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Abstract. In this study, the influence of E-glass fiber and mineral filler content
on the microstructure, physical, mechanical and dielectric properties of Glass
Fiber Reinforced Composites (GFRC) was investigated. Five sets of GFRC,
based on polymer resin with varying E-grade glass fibers and CaCO3 mineral
filler weight fractions (15/64, 20/59, 25/54, 30/49, 35/44), were commertcially
prepared. Test specimens were prepared by compression molding. Scanning
Electron Microscope images revealed that at higher concentrations, the fibers
clustered together, resulting in heterogeneous microstructures. Characterization
of the composites showed that glass fiber content and distribution significantly
affects the mechanical properties. The flexural strength of the composites
decreased with increasing glass fiber content. The dielectric constant ¢

decreased with increasing fiber content.

Keywords: glass fiber reinforced composites, E-glass fibers, microstructure,

flexural strength, electrical properties

1 Introduction

Over the last years, GFRC have gradually replaced traditional structural materials,
such as steel and aluminium, especially in applications where strength to weight ratio
is important, for example in construction and building industry. Applications of
GFRC are also widespread in automotive, electronic and electro industry. Typical
products are car panels, internal car parts, switchgears, housings of domestic

applications, etc.
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Good dimensional stability, chemical and corrosion resistance and good insulating
properties are favorable properties of GFRC over steel and Al Furthermore,
manufacturing processes of GFRC products, such as injection molding, is energy
less-consuming especially for the reason that molded products are made in one piece
and consequently they do not need additional machining. Although, GFRC have
been in use for several decades, continuous improvement of properties and
competitive price still makes them attractive for an even wider use.

The main components of GFRC are polymer matrix and glass fibers, each of them
having its own function. Polymer resin acts like a glue - holding the fibers in a
proper spatial orientation, and furthermore helps in stress transfer between the
fibers. Since polymers typically have low strength and stiffness, fibers are added to
improve the mechanical properties of the composite material. Thus, the final
properties of the composite are determined by the type and quantity of the fibers. In
combination with the polymer matrix, glass fibers are the most frequently used.
Sometimes, inorganic fillers, such as Al,O3, mica or CaCOj; are incorporated into the
polymer matrix to modify the viscosity of the polymer resin, to lower the overall
cost of the material and to achieve some special properties such as improved
dimensional stability or self-extinguishing.

Physical and mechanical properties of GFRC are influenced by the phase
composition, physical and chemical properties of individual components and fiber
distribution and orientation. Therefore, with appropriate selection and ratio of
individual constituents, composites with desired properties can be fabricated.

The aim of this work was to study the influence of E-glass fibers on the
microstructure, mechanical and electrical properties of GFRC with different weight
fractions of glass fibers and mineral filler while keeping the weight fraction of the

polymer phase constant.

2 Experimental work

Five sets of GFRC with varying contents of glass fibers and mineral filler were
commercially prepared. The compositions of the composites are listed in Table 1.
The fibers were 4.5 mm long E-grade glass fibers (“electrical grade” which exhibit
low electrical conductivity) [2] with the diameter of 11 um, as confirmed by scanning
electron microscopy (SEM), and the mineral filler was CaCOj [3]. The polymer
phase was kept constant (21 wt%) and was based on thermosetting unsaturated

153



polyester, styrene and additives. Test specimens were prepared by compression

molding, according to standard ISO 3167 [4].

Table 1: Composition of GFRC samples.

Polymer matrix | E-glass fibers | CaCO,

Content [wt%o]

1 21 15 64
2 21 20 59
3 21 25 54
4 21 30 49
5 21 35 44

The density of the samples was determined by immersion method and calculated

using the equation (1),

"Pw 1)

where the 7 is the mass of the sample in the air, 7, is the mass of the sample when
immersed in the water and g, is the density of water at room temperature [5].

Test specimens of individual samples were then cut perpendicular to the filling flow
direction of the material during compression molding to obtain cross-sectional and
plan-view sections for microstructural characterization. Representative scheme of
the sample cutting position and the sample dimensions are shown in Figure 1. The
cross-sections and plan-view sections of the test specimens were prepared by the
standard metallographic technique, i.e. by grinding and polishing, and examined by
scanning electron microscope (SEM, JEOL JSM 5800). Prior to the SEM
observations the samples were coated with a thin carbon layer. The SEM
micrographs were taken at the accelerating voltage of 20 kV.

The flexural strength of the test specimens was measured by three-point bending
method (Alpha 50-5), according to standard ISO 178:2003 [6]. The span between the
supports was 64 mm and the crosshead speed was 2.0 mm/min. The test was carried

out on 15 specimens of each composition and calculated by the equation (2),
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3Pl
O-f = 2bh2 (2)

where ¢ is the flexural strength, P is the maximum fracture load, / is the span

between the supports, 4 is the width of the sample and 4 is the height of the sample.

cross section plan view
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Figure 1: Scheme of the test specimen illustrating the cutting directions for cross-
section and plan-view sections for SEM observation. The arrow indicated the flow

of the material during molding.

Prior to electrical properties measurement Cr/Au electrodes were applied on the
surface of each sample by RF-magnetron sputtering (5 Pascal). The dielectric
properties were measured by the Impedance analyzer HP 4284A. The measurements
were performed at room temperature over the frequency range from 100 Hz to 1

MHz. The dielectric constant ¢’ was calculated according to the equation (3),

g =2 3)

So'A

where ¢'is the dielectric constant, C'is the capacitance of the sample, 4 and A are the
thickness of the sample and the area of the electrode, respectively, and ¢ is the
permittivity of free space. The imaginary part of the complex dielectric permittivity

¢'""was determined by the equation (4),
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where ¢" is the dielectric loss factor, &' is the dielectric constant and Za#76 is the loss

factor.

3 Results and discussion

3.1 Physical properties

The density values are listed in Table 2. The results showed that the samples with
different weight fractions of glass fibers have very similar densities, around 2 g/cm?,
which is attributed to the similar densities of EGF (2,54 g/cm?) and CaCO3 mineral
filler (2,65 g/cm?) [7].

Table 2: Density values of individual GFRC.

Composition (wt% EGF/CaCO3) | Density [g/cm?
15/64 2,04
20/59 2,03
25/54 2.02
30/49 2,04
35/44 2,03

3.2 Microstructure

SEM images of plan view and cross-sectional areas are shown in Figure 2. From the
micrographs it is evident, that the fibers are mostly oriented perpendicular to the
filling direction of the material during molding. At lower EGF content, the
distribution of fibers is quite homogeneous (see Figure 2 a), b)). However, at higher
fiber contents, above 20 wt%, we observed that fibers are clustered together which is
due to the lack of space for fibers to orient in the “proper” direction and
consequently the microstructure becomes non-homogeneous with some areas filled
only with polymer resin and mineral filler. We observe that a homogeneous

distribution of the fibers could not be achieved at higher fiber contents.

156
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Figure 2: SEM micrographs of plan-view and cross-sectional areas of GFRC: a) 15
wt% of EGF, b) 20 wt% of EGF, c¢) 25 wt% of EGF, d) 30 wt% of EGF, e) 35 wt%
of EGF.
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3.3 Mechanical properties

The results of flexural strength measurement of all GFRC are presented in Figure 3.
The maximum value of flexural strength was measured with the sample comprising
of 15 wt% of EGF, i.e. around 130 MPa. With increasing the EGF content the
flexural strength decreased, reaching the final value of 72.3 MPa for the composite
with 35 wt% of EGF. The decrease in the flexural strength with increasing EGF
content was not expected. However, the deterioration of flexural strength was
attributed to the increasingly non-homogeneous fiber distribution in the composites
with higher fiber contents. Fiber clustering was observed from the SEM
micrographs, which is especially apparent in the composites with fiber contents
above 20 wt% (see Figure 2 c),d),e)). Therefore increased fiber-fiber interactions

could contribute to the less efficient stress transfer in the material.
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Figure 3: Flexural strength of GFRC samples.

3.4 Dielectric properties

The values of dielectric constant measured at different frequencies are presented in
Figure 4. The dielectric constant ¢* for the sample with 15 wt% of EGF at 100 Hz
was 6.86 and 6.65 at IMHz. The results show that ¢* of all composites decreases
with increasing frequency. The result is in agreement with [8]. With increasing the
weight fraction of glass fibers the e decreases, with the exception of the

composition with 35 wt% of EGF. Figure 4 also shows the frequency dependence
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of dielectric loss factor ¢ for all composites. The value " for the sample with 15
wt% of EGF was 0.14 at 100 Hz and 0.05 at IMHz. The results also show that " is

increasing with increasing glass fiber content.
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Figure 4: Frequency dependence of dielectric constant " and dielectric loss factor

e for composites with varying E-glass fiber content.

4 Conclusions

In order to study the effect of EGF content on the microstructure, mechanical and
electrical properties 5 sets of GFRC were commercially fabricated with varying fiber
and mineral filler contents. The density of GFRC samples did not change with the
composition and was around 2 g/cm?. From the SEM micrographs it was observed
that fiber distribution at lower weight fractions of EGF is quite homogeneous.
However, microstructures of the samples with higher EGF contents, above 25 wt%,
revealed a non-homogeneous distribution of the fibers, i.e. clusters of fibers and
areas filled only with the resin and mineral filler. We connect the observed non-
homogeneous microstructure at higher fiber contents with the deterioration of
flexural strength. The results showed that flexural strength of the composites
decreased with increasing EGF content which was in contrast to the expected
reinforcing effect of EGF. The room temperature dielectric permittivity in all
composites decreased with increasing frequency and with increasing glass fiber

content.
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For wider interest

Composites consist of two or more distinct materials, whose combination results in
improved properties that cannot be achieved only by one of the constituents.

Glass fiber reinforced composites (GFRC) are combination of polymer matrix and glass
fibers, each having its own role that contributes to final properties. Polymer matrix
surrounds the fibers and holds them in the “proper” spatial arrangement. Since
polymers most often have low strength and stiffness, glass fibers are added to
reinforce the polymer and improve its mechanical properties.

Final properties of GFRC depend on chemical and physical properties of individual
constituents, their relative amounts and spatial orientation and distribution of fibers.
In recent years GFRC have replaced metals and also found new applications in many
industry areas, such as in construction, transportation, electro and electronic
industry. Main advantages of GFRC over metals are high strength and stiffness in
combination with low density. For example, use of GFRC in vehicles results in
lower overall weight and consequently increases fuel savings. Such properties make
them attractive for an even wider use. Thus, understanding of relationship between
structure-composition-properties of GFRC can help in developing new composites with

improved properties and in optimizing the existing materials.
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Abstract. The two-dimensional semiconductor MoS; in its mono- and few-
layer form is expected to have a significant exciton binding energy of several
100 meV, leading to the consensus that excitons are the primary photoexcited
species. Nevertheless, even single layers show a strong photovoltaic effect and
work as the active material in high sensitivity photodetectors, thus indicating
efficient charge carrier photogeneration (CPG). Here we use continuous wave
photomodulation spectroscopy to identify the optical signature of long-lived
charge carriers and femtosecond pump-probe spectroscopy to follow the CPG
dynamics. We find that intitial photoexcitation yields a branching between
excitons and charge carriers, followed by excitation energy dependent hot
exciton dissociation as an additional CPG mechanism. Based on these findings,
we make simple suggestions for the design of more efficient MoS; photovoltaic

and photodetector devices.
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Keywords: Two-dimensional crystals, MoS,, transition metal dichalcogenides,
excitons, femtosecond spectroscopy, photomodulation, photophysics, charge

generation.

1 Preparation and Characterization of Samples

Recent progress in the exfoliation of layered materials [1], [2] and the
nanofabrication of functional structures has revived the interest in two-dimensional
materials with properties complementary to graphene, in particular transition metal
dichalcogenides [3], [4] (TMDs) such as MoS,. Depending on the metal atoms’
coordination and oxidation state, TMDs can be metallic, semimetallic, or
semiconducting. Additionally, some TMDs show superconductivity [5], charge-
density waves [6] and hidden electronically ordered phases [7]. Their potential for
electronics has become evident by the realization of a field effect transistor [8] (FET)
and a logic circuit device [9] based on a single flake of monolayer MoSa.

The optical absorption of MoS; in the visible spectral range shows four excitonic
resonances [10], commonly labeled (see Figure 1a) A to D at 1.9, 2.1, 2.7, and 2.9 eV.
The spectral positions of these resonances are almost independent of the number of
layers, while the indirect band gap is at 1.2 eV in the bulk and grows progressively as
the number of layers is reduced, even exceeding the energy of the A exciton
resonance for the monolayer. Hence the monolayer, contrary to bi- and multilayers,
behaves like a direct gap semiconductor and shows significant fluorescence [11],
[12]. The exciton binding energy for bulk MoS; has been determined to be 45 meV
and 130 meV for the A and B excitons, respectively [13]. Both exciton binding
energies increase upon decreasing the sample thickness, with estimates for
monolayers [14-10] ranging from 0.4 to 0.9 eV. Despite this high exciton binding
energy, monolayer MoS; shows a strong photovoltaic effect [17] and potential for
high sensitivity photodetectors [18]. Both findings require efficient charge carrier
photogeneration (CPG), either via direct excitation of mobile carriers or via exciton
dissociation.

The spectral signature of charge carriers has been identified by absorption and
fluorescence spectroscopy of MoS;, where the charge concentration is varied either
via the gate voltage in a FET geometry [19] or via adsorption [20] or substrate
doping [21]. The absorption peaks of charges are red-shifted by about 40 meV
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compared to the ground state absorption into the A and B excitons and have been
attributed to optical transitions from a charged ground state to a charged exciton
(trion). The possibility of alternative interpretations, such as polarons [22], [23] or
Stark effect in the local electric field of the charges [24-26] does not compromise the
identification of these absorption peaks as belonging to charges.

Here we use continuous wave (cw) photomodulation (PM) and femtosecond pump-
probe spectroscopy to identify the spectral features of photogenerated charges and
trace their dynamics, starting with their generation either by direct impulsive
excitation into the charge continuum or via exciton dissociation. We exfoliated MoS:
in ethanol, following the protocol in Ref [1]. The dispersion was dried and the
obtained few-layer flakes were re-dispersed in a solution of PMMA, a transparent
and electronically inert polymer. This dispersion was spin-cast onto a quartz
substrate, yielding a macroscopic PMMA film with a homogenous greenish-yellow

color characteristic of thin MoS; films [27] (see Fig. 1a).
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Figure 1: (a) Absorption spectrum of the sample of MoS; in PMMA. Inset shows a
photograph (the dark area has a diameter of approximately 7-8 mm). (b) Raman
spectra for two excitation wavelengths at 633 nm (red line) and 488 nm (blue line).

PMMA in this sample serves as a matrix that holds an ensemble of flakes with lateral
size [1] of few-hundred nm. The distance Aw between the two Raman peaks around
400 cm ! is generally viewed as the most robust measure of the flake thickness [28].
From the Raman spectra in Fig 1b we obtain Aw = 23 cm! for excitation at 633 nm
and Aw =25 cm! at 488 nm. Within the distribution, various thicknesses contribute
differently at the two excitation wavelengths [29]. Overall, the Raman spectra

indicate a flake thickness distribution that is dominated by three- to six-layer flakes.
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The advantages of this kind of sample compared to individual flakes are the ease of
fabrication and handling and the possibility to use any spectroscopic technique
without the need for high-resolution optical microscopy. MoS; flakes embedded in
PMMA are in a slightly different environment than mono- or few layer flakes on
dielectric substrates used in previous femtosecond studies [30], [31]. However, as our
results will show, the spectra and the relaxation times of the signal are very similar to
those obtained on individual few-layer flakes. Hence the present study directly

extends existing knowledge on the femtosecond behavior of few-layer MoSo.

2 Results and Discussion

The absorption spectrum in Fig. 1a shows the characteristic A and B exciton
resonances, which are broader and red-shifted compared to undoped MoS,, as is
typical of commercial MoS; of mineral origin [32], which is doped due to
dislocations induced by the exfoliation and due to (mostly metallic) impurities.
Hence, each of the two absorption peaks is actually an overlap of at least two
contributions: neutral ground state to exciton absorption at the higher energy side of
each peak and lowest charged state to excited charged state at the lower energy side.
For the A peak, an even lower energy contribution has been identified [32], which
has alternatively been ascribed to a surface trapped exciton [33], an edge state [34],
or a plasmon resonance [35], so that peak A actually arises from the overlap of three
peaks. Similar to the notation in Refs 19, 20, and 32, we will use the labels L, A-, and
A for the low energy peak, charge peak and exciton peak of the A resonance, and B-
and B? for the charged and neutral contributions to the B resonance. Please note
that, contrary to electrical or chemical doping, photoexcitation generates charges in
pairs of opposite polarities. However, although we expect the signatures of the
corresponding positive charges at the same spectral positions, we know only those
of the negative charges, hence our labeling.

To identify long lived photoexcitations we performed cw PM spectroscopy. Here, a
cw laser with 3.1 eV photon energy used for exciting the sample is periodically
modulated via a mechanical chopper. The relative change AT/T of the transmitted
light from a halogen lamp is measured via phase sensitive detection. Those
photoexcitations whose population changes significantly over the modulation cycle
(i.e. their lifetime is long enough to build up sufficient population while the laser is
on and short enough to sufficiently reduce their population while it is off) are
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identified in the cw PM spectrum via their photoinduced absorption (negative
AT/T) transitions to higher excited states. Concomitantly with the increase of
photoexcited populations, the ground state population and its associated absorption
is reduced (photobleaching, positive AT/T). The cw PM specttum at room
temperature upon excitation at 3.1 eV, above the C and D exciton resonances, is
shown in Fig. 2a. The signal is largely in phase with the modulation of the
photoexcitation, with a negligible quadrature contribution. This means that the
populations at the origin of the signal can easily follow the modulation at 245 Hz,
implying that the lifetimes of the respective photogenerated species are much

shorter than the modulation period of ~4 ms.
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Figure 2: (a) CW photoinduced absorption spectrum of MoS; in PMMA at room
temperature for excitation at 3.1 eV. In-phase (blue) and quadrature (green) signal
components are shown for a modulation frequency of 245 Hz. (b) Five Gaussian fits

(red) whose sum (blue) fits the normalized in-phase spectrum (open squares).

The main features of the spectrum are three positive (photobleaching) and two
negative (photoinduced absorption) peaks. We fit the spectrum using five
overlapping Gaussians (see Fig 2b), which represent the thermal and disorder-
induced (in particular by polydispersity of flake thickness) broadening of the
electronic resonances. The strong overlap between neighboring peaks makes them
appear narrower than their actual lineshape and connected by an almost straight line,
masking the inflection points characteristic of isolated Gaussian peaks. The spectral
positions of the five peaks correspond very well with the three neutral and two
charge peaks discussed in References 19, 20, and 32. Assuming the same origin for

the peaks in the PM spectrum, we obtain a straightforward interpretation. Upon
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photoexcitation, the number of electrons in the neutral ground state is reduced, and
the number of charge carriers is increased. Hence the absorption features L, A%, and
BY from transitions between neutral states are reduced, resulting in a positive AT/ T
(photobleaching), while the absorption features A- and B- from charges are increased,
yielding a negative AT/ T (photoinduced absorption).

