base layer, is not suitable due to discoloration effects.

As expected by numerical calculation and taking into account the relevant literature [3,3,113,119,139],
an increase in refractive index of the used liquids, leads to an increase in the plasmon resonance
wavelength, illustrated in Fig. 6 (a) in article 3.7. The plasmon resonance of an uncovered cuvette
shifts from 544 nm (corresponds to air) by 13 nm if xylene is used. A shift of the same magnitude is
obtained if the particles are located below a covering SiO, layer. Only the absolute plasmon resonance

position has shifted towards higher wavelengths.
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In contrast, the hot embossing process results in a considerable decrease in the optical sensitivity. This
is discussed, by a densification of porous structures by the embossing step. This should also be
mentioned that the measurement setup has changed. The spot size is reduced to 7 mm however, some
areas of the chips are also transmitted, which are not in contact to the analyte and thus do not show a
change in the plasmon resonance position. Superimpositions of sensitive and insensitive areas may
result in a distortion of the measured signal. Due to this uncertainty, no simulations were performed

for the determination of particle size and coverage.

In a similar way as the sensor based on palladium for the detection of hydrogen, this sensor is suitable
for scientific use. The ability to measure the same particle layer in contact with various matrices,
allows the estimation of properties, which cannot be derived from static spectra. This fact is discussed

in more detail in the following chapter of the discussion, which deals with the simulation.

4.4 Theoretical consideration (Simulation)

To describe or to predict the optical properties of metal nanoparticles and their modification by a
couple of parameters, the Mie theory is used. The mathematical algorithm of the software used
(BHMIE) was written by Craig F. Bohren and Donald R. Huffman [111]. The graphical
implementation (Mie Plot) was realized by Philip Laven and based on the BHMIE code [140].
Regarding the use of the Mie theory, some restrictions have to be applied. The Mie theory, as an
analytical solution, is only valid for metal spheres inside a homogeneous medium. However, the
nanoparticles described in this work are located in an interface exactly between substrate and
atmosphere or liquid and frequently a deviation from the spherical shape occurs (more specifically, the
deviation from the circular shape in the projection demonstrated in the articles 3.1, 3.2, 3.3, 3.4 and
3.8). This inevitably leads to deviations in the predictions. If a theoretical system no longer applies,
then it is possible to adapt it by correction factors. However, this type of adaptation does not always
fix the problem itself. In this thesis such factors were used, but it must be noted that the resonance is
affected by many parameters, and a single correction includes all influential factors. It also follows
that a correction factor is always tailored only to an individual system and is hardly or not transferable
at all. Basic statements on the behavior of nanoparticles are still possible and provide an excellent
insight into the functional principle of particle based nano optics. It should also be mentioned in
passing, that at least some limitations (especially the particle shape) of the system can be described by
using numerical methods. In initial experiments, the program DDSCAT of Drain and Flatau [141,142]
shows promising results. It is based on the discrete dipole approximation, but requires complicated

shaping operations and needs significant more computing power.

118



| Discussion

The resonance wavelength of small metal nanoparticles is simultaneously influenced by the particle
size (distribution), shape, covering degree as well as by the surrounding media. Even if only size and
environmental conditions (geometry, refractive index, etc.) are unknown, it is not possible to
determine these values based on a single spectrum. This results from the fact that all of these effects
lead to a shift of the peak to longer wavelengths. However, if the magnitude of a resonance shifts and
the respective refractive index are known, statements about the underlying system are possible by

using the Mie theory. An example is already mentioned in article 3.7 and chapter 4.3.

The plasmon resonance wavelength of gold nanoparticles is affected by the dielectric constant and
hence the refractive index of the surrounding liquids. The absolute position of the wavelength is
basically due to the particle size. Calculation (at a given particle size) performed with the Mie theory
pointed out that the slop of the resonance shift versus the change in the refractive index of the liquid, is
much too high (see scattered lines in Fig. 7 article 3.7). This means that the real system responds
much weaker to the presence of a liquid with an associated refractive index, as predicted by Mie
theory. The idea is that a particle is not in a complete contact with the surrounding liquid. Introducing
an effective medium (consisting of the components of the dielectric matrix) to describe the
environment at the interface will solve the problem and allows the description of a mathematical
system based on the Mie theory. A suitable choice of this linear weighting variable, accompanied by
an appropriate adjustment to the resonance wavelength by the particle size, leads to a model that can
describe the real situation in theory very well. For the calculations, a constant dielectric value of fused
silica was assumed since within this wavelength range no significant changes in the refractive index

are to be expected. This does not apply to the UV range.

Regardless of the selected simulation model (e.g. applied weighted and unweighted dielectric
environment, Fig. 7, article 3.7), nearly the same plasmon resonance is obtained for the refractive
index of xylene (n=1.492). Hence, the refractive indices of SiO, (fused silica) and xylene are very

close to each other, thus a comparable dielectric environment is assumed by the simulations.

However, the real implication of the weighting variable, whether it is predominantly due to an
incomplete coverage of a particle surface or the plasmon resonance is affected through an SiO, closed
layer (as seen in [136,139]) cannot be clarified by this way. To the chip itself, no simulations were
carried out, since the measurement data can also contain insensitive areas, which may distort the

measurement, and thus the results of the simulation.

In article 3.4 simulations were carried out with the aid of Mie theory in order to identify the
absorbance peaks as plasmon resonances and furthermore to explain the change in optical spectra by

the incorporation of hydrogen. Hence, an identification and evaluation by literature data was not
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possible. For this purpose, the usual assumptions for the Mie theory, a sphere in a homogeneous
medium, was adopted. The measured material dielectric functions of palladium, palladium hydride as
well as fused silica found in the literature were used to perform the calculations. As already
mentioned, a weighted dielectric material as surrounding matrix was used, to adapt the conditions of
particles located inside an interface. Since optical induced resonances are expected in the UV range, a
wavelength dependent dielectric function must be used in order to describe the SiO, substrate. In
comparison to article 3.7, the particle size distribution is known, and thus the effect of the surrounding
matrix and the geometry can be adapted. However, a separation of the effect of the matrix and the
geometry is still not possible. On the other hand, in article 3.4, different ways of adaptation have been
identified. Nevertheless, a theoretical description of the performed measurement taking into account
the effect of the geometry is still not possible. Taking into account the above described limitations of

the Mie theory, the real system is too complicated.

Important insights are still possible. The shape of the graph provides information on the origin of the
optical properties of dewetted palladium layers. The shoulder in the absorption spectrum at
wavelengths between 200 and 350 nm is also found in the dielectric function of metallic palladium.
The optical spectrum is consequently caused by the electronic structure, and there is an interaction
between the electrons and the light. Thus may be argued that there is a plasmon resonance.
Furthermore, using the dielectric function of palladium hydride instead of palladium for the
calculations leads to a notable change in the simulated absorption spectrum. The same effect can also
be observed when the particles are brought in contact with hydrogen. It can be concluded, that the

optical spectrum is caused by the formation of palladium hydride.
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4.5 Crystallographic, morphological and analytic

Using methods such as a wet chemical route or the preparation of particles from the gas phase and
subsequent deposition on a surface can hardy result in an orientation of the particles. By contrast, if a
support is used e.g. a substrate and thus two degrees of freedom (rotation) are blocked. Additionally an
energetically preferred orientation is already a result of the sputtering process. The subsequent
dewetting leads to separated particles and all formed particles might have approximately the same
orientation with respect to the substrate. The resulting “layer” of oriented particles may hence possess

a texture. This texture statistically describes the distribution of crystallographic orientations.

