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Investigating the electric double layer directed self-assembly of oppositely charged
gold nanospheres
Dániel Péter Szekrényes1*, Dániel Zámbó1, Zsolt Zolnai1, Rita Némedi1, Norbert Nagy1 and András Deák1
1Institute

of Technical Physics and Material Science, Centre for Energy Research, Budapest, H-1121
Hungary

Tailoring the colloidal interactions around nanoparticles by controlling the composition of their
surface layer enables the rational design of particle superstructures in self-assembly procedures. In the
present work, gold nanoparticles modified by oppositely charged thiol ligands are prepared to create
sphere-sphere oligomers via electric double layer interaction directed self-assembly process. On the basis of
colloidal interaction calculations and optical experiments performed both at bulk and single particle level, it
has been shown that the size and the surface charge of the particles and the chain length of the capping
ligands have a profound impact on the structure of the developed particle assemblies.
Keywords: gold nanoparticles, self-assembly, plasmonics, single particle spectroscopy, colloidal
interactions
Introduction
Over the past few decades, numerous investigations have been carried out concerning the controlled
formation of nanoparticle assemblies. Strategies elaborated in these studies typically rely on tuning and
balancing the attractive and repulsive colloidal interactions between the particles such as dispersion, 1,2
electric double layer (EDL)3–5 or steric interactions.6,7 Using noble metal nanoparticles as a model system
provides the possibility to monitor the formation of particle assemblies since their optical response heavily
depends on the geometry of the given structure (size and shape of consisting particles, interparticle distance,
relative geometrical arrangement etc.) owing to plasmon coupling between the particles.6,8,9 In this work, we
investigated the EDL directed self-assembly of oppositely charged gold nanospheres and how the size of the
particles and the chain length of different capping ligands influence on the colloidal interactions,
determining the structure, thus the optical response of the particle assemblies. In order to get a better insight
into the self-assembly process, not only bulk optical spectroscopy experiments were carried out, but also
single particle techniques, such as scanning electron microscopy (SEM) and dark field scattering
spectroscopy, were utilised to characterise the resulting particle oligomers on solid substrate (Figure 1.b).

Figure 1. Concept of EDL directed self-assembly experiments when the process is carried out in (a) liquid
phase and (b) in solid-liquid interface.
Experimental section
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Gold nanospheres stabilised by either CTA+ or citrate were prepared based on previously published
synthesis protocols.10–13 The surface modification of these particles was performed using thiol ligands with
different size and charge state to tailor colloidal interactions. The ligand exchange was monitored by visible
spectrometry, dynamic light scattering and electrophoretic mobility measurements. The self-assembly of
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oppositely charged gold nanospheres was performed by adding increasing amount of the solution of
negatively charged particles (covered by citrate, MUA or carboxylated PEG) to the solution of
MTA+-capped nanospheres and the process was monitored by visible spectrometry (Figure 1.a). As
reference sample, gold nanospheres capped by the neutral 5 kDa PEG was used. The 48 nm MTA+-stabilised
particles were mixed with either 45 nm or 15 nm negatively charged nanospheres. To obtain more
information on the structure of particle assemblies, sphere-sphere heterooligomers were created on a silicon
substrate by immersing the immobilised MTA+-capped particles in the sol of negatively charged gold
nanospheres (Figure 1.b). The scattering spectra of solid supported individual particle oligomers were
acquired and the actual structure of the given particle assemblies was obtained via correlative scanning
electron microscopy, that is exactly the same object were investigated by spectroscopy and SEM. The
colloidal interactions were calculated considering van der Waals, EDL and steric interactions. 14–16
Results
According to the results of Bishop et al.17, differently charged particles, which are mixed in a
solution, precipitate only at the point of nanoparticle electroneutrality, that is, when the charges on the
particles are compensated and the net charge is zero. Based on this effect, the positively charged
MTA+-covered nanoparticles were titrated by an increasing fraction of negatively charged thiol-capped
nanospheres.
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Figure 2. Plasmon resonance peak shift upon increasing the amount of negatively charged particles when
the negatively charged particles are (a) significantly smaller (15 nm) and when (c) have ca. the same size
(45 nm) relative to the dimension of MTA+-capped spheres (48 nm). K means the fraction of negatively
charged particles relative to MTA+-covered spheres. (b)(d) Calculated total interaction energy for the
corresponding particle systems.
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Figure 2.a shows the localised surface plasmon resonance (LSPR) redshift for the mixed nanoparticle
system as a function of the fraction of negatively charged 15 nm particles relative to the amount of 48 nm
MTA+-capped spheres (K). The addition of citrate or MUA-covered particles induce a noticeable redshift,
indicating the EDL directed aggregation of the samples. However, when carboxylated PEG was used as a
negatively charged capping agent there is no such a pronounced plasmon interaction, that is, no redshift
significant can be observed. When the size of negatively charged particles was changed to 45 nm, the
addition of carboxylated PEG-capped particles leads to a redshift in the bulk optical spectrum around K=0.5.
as shown in Figure 2.c Neutral PEG-chains, however, can stabilise the system, since no considerable shift
can be seen in the bulk optical spectrum. Colloidal interaction calculations (Figure 2.b and d.) show that the
decreasing size of thiol ligands on the particle surface results in deeper potential well in total interaction
energy and shorter interparticle distance due to reduced repulsive steric interaction. In addition, the increase
of the size of the particles results in higher attractive dispersion interaction, facilitating the EDL directed
self-assembly of the nanoparticle system. These observations agree well with the experimental results.