Alternatively, one could interpret the PM spectrum based on its resemblance of a
derivative lineshape. A photoinduced blue shift of the absorption spectrum would
result in a AT/T contribution that follows the first derivative of the absorption
spectrum (or a negative first derivative for a red shift); a photoinduced broadening
of the absorption peaks would contribute a negative second derivative. If we
interpreted our spectrum in terms of derivative lineshapes, it would be dominated by
a positive second derivative, which indicates a photoinduced line narrowing. We are
not aware of any such mechanism. However, the A peak is composed of the three
overlapping narrower peaks L, A", and A° (no equivalent to the L peak has yet been
identified for the B peak, but we may extrapolate our reasoning also to B). In our
proposed scenario photoexcitation generates charges and the middle peak A-
increases at the expense of the other two, which decreases the overall width of the A
peak. Hence, CPG leads to an apparent photoinduced line narrowing, which
explains the positive second derivative lineshape.

To investigate CPG in real time, we now turn to femtosecond optical pump-probe
spectroscopy. Like cw PM, this technique measures the relative change in
transmission AT/T. However, rather than continuously, the sample is photoexcited
at a well-defined point in time by a fs laser pulse (the pump) and the transmission
spectrum is measured with a second fs laser pulse (the probe) at a well-defined delay
after the pump. Scanning the pump-probe delay allows to follow the evolution of
the photoexcitated states’ populations. We start by comparing the AT/T signal for
excitation at 3.1 eV at long pump-probe delay (300 ps ) with the cw PM (see Fig. 3a).
The two normalized spectra are very similar, with three important differences: the L
peak is absent, there is an additional broad photoinduced absorption feature peaking
around 2.45 eV, and the whole spectrum is red shifted. The red shift of the whole
spectrum is more pronounced at higher pump intensities (see Fig 3b) and shorter

pump-probe delays (see Figs 3c and d).
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Figure 3: (a) Normalized cw photomodulation spectrum of MoS; in PMMA (blue)
compared to the fs transient spectrum at 300 ps pump-probe (black) delay for 2 104
cm? excitation fluence, 3.1 eV pump photon energy (b) pump-probe spectra at 300
ps normalized to the B exciton peak for different pump fluences at 3.1 eV pump
photon energy: 2 (black), 3(red), 6 (green), 20 (blue), 40 (cyan) and 80 10'* cm™ (c)
absolute and (d) normalized (to the B exciton peak) pump-probe spectra for 4 101>
cm? pump fluence at delays 300 fs (black), 1 ps (orange), 3 ps (red), 10 ps (purple),
30 ps (green), 100 ps (dark cyan), and 300 ps (blue) (e) normalized time traces for
different probe energies: 2.48 (black), 2.25 (red), 2.07 (green), 1.94 (blue) and 1.80
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eV (dark cyan) (f) normalized spectra at 300 ps pump-probe delay for different
pump photon energies: 3.10 (purple), 2.48 (blue), 2.34 (dark cyan) and 2.25 eV

(green).

Both these correlations suggest that the red shift is stronger for higher concentration
of a certain species of excited states. The most intuitive interpretations are Stark
effect due to the local field of photogenerated charges, as has been observed in
semiconductor nanocrystals [24], organic semiconductors [25], and carbon
nanotubes [26], [30] , inter-excitonic interaction [37] or band gap renormalization, as
has been found in semiconducting quantum wells upon photoexcitation [38] and
inferred in recent works on semiconducting TMDs [39], [40]. This intensity
dependent red-shift also explains how the non-linear optical properties of MoS: can
change from saturable absorption (i.e. photobleaching) to optical limiting (i.e.
photoinduced absorption) as a function of pump intensity [41]. After approximately
3 ps, the spectrum decays without any significant shifts or changes of shape, through
a dominant process with a time constant of approximately 500 ps (see Fig. 3e), as
previously obtained on few-layer MoS; supported on a dielectric substrate [30].

In addition to the previously identified A-, A% B-, and B peaks, we note an

additional broad absorption peak and a further positive peak at higher probe
energies. Due to its position, we straightforwardly assign the positive peak to
bleaching of the C exciton and label it C°. The absorption peak shows a formation
similar to A- and B~ (see next paragraph), and is similarly long lived, hence it should
belong to a charge population. Like the C exciton bleaching, it is absent in cw PM,
and strongly reduced for excitation energies below the C exciton resonance, see (Fig
3f), hence we ascribe it to a charge associated with the C exciton, labeled C-. The C
exciton is ascribed either to excitation from a band below the valence band, or
between the valence and conduction bands in a region of the bands nesting slightly
off the I' point [42]. In both scenarios it is plausible that the C° and C- feature do not
appear in the cw experiment, which probes populations that have relaxed towards
the edges of the band gap.

During the first 3 ps the AT/T spectrum undergoes a characteristic change of shape:
the positive signal components are formed during the instrumental resolution and
decay monotonically, while the main photoinduced absorption features, associated

to charges A-, B- and C-, show an initial instrument-limited rise followed by a delayed
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rise component after the pump pulse and by a slower decay. We can interpret this
dynamics by assuming that the pump pulse creates an ensemble of excitons and

charges with a combined spectrum Sq(E).
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Figure 4: (a) Scheme of the photoexcitation dynamics of excitons and charges. (b)
contour plot of the fitted AT/ T (in %) (c) contour plot of the measured AT/ T (in
%) (d) spectrum S; described in the text (black) and fit to eight Gaussian peaks

(photoinduced absorption from charges: red, photoinduced absorption from
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excitons: blue, photobleaching: green) and their sum (dark cyan) (e) spectrum S

described in the text with the same color coding as (d).

During the first 3 ps, this ensemble evolves into one with less excitons and more
charges, with a combined spectrum Sx(E). Subsequently, the exciton and charge
populations decay with very little further change of shape, meaning that either the
decay times of excitons and charges are very similar (either by coincidence or due an
interdependent relaxation mechanism), or that the population after 3 ps is already
dominated by charges. The latter hypothesis is corroborated by the similarity
between the fs AT/T spectrum at longer delays and the cw PM spectrum, which
should not show any exciton contribution. In the simplest possible case, the
ensemble with the spectrum Si1(E) evolves into the one with the spectrum S>(E) with
only one characteristic sub-picosecond relaxation time 71. Hence we propose the
simple scheme of the underlying photoexcitation dynamics shown in Fig. 4a: The
pump pulse generates a mixed population of charge carriers and excitons.
Subsequently a certain fraction of the excitons dissociates into charges.

The evolution of the photoexcited states’ population according to Fig. 4a is best
fitted with a characteristic time 7; = 680 fs. The assumption of only one common
time constant 71 for the dissociation of the A, B, and C excitons may be a gross
simplification, but it describes the data remarkably well (Figs 4b+c). The spectra Si
and S in Figs. 4d and e can be fitted with overlapping Gaussians analogously to the
cw PM spectrum. Besides the six already identified charge absorption and exciton
bleaching features, there are two additional peaks, which we label X and Y. Since
they do not show the delayed formation characteristic of charges, we assign them to
photoinduced absorption by one of the exciton populations.

Comparing the relative contributions of the X and Y peaks to the S1 and S spectra,
we can deduce that after 3 ps approximately the exciton population is somewhat
decreased (by approximately a factor of 2). On the other hand, if the exciton
population followed a curve ~ exp(-#/11), the remaining exciton population would be
only 1%. Hence, 71 is not the time constant of the exciton dissociation, but rather
the characteristic time with which the dissociation rate diminishes. Besides its time
dependent rate, the exciton dissociation yield depends also on the energy of the
exciting photons. This is expressed in Fig. 4a as a rate constant £q4(E, 7) that depends

on the pump energy and on time. Fig 3f shows that the ratio between the absorption
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peaks due to charges and the respective bleaching peaks is higher for higher photon
energy. This is consistent with the lower PL quantum yield for higher excitation
energy, which has also been ascribed to charge separation [42].

Detailed studies of the CPG dynamics exist for carbon nanotubes and conjugated
polymers, which are materials with exciton binding energies similar to MoS;. In
carbon nanotubes, there is an initial branching between mostly excitons and 1-2%
directly excited charges [306], with a higher charge yield for higher excitation energy.
In conjugated polymers, there is a similar initial branching, followed by additional
CPG via dissociation of “hot” excitons during the first few picoseconds [43].
Elaborate models describe how the surplus energy of hot excitons increases their
dissociation probability [44], [45]. The relaxation of the electron and hole to the
lowest exciton state are typically faster than our observed 680 fs [46-48], however
electron-phonon coupling creates a phonon heat bath that can live on for a few ps
[49]. Additionally, exciton migration, which is facilitated by the extra energy and
comes to a halt when the exciton reaches a local energy minimum, increases the
probability that the exciton reaches a site where its dissociation is facilitated. In MoS;
flakes, such sites could be surface defects, flake edges, metallic inclusions, crystal
faults or small islands of an extra MoS; layer. We therefore conclude that the exciton
dissociation probability is high while the excitons are hot and mobile and decreases
as they reach their energetic minima. CPG in few-layer MoS; is a combination of
two processes, both which have increased efficiency for higher exciting photon
energy: direct excitation of charge pairs (within the 50-100 fs instrument resolution
of our experiment) and hot exciton dissociation.

Before we discuss the implications of time- and pump energy dependent hot exciton
dissociation, we review how our findings compare to previous femtosecond work on
TMDs. Intervalley scattering [50], [51] requires circular polarization and is not
probed in our experiment, because all our laser polarizations are linear. On a time
scale of 1 ps to 500 ps, Shi et al. obtained results very similar to ours in few layer
flakes deposited on a dielectric substrate [30], but they do not discuss the temporal
change of shape of the spectrum, which is crucial in understanding exciton
dissociation and charge generation. They estimate that for excitation fluences similar
to ours, the sample temperature should change by only 0.1 K, thus dismissing
sample heating as a possible source of the signal. In our samples, due to the low heat

conductivity of PMMA [52], heating could be a bit stronger. However, a signal due
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to heating would not change its shape with time and, most crucially, its shape would
not depend on the excitation photon energy. In Fig 3f, there is a small C- signal even
for excitation below the C exciton resonance. This contribution, which at any delay
is 20% or less compared to the spectrum for excitation above the C resonance, may
originate from heating or any other mechanism that changes the overall lineshapes
and/or peak positions, such as Stark effect or band gap renormalization. Hence, for
the combination of all such processes including heating, we estimate an upper
boundary of 20% contribution. Any such mechanism is less important in the cw PM
experiment, where no appreciable C- signal is found. Therefore, both the
femtosecond and the cw signals are dominated by changes in excited and ground
state populations, not pure lineshape/shift mechanisms.

Considering further lineshape/shift mechanisms, inter-exciton interaction is
expected to result in a red-shift [37] and line broadening. However, we observe an
apparent line narrowing (see discussion of the cw PM spectrum) due to the increase
of the central A- peak at the expense of its neighbors on either side. The Burrstein-
Moss effect, which has been observed in substitutionally doped MoS; fullerenes [53]
should lead to a blue shift with increasing excited state population. Our contrasting
observation implies that any Burrstein-Moss contribution is overwhelmed by one or

more red-shifting mechanisms.

3 Conclusion and Outlook

We have shown that charge carrier photogeneration in few layer MoS; arises from
two different processes. First, there is a branching into excitons and charge carriers
as the primary photoexcited species. Additionally, there is an increased, excitation
energy dependent charge carrier yield from hot exciton dissociation during the first
few ps. For monolayer MoS,, due to the higher exciton binding energy [14], we can
expect both CPG processes to have a lower yield. According to our findings, the
efficiency of MoS: photovoltaic [17] and photodetector [18] devices depends
significantly on the excitation wavelength and can be strongly increased, especially in
monolayer devices, by facilitating exciton dissociation, e. g. via a strong built-in field
using appropriate electrode materials, by engineering a p-n junction [54], [55] , or by
combining MoS, with a second material [56-58] so one of them acts as electron

donor and the other as acceptor in a heterojunction.
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For wider interest

MoS; — layered semiconducting crystal, which consist of layers with strong in-plane
chemical (covalent or ionic) bonds and relatively weak (van der Waals) adhesion
between these layers. A single sheet of MoS; absorbs more than 5% of the incident
light in the visible range. This means that an extremely small amount of material —
deposited on a transparent electrode or blended into a transparent polymer — could
be efficient for the fabrication of a low-cost, lightweight solar cell that can be applied
to many irregular surfaces. Such versatility has so far been the reserve of organic
photovoltaics, which is still strugeling with photodegradation.

In order to find out how to use semiconducting TMDs for photovoltaics, we need
to understand what goes on when they absorb light. Since the expected processes are
very fast (occuring in less than a nanosecond or sometimes even less than a
picosecond), we use ultrafast lasers to study them. In what we call pump-probe
spectroscopy, a first laser pulse of approximately 100 fs duration excites the sample,
creating a population of electrons and holes (electron vacancies) at a very well
defined point in time, which marks the start for all relaxation processes occurring
after excitation. A second, weaker but similarly short laser pulse probes the optical
absorption of the sample at a defined point in time after the excitation, which is
different for an excited sample compared to a sample in equilibrium. By varying the
pump-probe delay we can follow the relaxation processes.

First results on prototype photovoltaic elements of monolayer MoS2 have indicated
that their efficiency is limited by the strong interaction between the photoexcited
electrons and holes, which hampers their extraction from the device. Here we show
that in few-layer MoS2 flakes dispersed in tranparent plastic the separation of
electrons and holes is very efficient (close to 100%) and occurs on a time scale of
700 fs. This result suggests that few-layer MoS2, which is even easier to obtain than

monolayers, is actually more suitable for photovoltaics.
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Non- destructive Analysis of Archaeological Metals

1

Archaeological metals are important testimony of human past. Material identification
is basic objective of scientific characterization of ancient objects and provides
important clues about fabrication. Elemental analysis of metals provides valuable
information about the composition of alloys and may lead to identifying the metal
origin. Analytical data on metal composition may also provide interesting insight into
past technologies, including mining, melting and metal working [1]. When a unique
artefact is found, the analytical methods are required of being non-destructive and
able to give the chemical analysis without sampling. PIXE and PIGE methods allow

us detection of major, minor and trace elements. An advantage of PIXE compared
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Abstract. Ion beam analysis is an efficient method for studies of archaeological
metals. It is based on excitation of characteristic X-rays and gamma rays. In this
paper we present PIXE and PIGE analysis of different metal alloys. Spot
analysis was used for analysis of bronzes, which were used for medieval early
fiery weapons. In the second part of the paper, the inhomogeneous metal
objects are examined. The external beam facility was improved for the mapping
measurements, which allow detection of inhomogeneous gilded layers. The

new system allows the external beam to be scanned over an area of a few cm?.

Keywords: PIXE, PIGE, metals, mapping

Introduction

to other IBA methods is its speed and sensitivity.
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Up to now only spot analysis was used in our studies of archaeological metals |2, 3].
In the present paper we report about further development of the method applied on
historical metals. The spot analysis was used to measure medieval bronzes of eatly
weapons. Recent development includes application of mapping, using an in-air
beam. The new mapping system allows us to provide elemental concentration maps
from the PIXE spectra. As an example of metal inhomogeneous composition we
studied the structure of a bronze-iron alloy known as aes rude. From the map of a

gilded medieval fragment it is possible to identify the metal plating technique.

2  Experimental

The 2 MV particle accelerator at the Microanalytical Center of the Jozef Stefan
Institute is equipped with four measuring lines. One line allows measurements with
in-air proton beam. The method of Proton Induced X-ray Emission (PIXE) and
Particle Induced Gamma-ray Emission (PIGE) were used. PIXE is a non-destructive
analytical method. The characteristic X-rays are emitted while filling the inner shell
vacancies created by proton bombardment. The respective X-rays intensities are
directly related to the concentrations of the corresponding elements. PIXE is used
for elements with Z>12. For light elements we used gamma rays, because with
PIGE we can see deeper below surface. The nominal energy of protons in our
measurements was 3 MeV. The beam intensity was a few nA and the counting rate
was below 500 cps. The beam was extracted into air through a 2 um thick tantalum
foil. The induced X-ray passed through a 6.0 cm air gap between the target and a
Si(Li) detector. The beam profile at the target was Gaussian, with 0.8 mm full width
at half maximum. For spot analysis, three spectra were taken in a particular
measuring point. The measurement in air provided X-rays of the elements heavier
than silicon. For hard X-rays around silver, a 0.3 mm thick aluminum absorber was
used. After measuring with the aluminum absorber we repeated the measurement
using a selective filter of cobalt, which provided better sensitivity for iron and nickel.
The measuring time for one sample was around 7 minutes. The spectra were fitted

using the AXIL software package.

The new system for mapping allows the external beam to be scanned over an area of
a few cm?. The sample is fixed on a remote controlled stage driven by high precision
stepping motors. After selecting the area of interest of the sample and setting the
scanning conditions, the measurement can start. During the scanning process, the

measurement process is executed through the following steps: moving the sample to
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the selected position, acquiring the data, saving the spectra and finally moving the
sample to the next position. After measurements the PIXE spectra were processed
with the AXIL program and the elemental concentrations were calculated by the
program [4]. The elemental maps were performed on the most typical elements for
metals and were built up by program ORIGIN 8.0. The images were composed of
10 x 7 points and 10 x 20 points, so the scanned area measured 10 mm x 7 mm and
1 cm x 2 ecm. The accuracy of the procedure was within 5% for major elements,
about 10% for the elements with concentrations below 1%, and about 15% for trace

elements.

3 Results
3.1 Medieval bronzes for weapons

Medieval weaponry spanned a range from simple tools and farm implements to
sophisticated siege engines. Europeans certainly had firearms by the first half of the
1300s. In army different kind of weapons were used. One of them was called
handgonne or hand cannon. The hand cannon was a simple weapon, effectively
consisting of a barrel with some sort of handle, and it came in different shapes and
sizes. It was constructed of metal and attached to some kind of stock, usually
wooden. Due to the poor quality of powder that was often used in these weapons
and their crude construction, they were not effective missile weapons, as early

examples often lacked sufficient power to punch through light armor [5, 6].

Three different fragments of handgonnes were measured (Table 1). They were all
found in south Slovenia in the vicinity of castle ruins [7]. The tin concentration in all
samples was lower than 5%. With such a low concentration of tin the alloys remains
tough, i.e. not too hard and not too fragile. Samples also contained antimony (0.87%
- 2.66%) and arsenic (0.61% - 2.20%), so we can conclude that the copper was
extracted from polymetallic ores tennantite and tetrahedrite ((Cu,Fe)12SbsS13). The
sample no. 1 (Fig. 1) contained 9.46% Pb. Lead has the effect of making the alloys
of copper easier to cast. Such a high concentration (sample no.l) improved the
fluidity of the alloy in the melt, but reduced the mechanical strength of the metal. In
sample no. 2 we detected 1.71% Pb. It is generally accepted that such a small
concentration is impurity in the raw materials and has not been added intentionally.

The highest concentration of zinc was in the sample no. 3 (4.63%) and the lowest in

180



sample no. 1 (0.71%). We believe that there were different reasons for the explosion
of handgonnes. For sample no. 1 and 2 it was certainly the quality of material. No. 1
contains only about 4% Sn, which in a pure Cu-Sn alloy would make the metal
ductile, however, the presence of 2.66% antimony and 9.46% lead would render
material with worse material properties, especially as such an amount of lead cannot
dissolve in copper but forms distinct globules. According to their composition,
bronzes no. 1 and 2 are quite similar to the alloys used in Late Bronze Age, so it is
not impossible the material was collected from a prehistoric hoard. It is only no. 3
that contains about 4-5% tin and zinc that qualify it as gunmetal. It was the use of
improved gunpowder in granular form that turned out fatal for many early fiery
weapons [5]. The bore in no. 3 is not cylindrical, but slightly spherical as an
indication of being blown up. In this case the reason for explosion might not be

material, but imprecise, non-centred boring.