In article 3.1 the preparation of gold nanoparticles is described. It was found that the dewetting of a
sputtered layer which already has a certain orientation leads to the formation of irregularly shaped
particles in the first stages of dewetting. However, if annealing time and the temperature is increased,
the particle shape becomes more regular and mainly facetted. The faceting is attributed to the
crystalline nature of the particles and corresponds to a minimum energy state as described above. The
shape follows from the Wulff construction [100,103,143,144] as well as the modified Wulff
construction for supported particles [104,121]. The XRD patterns obtained from a 21 nm freshly
sputtered and annealed gold layer proved its crystallinity. Mainly, the 111 peak of metallic gold is
observed in a freshly sputtered layer. A great number of papers confirmed the orientation of sputtered
or evaporated gold layers [60,62,63,145]. After a subsequent annealing solely the 111 and 222 peaks
were observed. Thus, it can be concluded, that the particle layer is textured caused by a preferable
orientation of the particles with respect to the surface of the substrate. EBSD measurements obtained
from the same sample confirmed this result. An orientation with the (111) crystal plane parallel to the
substrate is preferred. With respect to the argument of the blocked rotation degrees of freedom, a
continuous ring observed at an angle of 70.5 deg in the (111) pole figure indicates a random rotation
around the [111]-direction. These results are confirmed by [38]. Similar orientations (partially
different measurement methods) are found in numerous references [39,41,145,146,146]. Additionally,
Marks [100] and Metois et al. [147] described “kinetic shapes” which occur, during the evaporation at
low substrate temperatures. Due to sticking dominated growth processes, a (001) face exhibits a higher
“sticking probability” as well as a higher free surface and thus will grow faster than a (111) face.
Marks concluded, that a slower growing (111) and (011) faces, will dominate the kinetic shape of

small particles. He also reported a possible suppression of the fast growing (001) direction.
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The results discussed in article 3.1 are obtained by thermal annealing at a temperature of 400 °C. At
higher temperatures, an interaction with the substrate, a change in morphology as well as in the
orientation cannot be ruled out. Hence, the knowledge about the crystallographic shape and orientation
at elevated temperatures is very important to the application in catalytic growth processes e.g. Au-

catalyzed vapor-liquid-solid growth [146,148-157].

Similar to the XRD results in article 3.1, the XRD patterns obtained for the layers subsequent
annealed at 600 °C in article 3.2 also show mainly the 111 peak of metallic gold. The preferred 111
orientation is not affected by the changed dewetting mechanism. EBSD analysis, however, shows an
111 pole figure superimposed by another texture. Hence the data points were filter by the confidence
index and image quality. A confidence index of 0.1 corresponds to the probability of a correct solution
(indexing) of 95%, on a face centered cubic crystal system with 6 activated Kikuchi bands [158]. For a
confidence index higher 0.2 and an image quality of more than 20%, strong 111 orientation ([111]-
direction perpendicular to the surface)) is indicated. However, if only the acquired patterns with an
image quality factor lower than 20 % are used for a statistical analysis, the calculated 111 pole figure
totally changed. The middle 111 spot has disappeared, and an true unspecific texture arises. Possibly
the smallest particles below an SiO, layer (and obtained patterns with the lowest image), exhibit

another orientation but the underlying mechanisms is not clarified.

Also the morphology of the particles is further examined at elevated temperatures as well as at high
temperatures. In the case of palladium and silver, thermal induced oxidation and reduction as previous

discussed in the articles 3.3, 3.4, 3.5 and 3.6 are also of great interest.

In article 3.8, the dewetting temperature for gold was applied at temperatures in the range from 426 to
1102 °C. After tempering at 426 °C, an 111 texture was also found by EBSD and confirmed the results
of article 3.1. At higher temperatures, additionally 101 and 100 textures are formed. The 111 texture
scarcely occurs in a sample dewetted at 965 °C and then rapidly cooled. From this, it can be concluded
that the orientation is different if the sample is dewetted at higher temperatures. This texture can be
preserved, if cooling is fast enough. By contrast, if a slow cooling process is applied, the particles tilt
back and after cooling again an 111 texture is observed. If the melting point of gold (1064 °C) [159] is
exceeded, the orientation becomes random and the texture is lost. This indicates that the oriented
nature of the particles, caused by manufacturing, is retained up to the melting point. Only a complete

destruction of the crystallinity also destroys the orientation.

Statistical analyses of the particles by image processing was used to describe morphological changes
with increasing the dewetting temperature. Important parameters are the particles size and feret ratio
distribution. Again, the results from article 3.1 could be confirmed. The particles become faceted by

dewetting at 426 °C for 3 h. The particle shape is still irregular, which is reflected also in the aspect
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ratio. With increasing dewetting temperature, the particle shape becomes more round and the faceting
is less pronounced indicated by a significant increase in the feret ratio. Similar results were obtained
by Hwang and Noh [160]. They also describe the rounding of the gold particles on a crystalline
sapphire substrate. Due to that, only amorphous substrates were used in the present experiments, an
influence of the substrate crystal structure can be neglected. Nevertheless, studies of Sadan and Kaplan
show that the morphology is restored after solid-state equilibration of the particles slightly below the
melting point [97,110]. Furthermore, it can be concluded that the equilibrium shape of the
nanoparticles is temperature dependent. Barnard et al. [103] used a thermodynamic model to
determine the shape of a 12 nm gold particle at elevated temperatures. He observed a dramatic
decrease in the {111} surface area at temperatures above 800 °C. The morphology is of the particle is
transferred from “truncated octahedron to a more cuboctahedral morphology”. Thus the area ratio of
the individual facets is changes. Hence, it would be conceivable that such a mechanism may influence
the orientation of individual particles as discussed above. At the moment, it is not clear, whether a

correlation between the change in morphology and the change in orientation exists.

Furthermore, an interaction of the gold particles with the substrate may not be excluded. SEM
micrographs in article 3.8 (Figure 3) show that significant substrate modifications in the form of holes
or small depressions have occurred. However, the additionally structures are not in a local relationship
to the large gold particles. The dewetting temperature of 1102 °C was higher than the melting point of
the gold and the liquid particles (drops) may migrate over the surface and merge. As they wander
around, former contact points to the substrate are visible. This would mean that the interaction with the
substrate took place already before the particles were melted. One option would be that the interaction
takes place with a permeated surface in contact with the substrate. A well-known phenomena occurs in
small metal particles, associated with a shape transformation such as rounding or roughening [100,
143,144,161]. It is denoted as “premelting” or “surface melting”. A second option is that the
nanoparticles serve as nucleation agents for surface crystallization. The beginning of the surfaces
crystallization of Si0O,is associated with the formation of depressions, which according to [162] may

even be larger than the observed impressions.

However, similar modifications are found at crystallized SiO, surfaces after annealing at 1256 °C in
the presence of palladium nanoparticles on the surface. The resulting crystalline appearance of the
surface corresponds to the structure presented in [162]. However additional dark spots occur in which
palladium cannot be detected by EDX. The size of the dark spots is comparable in size to the

palladium nanoparticles annealed at temperatures of 876 or 965 °C.

The exact nature of the surface modification if there are impressions or the first appearance of surface

crystallization has not yet been examined.
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Palladium particles were also described in article 3.8. In contrast to gold, the temperature range in
which dewetting may occur is much smaller. Also multiple orientations (001 and 111) were detected
after dewetting at 876 and 965 °C. As already mentioned several times, palladium is oxidized by the
atmosphere at higher temperatures and hence shows a phase transition. For this reason, in article 3.4,
it is proposed to suppress the oxidation by rapid cooling. This has been proved on grounds of the
optical properties. However, as noted in article 3.6, the applied cooling rate was not fast enough and
supposedly some PdO was already formed. To get a better insight, the EBSD investigations were
performed on rapidly cooled (take out from the furnace) as well as on slowly cooled samples. For the
latter, the sample remains in the furnace during cooling to RT) with and without subsequent hydrogen
purging. If the samples were slowly cooled and not purged with hydrogen, the EBSD scan led to a
great number (16,471) of 285,566 (5.76 %) of patterns are attributed to PdO. However, no discernible
texture is obtained in this case. If the sample was previously purged with hydrogen (30 min) only
0.03 % of the patterns (140 of 542,538 patterns) are attributable to PdO. Nevertheless, (in spite of a
larger scan), a large number of patterns attributed to metallic palladium is not found. Only 1,796 of
542,538 patterns are reliable indexed to cubic palladium. These are only 0.33 % of all possible data
points. Due to this small amount of statistically reliable points, reliable conclusions can hardly be

made.

If the PdO layer is reduced by pure hydrogen at room temperature, a high reaction rate as well as the
substantial difference in the density of oxide and metal leads to a highly disturbed crystal lattice where

an examination using EBSD is no longer possible.

This assumption is supported by the significant change in the morphology of the particles depending
on their cooling rate as demonstrated in Fig. 8 in article 3.8. Su et al. proposed a nucleation
mechanism on the surface of PdO particles in a methane-helium mixture. However, on the basis of
catalytic measurements, they concluded a core-shell structure for the whole particle after contact with

hydrogen [163].