Figure 3. The representative SEM images of heterooligomers when the negatively charged spheres were
covered by (a) citrate and (b) 3 kDa carboxylated PEG. (c) Single particle scattering spectra of individual
gold nanosphere (blue) and sphere-sphere heterodimer (red). The inset shows the SEM micrographs of the
corresponding nanoobjects. Scale bar is 100 nm.
To obtain more direct information on the structure of developed particle assemblies, single particle
spectroscopy correlated with SEM were performed on particle heterooligomers developed by immersing
immobilised 48 nm MTAB-covered nanospheres in the sol of 14 nm citrate or 3 kDa PEG-COOH-capped
particles. In the former case, large particle assemblies evolved (Figure 3.a), making the interpretation of
their optical response cumbersome. By using PEG-COOH covered particles, however, smaller oligomers
evolved (Figure 3.b), which make them ideal candidates for single particle optical investigations. The
absence of large aggregates is consistent with colloidal interaction calculations and ensemble spectroscopy
results. In Figure 3.c, the scattering spectra of a monomer and a dimer can be seen. As expected, the
heterodimer shows a significant redshift, peak broadening and an intensity increase relative to the optical
spectrum of the monomer due to plasmon coupling. These results are promising and suggest that fine-tuning
the particle size and PEG chain length should enable the controlled preparation of few-particle assemblies.
Acknowledgement
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Soft-computing based Technological Support for Droplet Epitaxially Grown Zerodimensional GaAs Structures
Zoltán Farkas, Antal Ürmös and Ákos Nemcsics*
Institute of Microelectronics and Technology, Óbuda University,Tavaszmező utca 17. 1084 Budapest,
Hungary
The research of 0D nanostructures is the part of current technological research. Recent and future
applications of the nano-technology cover various devices, such as PV devices, LED’s, lasers, and also
devices for quantum computing.
The droplet-epitaxy is a novel technique for fabricating nano-structures on a semiconductor substrate. The
droplet epitaxy is a part of the wider molecular beam epitaxal technology. The droplet-epitaxy is a
technological tool for the preparation of various shaped nano-structures. According to a possible
classification, these nano-strucures can be parted into three main types such as quantum-dots, quatum-rings
and nano-holes. Where, so called inverted Quantum-dots are produced by filling nano-holes up. Our
research concentrates on these structures.
There are several papers in the relevant literature that describe both the technology of fabrication and the
geometry (e.g AFM scan) of the fabricated nano-structures. Thus a data-base have been created that includes
all the three the surface density, the technological (growth temperature, annealin, Arsenic pressure,
molecular flux etc.) and geometrical parameters (high, diameter, size of the deepness etc.) of the
nanostructures. In this paper, with the help of soft-computational support, the relation among the
technological (6-dimensinal space) and geometrical (5-dimensional space) are researched.
.
Keywords: zero-dimension, droplet-epitaxy, soft-computing
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Surface-enhanced Kretschmann-Raether ellipsometry based on plasmonic, Bragg and
waveguide structures
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Figure 1 (A) Kretschmann-Raether ellipsometry configuration (B) Spectroscopic Ellipsometry spectra for
Surface Plasmon Resonance (SPR, blue curves) and Bragg multilayer create resonant Bloch surface wave
structures (BMS, red curves) (C) sensitivity maps in the Angle-of-Incidence - Wavelength graph for BMS-SE
(left) and SPR-SE (right)
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Keywords: in-situ ellipsometry, plasmonics, Kretschmann-Raether configuration, Bragg multilayer,
waveguide
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The advantage of Kretschmann-Raether ellipsometry has been demonstrated in numerous articles [1,
2, 3], in the first applications mainly focusing on plasmonics by a gold layer [3, 4]. In this case the resonant
wavelength is inherent with the dielectric properties of gold, and therefore cannot easily be adapted to
specific problems [5]. Furthermore, the spectral absorption peak is relatively broad compared with resonant
multilayer structures. It has recently been shown that Bragg multilayers can be used to create resonant Bloch
surface wave structures at arbitrary absorption peaks adapted to the investigated material, which has been
demonstrated on the example of the 280-nm absorption of fibrinogen [6]. (See, Fig. 1) In this study we show
that Bragg/hybrid plasmonic-Bragg structures and compositional grading of plasmonic metals (ultrathin
combinatorial AgxAl1-x layer) combined with waveguide layers can provide multiple spectral positions of the
resonance in a wide wavelength range from the UV to NIR by using phase-sensitive Kretschmann-Raether
ellipsometry. We show that both the spectral position and the polarization of the absorption peaks can easily
be manipulated by using these nanostructures. (See Fig. 2!) Our results are supported by numerical
calculations (transfer matrix and finite element methods) and experimental investigations as well.