Table 1: Analysis of three pieces of handgonnes (in mass %)

Caliber
No./Location [mm] Fe Ni Cu | Zn | As Ag Sn Sb Pb
1. Cretez 25 0.15 | 0.37 | 82.0 | 0.71 | 0.61 | 0.14 | 395 | 2.66 | 9.46
2. Kostel 13 1.61 | 253 | 85.6 | 0.80 | 2.20 | 0.29 | 393 | 1.37 | 1.71
3. Sumberk 16 0.67 | 0.48 | 85.2 | 4.63 | 0.68 | 0.20 | 3.61 | 0.87 | 3.68

lcm 1 2 3

Figure 1: Fragments of three different handgonnes from south Slovenia.

3.2 Aes rude

The AES RUDE (raw bronze) indicates cast bronze used in Italy between the 8t
and 4" centuries BC. In that time a pre-monetary system was valid in Italy, which

featured bronze or copper ingots cast in a rough shape, which the Romans called

181




aes. Different forms of these metals were found. The oldest specimens were just
worked lumps of copper or bronze. Rome obtained inspiration from the ingot shape
to establish its own currency system. It was called aes signatum [8, 9]. It was based

on ingots made of cast copper or bronze and stamped on each side.

A sample of aes rude from Kosana, Slovenia was measured and traces amounts of
As, Zn, Mo and Pb were detected. Zinc and arsenic impurities are correlated with
coppet. We also found out that the molybdenum is correlated with iron. Aes rude is
technologically useless, so the metal ingots that circulated among prehistoric
settlements were either intended for further processing or they were just used for

commercial exchange. The scanning area of the sample was 7 x 10 mm.
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Figure 2: Elemental maps on the sample of aes rude. The scanning area was 10 mm

x 7 mm. The color scale reflects weight %.

3.3 Gilded fragments

Gilding is application of gold to the surface of some other material. In Roman and
medieval period the gilding techniques included the process of fire gilding, depletion
gilding, application of golden leaves and dipping into molten gold [10, 11]. Fire
gilding is also known as amalgamation gilding or mercury gilding [11-14]. This type
of gilding was often used to gild small areas of the object, yet the gilding spread over
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the edge of the intended area. For this process small gold fragments were first
dissolved in liquid mercury at a moderate temperature to obtain an amalgam, and
that amalgam was applied onto the metal object which was then heated to a
temperature higher than the mercury boiling point (356.5°C) in order to evaporate it.
In practice, the objects to be gilded generally made of copper, bronze or brass were
first coated and then heated with the amalgam decomposed. Amalgamation gilding
was used extensively in the Roman and medieval period. The depletion gilding is a
method for producing a layer of nearly pure gold on an object made of low-grade
gold alloy by removing less noble metals from its surface. The surface was etched
with acids, resulting in a surface of porous gold. The porous surface is then

remelted, resulting in a shiny gold surface.

In Fig. 3, analysis of a medieval fragment from Kolovec, Slovenia (probably part of
a cross, dating to 14th - 15th century and showing the scene of annunciation) is
presented. High concentration of mercury in the range up to 11% indicates that the
technique used was fire gilding. The object was made of copper (the lowest
concentration was 30%). The correlated maps of gold and mercury confirm that the
method of amalgamation was applied. The concentration of gold reached up to 55%
at the surface. The silver content in this sample was low (< 1%). The silver is
correlated with gold, which shows it was an admixture to gold before an amalgam

was made.
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Figure 3: Flemental maps of the fragment of a cross showing the scene of

Annunciation. The color scale is in weight %. The scanning area was 10 x 20 mm.

4 Conclusion

Ion beam analysis techniques were used to characterize metals of cultural heritage
objects. With spot analysis three bronzes of medieval weapons were measured. They
are of low quality, with large amounts of added impurities. More information about

the sample composition can be obtained with mapping. Elemental mappings provide
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more information, because we investigate a large area of the sample. The correlated
maps of gold and mercury on the fragment of medieval cross indicated that the

method of amalgamation was applied.
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For wider interest

Material identification is basic objective of scientific characterization of ancient
objects and provides important clues about fabrication. The chemical composition
of ancient objects is important for their authentication. The nature as well as the
relative amounts of major, minor, and trace elements in any object are useful for
determining the authenticity and production details of ceramics, glass, or metal
alloys. We can use different analytical methods for the determination of cultural
heritage objects and objects of art. In our measurements we used only non-
destructive techniques.

The measurements are executed at the Tandetron accelerator, using proton beam in-
air, so the analysis is generally done without sampling. Our methods are X-ray and
gamma ray spectroscopy. Particle-induced X-ray emission (PIXE) and Particle-
induced gamma-ray emission (PIGE) are non-destructive spectroscopic methods for
analyzing different materials, especially useful for archaeological objects. This is a
good choice if the chemical composition of an unknown substance is to be
determined quickly. Liquid, solid and powdered samples can be analyzed. Soft X
rays are absorbed in the air gap between target and detector. For this reason, PIXE
is useless for soft element analysis. For light elements we measure gamma yields
rather than X- rays. With PIGE we can analyze deeper below surface. The elements
emit gamma photons after the collisions with protons. Photon energies vary between
100 keV and 2 MeV. Measuring the gamma spectra with PIGE, we obtain relative
photon yields of light elements with respect to the standard. The X-ray and gamma
ray data are then recalculated into concentrations simultaneously, estimating the
matrix effects by an iterative procedure.

Up to now only spot analysis was used in our studies of archaeological metals. The
new system for mapping allows the external beam to be scanned over an area of a
few cm? The sample is fixed on a remote controlled stage driven by high precision
stepping motors. The measurement starts with the selection of an area of interest
and setting the initial conditions. The scanning process is based on the following
cycles: moving the sample, data acquisition, saving the spectra, and moving to the
next measuring point. Elemental mappings provide more information, because we

investigate a large area of the sample.
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Abstract. Ta;Os is a promising high-K dielectric, due to its high refractive
index, high dielectric permittivity (in the range 22-28 for the amorphous state)
and good thermal and chemical stability. The present study reports the
preparation of solution-derived Ta,Os thin films processed at low temperatures
suitable for applications in transparent electronics. The investigated thin films

exhibited promising properties for capacitors and thin-film transistors.

Keywords: Ta,;Os, amorphous high-K dielectrics, sol-gel chemistry

1 Introduction

Transparent electronics emerges as a promising technology distinct from the
conventional silicon one, and its viability depends on the performance, reliability and
cost of both passive and active electronic applications. A lot of effort has been put
in the research and development of transparent thin-film transistors (TFTs), which
are mainly used as on-off switches in active matrix backplanes of flat panel displays.
Their main components are a semiconductor layer, three electrodes, ze., gate, source
and drain, and a dielectric layer between the gate and the semiconductor, also
referred to as the gate dielectric. All of them are deposited in the form of thin films

onto an insulator substrate. A TFT is a special type of field-effect transistor and its
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working principle relies on the modulation of the current flowing in the
semiconductor.

The development of transparent TFTs requires among other also high-quality
amorphous high-K dielectrics processed at low temperatures, and tantalum-

pentoxide thin films are of great interest.

The TaxOs-based thin films presented herein were deposited from solution on
selected substrates and were processed at temperatures not exceeding 400 °C. The
influence of the processing temperature upon the structural and electrical properties
of films was investigated. Their functionality was tested in passive and active

electronic devices, namely thin film capacitors and TFTs.

2 Experimental details

The precursor was prepared by alkoxide-based sol gel synthesis. Further details on
solution preparation and processing can be found elsewhere [1]. Thin films were
deposited on platinized silicon (Pt/TiO2/SiO2/Si or shortly Pt/Si) substrates by spin
coating. After each deposition, the films were heated in air on the hot plates at 150
°C for 2 minutes and at 250, 300, 350 or 400 °C for additional 2 minutes. Note that
as a typical high-K material, tantalum pentoxide begins to crystallize at 600 °C and it
is crystalline above 700 °C [2]. In this study, the samples were processed at low
temperatures, in order to ensure their amorphous structure, which is generally
preferred in TFTs [3].

For all samples, the spinning—heating procedure was repeated ten times. The sample
thickness values (estimated from the FE-SEM analysis of the fracture surfaces)
decreased considerably with the processing temperature, from about 190 nm to
about 115 nm for the samples heated at 250 °C and 400 °C, respectively. This was

related to the process of densification [4].

The Fourier-transform infrared (FT-IR) analyses were performed using a Perkin
Elmer Spectrum 100 FT-IR spectrometer. The transmittance data were collected in
the range 4000-380 cm!, in the Attenuated Total Reflectance (ATR) mode. The
specttum of a bare Pt/Si substrate was measured as the background. All spectra
were baseline corrected.
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The samples were investigated by spectroscopic ellipsometry using a UV-Vis
Variable Angle Spectroscopic Ellipsometer (VASE) with rotating analyzer from J.A.
WOOLLAM. The experimental spectra were modelled as multi-layer structures

given on the used substrate, rendering good agreement with the experimental data.

The surface morphology of the samples was analysed by an Asylum Research
Molecular Force Probe 3D (MFP-3D-S™) atomic force microscope.

Au electrodes of 0.4 mm diameter were sputtered on top of the Pt/Si samples.
Capacitance and loss factor, tan o, were measured at room temperature with a
driving signal of 50 mV, using a HP 4284A impedance analyzer. The relative
permittivity values, &, were calculated at the frequency of 100 kHz. The current—
voltage characteristics were measured using a Keithley 2602A system sourcemeter
and a HP 16058A test fixture combined setup. More details and comprehensive

results are given in previous reports [1, 5].

Solution derived Ta;Os dielectric thin films processed at 300 and 350 °C, of = 250
nm, were used to fabricate TFTs with sputtered gallium indium zinc oxide (GIZO)

channel layer [6]. The TFTs on Corning Eagle glass substrates had a width-to-length
ratio (W/L) of 45 um / 90 pm.

3 Results and discussion

To investigate the effect of the processing temperature on the chemical composition
of the films deposited on Pt/Si, a FT-IR analysis was employed. The broad bands
located below 1000 cm are assigned to vibrations of Ta—O bonds [7, §]. As
expected, the bands that could be ascribed to residual functional groups became less
distinct when increasing the heating temperature from 250 °C to 400 °C (see Fig.
1(a)). The band at 1100 cm™!, which is presumably due to an overlapping of several
vibrations belonging to residual organics, ze., to the C—C and C-O bending modes
[7], was eliminated as some organics were decomposed upon heating at temperatures
above 300 °C. Also, the signal of the modes due to the deformation of C—H (z.e., at
1450 cm™ and 1380 cm! in the case of the film processed at 250 °C) decreased with
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the processing temperature. The 350 °C sample showed an overlapped broader peak
with a minimum at 1420 cm-!, which was no longer visible in the spectrum of the
sample heated at 400 °C. Even though the band at about 1600 cm!, presumably
corresponding to the modes of adsorbed water and amino groups, was present in the
spectra recorded for all the samples, its intensity decreased with the processing
temperature. In addition, a shift towards lower wavenumbers from 1645 cm! to
1620 cm™! for the samples heated at 250 °C and 400 °C, respectively, was observed.
The broad band ranging up to 3600 cm-!, with the minimum around 3200 cm,
corresponding to the stretching vibrations of water and hydroxyl groups (O—H) [7],

could be assigned to residual H»O.

Thereby, in the case of the samples processed at 400 °C, the presence of residual
organic groups could not be excluded, however they could be detected in a much

smaller amount as compared to the samples processed at lower temperatures.
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Figure 1: (a) FT-IR spectra of the Ta>Os thin films prepared on Pt/Si and processed

at the selected temperatures. (b) Refractive index dispersion of the thin films.

Spectroscopic ellipsometry measurements were also employed to determine the
optical constants of the Ta>Os-based thin films. The determined refractive indices as
a function of wavelength are given in Fig. 1(b). The refractive index increased with
the processing temperature, in agreement with the consequent densification taking
place at higher heating temperatures. The refractive index (at 600 nm) ranged from
1.7 to 1.99 for the samples processed at 250 °C and 400 °C, respectively. The

Cauchy dispersion of the refractive index and its processing temperature dependence
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are in agreement with reports in the literature about solution-derived Ta>Os thin

films [3, 7, 9-11].

The surface morphology of the samples was characterized in terms of the root-
mean-square (RMS) vertical roughness by AFM. The investigated thin films had
uniform surface morphologies without any evident microstructural details, in
agreement with their amorphous structure. The average vertical RMS surface
roughness values were up to 0.3 nm. For a conclusive representation, the surface
profiles were obtained from the topography images using an AFM software (.e., Igor
Pro 6.34A). Typical AFM surface profiles are depicted in Fig. 2.
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Figure 2: AFM surface profiles of the (a) 250 °C and (b) 400 °C samples.

These results are in agreement with other reports on chemical solution deposited
thin films. In their study on Ta>Os thin films prepared by metal-organic solution
deposition technique, Joshi ez a/ [11] reported a smooth surface morphology of the
films deposited on Pt/Si and no appreciable effect of the annealing temperature on

their microstructure up to 600 °C.

The electrical properties of the metal-insulator-metal capacitors are given in Fig. 3.
Amorphous TaxOs thin films have been reported to exhibit a relative dielectric
permittivity in the range of 20 — 28 [2, 12]. In the current study, the highest
permittivity value of 27+ 2 was obtained for the film heated at 400 °C. However, a
lower processing temperature led to an important and continuous decrease in the

permittivity of the samples (see Fig. 3(a)). All samples exhibited dielectric losses up
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to about 5% at 100 kHz (Fig. 3(b)). The leakage currents of the investigated thin
films increased with the processing temperature. The current density values

measutred at 160 kV/cm for all samples are given in Fig. 3(c).
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Figure 3: Electrical properties of the Ta2Os thin films as a function of the processing
temperature: (a) dielectric permittivity and (b) loss factor at 100 kHz, and (c) leakage
current density at the applied field of 160 kV/cm.

Altogether, the electrical properties of the investigated samples depended on the
thermal budget of the dielectric, and as previously shown, the optimal processing
temperature should be at least 300 °C in order to ensure a good material yield.

Therefore thin films processed at 300 and 350 °C were further employed in TFTs.

To evaluate the performance of the devices, the transfer characteristics (i.e., the plots
of the drain current (Ip) versus the gate voltage (I7¢) at a constant drain voltage
(I"p)) were recorded. Fig. 4 depicts the obtained plots together with two of the
parameters that can be extracted from such cutves. The o7/ gff ratio is defined as the
ratio of the maximum to the minimum drain current, and it evaluates the quality of
the device from the point of view of an electronic switch application. It should be as
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large as possible, and values above 10° are typically reported [12]. The subthreshold
swing (8) is the parameter that reflects the gate voltage required to increase the drain
current by one decade, ‘e, it is the inverse of the maximum slope of the transfer
characteristics. Small values of § ensure low power consumption of the device, and
values of about 0.1-0.5 V/dec are generally required [13]. Compated to reports in the
literature [14-16], the gate dielectrics from solution rendered high on/off values and
low subthreshold swing values. The processing temperature of 350 °C rendered a slight
improvement in terms of field-effect mobility, i.e., 21 cm?/V compared to the value of
about 16 cm2/V obtained for the TFT with the 300 °C dielectric.

J V=1v
10
1 osos N300 °C |
10 350 °C ;
< 10° av,
~ = Flozl;) ;
10™ Dielectric On/Off S (V/dec)
i 300 °C 1.9x 108 0.17
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10" W [ | ) 1 1
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Figure 4: Transfer characteristics of GIZO TFTs (W/L = 45/90) with the solution-
processed Ta,0s dielectrics, which were obtained at Vp = 1V. Some electrical

properties extracted for these devices are given in the inset table.

4 Conclusions

Solution-derived Ta,Os thin films were processed at temperatures not exceeding 400
°C. The amorphous thin films exhibited smooth and flat surfaces with low average
roughness values. Residues of functional groups remained in the films upon heating
at 250 °C, and they could be detected in a much lower amount upon heating at 400
°C, as evidenced by the FT-IR. In accordance with the densification taking place at
higher heating temperatures, the refractive index ranged from 1.7 to 1.99 for the
processing temperatures in the range 250—400 °C. Moreover, the samples processed
at higher temperatures exhibited higher permittivity values. The film processed at
400 °C exhibited the permittivity value of 27+ 2. Yet, the leakage currents increased

with the heating temperature.
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Spin-coated Ta>Os thin films processed at 300 and 350 °C were studied aiming to
give a proof of concept for their integration as components in active electronic
devices. The TFTs rendered good operating properties, such as or/gff ratios of the
order of 10% and a field-effect mobility larger than 10 cm?/Vs, with slight
improvements obtained in the case of the processing temperature of 350 °C.
Therefore, the investigated Ta»Os thin films from solution exhibited promising

properties for both passive and active electronic devices.
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For wider interest

In the past years, transparent electronics emerged as a promising technology
considered to have the potential to be the next generation of optoelectronics. Thin
film transistors (TEFTs) are the key components in most modern circuits used to
amplify or switch electronic signals. A TFT is a special type of field-effect transistor
formed by placing a thin dielectric layer (also referred to as the gate dielectric) as well as
an active semiconductor layer and metallic contacts (i.e., source, drain, gate) onto a
supporting substrate. Furthermore, the fabrication of transparent TFTs requires low
cost deposition of thin films with suitable properties onto substrates needing low

temperature processing, as glass or even plastic.

Several different high-K (K= permittivity, dielectric constant) metal oxides have been
researched for gate dielectric applications. Ta;Os thin films were found to be suitable
for metal-oxide—semiconductor field-effect transistors and high density memory
cells due to their high dielectric permittivity, in the range from 20 to 28 for the
amorphous state, high refractive index and chemical and thermal stability. In the past
years, the use of TaxOs as a gate dielectric in transparent TFTs has also been

proposed.

For microelectronic and optoelectronic applications, high quality thin films (both
from the structural and electrical point of view) are required, and various deposition
techniques may be employed for their fabrication. As regarding TaOs gate
dielectrics, it was found that the properties and performance of the thin films
depend strongly on the fabrication process. Ta>Os thin films fabricated by physical
deposition methods and processed at low temperatures were employed in
transparent TEFTs. However, little work has been done on the sol-gel preparation of

such materials.

The current work reports the preparation and characterization of solution-derived

Ta,0s5 thin films and provides a proof of concept for their use in transparent TFTs.
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Abstract.

Materials in contact with foodstuffs may contain nanoparticles which improve
their properties. However, transfer of nanoparticles from the material into
foodstuffs is not desirable. When nanoparticles are embedded in the matrix,
probability of transfer is small, but release can be promoted by matrix
degradation. Matrix degradation of quasi-ceramic coating on commercially
available pans was studied. The most probable mechanisms of degradation were
identified as mechanical, thermal and chemical. Our results show that matrix
degradation during the worst case conditions of use may cause particles release

into foodstuffs.

Keywords: food contact, nanoparticles, matrix degradation, release

Introduction

During the preparation, food comes into contact with different materials.
Recently, new food contact materials are developed containing nanoparticles

(Chaudhry et al., 2008). Possibility of nanoparticles release from materials into
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the food cause safety concerns as materials in nano size have different biological
properties in comparison with bulk materials (Nel et al., 2006, EFSA, 2009).

It is not much known about nanoparticles release into the food. One possible
mechanism identified to describe the release of nanoparticles from food contact
materials into food is matrix degradation. The aim of our study was to
investigate such process for so called quasi-ceramic non-stick pan coating
containing micro and nano particles of TiOz and SiO; embedded in silicone

matrix.