A similar effect of difficult EBSD-pattern acquisition is observed using a rapidly cooled sample.
However after fast cooling, only 414 of 190,992 data points are reliable. These are 0.22 % of all points
but nevertheless, it should be mentioned that a texture calculation reveals a 111 texture, which is
statistically not convincing. Furthermore 0.11 % of the patterns (217) can be attributed to PdO.
Subsequent purging with hydrogen for 15 minutes shows a completely different behavior during
EBSD analysis. Hence, in the same sample section (compare with top of Fig. 7), 34,422 of 200,928
patterns (17.13% of all data points) are attributable to the palladium. And now 001 and 111 textures
are established. A similar number of patterns (260) as without hydrogen purging is attributed to PdO,
that corresponds to 0.13 % of all possible data points.
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During fast cooling, a thin PdO shell is formed and evaluable EBSD patterns cannot be acquired
because the respective patterns are superimposed by each other. If the PdO shell is reduced, a large
number of patterns can be acquired and be indexed as cubic palladium. It should be mentioned again,
the chemical reduction of a slow cooled (completely oxidized) PdO to Pd leads to a very low number

of index able patterns.

To ensure the electric conductivity of the surfaces, all samples were coated with a thin carbon layer
prior to the electron microscopic analyses. An attempt has been made to treat a carbon coated sample
with hydrogen. Surprisingly, this thin carbon layer does not prevent the reduction to metallic
palladium initiated by hydrogen and also subsequent investigation with EBSD is still possible.
However, even the required hydrogen purge time is probably not comparable to the treatment time
obtained in article 3.6. Hence, the hydrogen diffusion rate through the carbon layer is decreased, and
also the reaction product water has to leave the sample surface. Certainly, it allows studying the

reduction behavior for discrete time steps using the same sample.

Additionally, platinum nanoparticles are prepared be dewetting. Also in this sample a preferable

orientation is shown. A preferred [101] and [111] orientation perpendicular to the surface is observed.

5. Conclusion

It could be shown that an optical sensor system based on functionalized glass surfaces may provide a

large variety of applications.

Thin layers of gold, silver, palladium and platinum were dewetted to small nanoparticles at elevated
temperatures. It could be shown that these particles have optical properties which can be attributed to
plasmon resonances. The plasmon resonance of gold particles can be tailored towards smaller
wavelengths by incorporating silver atoms, provided by an additional sputtered silver layer. An

increase in the resonance wavelength is obtained by the prior oxidation of the silver.

The optical properties of gold (and all other nanoparticles) are affected by the surrounding medium.
An increase in the refractive index leads to an increase in the resonance wavelength. In addition, it was
shown that an embedding in an SiO, layer, prepared by a combustion chemical vapour deposition
process (CCVD) reduces but does not suppress the sensing properties. Applying the SiO, layer allows
the hot embossing of fluidic structures in the layer system and the substrate in addition to the fixation

of the particles.
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Palladium nanoparticles can also be prepared by thermal dewetting of thin sputtered layers. The
dewetting behavior is changed by the thermal oxidation and subsequent reduction at higher
temperatures and a bimodal size distribution is observed. Palladium nanoparticles respond to the
presence of hydrogen by changing the position and shape of the plasmon resonance. The most
significant change is obtained in the wavelength range of 550 to 700 nm and is therefore easily detect.
Annealing Pd-films at 700 °C, leads to the formation of an oxidized layer. A subsequent reduction

with hydrogen results in a roughened surface morphology with improved hydrogen sensing properties.

Most particles layers prepared by dewetting exhibit a strong 111 texture, i.e. the [111] direction
preferably occurs perpendicular to the substrate. Additional textures appear at elevated temperatures.
An almost absolute suppression of the 111 texture for gold is obtained after annealing at 965 °C and
rapid cooled to room temperature. Thermal treatments above the melting point of gold destroy the

texture.
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6. Abstract

In this work, nanoparticles where deposited on glass surfaces. For this purpose, a dewetting process
was used. A closed sputtered metal layer breaks into to small particles by a heat treatment. This effect
is based on the minimization of the interfacial energy in the system substrate/particle/atmosphere. The
size distribution and shape of the particles may be adjusted by the initial layer thickness. If the
temperatures are too low (350 and 400 °C) and the layers too thick (15 nm), the dewetting process also
produces irregularly shaped particles, since the energy is not sufficient to transform the particles near
their state of equilibrium. Based on these studies, ageing effects such as Ostwald ripening and an
essential particle-forming mechanism, the Rayleigh-instability were identified. It has been found that
the equilibrium shape for larger particles exhibits a clear faceting which is based on the underlying
crystal system. In this case, it is assumed that the forming facets correspond to the crystal structure and
represent a further stage of the energy minimization. However, the faceting disappears at elevated
temperatures (> 800 °C) by the formation of additionally and more favored crystal faces. Using EBSD
analyses, it could be shown that the gold nanoparticles are preferably oriented with the densely packed
{111}-plane parallel to the amorphous substrate surface. This changes with increasing temperature and
{100} as well as {110} planes parallel to surface will also appear. In addition, a correlation with the
cooling rate could be expected. Only temperatures above the melting point will destroy the observed

texture and the system is transformed in a random orientation.

In order to control the optical properties of metal nanoparticles, several possibilities are offered and in
this thesis three different approaches are explained in detail. The first is the adaptation of the particle
size, followed by an adjustment of the particle composition, as well as the selectively modification of
the surrounding media. An increase in the particle size leads to a red shift and to a broadening of the
resonance peak. Adding of a metal as component for an alloy, leads to a lower plasmon resonance
wavelength. Silver is the ideal material for this purpose because it has a very strong resonance in the
visible range (at around 420 nm). Thin gold and silver layers were sequentially sputtered onto the
glass surface. A subsequent temperature treatment leads to dewetting and alloying, thus particles with
tailored resonance wavelengths are formed. However, the experiments were performed under ambient
conditions, so that the silver tended to form an oxide phase. It was found that oxidation of silver
suppresses the alloying and leads to an opposite optical effect because the particles are now inside a
dielectric matrix with higher refractive index. This effect can be counteracted by a suitable choice of
the stacking sequence (silver is always covered by gold) and the process temperature is not too high
(<400 °C). For the application as a sensor element, the incorporated material to manipulate the optical
properties does not necessarily have to be a metal. A promising combination is palladium and

hydrogen. Hydrogen incorporates into the palladium host lattice at room temperature with almost no
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kinetic hindrance, and forms different phases. The amount of dissolved hydrogen in palladium is
primarily a function of hydrogen partial pressure. However, the production of palladium nanoparticles
concerning the dewetting of a thin layer is mostly unknown. Thus, such a system was characterized for
the first time in this work. The possibility, to produce palladium nanoparticles without any chemical
stabilizing agents, allows analyzing the optical properties in the UV-range. Then according to
mathematical predictions, the plasmon resonance of palladium occurs at around 220 nm. A heat
treatment of 5 nm thick palladium layer on a fused silica surface at 900 °C, leads to well separated
particles with diameters in the range from 20 to 200 nm. Optical measurements under argon and
hydrogen atmospheres show a clear effect of the presents of hydrogen on the dielectric function of
palladium and thus the optical properties. This behavior could be mathematically described by using
the Mie-theory using optical materials data of Pd and PdH. However, during the first purging cycle
with hydrogen, an irreversible change of the optical spectra occurred. This is attributed to the presence
of palladium oxide, formed during the cooling procedure between 775 °C down to 258 °C. For this
reason, the formation and the chemical, morphological, crystallographic and optical properties of this
oxide phase has been studied in more detail. It becomes also apparent that the sensor properties can be

significantly improved with such a reduced Pd layer as well as with palladium nanoparticles.