Fig. 2 Compositional grading of plasmonic ultrathin combinatorial Ag xAl1-x layer combined with waveguide
layer can provide multiple spectral positions of the resonance in a wide wavelength range from the UV to
NIR by using phase-sensitive Kretschmann-Raether ellipsometry. Left a) shows the preparation method b)
shows example spectra at different angle-of-incidences with tunable resonance peaks. Right a) shows the
measuring configuration b) shows the resonance peak position at different compositions.
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Nanoparticle gel networks as a novel platform in electrochemical sensing
Dániel Zámbó1,2*
1Institute

of Physical Chemistry and Electrochemistry, Leibniz Universität Hannover, Hanover 30167,
Germany (*daniel.zambo@pci.uni-hannover.de)
2Institute of Technical Physics and Materials Science, Centre for Energy Research, Budapest 1121, Hungary
(*daniel.zambo@ek-cer.hu)
Nanoparticle gel networks represent a novel class of materials, in which the nanoscopic properties of the
building blocks can be retained or even extended in the form of macroscopic gel structures. Among the
modern nanocrystal gels, chemical, physical gels and cryogelated structures are promising candidates as
sensors, photo(electro)catalysts and solar energy harvesters. Up to now, plasmonic noble metal nanorods
(NRs) have been underrepresented as building blocks of the gelated macrostructures partly due to their
relatively large sizes and the lack of reliable synthesis routes, which could provide nanorod solutions in high
particle concentrations. In this paper, we demonstrate that by overcoming the above-mentioned limitations
gold and silver nanorod cryoaerogel electrodes can be prepared. These porous nanostructured gel networks
are of great interest in electrochemical sensing, ethanol oxidation reaction as well as in glucose sensing.
Keywords: nanoparticle gels, semiconductor/hybrid/composite nanoparticles, assembly, electrochemical
sensing
Introduction
Nanocrystal aerogels are self-supported, porous, macroscopic particle networks consisting of interconnected
nanoparticles (NPs).1 The fabrication of these gel structures starts with the preparation of a highly
concentrated (but colloidally stable) nanoparticle solution. The interparticle interactions between the NPs are
manipulated via an external trigger to destabilize the solution and initiate the formation of a viscous colloid
and later a solvogel network.2 Based on the trigger we apply, two types of NP gels can be distungushed: the
chemical and physical gels. Whilst in the chemical gelation, mostly an oxidative3–8 or ionic trigger2,9,10 is
used to initiate the gelation, physical gels are prepared via applying phyiscal forces such as e.g. freezing. 11–13
Chemical gels are usually dried supercritically (to form aerogels)2 or in controlled ambient conditions (to
form xerogels)9,14, cryoaerogels are fabricated via lyophyilization of the gel structure (Figure 1). 11,15,16
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The cryoaerogelation is a novel process to assemble the nanoscopic building blocks into gel networks with
open porosity and various macrostructural appearance. Figure 2 demonstrates the steps of the process
starting with the filling of a pre-fabricated mold with the concentrated NP solution, followed by a flashfreezing (at 113 K) and a freeze drying step to prepare and remove the ice crystal template, respectively. As
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Figure 1. Types of drying methods (A). CdSe/CdS nanorod gel network prepared by chemical gelation (B)
and xerogelation (C). Cryogelated structures built up from noble metal and semiconductor nanoparticles
(D).
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a result, the nanoparticles are confined into the boundaries of the forming ice crystals manifesting itself as
nanostructured sheets standing mainly perpendicular to the substrate.11,12

Figure 2. Schematic steps of the cryoaerogelation process: filling the mold with the concentrated NP
solution, flash-freezing to trigger the rapid formation of the ice crystals, and the removal of the ice template
via lyophilization to prepare a dendritic open pore structure.
Results and discussion
Nanocrystal cryoaerogels were prepared from the colloidal solution of AgNRs and AuNRs. 11 The noble
metal nanorods were prepared by the seeded-growth method17–19 (Figure 3A,B) and were upscaled to reach
the desire concentration for cryogelation (ca. 5-8 g/L). The ensure the stability as well as to enhance the
conductivity of the nanoparticles, the surface of the NRs were modified with a conductive polymer
(PEDOT:PSS).11