Materials and methods

Pan with quasi-ceramic non-stick coating was purchased from the Slovenian
market. Microstructure of the coating surface was observed by field emission
scanning electron microscopy (FE SEM, JEOL JSM 7600F, Japan), cross
section of the coating was observed by focused ion beam scanning electron
microscopy (FIB SEM, FEI Nanolab Helios 650 dual beam, OR, USA).

The thermal degradation of the coating was examined by differential scanning
calorimetry/thermogravimetric analysis (DSC/TG, NETZSCH STA 449
C/6/G Jupiter — QMS 403) during heating up to 700 °C, with a rate of 10 °C

/min.

Mechanical resistance of the coating toward scratching with metallic objects (e.g.
cutlery) was studied by linear progressive scratch test on the sample P2 using a
diamond indenter (Revetest Scratch tester CSM Instruments RST S/N 01-
04283, Switzerland). The load was progressively increased from 1 N to 30 N,
with a rate of 93,10 * 0,01 mm/min and scratch length of 3 mm. The
appearance of the wear debris was observed by stereo microscope (Zeiss
Discovery V8, Germany), field emission scanning electron microscopy (FE
SEM, JEOL JSM 7600F, Japan) and focused ion beam scanning electron
microscopy (FIB SEM, FEI Nanolab Helios 650 dual beam, OR, USA).

The long-term wear behaviour of the coating P2 was tested on dedicated
tribological tester (UMT-2, CETR, CA, USA) in a form of a pin-on-disk
reciprocal sliding configuration to mimic the worst case conditions. The
tribological tests were conducted for one hour at normal load of 3 N, with a
sttoke of 5 mm and sliding velocity of 0.03 m/s (3 Hz). Polymeric (PAG) and
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ceramic (Al2O3) pins were used against the pan sample, with contact pressures
ranging from 1 MPa to 300 MPa, in order to simulate various scenarios of
severity during cutlery contact with the pan surface. It is estimated that a normal
use of wooden or polymer cutlery would result in pressures well below 100
MPa; however, metal contacts with forks or even knifes in a pan will easily
exceed 300 MPa. After the tests, the appearance of the wear scar and the

presence of the debris were observed by stereo microscope.

Results and discussion

Matrix degradation is one among possible mechanisms of nanoparticles release
from nanoparticles containing food contact materials (Newsome, 2014,
Noonan et al., 2014) besides desorption, diffusion and dissolution. In the case
of quasi-ceramic coatings, which contain TiO; and SiO; nanoparticles
embedded in polymer matrix (microstructure of the coating surface and cross
section is shown in Figure 1), desorption of the TiO; and SiO, nanoparticles is

not expected.

Figure 1: (a) Microstructure of the coating surface observed by FE
SEM and (b) cross-section of the coating observed by FIB SEM

For the same reason, diffusion is not an important mechanism. Due to the very
limited solubility of TiO, within the whole pH region, the mechanism of

dissolution and migration of Ti-ions into food can also be considered as
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negligible. On the other hand, the solubility of SiO: is much larger and is
relevant in particular in alkaline solutions such as, for example, in dishwashing
machines. The dissolution of silica from the matrix and dissolution of the
matrix (silicone) will highly likely result in the release of small fragments of
SiO2 and much less soluble TiO, nanoparticles. Thus, it might be presumed
that the matrix degradation, including chemical degradation, is the most
probable mechanism of the particle release from the examined quasi-ceramic
pan coatings.

Other than chemical degradation, possible mechanisms of the matrix
degradation are also thermal and mechanical ones.

The thermal stability of the pan coating was examined by DSC/TG analysis up
to 700 °C (data not shown). Within the temperature range of cooking stove, the
weight loss is minor, and the total weight loss up to 700 °C was ~7 % . The
peak at 600 °C is accompanied by the formation of CO and CO,. Furthermore,
the first exothermic change, indicating decomposition of the material, appears
only over 500 °C, which is above the temperature of exposure during the use.
The appearance of the sample after the DSC/TG analysis is presented in
(Figure 2a). After heating at 700 °C, the white TiO> particles are not firmly
incorporated into the matrix anymore and fine, nano-sized particles became

visible (Figure 2b, 2c, 2d).
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Figure 2: (a) Scanning electron micrograph of the sample after
heating at 700 °C (DSC analysis), (b), (c) and (d) mapping

of titanium and silicon distribution

The mapping of the area by EDX analysis (Figure 3a, 3b and 3c) confirmed
white particles as being Ti-rich (TiOz) and the surrounding material as Si-rich
(SiO2). It has to be pointed out that the temperature at which the SiO»
nanoparticles appeared well visible exceeded the temperature at kitchen stoves;
however, these results indicate that, under certain conditions, silica and,
consequently, TiO; particles can be possibly released from the matrix.

The results of the analysis suggest that under the foreseeable conditions of use
the examined coating is relatively stable and the TiO2 and SiO2 nanoparticles
are not expected to be released by thermal decomposition of the silicon-based
matrix, at least in a short term use. However, it is supposed that they can be

released into food under more severe conditions, i.e. by (overheating).
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Mechanical degradation of the coating was tested by scratch and wear tests. A
scratch test was performed under increased load (simulating the worst case of
use by e.g. knives, forks), while the wear resistance at constant load for a long
time was used to simulate a long term use.

Scratch test was performed, with the load of the pin increased up to 30 N.
Visible deformations appeared only at loads above 4 N, where scratches
followed by chipping of the material at high loads were observed (Figure 3a).

The particles created by chipping of the coating material were small, some were

below 1 um, and had irregular shapes (Figure 3b).

Figure 3: (a) Low magnification image of the scratch and (b) SEM image

of the formed particles

This reveals a change from a predominantly elastic deformation at low loads to
a brittle fracture under increased load. The appearance of the cracks after
scratching the silicon-based coating with high crosslink density was reported to
happen even under less severe conditions (Tiwari and Hihara, 2012), where the
load was only 0.5 N.

The use of tableware was simulated under mild and more severe tribological
conditions for a long time (1 h). Mild conditions simulated recommended use,
more severe conditions simulated inappropriate contacts of the pan with any
hard and sharp object, such as a fork or a knife.

Under mild conditions (polymer loaded at pressures less than 50 MPa), no

visible wear appeared. In contrast, when higher contact pressures were applied
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by using steel or ceramic counterparts, i.e. above 200 MPa, the brittle nature of
the coating became evident, especially above 300 MPa (Figure 4a). Some of
produced wear debris was nanosized and had equiaxial shape (Figure 4b). As
expected, the debris composition was in agreement with that one of the coating

determined by the EDX analysis before the wear test, i.e. predominantly SiO»

with some TiO»,

Figure 4: (a) Debris after wear test: stereomicroscope image and (b)

SEM micrograph

Finally, photocatalytic degradation after exposure to UV light may also take

place to some extent (because TiO; particles are present), as described by Wang
(Wang et al., 2011). However, it is known that anatase is a much stronger
photocatalyst than rutile (van Dyk and Heyns, 1998); regardless of that, indoor

exposure of food contact materials to UV light is not particulary relevant.

Conclusions

Nanoparticles firmly bonded within the organic phase can be released by
degradation of the silicone matrix. Three possible mechanisms of matrix
degradation and consecutive particles release were identified: () thermal
decomposition (overheating or possible long-term heating), (if) mechanical wear

(cutting, scratching) and (iii) chemical (dissolution in alkaline media).
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During the worst case conditions of use matrix degradation may cause

nanoparticles release into foodstuffs.
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For wider interest

New food contact materials may contain nanoparticles which can be released into
foods. Nanoparticle release is not desirable. We examined such material
(commercially available pan coatings) and find out that coating, in which
nanoparticles were firmly bonded before use, decompose if used without care - after
scratching with sharp utensils (knives, forks), after overheating during cooking or by
dissolution in alkalis (washing in  dishwasher machines). Because of coating

degradation, nanoparticles may be released into foods.
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Abstract. Fe-Pd alloys have many potential applications because of their
unique chemical and magnetic properties, which can be tailored by changing
their composition. We have investigated the kinetic parameters for depositing
Fe and Pd and their influence on the Fe-Pd alloy’s composition, while
performing the deposition on a flat Au electrode and into an Au-sputtered
porous alumina template. The electrodeposition of Fe and Pd was found to be
irreversible and diffusion-controlled. The diffusion coefficient was found to be
lower for both metallic ions, by 2-3 times, when the template was used as a
working electrode. However, the exchange current densities are comparable for
Fe2t and Pd?" on both working electrodes. This indicates that the kinetics of
the electrodeposition process is not influenced by the electrode geometry.
Because of similar diffusion-coefficient ratios and similar kinetics on both the
investigated working electrodes, using the same deposition conditions results in

Fe-Pd-based thin films and nanowires having similar compositions.

Keywords: Fe-Pd alloy, electrodeposition, kinetics, flat electrode, alumina

template
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1 Introduction

Fe-Pd alloys have recently attracted a lot of attention because of their many potential
applications that arise from the alloys’ specific chemical compositions. In alloys with
a Pd content of 28-31 at.% a magnetic shape-memory effect can be observed [1-5].
Alloys containing about 50 at.% of Pd represent promising candidates for micro-
electro-mechanical systems (MEMS) due to their high magnetocrystalline anisotropy
[6-7]. Pd-rich alloys exhibit catalytic properties, which can result in a high hydrogen-
adsorption capacity [8]. In a variety of experiments Fe-Pd thin films [3,7,9],
nanowires [6,10] and nanotubes [11,12] with different compositions were fabricated.
Electrochemical synthesis represents a cost-effective and efficient method for
preparing metals and alloys. The shape of the deposited alloy can be easily modified
using the appropriate geometry of the working electrode (WE). If a flat electrode is
used as the WE, thin films can be deposited. Furthermore, arrays of
nanowires/nanotubes can be obtained if a porous template with a large number of
straight cylindrical pores and a narrow size distribution is used. Many studies were
dedicated to investigating the physical properties of Fe-Pd alloys [1-4], whereas less
attention has been given to the electrochemical aspects.

Rezaei et al. [13] investigated the electrodeposition process for Fe-Pd thin films on a
Cu wire electrode. However, the complexity of the deposition process increases
when the aim is to deposit an alloy into a porous template. Slow diffusion into long,
nonconductive, template channels represents the main barrier for the deposition and
the experimental challenge. The mass transport can be additionally hindered due to
poorer wetting of the alumina template with an aqueous solution [14]. Therefore, in
order to control the deposition and composition of Fe-Pd alloys into porous
templates an understanding of the mass transfer and kinetics is of vital importance.
The aim of this study was to compare the diffusion and the kinetic parameters of the
same electrode process for Fe and Pd deposition by varying the electrode geometry,
i.e., a flat electrode and a porous alumina template. A similar kinetic investigation of
the deposition parameters was made for gold nanowires into a track-etched
polycarbonate template [15]; however, no comparison with the process on a non-
porous working electrode was made.

In this work a direct comparison of the mass transport and kinetic parameters of the
Fe and Pd deposition on a flat electrode and into a porous alumina template was
performed. Cyclic voltammetry (CV) and Butler-Volmer analyses at low over-
potentials were used to provide a better understanding of the deposition processes
and to calculate the kinetic and diffusion parameters.

2 Experimental

The electrolyte contained 200-mM FeCls (Sigma Aldrich, >99.9%) and 30-mM
PdCl; (Sigma Aldrich, 99%). Diammonium hydrogen citrate (NH4)2CsHsO7 (Fluka,
99%) and ammonia (Merck, 25% aqueous solution) were used as complexing agents
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for the iron and palladium ions, respectively. In the Butler-Volmer analysis
(NH4)2Fe(SO4)x6H2O (Sigma Aldrich, 99%) was used as the source of Fe?* ions.
The pH of the prepared solution was adjusted to 9.0 by adding ammonia. All the
experiments were performed in a three-electrode cell at room temperature without
agitation. Before the measurements were performed the solutions were de-aerated
with Nz gas for 15 min. The reference electrode was an SSCE electrode
(Ag/AgCl/3.5-M KCI, HANA Instruments GmbH — type HI5311). A circular
platinum mesh was used as the counter electrode (Fig. 1). Two different working
clectrodes were used, ie., a commercially available anodized alumina (AAO)
template (Whatman Anopore, pore diameter 200 nm) as the porous electrode and
glass sputtered with a conductive layer of Au served as the flat electrode. The AAO
template and the flat electrode were sputtered with Au in the same batch (20-nm-
thick layer of Cr for adhesion and a 600-nm-thick Au conductive layer). A 600-nm-
thick layer of Au was sufficient to completely cover the pores of the template. The
experiments were conducted in a Teflon cell with the template (Fig. 1a) and the flat
electrode (Fig. 1b) facing upwards.

Reference
electrode

Pt anode (+)

ZOOM (one pore in template)

a)

L\

FANNNY

SN
NN
RRYAY

g srowth | depasited
:/ga- ‘\'/‘_"Fe-';’d layer,
1z me: >
"” sputtered Au layer

Cathode (-)
WE—

Figure 1: Scheme of the three-electrode cell where a) the WE is an AAO template
attached to a holder (the deposition process during the initial stage in the bottom of
one pore is schematically shown in the red square) and b) the WE is glass sputtered
with Au (the initial stage of the thin film deposition is shown in the red square). The

counter electrode is a circular Pt mesh.

For the cyclic voltammetry measurements a potentiostat/galvanostat Gamry
Reference 600 equipped with PHE 200 software was used. The scan rate was varied
in the range 5-150 mV/s. Thin films and nanowires wetre deposited potentiostatically
at different cathodic potentials from -0.8 V to -1.3 V for 200 s and 900 s,
respectively. Scanning electron microscopy (JEOL JSM 7600F) combined with
energy-dispersive X-ray spectroscopy (EDXS) was used to determine the chemical
composition of the deposited alloy. An accelerating voltage of 7 kV was used for the
EDXS analysis. Under such analytical conditions the depth of the x-ray generation
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for the Fe-La and Pd-La« spectral lines was about 120 nm, which is suitable for
examining deposited nanowires with a diameter of 200 nm as well as thin films.

3 Results and discussion

11 Cyclic voltammetry of Fe and Pd complexes

The standard reduction potential of iron Fe?*/Fe is -0.44 V vs. the standard
hydrogen electrode (SHE), and for palladium Pd?*/Pd the value is +0.95 V (vs.
SHE). In order to bring the potentials of both metals closer together and enable
their co-deposition, ammonia and diammonium hydrogen citrate (abbrev. Cit) were
used as the complex-forming ligands [13]. In Fig. 2 the cathodic part of the cyclic
voltammograms for the ammonium citrate, the Fe electrolyte, the Pd electrolyte and
the Fe-Pd electrolyte recorded at the flat electrode and in the AAO template are
shown. Since we are interested in the deposition of an Fe-Pd alloy, differences in the
cyclic voltammograms of a common electrolyte compared to a single-ion electrolyte
are important. The black curve in Fig. 2 represents the background electrolyte (only
ammonium citrate) where no metal ions are present. The significant increase in the
current density at -1.0 V corresponds to the reduction of HO, according to the
reaction 2H,O + 2e¢~ — H, + 20H-. Similar behaviour can also be observed for the
citrate solution in the template (black curve in Fig. 2b). It can be seen that the
reduction peaks of the Fe-Pd electrolyte are not in the same positions as in the case
of the single-ion electrolyte for both investigated WEs. The reduction peak Cipg
shifts towards more positive values when the Fe-Pd electrolyte was used, as was
observed by Rezaei [13]. If the concentration of the Pd complex was reduced, the
height of the first peak Cipq was decreased (not shown), which confirms that the first
peak in the Fe-Pd electrolyte corresponds to the Pd reduction process and the
second peak Cip. corresponds to the Fe?*-Cit - Fe?2t-Cit reduction. The peak for
the second reduction step (Fe?"-Cit = Fe') was hidden in the hydrogen evolution
region at more cathodic potentials. It is clear that the reduction peaks Cir. and Cipg
in the Fe-Pd electrolyte appeared at very similar potentials at both WEs.
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Figure 2: Linear sweep voltammograms of citrate, Fe, Pd and Fe-Pd electrolytes a)
at the flat electrode and b) in the template. Scan rate was 20 mV/s.
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1.2 Determination of the diffusion and the kinetic parameters using
cyclic voltammetry analysis

Fe electrolyte and Pd electrolyte were used to determine diffusion coefficients and
kinetic constants for both metallic ions on the flat electrode and in the template at
different scan rates (5-150 mV/s).

Reduction peak for the first reduction step for Fe (reaction Fe3*-Cit = Fe2"-Cit) and
the reduction peak for the reaction [Pd(NH3)4**> Pd’ were used in the
calculations. Because of the Fe’" ion being transported from the bulk to the
electrode surface, and not Fe?*, which is produced at the electrode surface, we used
the peak for the first reduction step (Fe’* = Fe?!) to determine the diffusion
coefficient. From the obtained cyclic voltammograms, therefore, we can evaluate
only the charge-transfer rate for the first Fe-reduction step, which should be a
simple one-electron transfer reaction, while the second reduction step is much more
complex [33]. Peak potentials E; and the peak heights 7, depend on the scan rate on
both electrodes for both metallic ions, thus indicating that the reduction is
irreversible for the observed time scale. The dependence of the peak current on the
square root of the scan rate was found to be linear, which is characteristic for
electrodeposition reactions where the rate is determined by diffusion. Therefore, the
diffusion coefficient for the irreversible diffusion-controlled process of Fe and Pd
deposition was calculated using the Randles-Sevcik equation [16]:

i =0,496nF 2. AC;D; 22 (%)% "

where F, o, n, A, DO,CS, R, T are the Faraday constant, the charge-transfer

coefficient, the number of exchanged electrons involved in the electrode process, the
active surface area (cm?), the diffusion coefficient (cm?/s), the solution bulk
concentration (mol/cm?), the scan rate (V/s), the gas constant and the temperature
(K), respectively. In Table 1 the diffusion coefficients for the Fe and Pd
electrodeposition process obtained from the voltammetric analyses are listed.

The charge-transfer coefficient a was determined using the Delahay equation [16]:
1857RT
E,—E, ,|l=—
‘ p p/ 2‘ an, F 2
where E,, E,/2 and 7 are the peak potential (V), the potential where /=/,/2 and the
number of electrons in the rate-determining step, respectively.

Dependence of Eprp/2 vs. (scan rate)!/? is linear, which is characteristic for the
irreversible reaction. Charge-transfer coefficients are listed in Table 1.

The diffusion coefficient for Fe3* on the flat electrode is found to be higher (2.1x10-
> cm?/s) than in the AAO template (0.7x10-> cm?/s). The same trend can be
observed in the case of Pd, where the diffusion coefficient for Pd?* on the flat
electrode is higher (5.1x10> cm?/s) than in the AAO template (2.7x10°> cm?/s).
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From the obtained values it can be seen that the diffusion coefficient in the template
is reduced by 2-3 times. Napolskii et al. [17] reported that the diffusion of Ni?* is
much slower in the AAO template compared to bulk diffusion, which was attributed
to the suppression of diffusion by the electric double layer in the nanochannel. The
diffusion coefficient calculated for the [Pd(NH3)4|2+ complex on the flat electrode
(5.1x10> cm?/s) is slightly higher than in the reports by other authors (2.2x10-
cm?/s [13] and 1.02x10°> cm?2/s [18]). This could be attributed to the different
experimental conditions (pH and concentration of the solution). However, in the
work of Liang [19] the value for the diffusion coefficient for an Fe(III)-Cit complex
of 1-4x10-> cm?/s is in good agreement with our value (2.1x10-> cm?/s) for the flat
electrode.

From the collected data it can be seen that the obtained charge-transfer coefficient
for the Fe3" complex is close to 0.5 at both WEs, which indicates a symmetric
process; however, for the Pd>" complex at the flat electrode and in the template the
charge-transfer coefficient « is lower than 0.5, which means that the transition state
between the oxidation and the reduction form is more asymmetric.