A further way to control the plasmon resonance of metallic nanoparticles is to modify the direct
(dielectric) environment. Conversely, this behavior is also very useful for an application as a sensor
system. For this reason, an optical sensor chip based on gold nanoparticles with microfluidic structures
directly hot embossed into a soda lime glass substrate was designed to demonstrate the ease
application of such technologies. It was shown that additional to the necessity of a coating which
prevents sticking during the hot embossing procedure, the sensor properties can be used. Furthermore,

a mathematical model was adapted to theoretically describe the effect of adjacent chemicals.
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7. Zusammenfassung

In dieser Arbeit wurden Nanopartikel auf Glasoberflichen hergestellt. Hierzu wurde ein
Entnetzungsprozess genutzt. Eine geschlossene Metallschicht zerfillt unter thermischer Einwirkung zu
kleinen Partikeln, basierend auf einer Minimierung der Grenzflichenenergie im System
Substrat/Partikel/Atmosphidre. Die GroBenverteilung sowie die Form der Partikel kann durch
urspriingliche die Schichtdicke eingestellt werden. Bei einem ungiinstigen Verhéltnis von relativ
niedrigen Temperaturen (350 und 400 °C) und dicken Schichten (15 nm) erzeugt ein solcher
Entnetzungsprozess auch unregelmiBig geformte Partikel, da die Energie nicht ausreicht, um die
Partikel in ihren Gleichgewichtszustand zu iiberfithren. Anhand dieser Untersuchungen, konnten
Alterungseffekte, wie Ostwaldreifung und ein elementarer partikelbildender Mechanismus, die
Rayleigh-Instabilitit nachgewiesen werden. Es hat sich herausgestellt, dass die Gleichgewichtsgestalt
fiir groBere Partikel eine deutliche Facettierung aufweist, welche sich an dem zugrunde liegenden
Kristallsystem orientiert. In diesem Fall geht man davon aus, dass die sich ausbildenden Facetten,
denen der Kiristallstruktur entsprechen und somit eine weitere Stufe die Energieminimierung
darstellen. Allerdings zeigt sich dass diese Uberlegung fiir hohere Temperaturen (> 800 °C) durch
Auftreten weiterer energetisch begiinstigter Kristallflichen keinen Bestand mehr hat und die deutliche
Facettierung wieder verloren geht. Mittels weiterer EBSD Analysen konnte gezeigt werden, dass
Goldnanopartikel bevorzugt mit ihrer dichtest gepackten {111}-Ebene parallel zur amorphen
Substratoberfldche orientiert sind. Dieses erwartungsgeméfe Bild dndert sich ebenfalls mit steigender
Temperatur und es zeigen sich auch zunehmend {110}und {100} orientierte Ebenen parallel zur
Oberfliche. Diesbeziiglich konnte auch ein Zusammenhang mit der Abkiihlrate der Probe festgestellt
werden. Nur ein Uberschreiten der Schmelztemperatur zerstort die beobachtete Textur und iiberfiihrt

das System in eine zufillige Orientierung.

Zur Steuerung der optischen Eigenschaften bieten sich grundsitzlich mehrere Moglichkeiten der
Manipulation an, was in dieser Arbeit anhand von drei verschiedenen Herangehensweisen erldutert
wird. Zum einen die bereits beschriebene Einstellung der Grofle sowie die Zusammensetzung oder
auch die gezielte Verdnderung der direkten umgebenden Matrix des Partikels. Da eine Vergroferung
der Partikel immer eine Rotverschiebung sowie eine Aufweitung des Peaks mit sich bringt, liegt die
Uberlegung nahe, ein Metall mit einer niedrigeren Plasmonenresonanzwellenlinge hinzu zu mischen,
genauer gesagt zu legieren. Hierbei ist Silber die erste Wahl, da es eine sehr starke Resonanz im
sichtbaren Bereich bei 420 nm besitzt. Diinne Gold und Silber Schichten wurden nacheinander auf die
Glasoberflidche gesputtert. Eine anschlieBende Warmebehandlung fithrt zum Entnetzen und Legieren
des Systems und es bilden sich Partikel mit mageschneiderten Resonanzwellenlingen. Allerdings

wurden die Versuche unter Umgebungsbedingungen durchgefiihrt, so dass das Silber zum Bilden einer
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Oxidphase neigt. Fine Oxidation des Silbers unterdriickt die Legierungsbildung und bewirkt aus
optischer Sicht den gegenteiligen Effekt, da sich die Goldpartikel nun in einer dielektrischen Matrix
mit hoherem Brechungsindex befinden. Diesem Effekt kann in gewisser Weise entgegen gewirkt
werden, so dass das anhand der Stapelfolge Silber stets mit Gold bedeckt ist und die
Prozesstemperatur nicht zu hoch (< 400 °C) gewihlt wird. Zur Anwendung als Sensor, muss der
eingebrachte Stoff zur Manipulation optischer Eigenschaften nicht zwangsldufig ein Metall sein. Eine
vielversprechende Kombination ist Palladium und Wasserstoff. Wasserstoff 16st sich bei
Raumtemperatur freiwillig und kinetisch nahezu ohne Hemmung im Wirtsgitter des Palladiums unter
Bildung verschiedener Phasen. Die Menge des im Palladium geldsten Wasserstoffs ist in erster Linie
abhédngig von dessen Partialdruck. Die Herstellung von Palladiumnanopartikeln durch Entnetzung
einer diinnen Schicht ist allerdings weitestgehend unbekannt. Somit erfolgte in dieser Arbeit erstmals
eine Charakterisierung eines solchen Systems. Die hier gebotene Moglichkeit des Verzichts auf
chemische Stabilisationsmalinahmen erlaubt auch eine Analyse der optischen Eigenschaften im UV-
Bereich, wo nach Berechnungen mit Hilfe der Mie Theorie auch die Plasmonenresonanzen von
Palladium auftreten. Eine 5 nm diinne Palladiumschicht auf einer Kieselglasoberfliche entnetzt zu
Partikeln mit einer Grofle von 20 bis 200 nm Durchmesser. Untersuchung der optischen Eigenschaften
dieser Partikelschichten unter Argon- und Wasserstoffatmosphédre offenbarten den Einfluss des
eingebauten Wasserstoffs auf die dielektrische Funktion der Palladiumnanopartikel. Dieses Verhalten
konnte unter Zuhilfenahme der Materialdaten von Pd und PdH mit Hilfe der Mie-Theorie
mathematisch beschrieben werden. Jedoch zeigte sich wihrend des ersten Spiilzykluses mit
Wasserstoff eine nicht reversible Anderung der optischen Eigenschaften. Dies ist auf die Anwesenheit
von Palladiumoxid zuriickzufiihren, welches sich wihrend des Abkiihlens der Probe zwischen 775 und
258 °C gebildet hat. Aus diesem Grund wurde die Bildung sowie die chemischen, morphologischen,
kristallografischen und optischen Eigenschaften dieser Oxidphase genauer untersucht. Dabei stellt sich
heraus, dass die sensorischen Eigenschaften mittels derartig reduzierten Pd-Schichten sowie

Palladiumnanopartikelen, deutlich verbessert werden kdnnen.

Einen weiteren Weg um die Plasmonenresonanz zu beeinflussen, ergibt sich aus der Anderung der
direkten dielektrischen Eigenschaften der Umgebung. In umgekehrter Weise, ldsst sich dieses
Verhalten auch fiir sensorische Anwendungen nutzen. Aus diesem Grund wurde ein optischer
Sensorchip entwickelt, basierend auf Goldnanopartikeln innerhalb einer Mikrofluidikstruktur, welche
direkt in ein Kalk-Natron Glas geprédgt wurde. Dies demonstriert auch die einfache Anwendung einer
solchen Technologie. Es konnte auch gezeigt werden, dass trotz der Notwendigkeit einer SiO,
Antihaftbeschichtung, die sensorischen Eigenschaften weiterhin vorhanden sind. Weiterhin wurde ein
mathematisches Modell so angepasst, dass der Einfluss der verdnderten Umgebung auch theoretisch

erfasst werden kann.
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Corrigendum to “Optical hydrogen sensing with modified Pd-layers:
A kinetic study of roughened layers and dewetted nanoparticle films”
[Sens. Actuators B: Chem. 197 (2014) 95-103]

Michael Kracker*, Christian Worsch, Wolfgang Seeber, Christian Riissel

Otto-Schott-Institute, Jena University, Fraunhoferstr. 6, 07743 Jena, Germany

The authors regret that Table 2 contains some minor errors. This corrigendum is meant to improve the understanding and reduce the

probability of misleading interpretations. Please find the correct table below.

Tabie 2
Sample don (ms) Son (ms) Asignalon (V) dogr (ms) Soff 1 (MS)  Sopr2 (MS)  Soe3 (Ms)  Asignalggrq  Asignalyg o Asignalgg 3
(V) V) (V)
Hydrogen uptake Hydrogen discharge
Pd 5 Freshly <250 <250 0.028 19,651 24,142
sputtered
Pd 8 Freshly <200 <200 0.021 17,322 19,650 n/a
sputtered
Pd 14 Freshly <250 <250 0.021 22,344 10,479
sputtered
Pd 18 Freshly <250 <250 0.013 23,176 8604
sputtered
Pd 5 178 189 —0.101 (cycle 1) 830 2478 28,067 15,707 0.011 0.009 0.083
900°C (interpolated) (interpolated) —0.103 (cycle 5) 2679 32,300 24,777 0.011 0.009 0.082
Dewetted and
purged
Pd 8 <200 <200 0.185 (cycle 1) <250 2350 17,066 7380 -0.019 -0.014 -0.148
700°C 0.200 (cycle 5) 2059 17,816 8327 -0.016 -0.015 -0.158
Oxidized and
purged
Pd 14 <250 <250 0.207 (cycle 1) <250 1864 16,995 5986 -0.017 -0.015 -0.172
700°C 0.222 (cycle 5) 1597 18,388 8347 -0.016 -0.018 -0.182
Oxidized and
purged
Pd 14 <250 <250 0.221 (cycle 1) <250-800 2747 23,743 6577 —0.015 —0.020 —0.169
700°C 0.239(cycle 5) 2433 24,785 11,036 -0.017 -0.014 -0.191
Oxidized and 0.246 (cycle 17) 2767 27,150 14,636 -0.018 -0.018 —0.200
purged, long term
Pd 18 <200 <200 0.193 (cycle 1) <250 2285 17,851 5538 -0.015 -0.016 —0.150
700°C 0.207 (cycle 5) 1892 18,669 7339 -0.015 -0.016 —0.165
Oxidized and
purged

DOI of original article: http://dx.doi.org/10.1016/j.snb.2014.02.063.
* Corresponding author. Tel.: +49 03641 948522; fax: +49 03641 948502.
E-mail address: Michael.Kracker@uni-jena.de (M. Kracker).
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Textures of Au, Pt and Pd/PdO nanoparticles
thermally dewetted from thin metal layers on fused
silica

Michael Kracker,* Wolfgang Wisniewski and Christian Rissel

This article presents results concerning the basic dewetting procedure of thin metal films on an amorphous
substrate. Thin layers of gold, platinum and palladium are deposited on fused silica glass sheets by
sputtering. The 14 to 18 nm thick layers of Au, Pt and Pd are dewetted into nanoparticles (NP) at
temperatures from 424 to 1600 °C. The morphology of the resulting NP is characterized using scanning
electron microscopy (SEM) while crystallographic analyses are performed using electron backscatter
diffraction (EBSD). Multiple textures are described to occur and coexist in NP-layers of the respective
materials and a temperature dependence of the texture formation in gold NP is proved. The
transformation of Pd to PdO and its effects on the texture is also analyzed. It is shown that the cooling
rate has an effect on the texture in the case of gold NP as well as on the physical structure of the Pd/

www.rsc.org/advances

Introduction

Metallic nanoparticles (NP) have been extensively studied and
are most frequently produced by chemical methods which
include adding organic additives to the system.™ In compar-
ison, the thermal dewetting of metallic layers with a thickness
in the nm-range into NP to achieve optically active surfaces is
performed less often.

Dewetting allows the production of large, additive free
systems and an interaction between the dewetting metal layer
and its substrate which in turn allows a self assembling orien-
tation relationship in the form of a crystallographic texture.
Dewetting itself may occur far below the melting point of the
metal, e.g. as low as 300 °C for gold,® and has been performed
in a number of systems including gold, platinum and palla-
dium. In this article we discuss particle formation effects,
morphologies and crystallographic orientations as well as
textures independent of the process temperature and the cool-
ing procedure. We also highlight the importance of phase
transitions during particle formation while heating as well as
cooling. Because gold does not show any phase transitions
during annealing, we use comparably produced palladium NP
for these experiments which exhibit a pronounced tendency to
oxidize during sample preparation.

The faceting of metallic nano particles has been discussed in
detail in ref. 7 where AFM-profiles show a facetted particle to be
flat on the upper side. It has also been shown that facetted gold
NP on sapphire become rounded with increasing temperatures®

Otto-Schott-Institut, Jena University, Fraunhoferstr. 6, 07743 Jena, Germany. E-mail:
Michael Kracker@uni-jena.de; Fax: +49 03641 948502; Tel: +49 03641 948516

This journal is © The Royal Society of Chemistry 2014

PdO NP. Twinning relationships could be described to occur on all samples.

which was reported to be accompanied by a loss of the strong
111 texture observed at lower temperatures.” While a large
number of publications feature gold NP e.g.*™"* the literature
concerning dewetted NP of Pt and Pd is more manageable."?*

When it comes to literature describing textures and crystal-
lographic orientations, mainly information concerning gold NP
on substrates such as single crystals,” oxidized Si-wafers® or
glasses®® was found by the authors. It has been shown that the
gold NP are preferably oriented with a {111}-plane parallel to the
substrate surface on oxidized Si-wafers® and amorphous
glasses® indicating this is a self organizing process. If the NP
are heated above their melting point on a sapphire substrate,
the preferred orientation seems to be lost but the facetted
morphology reoccurs if the NP are held at an appropriate
temperature for some time.'>"" It was also shown that dewetting
is possible on inexpensive materials such as soda-lime-silica-
glass. Two superimposed textures were described in correla-
tion with the particle size in experiments where the gold layers
were covered by a layer of silica before the dewetting process.’

It is generally accepted that the driving force of thermal
dewetting is the minimization of the surface energy in the three
phase system; substrate — metallic NP — furnace atmosphere.
However, the self-organization into textured layers with defined
preferences of certain crystallographic orientations is not really
understood. While it seems logical that the fcc-lattice of gold
may prefer orientations where the close-packed {111}-layers
arrange themselves parallel to the substrate,*** the loss of such
a texture at high temperatures® and the formation of sub-
textures where even an obvious relationship to a crystallo-
graphic plane is lacking® remains an open question. These
effects, however, should be of interest for all research where

RSC Adv., 2014, 4, 48135-48143 | 48135
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dewetted NP are used to induce the growth of layers and nano
wires**** which possibly show a crystallographic relationship to
the seeding NP.

As a number of parameters such as substrate chemistry,
substrate microstructure, cooling rates or the atmosphere
during annealing may affect this self organization, the current
article is aimed at providing a reference for future research by
presenting texture analysis of a number of dewetted metal
layers on fused silica glass. Fused silica is a suitable material
due to its simple chemistry, its high thermal shock resistance
and chemical stability as well as its excellent optical properties
for the analysis of the plasmonic characteristics of metallic NP
in the near UV range down to 200 nm. Additionally, it is avail-
able as a high purity material throughout the world. The surface
crystallization of fused silica above 1100 °C has recently been
studied including texture analysis.”” In the following, we
present studies on texture using electron backscatter diffraction
(EBSD-) analyses of dewetted layers of Au, Pt and Pd/PdO. In
contrast to orientation analyses carried out using X-ray
diffraction, EBSD enables to determine the orientation of each
individual metallic nano particle from which EBSD-patterns can
be obtained and a much more detailed, phase specific texture
analysis.

Experimental section

Fused silica glass samples of 8 mm diameter and a thickness of
1.25 mm served as substrates. They were cleaned in an ultra-
sonic bath for 10 min at 65 °C using a 5% commercial cleaning
solution (Tickopur R36). The substrates were subsequently
rinsed with deionised water, followed by another two steps of
rinsing in deionised water with ultrasonic assistance and finally
dried at 110 °C for 1 h.

A DC-sputter-system (Edwards Auto 306) with target dimen-
sions of 50 x 50 mm” for gold (purity 99.99%), palladium
(99.95%) as well as a round target of 50 mm diameter for plat-
inum (99%) was used to sputter layers of various thicknesses
from 14 to 18 nm. The following parameters were kept constant
for all metals during the process: substrate-temperature (21 °C),
target-substrate-distance (110 mm), pressure (<10 mPa), voltage
(4 kv) and argon pressure (10 Pa). The supplied conditions
resulted in a current of 35 mA. The thickness was controlled
using a shutter and a film thickness monitor (FTM7, BOC
Edwards).

Dewetting was achieved by annealing the samples for 3 hina
muffle furnace at temperatures from 424-1600 °C in air (heating
rate 10 K min~'). For a better control of the temperature, all
stated annealing temperatures (except 1265 and 1600 °C) were
logged during the process using a thermo couple (Ni-CrNi)
placed ca. 1 ecm vertically above the sample surfaces. After the
respective annealing time, the furnace was either switched off,
enabling slow cooling, or they were directly removed from the
furnace (rapid cooling). The exemplary cooling curved of a slow
cooling process from 865 °C is presented in Fig. 1.

The samples were analyzed using a Jeol JSM-7001F equipped
with an EDAX Trident analyzing system containing a TSL Digi-
view 1913 EBSD-camera. EBSD-scans were captured using TSL

48136 | RSC Adv., 2014, 4, 48135-48143
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Fig.1 Measured temperature/time correlation of annealing a sample
at 865 °C for 3 h followed by the slow cooling process. The rapid
cooling procedure is indicated by the dashed line.