From the analysis of the cyclic voltammograms the kinetic constant 4y for the rate-
determining step in the Fe reduction process (Fe?*=> Fe?) could not be calculated,
because the peaks for this reduction step in the cyclic voltammograms are hidden in
the HER region. Therefore, in order to study the kinetics of the Pd?* and Fe?*
reduction process a Butler-Volmer analysis at low overpotentials was performed,
where the Butler-Volmer equation can be expressed in the form:

F
JEh o )
which shows that the net current is linearly related to the overpotential in a narrow
potential region near the equilibrium potential E.q [20]. To determine the exchange
current density s for this reduction process, the current was measured with a scan
rate of 0.2 mV/s at Ecq 220 mV. For these measurements (NH4)2Fe(SO4)2x6H20
salt was used as a source of Fe?" ions. The exchange current was normalized to the
unit area and the calculated exchange-current densities ) are shown in Table 1.

Table 1: Charge transfer coefficients o, diffusion coefficients D and exchange

current densities jy for Fe and Pd electrodeposition on the flat electrode and in the
template (T=25°C)

lon Electrode o D (cm?/s) Jo (A cm?)
Fed* Flat electrode 0.46 + 0.05 (2.1 £0.1)x10> | (1.1£0.1)x104
(Fe2t = Fe)
Fe3* | Template 0.63 £ 0.05 (0.7 £ 0.1)x10> | (1.5£0.1)x10*
(Fe2t = Fe?)
Pd?* | Flat electrode 0.42 + 0.05 (5.1 £ 0.1)x10°> | (1.2£0.1)x104
(Pd2* = PdY)
Pd?* | Template 0.35 £ 0.05 (2.7 £ 0.1)x10°> | (1.4£0.1)x10*
(Pd2* > PdY)
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1.3 Electrodeposition of the Fe-Pd thin films and nanowires

In order to investigate the influence of the kinetic parameters (i.e. the applied
voltage) on the final composition, the electrodeposited Fe-Pd nanowires and thin
tilms, deposited into the Au-sputtered AAO templates and on the flat Au electrode,
respectively, were investigated. SEM images of Fe-Pd nanowires and thin films
deposited at -1.2 V are shown in Figure 3b and 3c, respectively.

The Fe-Pd thin-film depositions were performed potentiostatically using different
applied potentials from -0.8 V to -1.3 V vs. SSCE. The Fe content of the thin-film
deposits increased from 27 to 75 at. % when the deposition potential changes from -
0.8 V to -1.3 V vs. SSCE (Fig. 3a). In the case of the deposition in porous templates,
the same potential range was used to deposit Fe-Pd nanowires. When the cathodic
potential was changed from -0.8 V to -1.3 V vs. SSCE the Fe content in the
nanowires increased from 31 to 76 at. % (Fig. 3a). At more cathodic potentials
(more negative than -1.3 V), hydrogen evolution prevailed and disturbed the metal
deposition and non-homogenous deposits were obtained (not shown). It can be seen
from Fig. 3a that the WE geometry does not influence the alloy composition since
the same composition of thin films and nanowires was obtained at the same applied
potential. This is consistent with the observation in cyclic voltammograms of the Fe-
Pd electrolyte (Fig. 2) where reduction peaks can be found at similar potentials for
both WEs. Although the bulk deposition of Fe starts at approx. -1.1 V, a significant
amount of Fe in the alloy can be detected at much more positive potentials, which
can be related to the Fe underpotential co-deposition [13], like it was observed in the
Fe-Pt co-deposition [19,21].

) [ —=—Fe-nanowires |
8 | —® Fe-thin film |

»

S
L
-

T T T T T T 1
14 -3 1.2 14 -1.0 09 08 07
Evs. SSCE/V

Figure 3: Graph indicating the influence of the cathodic potential on the Fe content
in the Fe-Pd alloy in nanowires (template, black squares) and in thin films (flat
electrode, red circle), SEM images of b) Fe-Pd nanowires after AAO template

removal and ¢) Fe-Pd thin films at -1.2 V.

The conditions for the Fe-Pd alloy deposition differ from those for single-element
Fe and Pd depositions; therefore, the diffusion and kinetic parameters obtained for a
single ion are difficult to directly correlate with an alloy formation [22]. However,
some conclusions can be made. It can be seen from Fig. 3a that the same
composition of thin films and nanowires was obtained if the same deposition
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conditions were used (i.e., solution and applied potential). From this observation it
can be concluded that the deposition process does not differ significantly for the flat
electrode and the template. It was calculated that the exchange current densities for
Fe?* and Pd?* are similar on both WEs, and because the same composition of the
alloy on both WEs was achieved, this could indicate that the kinetics of the alloy
deposition is not affected by the WE geometry. Besides the kinetics, also the
diffusion should be taken into account when discussing the alloy deposition. A lower
diffusion coefficient for both metallic ions in the template is observed not to have a
significant influence on the alloy composition. The diffusion coefficients for Fe and
Pd ions are reduced in the template by a similar amount (2-3x) in comparison to the
diffusion coefficients calculated on the flat electrode. Due to the similar ratio of
diffusion coefficient Dr./Dpq the thin-film or nanowire-alloy compositions ate
practically the same. The diffusion coefficient is reduced in the template in a similar
proportion for both the Fe and the Pd ions and, consequently, the same alloy
composition can be achieved on both WEs.

4 Conclusions

The kinetics and the diffusion of the electrodeposition process for Fe and Pd were
evaluated on a flat Au electrode and in an Au-sputtered porous AAO template. The
complexation of both ions, i.e., Fe with citrate and Pd with ammonia, is necessary to
make the bath stable and to enable the ion co-deposition. The electrodeposition of
Fe and Pd is a irreversible and diffusion-controlled process, both on the flat Au
electrode and in the Au-sputtered porous AAO templates. The diffusion coefficient
is found to be higher on the flat electrode for both investigated ions, due to the
hindered mass transport in long non-conductive AAO pores; furthermore, the Pd
diffusion coefficient is found to be larger than that of the Fe for both electrodes.
The kinetics of the Fe-reduction process could not be evaluated via a cyclic
volammogram analysis, because the peak for the second and rate-determining step
of the Fe reduction (Fe?*>Fe") overlaps with the HER; however, the kinetics can
be investigated by using the Butler-Volmer model at low overpotentials. From the
Butler-Volmer calculations it is clear that the obtained exchange current densities j,
for Fe?* and Pd?* are very similar for the flat electrode and in the template. This was
expected, because the rate of the charge transfer across the same metal surface is
equal, hence it follows that the geometry of the electrode has no significant influence
on the rate of the deposition reaction. An almost equal alloy composition of thin
films and nanowires was obtained when the same deposition conditions were used
due to the comparable kinetics for both ions and the similar diffusion coefficients

ratios Dg./Dpq for both WEs.
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For wider interest

Fe-Pd alloys have many potential applications because of their unique chemical and
magnetic properties, which can be tailored by changing their composition. In alloys
with a Pd content of 28-31 at.% a magnetic shape-memory effect can be observed,
alloys containing about 50 at.% of Pd represent promising candidates for micro-
electro-mechanical systems (MEMS) due to their high magnetocrystalline anisotropy
and Pd-rich alloys exhibit catalytic properties, which can result in a high hydrogen-
adsorption capacity. Electrochemical synthesis represents a cost-effective and
efficient method for preparing metals and alloys. The shape of the deposited alloy
can be easily modified using the appropriate geometry of the working electrode. Fe-
Pd alloy in form of thin films, nanowires and nanotubes with different compositions
can be fabricated.

In this study we have investigated the kinetic parameters for depositing Fe and Pd
and their influence on the Fe-Pd alloy’s composition, while performing the
deposition on a flat Au electrode to get Fe-Pd thin films and into an Au-sputtered
porous alumina template to get Fe-Pd nanowires. The electrodeposition of Fe and
Pd was found to be irreversible and diffusion-controlled. Diffusion coefficients and
charge-transfer coefficients were determined by cyclic voltammetry and the
exchange current densities for both metallic ions in the porous alumina template and
on the flat electrode were determined via a Butler-Volmer analysis. From the
obtained results we can conclude that the kinetics of the electrodeposition process is
not influenced by the electrode geometry. Moreover, similar diffusion-coefficient
ratios Dr./Dpq and similar kinetics on the both investigated working electrodes
under the same deposition conditions (i.e., solution and applied potential) results in
Fe-Pd-based thin films and nanowires having similar compositions.

In summary, understanding diffusion and kinetic parameters of the electrochemical
deposition process allow us to fabricate Fe-Pd alloy with different shapes (thin films,

nanowires) and, at the same time, precisely control the composition.
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Abstract. We have studied the fabrication of inkjet-printed, a few 10 nm thick
2D-structures of a TaxOs-based dielectric for possible use in transparent
electronics. The precursor solution, consisting of Ta-, Al-, and Si-alkoxides
dissolved in 2-methoxyethanol and ethanol, was modified in terms of viscosity
and surface tension to be suitable for piezoelectric inkjet printing. The viscosity
of the solution was increased by admixing a more viscous solvent, i.e. glycerol.
The as-prepared ink was stable and jetting even after long periods of time. We
adjusted the printing parameters to achieve the best patterning quality on
indium tin oxide (ITO) covered glass substrates. The functional properties of
the inkjet-printed layers were compared to the state-of-the-art spin-coated

films.

Keywords: transparent electronics, inkjet printing, thin films, nanotechnology,

sol-gel, metal oxides.

1 Introduction

Transparent electronics has received a lot of attention during the past decade, as a
range of new applications and devices can be produced with this technology. It aims
towards low manufacturing costs, low temperature processing of materials, and
employment of large area deposition techniques that are scalable for industrial
production. [1] Nowadays, photolithography is the most widely used patterning
technique and it is renowned as a high-resolution technique, yet time consuming and
expensive. The deposition technique that meets the requirements of transparent

electronics is inkjet printing. It is fast, cost-effective and produces no waste.
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The specific fluid requirements represent a large restriction for inkjet printing as
the fluids should have the viscosity below 40 mPas and the surface tension larger
than 20 mN/m. The optimization of the printing procedure with the aim to obtain
structures with well-defined geometry and good functional properties is still an
ongoing process. A lot of work has been done to determine the printing range of
fluids in terms of fluid’s physical properties [2-4], and to avoid the so-called “coffee
stain” drying phenomena. [5-7] However, there are only handful reports on inkjet
printing of metal oxide precursor solutions.

In our study we have chosen to print and investigate dielectric structures based
on tantalum(V) oxide, suitable for applications in transparent electronics. Ta»Os has
a high dielectric constant of ~25 in the amorphous phase, high refractive index, and
high chemical stability. [8, 9] A rather small band gap of tantalum(V) oxide results in
relatively large leakage currents. The leakage characteristics can be improved by
incorporating materials with a larger band gap, e.g., Al2O3 or SiOs, as previously
proposed. [10, 11] The high chemical stability of Ta,Os makes respective thin films
difficult to etch, and patterning by inkjet printing arises as a potential solution.

On one hand, chemical solution deposition (CSD) of thin films is a well-
established research field, and the physical and chemical properties of the precursor
solutions or sols have been established, i.e. viscosity, wetting behavior, chemical
reactivity/stability and so on. [12] On the contrary, the deposition of functional
materials by inkjet printing is still facing problems.

Following the approach of Tellier et al. [13], we modified the 2-methoxyethanol-
based CSD-precursor solution in terms of viscosity and surface tension. We
optimized the printing process and prepared structures with well-defined geometry.
We investigated the quality of printed layers in terms of profilometry, atomic force

microscopy, dielectric and electrical characterization.
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2 Experimental

Preparation of the solution and the ink. Alkoxide-based precursor solutions (0.1 M)

were prepared at room temperature in an inert nitrogen atmosphere as described in
[10]. The ternary composition TaOs-Al,O03-SiO, with Ta:AlSi = 8:1:1, further
denoted as TAS solution, was prepared by mixing the precursor solutions in 8:1:1
volume ratio. The ink was prepared by admixing 30 vol. % of glycerol to the TAS
solution. The final concentration of the ink was set to 0.05 M.

Characterization of liquids. Viscosity and surface tension were measured at 25 °C
using a Physica MCR 301 rheometer and a KRUSS EasyDrop DSA20E tensiometer,

respectively.

Chemical solution deposition. Thin-films were prepared by spin-coating the TAS

solution for 30 sec at 3000 rpm on ITO-covered glass. The films were heated in air
on a hot plate at 150 °C for 10 min and at 350 °C for 10 min after the deposition of
each layer. The process was repeated 5 or 10 times to increase the thickness of film
to ~25 or ~55 nm, respectively.

Inkjet printing. Inkjet printing was performed using a Dimatix DMP 2831
piezoelectric printer equipped with a 10 pL cartridge (DMC-11610). The optimal
printing parameters were: drop spacing of 20 um, jetting frequency of 20 kHz,
driving voltage of 21 V, height between the cartridge and the substrate of 0.7 mm.
The temperature of the cartridge and the substrate was set to ambient. The as-
printed structures were heated in air on a hot plate at 150 °C for 10 min and at 350
°C for 10 min after each layer deposition.

Characterization of layers. The surface morphology and cross-sections were

investigated by Asylum Research MFP-3D-STM atomic force microscope and JEOL
Ltd. JSM-7600F field-emission SEM, respectively. For the dielectric and electrical
measurements, we sputtered top contacts through a shadow mask to fabricate the
metal-insulator-metal (MIM) capacitors. The capacitance and dielectric losses were
measured at room temperature with a driving signal of 50 mV at 100 kHz using a
HP 4284A impedance analyzer. The leakage currents were measured using the
Aixacct TF 2000E system with the voltage step of 0.1 V and the measurement time

of 2 seconds.
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3 Results

For a proper drop formation, the Z number (eq. 1) of a fluid should be between 1
and 10. [4] The TAS solution designed for CSD had a relatively high surface tension
and low viscosity. The calculated Z number of the solution was 17, which is too high
for a stable drop formation. We increased the viscosity of the TAS solution by
admixing more viscous glycerol. The density, viscosity, surface tension, and

calculated Z number of the solution and the ink are presented in Table 1.

Re Japy
/= = , (1)
v We n

where Re is the Reynolds number, We is the Weber number, a is the nozzle

diameter, p is the density, y is the surface tension, and # is the viscosity.

Table 1: Physical properties of the CSD solution and the ink.

Density  Viscosity  Surface tension Z
g cm mPa s mN m-!
TAS solution 0.971 1.6 29.6 17
TAS solution + 30% glycerol 1.062 10.1 32.9 3

The solution and the ink were transparent, without agglomerates, and stable for
more than 1 month. Both exhibited a constant viscosity at the shear rate ranging
from 10 to 500 s, suggesting Newtonian behavior. The ink could be jetted from a
10 pL nozzle with a stable drop formation and without occurrence of satellites as
shown in Figure 1. The drop volume evaluated by the graphical analysis of the in-

flight image was 12 pL.

Figure 1: Image sequence of the drop formation upon jetting the ink. The image

sequence of the drop formation is separated by 5 ps increments.
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During the printing trials we noticed that the contact angle between the ink and
the I'TO-covered glass decreased when the substrate was annealed prior printing on
it. The decrease was induced at temperatures higher than 300 °C and it was time
dependent. The contact angle in inkjet printing has to be precisely adjusted. A high
contact angle may result in the dewetting process or shape distortion, and low
contact angle decreases the resolution of printing. By adjusting the annealing time we
were able to control the contact angle and obtain the best printing results.

We printed an array of squares with the lateral dimensions of the squares of 500
x 500 um? and the separation distance between two nearest squares of 250 pum. The
drop spacing of 20 um was selected for printing. The sections of the as-printed,
dried and pyrolyzed patterns are shown in Figure 2.

Figure 2: Optical micrographs of the middle part of the inkjet-printed array of

squares.

The squares heated at 150 °C [Figure 2 and Figure 3(a)] had a color gradient
from the edge toward the center, which corresponded to the thickness variation. The
optical observations were confirmed by profilometry measurements shown in Figure
3(b). The measurements of the structures heated at 350 °C revealed higher deposits
at the edge of squares. This so-called “coffee stain effect” was more pronounced for

the structures consisting of 2 and 3 printed layers.
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Figure 3: (a) Structures consisting of 1, 2 or 3 inkjet-printed layers. (b) Profilometry
measurements of the structures consisting of 1, 2 or 3 inkjet-printed layers, heated at
350 °C.

The surface morphology was investigated by AFM measurements. The printed
2D structures and spin-coated films had uniform surfaces without any evident
microstructural details. The Root Mean Square (RMS) surface roughness was found
to be in all cases below 0.5 nm for the scan area of 5 x 5 um?, confirming that the

films were smooth, which agrees with their amorphous nature. [10]
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Figure 7: AFM topography image of the structure consisting of 1 layer inkjet-
printed and the structure consisting of 10 spin-coated layers on ITO covered glass

substrate, heated at 350 °C. The RMS roughness was under 0.5 nm for both

samples.
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Finally, we investigated the dielectric and electrical performance MIM capacitors.
The results are presented in Table 2. The dielectric constant of inkjet-printed
structures and spin-coated samples was comparable (~16 at 100 kHz). Regardless of
the deposition technique, the dielectric losses decreased with increasing number of

layers.

Table 2: The dielectric and electrical performance of thin-film capacitors. The

dielectric properties were measured at 100 kHz.

Dielectric Dielectric J at 200 kV/cm

constant losses MA/cm?

1 inkjet-printed layer 15 £ 2 0.18 £ 0.06 8213

2 inkjet-printed layers 16 = 2 0.16 £ 0.06 1.3+0.1
3 inkjet-printed layers 15+2 0.05 = 0.01 0.7 £ 0.15
5 spin-coated layers 17+ 2 0.14 £ 0.03 0.3 +0.05
10 spin-coated layers 16 £2 0.04 = 0.01 0.25 = 0.05

The leakage current measurements revealed a distinct difference between inkjet-
printed and spin-coated films (Figure 4). The structures consisting of 1 inkjet-printed
layer exhibited the highest leakage currents, about 30 times higher than that of the
spin-coated samples. The latter exhibited the lowest leakage currents, with the value
below 0.3 pA/cm? at the applied electric field of 200 kV/cm. The leakage current of
the inkjet-printed structures decreased in with the increasing number of printed
layers. The improved performance of multi-layer structures suggests that for a stable

operation the printed structure should consist of at least 2 inkjet-printed layers.
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Figure 4: Leakage current measurements of the structures consisting of 1, 2 or 3

inkjet-printed layers and spin-coated films.

4 Conclusions

We successfully modified the alkoxide-based precursor solution originally designed
for spin coating to be suitable for inkjet printing. With the addition of a more
viscous glycerol we adjusted the physical properties of the TAS spin-coating
solution. The jetting of the ink resulted in a stable drop formation, without satellites.
The ink could be jetted even after long periods of time, proving good chemical
stability of the inks.

We optimized the parameters involved in inkjet printing and fabricated the
structures, consisting of 1, 2 or 3 inkjet-printed layers of TAS.

The fabricated features had smooth sutrfaces, without evident surface details. We
compared the dielectric and electrical properties of the inkjet-printed and state-of-
the-art spin-coated thin-film capacitors. Both deposition techniques rendered the
capacitors with comparable dielectric properties. The spin-coated samples exhibited
lower leakage currents, presumably due to the improved film quality with increasing

the number of deposited layers.
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For wider interest

Inkjet printing is a fairly old deposition technique with the beginnings in 1950s.
Since then, it has been extensively used in home and small office applications with a
simple task of depositing colored inks on paper. Recently, the technique has caught
the interest of scientists as it could be used for micromanufacturing and rapid
prototyping.