OIM Data Collection 5.31 and evaluated using TSL OIM Analysis
6.2. The scans were performed using a binning of 4 x 4, a current
of about 2.40 nA (measured with a Faraday cup) and a voltage of
20 kv. Only data points with a confidence index (CI) of at least 0.1
were used for texture calculation. All samples were coated with a
thin layer of carbon at about 10~* Pa in order to optimize the
surface conductivity for analysis in the SEM. The particle size
distribution and particle shape analyses were determined by
image processing performed on SEM-micrographs.

Results and discussion

In order to visualize the texture information presented in this
article, Fig. 2 schematically shows three orientations of a cubic
unit cell towards a substrate and the attributed poles these
orientations cause in the 001, 101 and 111 pole figures (PFs).

unit cell 001 101 11

superposition
of all textures:

C@@@
@R
00

Fig.2 Orientations of a cubic unit celland their poles in the respective
pole figures. The rings indicate the result of a random rotation around
the respective direction perpendicular to the image plane.
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The rings in the illustration visualize the result of a random
rotation around which ever direction is perpendicular to the
substrate. Finally, the superposition of all textures is presented
to show that the central dot (see arrows) is characteristic for
only one texture while multiple textures may contribute to a ring
in some PFs.

Gold

Gold nano particles are by far the most frequently analyzed
system of this topic and textures as well as twinning orienta-
tions have previously been described in three different experi-
mental setups.®*® Gold sputtered at a deposition temperature
up to 210 °C onto silica has been analyzed in ref. 28, however
the NP were not produced by dewetting and information about a
crystallographic texture is not presented. The dewetting of Au
on fused silica has not been analyzed by EBSD and the result of
applying a dewetting temperature high enough to melt the Au
layer has not been reported for a sufficiently representative
number of particles on any substrate to the best of our knowl-
edge. Hence, multiple Au layers with a thickness of 14 + 1 nm
were annealed at temperatures from 424 to 1102 °C to allow
comparability to ref. 6, the comparison to the other metal layers
featured in this article and finally the self organization of the
layer after heating above the melting point of the metal. Fig. 3
presents SEM-micrographs of the dewetted particles after
annealing at (a) 424 °C and (b) 965 °C. The particles are 159 and
113 nm in size and do not show a bimodal size distribution
which is in contrast to the results of ref. 7 where dewetted Au
layers with a thickness of more than 10 nm showed bimodal size
distributions. Dewetting at 424 °C (Fig. 3a) indicates a high
degree of faceting which is systematically reduced at the
temperature of 965 °C (see Fig. 3b); this is phenomenologically
in agreement with ref. 5.

annealed at 424 °C for 3 h annealed at 965 °C for 3 h

-
1057 1102

tlmes rapidly
probabwllty cooled

Fig. 3 SEM-micrographs of gold NP dewetted on glass at (a) 424 °C
and (b) 965 °C. Pole figures of textures calculated from EBSD-scans
performed on layers dewetted at the stated temperatures visualize
preferably occuring orientations.
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Hwang and Noh® recently concluded that the surface energy
is responsible for the rounding phenomena and additionally
proposed a correlation between the crystal structure of their
sapphire substrate and the gold NP. However, the NP described
in the present paper were all formed on amorphous SiO,-glass
substrates excluding the possibility of a foreign (vaccinating)
lattice. The faceting describes a further minimization of the
energy and the resulting shape is determined by the Wulff
construction and corresponds to a truncated octahedron.”? In
order to describe the morphology, Barnard et al. calculated the
equilibrium shape of gold NPs using a thermodynamic model.*
They found that significant changes in the particle morphology
occur before the melting point of the particles is reached. These
results were confirmed by Shim et al.** and the rounding was
mathematically also confirmed for copper particles by Nielsen
et al.** The occurrence of twinning is well known in NP of this
system and is also explained by a modified Wulff construction.*

The articles discussed above describe the fact that the
surface fraction of typical crystal facets, e.g. the 111 face, are
reduced with increasing temperature. Hence a shape trans-
formation occurs in addition to a premelting mechanism.’>3*
The preferential 111 orientation of the particles is obtained by
the formation (dewetting) of an oriented initial metal layer.® As
the temperature increases, the equilibrium shape of the parti-
cles is changed, hence the possibility exists, that a particle may
tilt by reducing the 111 contact surface,” and a different crys-
tallographic orientation may be adopted. It may be concluded,
that slow cooling may cause the optimal surface at low
temperatures to be observed after annealing while fast cooling
freezes the morphology observed at high temperatures.
However, this argumentation must be performed under
consideration of the substrate.***

Fig. 3 also shows the 001, 101 and 111 PFs of textures
calculated from EBSD-scans performed with a step size of 40 nm
covering an area of more than 450 pm?®. For the temperature of
965 °C, we present textures from two samples prepared simul-
taneously (sputtering, annealing at 965 °C, slow cooling, and
carbon coating) and a rapidly cooled sample to illustrate the
differences which may occur despite identical preparation and
to test the effect of the cooling rate. Please note that a very weak
111-texture may be shown in the 111 PF of the rapidly cooled
sample if an even more sensitive scale is chosen.

The PFs show that only a 111-texture is observed in the
annealed samples up to 718 °C. An additional 001 texture occurs
after annealing at 815 and 965 °C. At 965 and 1057 °C, a 101
texture is additionally detected after annealing. The type of the
predominantly occurring texture, i.e. “the strongest texture”,
may shift between samples and, as a matter of fact, even
between different areas on the surface of one sample, hence we
will not state a hierarchy. Surprisingly, annealing at 1102 °C, i.e.
above the melting point of Au, does not lead to complete
destruction of the particle arrangement. However, a crystallo-
graphic texture can no longer be detected after annealing above
the melting point, which confirms the previous results obtained
from only up to 20 particles'"" for a statistically representative
number of NP.
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Fig. 4 SEM-micrographs of Au NP dewetted at 1102 °C for 3 h.

In contrast to lower annealing temperatures, substrate
modifications in the form of small depressions or holes were
detected after annealing at 1102 °C as shown in Fig. 4. As fused
silica is known to crystallize above 1100 °C and the initial
crystals have been shown to form depressions in the surface,?” it
is possible that these small impressions are tiny surface crys-
tals. However, the nucleation rate would be much higher which
could point towards the Au layer or the NP functioning as a
nucleating agent at the surface. Alternatively, these depressions
could also result from a substrate-NP interaction during dew-
etting and be visible if the NP observed after melting are not in
the positions of the NP formed during dewetting. Twinning as
described in ref. 6 and 8 may be observed on all the surfaces
analyzed here.

These results indicate that the texture formation is
temperature dependent but perhaps not substrate dependent
for amorphous substrates, as the sole 111-texture previously
described on soda-lime-silica-glass® after annealing at 400 °C
corresponds to the data presented here. However, only 111-
textures were reported in ref. 8 where Au layers were dewetted
and annealing was performed at temperatures from 400 to
1000 °C under controlled atmospheres on oxidized Si-wafers
using polymer microspheres in the setup. Although the
dominance of the 111 texture is reduced with an increasing
annealing temperature, which was also observed using a
sapphire substrate,® a clear 111 texture is still observed after
annealing at 1057 °C. Hence the 111 texture is observed
throughout the entire temperature range while the 001 texture
occurs at 815 and 965 °C and the 101 texture occurs at 965 and
1057 °C.

As most samples were cooled slowly, it is impossible that the
textures formed solely during cooling because if that were the
case all the samples should feature the same textures. At the
same time the observation of facetted as well as rounded
particles clearly shows that the applied “slow” cooling process is
still fast enough to freeze the high temperature morphology of
the particles. The absence of a texture after heating above the
melting point may be seen as proof that the NP contributing to
the textures measured by EBSD are too large to be significantly
affected by the melting point reduction observed in very small
NP.*” Additionally, it clearly proves that texture formation is
caused by a self organization during dewetting which does not
occur during the solidification of a melt.

48138 | RSC Adv., 2014, 4, 48135-48143
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Fig. 5 Equivalent circle diameter of gold NP formed by dewetting at
426 and 965 °C for 3 h.

The particle size distributions of the surfaces represented by
the SEM-micrographs in Fig. 3a and b are presented in Fig. 5
and are fitted by a Gaussian distribution. The (SEM projection)
area of each particle was determined and the diameter of the
corresponding area equivalent circle is calculated. The mean
particle diameter is 159 + 58.5 nm at 426 °C and decreases to
113 4 38 nm after the heat treatment at 965 °C. This effect can
be explained by the Rayleigh instability, where elongated
particles disintegrate into several smaller particles at higher
temperatures and a decrease of the particle size should occur
accompanied by an increase of the particle number and
consequently a more narrow size distribution. It should be
noted that these micrographs only show a projection of the
particles, hence a statement about the three-dimensional shape
cannot be made here.

As statistical analyses or the particle size distribution were
not given in ref. 6 and 9 we would like to amend this here: a
bimodal size distribution cannot be detected in the SEM-
micrographs of the samples featured in both articles.

The circularity of a particle can be mathematically defined by
a feret ratio where the maximum and minimum diameter of a
particle is determined and the related ratio is calculated.® Hence
a value of “1.0” is equivalent to a circle while a value of “0.0”
corresponds to an infinitely long string. A detailed analysis of
the particle shape in Fig. 6 using the ferret ratio exhibits a log-
normal distribution. Annealing at 426 °C for 3 h results in a
maximum at 0.76 while increasing the temperature to 965 °C
shifts the maximum to 0.88 and narrows the distribution.

This confirms the visual impression that the particles
become increasingly rounded at higher temperatures which has
also been reported for gold NP dewetted on crystalline
sapphire.” The fits shown in Fig. 5 are negative skew lognormal
distributions. In order to perform a sufficient coverage, the
independent variable x = (x — 1) is assumed for the equation of
the lognormal distribution.

Platinum

Platinum nano particles are interesting because they combine
the catalytic properties of Pt with a relatively large surface.
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Fig. 6 Feret ratio of gold NP formed by dewetting at 426 and 965 °C.

They may also be used as an etch mask. However, Pt and Si
form alloys of multiple compositions with melting points down
to 830 °C and SiO, may be reduced by H, (ref. 38) or an elec-
trical current in a glass melt* to provide the alloying compo-
nent. The thermal dewetting of Pt on Si with a natural oxide
layer has been studied for layers from 1.5 to 15 nm deposited
by electron beam evaporation and annealed at 400 to 1000 °C
for only 30 to 240 s with a focus on NP morphology."
Increasing the annealing time led to larger particles in a nar-
rower size distribution."** The formation of PtSi-phases and
nano wire growth was observed when annealing Pt-layers on Si
wafers.”>"* In addition, interactions with other substrates are
not uncommon.*'

Due to the lack of a reducing agent, PtSi alloys should not
play a role in the experiments performed here. Additionally, all
Pt,Si; phases known to the authors are not cubic and hence
their EBSD-patterns would not be reliably indexable as metallic
Pt. Dewetting sputtered Pt layers of 14 nm at 965 °C for 3 h led
to the Pt NP presented in the SEM-micrograph of Fig. 7 which
show a regular log normal size distribution if the circle
diameter in the SEM-micrograph is analyzed as illustrated
below. The centre of mass is 84.0 nm —34.1 and + 57.5. Some
of the large particles show faceting into triangles or irregularly
shaped hexagons as well as rods. The rods protrude from the
surface and hence might also be described as whiskers or nano
wires, making a statement towards true particles sizes prob-
lematic for these samples. Fig. 7 also presents 001, 101 and 111
PFs of textures calculated from an EBSD-scan covering
4500 pm”> with a step size of 100 nm. The PFs show a double
texture where crystal orientations with either a {101} or a {111}
plane parallel to the substrate surface preferably occur. A 100
texture is not indicated. Attempting to perform a size-
dependent texture analysis comparable to that presented in
ref. 9 only showed that reliable data points with a low image
quality (<30%) show the same texture information as the entire
scan. 111-twinning in the form of two orientations within one
NP sharing a common {111} plane was also detected in these
samples. Annealing Pt above the melting point of 1772 °C is
not possible using fused silica substrates because the glass
crystallizes to high-cristobalite above 1100 °C which in turn
melts at 1713 °C.

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 SEM-micrograph of Pt NP dewetted at 965 °C and pole figures
of a texture calculated from an EBSD-scan performed on the surface.
The elongated particles are nano rods protruding from the surface.

Palladium/palladium oxide

Palladium in the form of NPs, thin layers and foams are of
notable interest in materials science due to their interaction
with hydrogen'*'* and their catalytic activity with respect to
various chemical reactions.”***> Therefore the material is used
as a catalytic agent, in gas purification systems and hydrogen
sensors.*** Pd NP have special optical (plasmonic) properties
which change significantly if the particles are oxidized to
palladium oxide.* Pd is not inert during annealing in air but
oxidizes to PdO above 258 °C and starts to decompose back to
metallic Pd at temperatures above 775 °C (both temperatures
correspond to the DTA onset).” The crystal structure changes
from cubic to tetragonal during oxidation** which enables to
identify the individual phases using EBSD. The oxidation of Pd
to PdO has been studied on a Pd film under a controlled
atmosphere.*® PdO is also reduced in the presence of hydrogen*®
meaning an oxidized layer may be converted to metallic palla-
dium at room temperature.’**” These properties of palladium
are of interest for NP research and preparation in general.
Hence, the effect of the phase transition at higher temperatures
can be studied at room temperature. In addition, this phase
transition can be reversed at room temperature by purging with
H,. The size dependent kinetics of Pd-hydration have been
studied on nano structured materials,® thin films®* and nano
particles.*** Michalak et al. described the possibility of
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thermally induced spinodal dewetting in thin Pd layers.**
However, those experiments were performed in ultra high
vacuum (UHV) which completely suppresses the oxide phase.
Moreover, Mizsei et al. heated thin Pd layers on glass substrates
at atmospheric conditions up to 600 °C and observed no dew-
etting but the formation of PdO as well as large accumulations
of material in the film.** After adding hydrogen at 500 °C, a
preferred 111 orientation of palladium was described.”® While
the presented structures resemble those shown in ref. 20, it
would seem the temperature was not high enough to produce
completely separated particles.

In a first step we present results obtained from samples
prepared by a non-chemical dewetting procedure at 965 °C and
ambient conditions. As the oxidized species of palladium
decomposes to metallic Pd between 775 and 800 °C,">"” the use
of hydrogen can be omitted during dewetting. Due to the
oxidation behavior of Pd, an effect of cooling rates on the PAO
formation during cooling may not be neglected and the appli-
cability of texture analysis after flushing with H, gas must be
analyzed. Hence comparable samples with a Pd layer thickness
of 18 nm were annealed at 965 °C for 3 h after which one sample
was directly removed from the furnace, causing a high cooling
rate of more than 800 K min ', while the other was left in the
furnace to cool slowly. Both samples were then coated with
carbon, analyzed by EBSD, flushed with H, and reanalyzed by
EBSD. The acquired results are presented in Fig. 8 along with
EBSD-patterns of Pd and PdO.

EBSD-pattern acquisition was very difficult from the
unpurged, quickly cooled sample so that only ca. 400 data
points were of sufficient quality (confidence index CI > 0.1) in a
scan of almost 200 000 patterns. While this is within the error
margin of the indexing procedure, it was possible to locally
obtain high quality EBSD-patterns of Pd from this surface. The
latter cannot be said for PdO. Hence, the corresponding 111
texture of Pd indicated by the PF is probably real although not
representative while the reliability of the PdO texture must be
questioned altogether. After flushing with H,, the NP from the
same area provided well indexable EBSD-patterns of Pd indi-
cating clear 001 and 111 textures while the number of patterns
attributed to PdO with a CI > 0.1 is again within the error
margin.

The increase of the ability to acquire EBSD patterns after
flushing may indicate that the NP initially showed a core-shell
structure of Pd surrounded by a thin PdO layer despite the high
cooling rate. The combination of both crystal lattices (Pd and
PdO) within the information volume of EBSD may lead to
pattern superposition (e.g. at grain boundaries) or prevent the
formation of an EBSD-pattern as may be assumed here.

The presence of PO despite rapid cooling and its influence
on the optical properties of the nanoparticles was already
shown in ref. 48.