Inkjet technology has a large potential in transparent electronics as it is economical,
produces almost no waste, and is scalable for large-area deposition. In this
contribution, we report the fabrication of inkjet-printed capacitors based on
tantalum(V) oxide. Dielectrics with high dielectric permittivity, such as tantalum
oxide, are essential components of the next generation electronic devices, e.g. field-
effect transistors and capacitors.

The physics of drop formation sets restrictions on the viscosity and surface tension
of the ink. The precursor solution had a too low viscosity for stable drop formation,
thus we admixed 30 vol. % of the highly viscous glycerol. We printed the as-
prepared ink onto glass substrates with an ITO conductive coating and fabricated
thin-film capacitors with the thickness of the dielectric layer in the nanometer range.
The poor electrical performance observed for capacitors consisting of 1 inkjet-
printed layer was improved for capacitors consisting of 2 or 3 inkjet-printed layers.
The electrical performance of those multi-layer structures was comparable to spin-
coated films.

Because of the complexity of inkjet printing, there are only handful reports on
printing of metal oxide solutions. We believe our work presents an important

contribution to the improvement and the realization of inkjet technology.
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Abstract.

For majority of different applications of superparamagnetic iron-oxide

nanoparticles in medicine and technology, stable aqueous suspensions are

required. One possible type of nontoxic and biocompatible molecules used in

the stabilization of aqueous nanoparticles suspensions are amino acids. In this

work the adsorption of aspartic amino acid (ASP) onto the iron-oxide

nanoparticles and the colloidal properties of their aqueous suspensions were

studied. Even the ASP-adsorbed nanoparticles display moderate zeta potential;

they form the colloidally-stable aqueous suspensions. Direct analysis of ASP in

the supernatant of the ultracentrifuged suspensions wusing an

chromatography with pulsed amperometric detection suggested adsorption of

the ASP in the form of large molecular associates, sterically stabilizing the

suspensions.

Keywords: colloidal stability, adsorption, iron-oxide nanoparticles, amino

acids, aspartic acid.

1 Introduction

Superparamagnetic iron-oxide nanoparticles are used in a broad range of

technological and biomedical applications. In technology they are mainly used in

terrofluids and in relation to magnetic separation [1]. In medicine they can be used

in numerous applications in vitro (e.g., the detection, separation, or sorting of
g) 5 > g

specific cells, magnetofection, etc.) and in vivo for diagnostics (e.g., for contrast

enhancement in magnetic resonance imaging (MRI) and in magnetic particle imaging

(MP]) and in therapy (e.g., for targeted drug delivery and for cancer treatment using
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magnetically mediated hyperthermia [2-13]. The iron-oxide nanoparticles are
considered safe and have been approved by the US Food and Drug Administration
(FDA) for in-vivo applications [2].

Generally, the surface properties of the nanoparticles have to be adapted to meet
requirements of different applications. Usually, organic molecules are covalently
bonded or adsorbed onto the nanoparticles’ surfaces to engineer their surface
properties, e.g., surface charge, hydrophilicity/hydrophobicity, or availability of
specific functional groups. As the nanoparticles are usually applied in a form of
stable suspensions, the surface modification has to provide compatibility with the
liquid medium and repulsive forces between the nanoparticles preventing the
agglomeration. For in vivo applications, the organic shell of the molecules should be
nontoxic and biocompatible. The surface shell at the nanoparticles also significantly
determines the interactions of the nanoparticles with living systems, for example,
their interaction with the blood. It influences adsorption of plasma proteins onto the
nanoparticles, interactions with cells, e.g., the amount of nanoparticles internalized in
the cells, a blood-circulation time, and fate of the nanoparticles after intravenous
administration. Additionally, it is usually necessary that the surface shell of organic
molecules provides specific functional groups (functionalization) for further bonding
/ (bio)conjugation of different molecules that are needed in a specific application,
e.g., targeting ligands, therapy agents, fluorophores, etc.

One possible type of nontoxic and biocompatible molecules that can be used for
engineering of the nanoparticles’ surface properties and for stabilization of their
aqueous suspensions is amino acids. The large number of different amino acids gives
opportunity to change the properties, e.g., surface charge and availability of different
surface functional groups, in a broad range. Different amino acids have been applied
to prepare stable suspensions of iron-oxide nanoparticles [14-20]. It was also
proposed, that the adsorbed amino acids can be used for functionalization of the
nanoparticles providing specific functional groups at the nanoparticles’ surfaces for
further bonding of different molecules [14, 15, 18]. As the amino acids play a very
important role in the body, their adsorption onto the magnetic nanoparticles was
proposed for their targeted delivery [20]. For all mentioned applications the
molecules should be bonded to the nanoparticles’ surfaces through a strong and
stable bond, which will prevent the molecules to be detached from the surface or

exchanged with other ligands present in the liquid medium.
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Adsorption of the amino acids onto the surfaces of different minerals, including iron
oxide, has been intensively studied. Apart from the possible preparation of the
nanoparticles suspensions, the adsorption of the amino acids is also important for
prebiotic chemistry, in the general frame of evaluating Bernal’s hypothesis of
prebiotic polymerization in the adsorbed state as a step in organization of molecules
in the sequence of organizational events leading to the emergence of life [21]. The
interactions between the amino acids and nanoparticles are also very important for
understanding the interactions of the nanoparticle with polypeptides and proteins.

It is widely accepted that the amino acids adsorb onto the iron-oxide surface in the
form of their respective salts [14-16, 18]. However, the mechanisms of the amino
acids adsorption onto the nanoparticles’ surfaces are not clear yet and the literature
results are frequently inconsistent.

In this work the adsorption of aspartic acid (ASP) onto the iron-oxide maghemite
nanoparticles and the preparation of the stable aqueous suspensions have been
systematically studied. ASP is an «- amino acid with one amino group and two
carboxyl groups (HOOC-CH;-CH-(NH2)COOH). Sousa et al. [14] showed using
FTIR and Raman spectroscopy that the ASP adsorb on the oxide surface by forming
a chemical bond of chelate type involving Fe(Ill) surface species and a carboxylate
group. The ASP-modified nanoparticles formed a stable colloidal solution at a pH of
5-8. Mikhaylova et al. [15] reported that an isoelectric point of the suspension of
iron-oxide nanoparticles is shifted from neutral pH to alkaline (pH ~ 8.5) suggesting
adsorption of ASP with both carboxyl groups onto the surface, leaving the amino
group oriented outward the aqueous medium (Scheme 1a). The conductometric
measurements have shown that the maximum adsorption of ASP onto the surfaces
of iron oxide occurs when the solution pH is near 3. For increasing pH values the
uptake of the ASP decreases systematically. The surface saturation at pH ~3 was
achieved at approximately 15 x 10" mol of the ASP/cm? of the oxide sutface,
cotresponding to approximately 90 molecules of ASP/nm? [14]. This value is very
high and does not support the simple adsorption model based on the adsorption of

amino-acid monolayer.
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Sheme 1: Schematic presentation of aspartic acid adsorption onto iron-oxide

nanoparticles as single molecular layer (a) and in the form of molecular associates

(b).

2 Experimental Section

The iron-oxide nanoparticles were synthesized using coprecipitation of Fe’* and
Fe2* ions from the aqueous solution with aqueous ammonia [22]. Transmission
electron microscopy (TEM) revealed that the nanoparticles exhibited a globular
shape (Figure 1a). The size distribution (Figure 1a) obtained by measuring at least
150 nanoparticles and fitted by a log-normal distribution showed the equivalent
diameter of 10 £ 2 nm. The specific surface area of the nanoparticles was estimated
from the TEM average size to be approximately 100m?/g. X-ray diffractometry
XRD showed only broad peaks corresponding to a spinel structure. As the
nanoparticles were synthesized in an ambient air, it is reasonably to conclude that the

Fe?* was completely oxidized and the nanoparticles can be specified as maghemite

(y-Fe203). The chemical analysis of the nanoparticles synthesized using the same

procedure supports this conclusion [22].
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Figure 1. TEM image and the corresponding size distribution of iron-oxide

nanoparticles.

Adsorption of ASP onto the iron-oxide nanoparticles was studied indirectly, by
observing colloidal properties of the final aqueous suspension of the ASP-adsorbed
nanoparticles, and directly, by measuring quantity of the adsorbed ASP in the
supernatant of the suspensions.

For the preparation of the stable suspension 2,89 g of ASP was mixed with 450 mL
of aqueous suspension containing 1 g of the iron-oxide nanoparticles. The pH of the
suspension was set to 4.0 using ammonia and the suspension was mixed for 5 hours.
Then, the pH was increased to 11.0 using ammonia. The excess, non-adsorbed ASP
was washed from the suspension using ultrafitration (100 mL of the suspension was
washed with 300 mL of water). The colloidal properties of the suspensions were
investigated by measuring the zeta-potential (Brookhaven, Instruments Corporation,
Zeta PALS) and the hydrodynamic-size distribution using the dynamic light-
scattering method (DLS) (Fritsch, ANALYSETTE 12 Dynasizer).

The adsorption of the ASP by the nanoparticles was evaluated by measuring of the
ASP concentrations in the supernatants of the suspensions after ultracentrifugation
of the nanoparticles. First, mother suspension was prepared by mixing 1 g of the
iron-oxide nanoparticles in 450 mL of water and setting pH to 4.0 with diluted HCI.
The mother suspension was separated in vials containing 45 mL of the suspension
with 0.1 g of the nanoparticles. Then, in the vials different amounts of ASP were
dissolved, while the pH was maintained at 4.0 with ammonia. After mixing the
suspensions for long time (1 week) allowed to reach equilibrium, the nanoparticles
were sedimented using ultacentrifugation. The ASP concentrations in the
supernatants were measured using ion chromatography (IEC) with pulsed

amperometric detection.
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3 Results and Discussion

Stable aqueous suspensions of iron-oxide nanoparticles were prepared using aspartic
acid (ASP) as the surfactant. First, the ASP was absorbed onto the nanoparticles in
aqueous medium at pH = 4. The ASP (HOOC-CH,.CH-(NH;)COOH) has two
carboxyl groups and one amino group, with pKi= 2,09, pKzo= 3,86, pKs= 9,82. We
assumed that the ASP at pH = 4 will be attracted to the positively charged surface of
nanoparticles with the negatively charged, dissociated carboxyl groups. Figure 2
shows calculated curves showing relative fraction of individual ASP species as a
function of pH. At pH = 4 mixture is present, which contains molecules with
protonated amino group, and the one or the both carboxyl groups dissociated.

It was directly shown with FTIR and Raman spectroscopy that the aspartic acid
forms a chemical bond of chelate type with Fe ions at the iron-oxide surfaces [14-
15]. According to a simple model usually described in the literature the amino acid
adsorbs onto iron-oxide nanoparticles in a single layer with carboxyl groups attached
to the surfaces and amino group oriented toward the medium (see scheme 1a). That
should result in a positive surface charge at neutral pH and the shift of the isoelectric
point of the aqueous suspension from neutral pH toward an alkaline region [15].
However, zeta-potential measurement (Figure 3) showed no significant differences
between the suspensions of the as-synthesized iron-oxide nanoparticles and the
ASP-adsorbed-nanoparticles. The as-synthesized nanoparticles exhibited an
isoelectric point (IEP) around pH 6. The adsorption of the ASP onto the
nanoparticles caused no significant change in the IEP. Also the absolute values of
the zeta potential above and below the IEP remained relatively low. The absolute
value of zeta potential is related to electrostatic repulsive forces preventing
agglomeration of the nanoparticles in the aqueous suspension. Usually, it is assumed

that the stable suspension can be formed if the zeta potential exceeds 30 mV [23].

However, when the ASP-absorbed nanoparticles were dispersed at high pH (~ 11)
the aqueous suspension seemed colloidally stable, even the zeta potential at that pH

was below 30 mV.
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Figure 3. {-potential of iron-oxide nanoparticles (black dots) and aspartic-acid-

adsorbed iron-oxide nanoparticles (red dots).

The stability of the aqueous suspensions of the aspartic-acid-adsorbed iron-oxide
nanoparticles was followed with the DLS measurements. The number-weighted size

distribution in Fig. 4 shows that the vast majority of the nanoparticles in the
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suspension (at concentration of 5 mg of nanoparticles per mL) has hydrodynamic
size of approximately 40 nm, however, some larger particles with sizes between
approximately 70 nm and 130 nm, were also present. The size did not change
significantly with the time. However, after very long time of approximately one
month some degree of flocculation was observed in the suspension. The results of
DLS measurements also did not change significantly, if the suspension was diluted
to 0.1 mg/mlL, however, at dilution to 0.05 mg/mlL the slow flocculation was visible.
The suspension of the as-synthesized nanoparticles was unstable, independently on
the pH.
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Figure 4. Number-weighted particles size distribution of aspartic-acid-adsorbed

iron-oxide nanoparticles in aqueous suspension (5 mg/mlL, pH = 11).

The presented zeta potential and DLS measurements are not consistent with
adsorption of the ASP onto the iron oxide surfaces in a single molecular layer. Also
the good colloidal stability of the ASP-absorbed nanoparticles’ suspension is
unusual, because the relatively weak electrostatic repulsive forces are expected due to
low zeta potential. The hydrodynamic size of the nanoparticles in the suspension
measured with DLS (~ 40 nm) is significantly larger the size measured from TEM
images (10 nm), suggesting a thicker layer of the molecules at the nanoparticles.

To solve this puzzle, the adsorption of the ASP onto the nanoparticles was

systematically studied. The nanoparticles in the aqueous medium were equilibrated
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with different amounts of the ASP and two different pH values of the suspension.
Then, the suspension was ultra-centrifuged to sediment the nanoparticles and the
supernatant was analysed using ion chromatography. As the stable colloidal
suspension was prepared by adsorption of the ASP onto the nanoparticles at
pH=4.0 and their dispersion in water at pH=11, the adsorption of ASP at those two
values of pH was measured.

Figure 5 (a) shows the concentration of the ASP in the supernatant of the
suspension of the iron-oxide nanoparticles equilibrated with the ASP with different
concentrations of the ASP at pH = 4 and pH = 11. The concentrations of the ASP
added in the suspensions are expressed in mmol of ASP/g of the nanoparticles. At
pH = 4 only very low concentration of the non-adsorbed ASP was present in the
supernatant even for the largest addition of the ASP of 21.7 mmol/g of
nanoparticles. Thus, the surface concentration of the ASP adsorbed onto the
nanoparticles increases almost linearly with the concentration of the added
nanoparticles. In the graph of Figure 5b the concentrations of the added ASP and
the absorbed ASP are expressed in mmol/cm? of the nanoparticles. If the entire
added ASP would adsorb at the nanoparticles, the adsorption curve would follow
the dashed line in the graph of Figure 5b.

Usually, the adsorption curves show saturation of the surface with the adsorbed
ligand. Our results of direct measurements of the ASP in the supernatant of the
suspension at pH = 4 did not reach the saturation, even the highest concentration of
the ASP added to the suspension of the nanoparticles was close to the solubility limit
of the ASP in water. Contrary to our results, Sousa et al. [14] showed by
conductometric measurements that the aspartic acids adsorb onto the maghemite
surface following an adsorption isotherm. They added the aspartic acid to
nanoparticles in the solution of HNOj3 at pH =3. The differences in observed
adsorption curves can be related to different procedures.

In the graph of Figure 5a the concentrations of the absorbed ASP are also expressed
in number of molecules / nm? (right axis). At the highest concentration of the added
ASP, more than 120 molecules attach per nm? of the nanoparticles’ surface. This
value is very large and suggests that the ASP is adsorbed in the form of large
molecular associates. Most probably, the molecules of ASP in the associates are
bonded with hydrogen bonds and also with electrostatic interactions, as

schematically presented in Scheme 1b.
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The adsorption of the ASP, as well as the formation of the associates depend on the
degree of dissociation of the molecules and therefore are a function of the pH. At
pH = 11 significantly larger concentration of the ASP remained in the supernatant
(Figure 5a). However, the surface concentration of the adsorbed ASP on the

nanoparticles is still large, almost 50 molecules of ASP / nm? for the highest
concentration of the added ASP of 2.17x10-> mmol/cm?.
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Figure 5: Adsorption isotherm of ASP at pH=4 and pH=11.

The adsorption curves strongly suggest that the ASP is adsorbed onto the

nanoparticles’ surfaces in the form of the large molecular associates. This is also in
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accordance with the zeta potential measurements, showing no change in IEP of the
suspension with adsorption of the ASP and relatively good colloidal stability of the
suspension at relatively low absolute values of the zeta potential. It seems that the
suspensions are additionally sterically stabilized by the molecular associates. The
presence of the ASP on the nanoparticles’ surfaces in the form of the associates also
explains the large hydrodynamic size of the nanoparticles in the suspensions

measured with DLS, compared to their TEM size.

4 Conclusions

The adsorption of aspartic acid (ASP) on the iron-oxide (maghemite) nanoparticles
in aqueous suspension does not change their zeta potential significantly. There is no
change in isoelectric point and the absolute values of the zeta potential remained
relatively low. However, even the absolute values of zeta potential were low; the
suspension of the ASP-adsorbed nanoparticles at basic pH was relatively stable. The
adsorption curves measured by direct analysis of ASP in the supernatant of the
ultracentrifuged suspensions using an ion chromatography with pulsed
amperometric detection suggested that the adsorption of the ASP does not follow an
adsorption isotherm. Very high concentrations of the ASP attached onto the
nanoparticles suggest that the ASP is adsorbed in the form of large molecular

associates, which sterically contribute to stabilization of the suspension.
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For wider interest

Nano-sized materials such as magnetic nanoparticles, which are a major class of
nanoscale materials (ferro/ferrimagnetic materials, such as iron, nickel, cobalt, and
magnetic oxides like iron oxides, including magnetite and maghemite), have
fascinating physical-chemical properties that if tuned properly, can design new bio-
diagnostics and therapeutic strategies, as well as, innovative biotechnology
methodologies. The most common synthesis methods of iron-oxides nanoparticles
are:  co-precipitation,  thermal  decomposition, hydrothermal  synthesis,
microemulsion, sonochemical synthesis. Generally, the nanoparticles are used in the
form of stable aqueous suspensions.

For biological applications, the magnetic nanoparticles are adsorbed with
biocompatible organic molecules, which prevent agglomeration of the iron-oxide
nanoparticles in the aqueous suspensions and enables bonding of different
molecules needed in application to their surfaces. For in vivo applications, the
organic molecules should be nontoxic and biocompatible. One possible type of
molecules used in the stabilization of aqueous nanoparticles suspensions is amino
acids. The amino acids also play an important role in the body.

In our study, aspartic acid was used for preparation of the stable aqueous
suspensions of magnetic iron-oxide nanoparticles. The adsorption of the aspartic
acid onto the nanoparticles and the colloidal properties of the suspensions were

studied.
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Abstract. Unsymmetrical tetraoxanes are representatives of synthetic cyclic
peroxides which evolved from artemisinin, a natural product used in the first-line
treatment for malaria and a promising antitumor, antiparasitic and antiviral agent.
Tetraoxanes might exhibit enhanced antimalarial activity due to two peroxide groups
in the molecule that are essential for bioactivity of cyclic peroxides. Chemical
synthesis of unsymmetrical 1,2,4,5-tetraoxanes could be straightforward with acid-
catalysed cyclization of gen-dihydroperoxide and ketone, however problems with
formation of various side-products hampers their development. We have studied
the cyclization of cyclic gez-dihydroperoxides and various ketones in order to
develop a general method for synthesis of unsymmetrical tetraoxanes was developed
with an emphasis on selectivity of tetraoxanes. The method was adopted for the
synthesis of wvarious 1,2,4,5-tetraoxanes which will be evaluated for in-vitro

antibacterial and antitumor activity.