The sample cooled slowly showed well indexable EBSD
patterns of PdO after annealing while Pd was not detected
reliably. After flushing with H,, the NP on the surface failed to
produce a percentage of EBSD-patterns comparable to that
obtained from the quickly cooled sample (only 0.03%).
However, the 1796 reliably indexed EBSD-patterns of Pd in the
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Palladium PdO
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fast cooling
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Fig.8 SEM-micrograph of Pd NP dewetted from a 18 nm thick Pd film
by annealing for 3 h at 965 °C followed by fast cooling. EBSD-patterns
of Pd and PdO are presented in the insets. EBSD-scan 1 was performed
directly after annealing while scan 2 was performed after the sample
was additionally flushed with H; gas for 15 min. Textures of Pd and PdO
calculated from the scans 1 and 2 as well as comparable scans
obtained from a slowly cooled sample flushed with H, for 30 min are
presented below along with the number of reliable data points (Cl >
0.1) contributing to the respective texture.

scan indicate the same coexistence of a 001 and a 111 texture
which was also observed in the quickly cooled sample after
flushing with H,. As the optical properties of this sample indi-
cate a reduction of PdO to Pd and only a negligible amount of
patterns is indexed as PdO by EBSD, the question arises why
EBSD-patterns cannot be obtained from most particles. This
problem was detected on numerous samples cooled slowly after
annealing at various temperatures.

As it is possible to obtain EBSD-patterns of high quality from
a few NPs, errors due to sample preparation, i.e. the thickness of
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the carbon coating, can be neglected. Additionally, the experi-
ments performed on the quickly cooled samples show that
flushing with H, after carbon coating led to the reduction of
PdO in a comparably prepared sample. The detailed SEM-
micrographs of Pd NP resulting from slow and rapid cooling
after annealing at 965 °C and purging with H, presented in
Fig. 9 show a pronounced morphological difference between the
particles. The particle shape is “rugged” after the particle
oxidized completely and formed PdO of higher volume® during
the slow cooling process, see Fig. 9a. In contrast, the rapidly
cooled NP in Fig. 9b are rounded, again implying that any
oxidation during rapid cooling only forms a thin shell of PdO on
a core of Pd as already outlined above. Hence the structure of a
quickly cooled Pd/PdO NP is quite different from that of a slowly
cooled Pd/PdO NP even after being flushed with H,. However, a
more detailed analysis of this aspect is beyond the scope of this
article.

Hence it must be noted that cooling rates affect the structure
of the NPs in this system and possibly the texture formation. It
is probable that the phase transformations of Pd to PO and vice
versa have no effect on the texture of quickly cooled NP because
they were never fully oxidized (PdO was not reliably detected by
EBSD on the quickly cooled sample in contrast to the slowly
cooled sample). Please note that none of the PFs of PdO allow
any certain conclusion on the possible textures of PAO because
the two cubic textures of Pd allow at least six tetragonal PdO
textures which in turn would probably not show an elevated
probability of any orientation and hence remain unnoticed. A
similar cubic-tetragonal transition also occurs during cooling
after the surface crystallization of fused silica.””

A temperature series was performed to allow a comparison
with the results of gold presented above. These samples were
always rapidly cooled in order to minimize oxidation and
flushed with H, for at least 15 min to obtain metallic Pd as the
results of Fig. 8 showed that even rapid cooling cannot prevent
the formation of a thin oxide layer. The resulting SEM-
micrographs in Fig. 10 show that the palladium has a much
smaller temperature window in which dewetting occurs. After
3 hat767 °C, the layer is not dewetted and contains star shaped
cracks which were also observed in ref. 20. Well separated
particles are observed after annealing at 876 °C for 3 h with an
additional substructure between the particles, see arrows,
which probably results from the irregularly shaped layer

slowly cooled b) rapidly cooled
2N

Fig.9 SEM-micrographs of dewetted Pd particles on the glass surface
(a) cooled slowly and (b) cooled rapidly.
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1256 °C

Fig. 10 SEM-micrographs of rapidly cooled Pd-films annealed at the
stated temperatures for 3 h.

residue. These substructures are no longer visible after
annealing at 965 °C. Pd could not be detected by EDX on the
surface of the sample annealed at 1256 °C where the SEM-
micrograph only shows depressions and a crack. This temper-
ature was chosen to see what happens during the dewetting
procedure if the substrate crystallizes during annealing but
below the melting point of the metal. As the sample is fully
crystallized here, these depressions cannot be small cristobalite
nuclei as proposed in Fig. 4 but probably indicate locations
where the Pd NP interacted with the substrate after dewetting
but before disappearing, probably by evaporation. The absence
of Pd was also observed for a sample annealed at 1600 °C (not
shown), i.e. above the melting point of Pd, but there was no
trace of the depressions shown in Fig. 11. Please note that the
cracks in crystallized fused silica form due to the phase trans-
formation between 200 and 275 °C,* i.e. liquid Pd cannot flow
into the cracks, again pointing towards an evaporation of Pd.

The particle size distributions corresponding to Fig. 10 are
presented in Fig. 11 where bimodal Gaussian distributions are
clearly indicated. At 876 °C, the determined mean particle sizes
of the respective peaks are 45.6 £ 28.6 and 185 + 48.0 nm while
at 965 °C they are 88.8 & 74.4 and 331.0 & 89.0 nm. A bimodal
size distribution was also detected for 5 nm thick Pd layers
dewetted on fused silica.*® It seems logical that the continuously
dewetting layer residue leads to the smaller particle species in
the bimodal size distribution. Coalescence and Ostwald
ripening shift this bimodal distribution to larger particle sizes
as the atomic mobility is increased by annealing at the higher
temperature. However, the exact reason of the thin layer residue
is not yet fully understood because such thin structures should
have dewetted long before the large particles in the layer were
formed. It must be noted, that a statistical analysis of the figures
presented in ref. 21 where oxidation was prevented during
annealing does not show a bimodal size distribution.

Hence two different dewetting mechanisms may exist: when
the layer reaches the dewetting temperature, it is heavily
disturbed due to the volume expansion during oxidation and
the subsequent volume decrease due to the thermal reduction.
The resulting layer morphology containing the star shaped
holes (see Fig. 10) is not comparable to the hole formation in a
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Fig. 11 Temperature series of Pd layers annealed at the stated
temperatures for 3 h. SEM-micrographs feature surfaces from which
EBSD-patterns could not be obtained. 001, 101 and 111 PFs of textures
calculated from EBSD-scans performed on NPs dewetted from the Pd
layers.

gold layer.*® Please note that dewetting Pd in a vacuum,* i.e.
without the phase transformation, leads to dewetting
morphologies similar to the spinodal dewetting of gold. Hence
material accumulations may already exist in the oxidized and
reduced system before the actual (spinodal) dewetting begins.?

Fig. 11 also presents texture information on the Pd-layers
dewetted at 876 and 965 °C, EBSD-patterns could not be
obtained from the sample annealed at 767 °C. The PFs of the
samples annealed at 876 and 965 °C both show 001 and 111
textures while a 101 texture is not detected. 111-twinning of Pd
was observed in all EBSD-scans of H,-flushed samples featured
in this article.

Conclusion

The thin films of all studied materials show a dewetting of the
metallic film into metal nano particles at high temperatures.
The experiments focused on the crystallographic and morpho-
logical behavior of the resulting particles as a function of
temperatures, cooling rates and chemical phase transitions
during preparation. It was shown that the cooling rate may not
be neglected in the cases of Au and Pd where temperature
dependent particle forming/aging mechanisms were observed.
Interactions with the substrate at high temperatures are
implied in all cases.
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Because Au, Pt, and Pd are all fec materials, it is of no
surprise to find the 111-texture and the 111-twinning in the NP.
The 001- and 101-textures, on the other hand, have not been
described before and do not occur in the dataset of the previ-
ously analyzed Au particles.® For both orientations, a crystallo-
graphic axis is oriented parallel to the substrate surface. At
965 °C, all three textures were detected in Au NP while only the
111 and 101 textures were detected in Pt NP and only the 111
and 001 textures were detected in Pd NP. Particle size depen-
dent textures were not detected after dewetting on fused silica.
111-twinning was observed in the metallic NP of all metals
analyzed here.

In the case of Au, it was shown that any texture is lost if the
metal is melted during annealing. Comparable results could not
be obtained for Pd and Pt due to evaporation or the melting of
the substrate, respectively.

Gold NP show a rounding in the particle shape with
increasing dewetting temperature on the amorphous substrate
in agreement to the literature. In contrast to gold, the dewetting
of Pd NP leads to a bimodal size distribution caused by a
different dewetting mechanism. Pd NP also show faceting and
the morphology is affected by the cooling procedure due to the
time and temperature dependent phase transition which also
affects the ability to acquire EBSD-patterns. The observed
structural modification implies a significantly different NP
structure.

Nano rods were observed after dewetting Pt on fused silica.
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