Keywords: tetraoxanes, peroxides, artemisinin, antimalarial activity.

Introduction

Natural products containing peroxide groups exhibit broad spectrum of bioactivity

but they have not been fully exploited as therapeutic agents due to their low

availability [1]. Artemisinins and its semi-synthetic derivatives are one of the most

important representatives and are recommended as the first-line treatment for

malaria for more than a decade (Figure 1). Beside antiparasitic activity, artemisinins

exhibit also antitumor, antiviral, antibacterial and anti-inflammatory activity, for

which an endoperoxidic group is essential [2].
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Figure 1: Artemisinin and its semi-synthetic derivatives

Simplification of artemisinin structure, needed to facilitate the production and to
improve pharmacokinetic properties, resulted in development of synthetic cyclic

peroxides as peroxide bond is essential for their activity (Figure 2).

- 0=0
rl 0-0O Ri R1>( 1265 RL O, R? gl 0=0 s
R2 R R2 Y R RZ\/( 7<R4 R2\/< >< oé
R3 R6 R4 0=-0 0=0
R* RS R3
1,2-dioxane 1,2,4-trioxane 1,2,4-trioxolane 1,2,4,5-tetraoxane

Figure 2: Structural scaffolds of synthetic peroxides

An importance of synthetic peroxides for antimalarial therapy was confirmed in
2011 when the combination of synthetic peroxide arterolane (Figure 3) and
quinoline-based drug piperaquine was approved for treatment of uncomplicated
malaria [3]. Amongst synthetic peroxides, 1,2,4,5-tetraoxanes may exhibit an
enhanced pharmacological activity due to two peroxide groups in the molecule [4].
RKA182 (Figure 3) was identified as the most potent antimalarial candidate with

tetraoxane scaffold [5] and, recently, it is undergoing preclinical trials [6].
0-0 0-0
"/O“\ /_é /_\
NH NH, 0-0 N N N—
o 0 /
arterolane RKA182

Figure 3: Structure of the most promising synthetic peroxides

In accordance with an increasing role of artemisinins and synthetic peroxides in
therapy accompanied by indications of potent bioactivity of tetraoxanes, an interest

242



for development of new synthetic approaches for producing tetraoxanes is
augmenting. Symmetrical tetraoxanes could be synthesized directly from carbonyl
compounds, while unsymmetrical ones, that hold better potential due to wider
structural scope, could only be prepared in two-step procedure with gem-

dihydroperoxides as intermediate products (Scheme 1) [7].

O H,0, / acid _ R! 0-O R!
RILRZ o R><0—o R2
ketone symmetrical 1,2,4,5-tetraoxane

H,0,
(¢
HOO_ OOH R3kR4 /acid R! O0-O R3
R1><R2 > R><o—o><R4

gem-dihydroperoxide unsymmetrical 1,2,4,5-tetraoxane

Scheme 1: Synthesis of symmetrical tetraoxanes and two-step procedure for

synthesis of unsymmetrical tetraoxanes via gez-dihydroperoxides.

The main obstacle of acid catalysed peroxidations of ketones is selectivity due to
formation of Baeyer-Villiger products and/or other cyclic products (Figure 4) [8].
Most of all, it is of great importance to avoid formation of 1,2,4,57,8-hexaoxonanes
which have negligible bioactivity [9] and cannot be separated from desired product

due to similar polarity.

R_ R
0>
O (6] 1 0-0 Rl 3 0-0 R3
R R! R R 0 0
"Nt X X X
R 2 4
Q\O'OR R* 0-0 R* R* 0-0 R* Tl e
hexaoxonanes symmetrical 1,2,4,5-tetraoxanes lactones

Figure 4: By-products in the acid catalysed peroxidation of ketones

2 Results and discussion

Our research focuses on synthesis of structurally diverse tetraoxanes under simple
reaction conditions with emphasis on using hydrogen peroxide as a source of

peroxide bond. Unsymmetrical 1,2,4,5-tetraoxanes can be synthesized by cyclization

243



of gem-dihydroperoxide and ketone under acidic conditions but the reaction faces
problems with formation of various side-products. Absence of formation of
1,2,4,5,7,8-hexaoxonanes and symmetrical tetraoxanes is of crutial importance as
they are very difficult to separate from the desired product.

When searching for the best reaction conditions, we oriented our research towards
finding of good combination of solvent, temperature and time in order to optimally
activate cyclization to avoid formation of hexaoxonanes, while on the other hand,
too activating conditions lead to decomposition of tetraoxanes into Beayer-Villiger
products.

Optimization of reaction conditions were performed in reaction of cyclization of 4-
phenylcylohexyl-1,1-diyl dihydroperoxide and 4-methylcyclohexanone as model
substrates in the presence of one equivalent of HBF; (Scheme 2). Reaction of
cyclization was studied in two solvents (1,1,1-trifluoroethanol - TFE, acetonitrile -
MeCN) at different temperatures (0 °C, room temperature) and the outcome of the
reaction was analysed after 5 minutes or 1 hour (Table 1). Performing reaction at
room temperature for 1 hour resulted mainly in the formation of Baeyer-Villiger
products in both solvents. Stopping reaction after 5 minutes at the same temperature
in TFE still leads to lactones as major products. On the other hand, using less
activating solvent MeCN results in good and selective formation of unsymmetrical
tetraoxanes (52% yield). By lowering temperature to 0 °C, reaction system is
deactivated and hexaoxonanes start to appear in the mixture of products especially

when reaction is stopped after 5 minutes.

e WQQQUQ
- e

| | |+| |

sleRe

HO
unsymm.TO 4PhTO 4MeTO
R'=Ph; R>=Me

Scheme 2: Products that can be formed in the acid-catalysed cyclization of 4-

phenylcylohexyl-1,1-diyl dihydroperoxide with 4-methylcyclohexanone.
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Table 1: Distribution of products after the cyclization of 4-phenylcylohexyl-1,1-diyl

dihydroperoxide with 4-methylcyclohexanone in different reaction conditions.

Distribution of cyclic peroxides
solvent t(min) T (°C) pecr(}ég)cl)il((:i:es unsy(r;;;.TOa 41)(3'01)‘60b I(_(,I/g:
TFE 60 22 25 16 84 /
MeCN 60 22 19 53 47 /
TFE 5 22 28 29 71 /
MeCN 5 22 52 100 / /
TFE 60 0 37 89 11 /
MeCN 60 0 82 100 / traces
TFE 5 0 78 79 / 21
MeCN 5 0 71 56 / +4

4 Unsymmetrical tetraoxane (3-methyl-12-phenyl-7,8,15.16-tetraoxadispiro[5.2.5.2]-hexadecane).

b Symmetrical tetraoxane (3,12-diphenyl-7,8,15.16-tetraoxadispiro[5.2.5.2]-hexadecane).

¢ Hexaoxonane.

d Tsolated yield of the mixture of cyclic peroxides or pure compound after column chromatography.

¢ Distribution of cyclic peroxides was determined by NMR spectra of the mixture of cyclic peroxides after

column chromatography.

Furthermore, we were interested in the effect of acid on the selectivity of formation
of unsymmetrical tetraoxanes and experiments with different amount of acid (0,1 to

2 equivalents of HBF,) were performed (
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Table 2). As expected, less acidic conditions in MeCN promote formation of
hexaoxonane. On the other hand, smaller amount of acid in reaction in TFE
increases the yield of unsymmetrical tetraoxane and, interestingly, retains the
selectivity. By increasing the quantity of acid in this reaction, formation of
hexaoxonane is discouraged and the yield of unsymmetrical tetraoxane is reduced,
while reaction had to be stopped after 5 min as longer reaction time would lead to

preferential formation of lactones.
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Table 2: The effect of acid on the cyclization of 4-phenylcylohexyl-1,1-diyl
dihydroperoxide with 4-methylcyclohexanone.

Distribution of cyclic peroxides
equiv. oo T T pez‘:iiges unsymm.TO  4PhTO HO
HBF, (min) (°C) Vo) (%) (%) (%o)P

1 MeCN 5 RT >2 100 / /
01  MeCN 5  RT 75 36 / 64

1 TFE 60 0 37 89 11 /
0,1 TFE 60 0 >4 100 /  traces

1 TFE 5 0 78 79 / 21

2 TFE 5 0 41 100 /  traces

2 Isolated yield of the mixture of cyclic peroxides or pure compound after column chromatography.
b Distribution of cyclic peroxides was determined by NMR spectra of the mixture of cyclic peroxides

after column chromatography.

Results showed that TFE might be more appropriate solvent for general method of
cyclization keeping in mind that no formation of hexaoxonane is preferential to a
slightly higher yield of unsymmetrical tetraoxanes. Also less reactive starting
materials would demand more activation so performing reaction in TFE at room
temperature would increase yield of formation of unsymmetrical tetraoxanes. Taking
all that into account, various unsymmetrical tetraoxanes were synthesized (Scheme
3). From the results we can summarize that we cannot use one set of reaction
conditions for all substrates and instead for the selective conversion of substrates
into unsymmetrical tetraoxanes reaction conditions should be modified based on

reactivity of substrates.

247



HOO_ OOH O | equiv. HBF,, TFEor MeCN Rl O-O_ R,
R!” "R? R3LR4 oC'/990 = e ><
0°C/22°C R 0-0 Ry
gem-dihydroperoxide ketone 1-12h unsymmetrical
1,2,4,5-tetraoxane
35-87%

OO0+ X ot
-OL0 OR300 OO0
SOUNOH OR300

Scheme 3: Conversion of several gem-dihydroperoxides and ketones into

unsymmetrical tetraoxanes (isolated yields are reported).

3 Conclusions

We have studied cyclization of gez-dihydroperoxides with carbonyl compound to
deliver simple and selective method for synthesis of unsymmetrical 1,2,4,5-
tetraoxanes. The effect of reaction conditions on the selectivity of reaction was
studied and various unsymmetrical tetraoxanes were isolated. Due to different
reactivity of gez-dihydroperoxides and ketones it is not possible to develop a general
method for synthesis of unsymmetrical tetraoxanes, however, our study gives
guidelines for predicting the optimal reaction conditions based on reactivity of

substrates.
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Natural products containing peroxide groups exhibit broad spectrum of bioactivity.
Unsymmetrical tetraoxanes are representatives of synthetic cyclic peroxides which
were developed based on the structure of artemisinin, a natural cyclic peroxide used
in first-line treatment for malaria and a promising antitumor, antiparasitic and
antiviral agent. Tetraoxanes might exhibit enhanced antimalarial activity due to two
peroxide groups in the molecule that are essential for bioactivity of cyclic peroxides.
Chemical synthesis of unsymmetrical 1,2,4,5-tetraoxanes could be straightforward
with acid-catalysed cyclization of ge-dihydroperoxide and ketone, however
problems with formation of various side-products hampers their development. We
have studied the reaction conditions in the cyclization of model substrates in order
to develop a general method for synthesis of unsymmetrical tetraoxanes with an
emphasis on selectivity. The method was adopted for the synthesis of various
1,2,4,5-tetraoxanes which will be evaluated for in-vitro antibacterial and antitumor

activity.
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Abstract. Guanine-rich DNA sequences have the ability to grow into long
nanowires made up of guanine (G:G:G:G) tetrads. These so called G-wires can
be deposited on solid substrates and are due to their mechanical and thermal
stability interesting candidates for molecular electronic devices. Our recent
investigation showed that the sequence 5-GCGGTG4TGGCG-3' forms G-
wires via formation of (G:C:G:C) tetrads [1]. To obtain more insight into the
related self-assembly mechanism, we performed a comparative study of
assembly properties of four analogous oligonucleotides: the above denoted one
and the three similar ones with either 5', 3' or both GC-ends missing. Circular
dichroism (CD) and polyacrylamide gel electrophoresis (PAGE) were used to
investigate the structure, thermal stability, ageing, and the effect of adding
different cations to the formation of G-quadruplex structures and to their

oligomerization properties.

Keywords: G-quadruplex, Circular Dichroism, Polyacrylamide Gel

Electrophoresis, Nanowire, G-wires
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1 Introduction

When deposited on solid substrates, guanosine monophospate and guanine-rich
DNA sequences have the ability to grow into long nanowires made up of guanine
(G:G:G:G) tetrads [2-4]. These so called G-wires are due to their mechanical and
thermal stability very suitable candidates for applications in optoelectronic,
electronic, electromechanical and electrochemical devices.

To avoid discontinuities in the G-wire formation, it is essential that the DNA
quadruplex stem remains uninterrupted. One possibility to achieve this aim is to use
G-rich DNA sequences with CG "sticky-end" overhangs. Previous studies [5,0]
showed that sequences with the structure d(GCGGXGGAT) (where X was either T,
TT, A, or TC) first assembled into a dimer by two sequences forming a bimolecular
quadruplex linked by the (G:G:G:G) tetrads. In the next step, two such dimers
growed into a multimer by their CG overhangs arranging into the (G:C:G:C) tetrads,
which established a link in the middle of the two dimers.

For our study we selected the sequence GCGTG4TG2CG with CG overhangs at
both ends. This sequence forms long nanowires when deposited onto a mica
substrate [7]. The growth of these G-wires is expected to be stimulated by the
formation of (G:C:G:C) linking tetrads at both, 5" and 3, ends. The proposed basic
structure for the selected sequence is a bimolecular quadruplex as depicted in

Scheme I. To more clearly elucidate the role of CG ends, three control sequences
were selected: 5'-GCGTG4TG2 (Scheme 11), G2 TG4TG2CG-3" and G2TG4TGo.

Preliminary measurements
by UV-Vis absorption
spectrometry  confirmed
the formation of G-
quadruplexes from all four
sequences in 100 mM
NaCl and 10 mM NaPi
solutions. Dynamic light

scattering (DLS) further

revealed that G-wires are
indeed formed at suitable I GCGTG4TG.CG IT 5-GCG,TG4TG,

conditions [1].
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To resolve additional details of the above described oligomerization process, we
used polyacrylamide gel electrophoresis to investigate G-wire growth under various
solution conditions (different oligonucleotide concentration, added salt, etc.).
Besides this, we used circular dichroism to determine thermal stability of the

investigated structures.

2 Methods and Materials

The oligonucleotides used in our experiments were: d(GCGGTG/TGGCG),
d(GCGGTGTGG), d(GGTG4TGGCG) and d(GGTG4TGG). All oligonucleotides
were purchased from Eurogentec, Belgium, as 4 mM water solutions. They were at
first purified on a Sephadex-15 coloumn and were subsequently diluted in 100 mM
NaCl solution buffered with 10 mM sodium phosphate buffer (pH = 6.8).

Native polyacrylamide gel electrophoresis (PAGE) was run in a temperature-
controlled vertical electrophoretic apparatus (Z375039-1EA; Sigma—Aldrich, San
Francisco, CA) at 10 °C with 16 % of acrylamid in gel. Electrophoreses were run at
80 V for 3 - 5 hours. For staining Stains-All dye (Sigma-Aldrich) was used.

Circular dichroism melting curves were obtaind with spectrometer Jasco J-810. The

heating rate was 1 °C per minute. Melting curves were recorded at 263 nm.

3 Results and Discussion

As can be resolved in Figure 1, all sequences except GCGGTG4TGG folded
differently before and after they were purified on a Sephadex 15 coloumn. From
purified samples the sequence GCG2TG4TG2CG (lane 1) forms two structures,
which can be most probably attributed to a single quadruplex and to two
quadruplexes linked by the (G:C:G:C) tetrads. The sequence GCG2TG4TG: (lane 3)
is characterised by a large smeared band that could result from two different
structures in rapid exchange and one hardly seen band higher above that represents
4 stacked quadruplexes. We observed only one strong band for G2 TG4TG2CG (lane
5), which we attribute to two stacked quadruplexes. The sequence G2TG4TG: (lane
7) shows a ladder effect which is typical for a long structure. We therefore conclude

that this sequence definitely forms long G-wires.
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Figure 1: References A4) AC18 + AC36, B) [G512A4]3G5, CJ)TBA, D) [G515/3G3, E) HIV

GCG,TG,/1G,CG: 1) purified, 2) not purified
GCG, TG, TG,: 3) purified, 4) not purified
G,1G,1G,CG: 5) purified, 6) not purified
G, 1G/1G,: 7) purified, 8) not purified

3.1 Melting temperatures
With circular dichroism we obtained melting temperatures of different structures. In

accordance with the PAGE results (Figure 7), which show that the sequences
GCGTG4TG2CG and G2TG4TG2CG form only a single structure, the associated
CD spectra exhibit only one melting temperature (Figure 2, Figure 4).

In contrast, the sequence GCGTG4TG2 (Figure 3) exhibits two melting
temperatures during heating and only one melting temperature during cooling
(performed immediately after heating). This is because larger aggregates cannot form
in such a short time.

The sequence G2TG4T G2 (Figure 5) shows two melting processes at relatively high
temperatures (Tmi = 66°C, Tmz = 82°C). This sequence is the longest and it most
probably forms G-wires. When Ty is measured at cooling, only one melting
temperature (T = 34°C) is obtained also in this case. This is the T of single
quadruplexes. If we wait for a longer time (3 days), we observe a mixture of less and

more stable structures (three melting temperatures).
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The thermal stability of basic quadruplex structures (T'm1) decreases in the order
GCGGTGTGGCG > GCGGTGLTGG > GGTGIGGCG > GoTG4TGoa. These
results indicate that GC-ends significantly stabilise the basic quadruplex stem.

Figure 2: GCGGTG,TGGCG Figure 3: GCGGTG4,TGG
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3.2 Ageing

In Figure 6 the growth of sequence G2TG4T'G: by the sample aging is presented. The
sample was heated at high concentration (¢ = 1 mM) and the buffer was added just
before the measurement. When analogous measurement was repeated at a lower
concentration of the oligonucleotide (¢ = 0.06 mM), different results were obtained
(Figure 7), i.e. the growth of G-wires was much slower.

The sequence GGTG4TGGCG forms long structures only at high concentration,
but these structures are not stable for a long time.

The other two sequences (GCGGTG4TGGCG and GCGGTG4TGG) after three

days formed the same structures regardless of their concentration.
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Figure 6: Ageing of G2TG4TGo.
A) AC18+AC36, B) [G512A]3Gs, N) Not heated, 4) 4 days old sample, 3) 3 days old sample, 2) 2 days old sample,
1) 1 day old sample, 0) 0 days old sample.

Figure 7: Ageing in High/Low concentration of oligonucleotides.
1) AC18+AC36, 2) |G5T2A)3Gs a) GCGTG4TG2LG, b) GCGTG4TGz, ¢) G2TG4TG2CG, d)
G2TG4TGo; N — not heated, L — heated at low concentration, H — heated at high concentration.
All samples are 3 days old.

3.3 Effect of adding cations

We added different cations at high concentration (¢ = 1 M) to our samples (Fig. 8, 9,
10, 11). For a specific sequence, all CD curves had the same shape regardless of the
added ion species. From this it can be concluded that the same quadruplex structure
forms independent of the type of cations. The cations thermally stabilized the
investigated G-quadruplexes in the following order K* > Na* > Li*, which agrees

with the well-established quadruplex-stabilising cation series.
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Figure 8: GCG.TG4TG2CG Figure 9: GCGTG4TG:
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4 Conclusion

The results of our CD measurements show that the oligonucleotides with GC-ends
are more thermally stable than those without GC-ends. They also reveal that adding
monovalent cations notably increases the thermal stability of the quadruplex
structures. Both, the CD melting curves and the PAGE analysis, confirmed
formation of multimer structures for the sequences GCGTG4TG2 and G2 TG4TGo.
Surprisingly, no G-wires in solution were observed for the sequence
GCGTG4TG2LG, although this sequence forms extended G-wire networks on
mica substrates. This finding indicates that in addition to the quadruplex stacking
and GC linking processes that are present already in the solution, G-wire formation
may be facilitated also by the surface interactions taking place during solution

deposition.
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For wider interest

DNA sequences that contain a lot of guanosine (G) have the ability to form special
four-stranded macromolecular structures known as G-quadruplexes. When
deposited on solid substrates and also in aqueous solutions, G-quadruplexes can
associate into long G-wires, which have promising properties for applications in
molecular electronics devices. Consequently there exists a broad interest to obtain
understanding and control of the G-wire formation process. We performed a
systematic investigation of the G-wire formation in solutions of four very similar G-
rich DNA oligonucleotides and discovered that a presence/absence of the GC end
groups strongly affects the wire growth. We also investigated the effect of various
cations on the stability of the formed assemblies and found that potassium acts as

the most efficient stabilization agent.
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Abstract. Aluminum and its alloys belong to light metals and are most
commonly used in transportation industry. Present work aims to study the
effect of cleaning of aluminium alloy of series AA 7075 with two different
alkaline cleaners, first based on 0.01 M NaOH and exposed to 50% HNO; and
second supplied by SurTec which is based on phosphates. According to the
results obtained by electrochemical method, the cleaner based on NaOH and
HNOj; causes the passivation of AA 7075, while the potentiodynamic curve of
surface cleaned with SurTec is similar to pure aluminium. XPS results show that
both discussed cleaners remove contamination quite effectively. High
resolution spectrum of Al 2p shows that in all samples aluminium is mostly
present in its oxide state. Moreover, after both cleaning, with NaOH/HNO;
and SurTec, the surface of AA 7075 becames almost superhydrophilic, while
the untreated sample is hydrophilic.

Keywords: aluminium, aluminium alloy, surface cleaning, alkaline
cleaners
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1 Introduction

Reduction of CO2 emission is an important goal set by the directives of the
European Union. One of the possible ways to achieve this goal is to use light alloys
in transportation industry. Aluminum and its alloys belong to the group of light
metals and are most commonly used in transport industry such are aircraft industry,
automotive industry, train industry and marine industry.
Despite the fact that aluminum resists corrosion well, its alloys may not be corrosion
resistant in various environments. Chromate conversion coatings have been effective
as aluminium protection against corrosion for many years. Nowadays their use is
becaming increasingly limited because of their toxicity. Many studies have been
focused on the development of technologies alternative to chromates. Before any
kind of surface treatment, it is necessary to perform a proper cleaning of the surface
which will be treated. Cleaning of aluminum is necessary for hygiene (in food
industry), for maintenance (for buildings and transport equipment) and for quality
control. The goal of cleaning is to remove inorganic and organic residues that are
present on the surface of aluminum and its alloys. There are three issues that should
be controlled during cleaning and are labeled and described below:

- The chemical issue; cleaning agent should not attack the substrate

- The physical issue; dirt is removed from the surface by modifying its

surface tension
- The mechanical issue; dirt which is insoluble in cleaning agent can be
removed from the surface by brushing or by high-pressure water jets.

Most cleaning agents consist of acidic or alkaline media which have different
functions. They can have a role of pickling agents, detergents, degreasing agents or
of corrosion inhibitors. Suitable cleaning agent has to be compatible with aluminum
or its alloys, nontoxic for human health and nonpolluting for environment. As
aluminum and its alloys are amphoteric, they can be attacked by acids and by bases.
In highly alkaline medium the oxide film is formed which is difficult to modify, but,
on the other hand, use of alkaline cleaner increases the corrosion resistance of these
materials. Products based on acids form stable and insoluble salt with aluminum and
alloys, but do not increase their corrosion resistance.
Our goal is to optimize the cleaning process of aluminum alloy AA 7075 by finding a
proper cleaning agent. The original composition (in atomic percent) of aluminum
alloy AA 7075 is the following: Zn (5.6-6.1), Mg (2.1-2.5), Cu (1.2-1.6) and less than
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half percent of Si, Fe, Mn, Ti, Cr and other metals. In our research we compared
two different alkaline cleaners, the first was based on 0.01 M NaOH including
desmutting process and the second was manufactured by SurTec and based on

phosphates.

2 Material and methods

2.1 Preparation of the samples

Samples of aluminium alloy AA 7075 were ground using 2400 and 4000-grid SiC
emery papers, ultrasonically cleaned in ethanol for 5 minutes, rinsed with deionized
water and dried with a stream of Na. Samples of AA 7075 were divided into three
groups:

- Followed by the first was immersed in the 0.01 M NaOH for 3 minutes and
than in 50% HNOs for 30 seconds.

- The second was cleaned using SurTec product, which was formed by
combination of 3% SurTec132 liquid recyclable builder and of 0.5%
SurTec089 recyclable detergent component. The sample was immersed in
the mixture for three minutes at 40°C.

- The third was untreated sample.

The comparison of cleaners was carried out by electrochemical polarization method,
X-ray photoelectron spectroscopy, profilometer, tenziometer and scanning electron

microscopy.

2.2 Electrochemical measurements

Electrochemical measurement were performed in 0.1 M NaCl at room temperature.
An Autolab corrosion cell with a volume 0.350 L. was used. The working electrode
was embedded in a Teflon holder with exposed area 0.87 cm?. Graphite electrode
served as a counter electrode and saturated calomel electrode (SCE) was a reference
electrode (E = 0.214 V vs. standard hydrogen electrode, SHE). After 1 h
stabilization at open circuit potential (OCP) measurements were performed in the
following order: linear polarization, 10 mV versus OCP, using a scan rate of 0.1
mV/s and potentiodynamic measurements starting from -250 mV vs. OCP up to -
0.5 V using a scan rate of 1 mV/s. Experiments wete repeated in triplicate and

representative measurement is presented in graphical form.

262



2.3 X ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy analysis was carried out on the PHI-TFA
XPS spectrometer (Physical Electronics Inc.). The vacuum during the XPS analyses
was in the range of 10 mbar. The analyzed area was 0.4 mm in diameter and the
analyzed depth was about 3 - 5 nm. Sample surfaces were excited by X-ray radiation
from monochromatic Al source at photon energy of 1486.6 eV. Spectra were
analyzed by a Multipak software, version 8.0 (Physical Electronics Inc company).

Prior and after the immersion test the morphology, topography and contact angle of

the surface were examined.

2.4 Measurement of surface morphology, topography and contact angle

Scanning electron microscopy (SEM) images were taken with JEOL JSM-7600F
microscope equipped with chemical analysis (EDXS).

A profilometer, model Bruker DektakXT, was employed for analysis of surface
topography. The instrument has a lateral resolution of 1 um and vertical resolution 5
nm. It measures the surface profile in one direction. Measurements were performed
at 1 mm? spot size on the sample. The data were processed with TalyMap Gold 6.2
software. 3-D surface topography and calculation of the mean surface roughness (S,)
were obtained.

The contact angles (®) were measured using the tensiometer Kriiss DSA 20 (Kriiss
GmbH, Hamburg, Germany). A Drop-shape-analysis software enables the fitting of
the image of the deionized water drop on the sample surface and allows a precise
determination of the contact angle value. Each contact angle value is the mean of at

least three measurements made on different positions of the same sample.
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3 Results and discussion

Potentiodynamic curves for untreated and samples cleaned with NaOH/HNO3 and

with Surtec phosphate cleaner are presented in Figure 1.

untreated
= NaOH/HNO,

SurTec phosphate cleaner

Potential Ag/AgCl/V
)
~J

108 16'7 16'5 16‘5 16"‘ 103
Current density / Acm -2
Figure 1: Polatization curves of AA 7075 samples cleaned with NaOH/HNO3,
SurTec phosphate cleaner and of untreated AA 7075 sample. Curves were recorded

in 0.1 M NaClL
According to the results obtained by electrochemical method, the cleaner based on

NaOH and HNOj; causes the passivation of AA 7075, while the potentiodynamic

curve of surface cleaned with SurTec is similar to the curve of pure aluminium.

The concentration of elements obtained by X-ray photoelectron spectroscopy after

various surface treatments are presented in Figure 2.
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Figure 2: The concentration of elements obtained by XPS after various surface
treatments: untreated, exposed to 0.01 M NaOH and HNOj3 and exposed to SurTec
cleaner.

Results obtained by XPS technique show that carbon and nitrogen contaminations
are reduced by cleaning. At the same time oxygen and aluminium content increased
and alloying elements Mg and Si are removed. After using NaOH and HNOj; the
content of copper increased while after using SurTec cleaner the content of

phosphorus increased.

Aluminium, which is the major element in alloy AA 7075, was interpreted in details,
with high resolution spectra-qualitative analysis and fitting-quantitative analysis.

Figure 3 presents XPS high resolution spectra of Al 2p.
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Figure 3: High resolution spectra of Al 2p obtained by XPS technique show the

formation of aluminium oxide on differently cleaned samples.

As it is seen from Figure 3, two peaks of aluminum were detected on all three
samples. One of them corresponds to energy of 74.2 eV, which belongs to oxide
state of aluminum, and other of energy 71.7 eV, which belongs to elemental

(metallic) state of aluminum.

Top view of profiles obtained by profilometer and values of surface roughness (S,)
of untreated sample, sample cleaned with NaOH and HNOj; and with SurTec
cleaner are presented in Figure 4. The colouring is according to the scale on the right

which spans in the +- 1.5 um. Image spot size is 1 mm x 1mm range.

untreated NaOH/HNO, SurTec

S.=59 nm

S,=67 nm

Figure 4: Top view of profiles obtained by profilometer and values of surface
roughness (S,) of untreated sample, sample cleaned with NaOH and HNOj3 and with

SurTec cleaner.

As it is seen from Figure 4 images and surface rougness obtained by profilometer do
not indicate the difference in surface topography of of untreated sample, sample
cleaned with NaOH and HNOj; and with SurTec cleaner.

SEM images of the surface cleaned with SurTec cleaner is presented in Figure 5.
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Figure 5: SEM analysis of sample AA 7075 cleaned with SurTec.

EDX analysis which is carried out at different locations at the treated sample AA
7075 as denoted in Figure 5 are presented in Table 1.

Table 1: EDX analysis carried out at different locations at the treated sample as
denoted in Fig. 5.

[at.%] Al Zn Mg o Fe Cu
Spectrum
1 82.4 33 2.3 53 1.9 4.8
2 94.6 2.5 8.9 / / /
5 8.6 0.57 4.67 / / /

Images of water drops on the surface and values of contact angles (CA) of untreated

sample, cleaned with NaOH and HNOj and with SurTec cleaner, are presented in

Figure 0.
Untreated NaOH/HNO; SurTec
el
EAs T | , CA=8° | . CA=12° }

Figure 6: Images of water drops on the surface after different treatment and the

values of contact angles.
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After cleaning with NaOH/HNO3 and with SurTec cleaner, the surface of
aluminum alloy AA 7075 becomes almost superhydrophilic because the contact
angle in this case is less than 10°. The surface of untreated sample is hydrophilic.

The contact angle in this case is 47°.

4 Conclusions

According to the results obtained by electrochemical method the cleaner based on
NaOH and HNOj; causes the passivation of AA 7075, while the potentiodynamic
curve of surface cleaned with SurTec is similar to the curve of pure aluminum.
Results obtained by XPS technique show that carbon contamination is reduced by
cleaning. At the same time oxygen and aluminum content increased and alloying
elements Mg and Si are removed. After using NaOH and HNOj; the content of
copper increased. After using SurTec cleaner the content of phosphorus increased.
High resolution spectrum of Al 2p shows that in all samples aluminum is mostly
present in its oxide state. Energy of 74.2 eV denotes to the oxide state of aluminum
and of energy 71.7 eV, elemental aluminum.

Images and surface roughness obtained by profilometer do not indicate the
difference in surfaces topography of differently treated samples.

SEM image shows that the surface of AA 7075 cleaned with SurTec in addition to
aluminum consists of alloying elements zinc, magnesium, iron and copper, while
inclusion (1) is probably zinc oxide.

After cleaning with NaOH/HNOj and with SurTec cleaner the surface of aluminum
alloy AA 7075 becomes almost superhydrophilic (CA=<10°), while the untreated is
hydrophilic (CA = 47 °).References:
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Abstract. Magnetic hard disk drives have been the prime repository of digital
data for more than half a century. Over this period of time, the area of one
magnetic bit, use to store information has decreased in size by about around
nine order to magnitudes; it is now so tiny that it is reaching fundamental limit
that are difficult or too expensive to overcome. A number of alternatives to the
magnetic disk drive have been suggested. Among them racetrack memory
devices seems to be potential candidates and close to the realization. Such
devices are based on magnetic nanowires with magnetic domains which can be
move with electrical current. In this article we will present the possibilities to
produce nanowires which can be use in racetrack memory devices and we will

also present the methods to manipulate magnetic domains in nanowires.

Keywords: Magnetic nanowires, Racetrack memory devices, Magnetic

Domains

1 Introduction

Co-based alloys are integral part of modern magnetic recording media such as hard
disk drive (HDD) due to their excellent magnetic properties. Alloying Co with
metals like Pt enhances its intrinsic magnetic properties such as magnetocrystalline
anisotropy. In addition it shows excellent chemical stability, higher coercivity and
resistance against corrosion which makes such alloys suitable candidates for
magnetic data storage devices. Due to size-confinement-trend in magnetic storage
devices, it is reasonable to expect that Co-Pt alloy nanostructures such as nanowires

(NWs) and nanotubes (NTs) would replace their counterparts in future. One of such
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ideas are racetrack memory devices, where information is stored in the form of
magnetic domains with opposite magnetization along the length of the nanowires.
One of the fascinating point of such devices is domains in nanowires can move
forward or backward direction depending on current direction. Many researcher
believes that such devices have potential to keep the Moore’s law going and big IT
companies like IBM are funding for research on racetrack memory devices. [1] Main

features of such devices are enlisted below

1. Non-volatile (information remains stored even if there is no power, such as
HDD and flash)

2. Higher Density (upto 10x information in comparison to HDD can be
stored)

3. Super Speed (reading and writing of information would be equivalent or
higher than SRAM)

4. Universal Memory devices (such devices can replace all type of memory

devices such as SRAM, DRAM and flash memory)

Domain injectors

|

Sensors

i
’ f"K
i

3D Racetrack memory

Figure 1: Schematic of Racetrack memory devices showing working principle of
device. After [2]

For such devices to function properly it is necessary to have 1) magnetic domains
with opposite magnetization as shown by red and blue boxes in Fig.1 and 2) it is also
important to have pinning sites for the domains to manipulate them efficiently. In

the present work, the Co-Pt nanostructures have been synthesized into
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polycarbonate (PC) as well as anodic alumina oxide (AAO) membranes with
diameter range from 200-50 nm. We have studied the magnetic domains in such Co-
Pt nanowires and investigated the manipulation of domains. We have utilized
micromagnetic simulations (NMAG) to understand magnetization reversal in such
nanowires. Due to the page limitation and to make the text more fluent we will focus
on results which are mainly concerned here. For further details we suggest readers to

read our published articles.

2 Results and Discussions

We will present three main concepts to produce and manipulate magnetic domains
in Co-Pt nanowires in the following
I. Periodic Magnetic Domains in Co-Pt Nanowires

As-deposited Co-Pt alloys can exhibit either a disordered phase (fcc-based L11-
CoPt) and/or a hcp-based D019-Co3Pt crystal structure depending on the
composition between Co and Pt. X-ray diffraction (XRD) and transmission electron
microscope (TEM) was employed to study the microstructure and crystal structure
of Co-Pt nanowires (NWs) with 200 nm diameter. Results are given elsewhere. [3]
Detailed analysis on NWs have shown the presence of a textured fcc and hcp phases
with the [111] of fcc and [001] of hep crystal planes almost perpendicular to NWs
long axis. Such analysis have explained periodic domains structure observed with
magnetic force microscope (MFM) along the length of the NWs as shown in Fig.2.
Such domain structure is ideal for racetrack memory devices. In future we are
planning to perform current induced domain wall motion experiments to move

these domain along the length of NWs.
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Figure 2: Periodic domain structure along the length of the Co-Pt nanowires with

diameter around 200 nm.

II. Nanostructures with tube-wire morphology
We have successfully fabricated Co-Pt nanostructures with 200 nm diameter with
tube-wire morphology as shown in Fig.3. We have studied their magnetization
reversal and it turns out that transverse as well as vortex domain wall nucleation
contribute to the magnetization reversal depending on the geometrical parameters. A
plateau (kink) in the hysteresis curve (Fig. 4a) was observed which may be attributed

to the partial pinning of the domain walls at the tube-wire interfaces.

Figure 3: SEM image of nanostructure with tube-wire morphology.
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We have performed micromagnetic simulation using a micromagnetic simulator [4]
based on Landau-Lifshitz-Gilbert equations. Co-Pt nanostructures with tube-wire
morphology were invested and we found out that this kink is present in the
hysteresis loop as shown in Fig. 4b. This kink is representing a partial domain

pinning during the magnetization reversal at the interface between tube and wire. [5]

Hysteresis loop of
mulfisegmented nanowires.

1.0

0.5 o

0.0

MMs

05 4

-1.01

10 -

0 500 I ' -5(;00 I 0 ' 5000
H (kNm) Applied Field (kA/m)
a

-500

Figure 4a: Hysteresis loop of nanostructure with tube-wire morphology. b:

Simulation hysteresis of nanostructure with tube-wire morphology

Pinning of the domains at the interface is represented in simulation as shown in Fig.

5.

m_CoPt<1> X

o 0.4 ‘|0.8|

Figure 5: Micromagnetic simulation results of nanostructure with tube-wire

morphology showing domain pinning at the interface between tube and wire.
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III.  Pinning of domain wall with physical notches on Nanowires
Recently a focused ion beam (FIB) was utilized to produce notches with different
sizes and shapes along the length of the Co-Pt NWs with 50 nm diameters. MFM
imaging was applied to observe magnetic domain patterns in NWs lying horizontally
on substrates. In order to inject the domain walls into the wire a magnetic field
(~500 Oe) was applied perpendicular to NW axis. We were successful to trap the
domain walls in the Co-Pt NWs at the induced notches with the depth ~50% of the
NWs diameters as shown in Fig. 6. However, further optimization of notches in the
Co-Pt NWs is necessary in order to utilize them for racetrack memory devices.
Moreover, micromagnetic simulations of notched NWs are in progress which will be

followed by spin-induced domain wall motion experiments in the future.

Figure 6: (a) SEM image of the Co-Pt nanowire with a notch in the middle, (inset)
closeup image of the notch area. (b) AFM image (c) MFM image
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For wider interest

Magnetic hard disk drives have been the prime repository of digital data for more
than half a century. Over this period of time, the area of one magnetic bit, use to
store information has decreased in size by about around nine order to magnitudes; it
is now so tiny that it is reaching fundamental limit that are difficult or too expensive
to overcome. A number of alternatives to the magnetic disk drive have been
suggested. Among them racetrack memory devices seems to be potential candidates
and close to the realization. Such devices are based on magnetic nanowires with
magnetic domains which can be move with electrical current. In this article we have
presented the possibilities to produce such nanowires which can be utilized in
racetrack memory devices and we have also presented the methods to manipulate

magnetic domains in nanowires.
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