Oldal

The NR cryoaerogels were fabricated on conductive ITO-covered glass slides, which were previously
modified with MPTMS linkers to faciliate the attachment of the NRs to the substrate.11 Figure 3C,D show
the microstructure of the cryoaerogel coatings (as well as their physical appearance in the insets): the gel
structures have a dendritic open-pore system with macropores (connected standing sheets) as well as
mesopores (within the sheets). The sheets consist of the NRs, which preserves their original morphology.
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Figure 3. TEM and SEM images of the nanoparticle building blocks and their cryoaerogel structures:
colloidal (A) and cryoaerogelated (C) AgNRs, colloidal (B) and cryogelated (D) AuNRs.
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This fabrication method enhances the specific surface area and increase the availability of the
electrocatalytically active surface sites of the noble metal NRs.
The cryoaerogel electrodes were tested in different electrochemical/electrocatalytical model reactions. 11
Compared to the MPTMS-coated ITO electrodes, gold NR cryoaerogel-electrode showed enhanced activity
in the redox transition of K4Fe(CN)6/K3Fe(CN)6 pair (in 1mM, Figure 4A), in ethanol oxidation reaction (in
1M EtOH concentration, EOR) at alkaline pH (Figure 4B) as well as in the electrochemical sensing of
glucose (100 mM) at alkaline pH (Figure 4C). These test reactions demonstrate, that the NRs in the
cryoaerogel structures retain their electrochemically active surface sites in spite of the presence of the
polymer coating. Additionally, the polymer coating faciliates the charge transport within the gel structure
and enhances its overall conductivity. 11

Figure 4. Electrocatalytic response of AuNR cryoaerogels in redox sensing (A), ethanol oxidation reaction
(B) and glucose sensing (C). The corresponding Roman numbers represents the chemical redox processes
taking place during the anodic and cathodic scans.
Conclusion and outlook
AgNRs and AuNRs were used as building blocks for the fabrication of novel, porous electrode materials.
Cryoaerogelation is a promising technique for the preparation of nanoparticle-based macroscopic gel
structures with tunable nanoscopic properties, micro- and macrostructure as well as macroscopic shapes
(monoliths, coatings). Via controlling the surface chemistry of the building blocks, properties can be
controlled at the nanoscale opening up new routes towards the fabrication of unique assembled structures
from vast of different nanoparticles with different size, shape, compisiton, surface ligands and in various
combinations.
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The purpose of color etching as a preparatory process is to make the microstructure visible for
metallographic evaluations. However, the layer formed during the etching process carries significantly more
information inside. It allows us to deduce not only the chemical composition of the present phases, but also
the orientation of the individual particles. Our work aims to explore these properties and expand the
application areas of color etching. The layer formed during etching is examined by various methods. By
comparing optical microscopy, backscattered electron diffraction, and spectroscopic ellipsometry,
conclusions about the relationship between the formed layer and the orientation of each grain can be drawn.
Keywords: color etching, spectroscopic ellipsometry, EBSD, optical microscopy, analysis, material science
1. Introduction
Etching methods are very popular and frequently used in metallography [1-2]. They offer a quick and
easy solution for developing the grain structure of different polished samples. The etchant reacts with the
surface of the sample to change its topography, thus making the individual grains and grain boundaries
visible. Although there are not many differences in the field of application of the different process variants,
they can be divided into two main groups according to their mechanism of action.
The first group includes chemical etchants with a typically acidic pH. These react with the surface of the
sample to dissolve the substrate into the solution. The development, i.e., the visualization of the
microstructure, is thus caused by the difference in the rate of etching of the individual particles and the grain
boundaries [3,4]. The process usually takes a few seconds but up to a maximum of a few minutes.
The second group includes the color etchants [5]. In terms of their prevalence, these are also commonly
used developer processes, but they are being used significantly less than chemical etchants. This is due to
the nature of the salt solutions used in color etching. On the one hand, there are fewer types available, and
on the other hand, they are less aggressive, thus it takes much longer to achieve the proper effect. Color
etching usually takes a minimum of a few minutes. During the process, the typically used metal salt solution
reacts with the surface of the sample to form a thin, transparent film. The layer grows in both directions
relative to the original plane of the sample as more and more material dissolves from the sample and the
etchant. As the film grows, the color of each particle undergoes a cyclic color change that meets the
interference criterion [6].
Although various etching processes have been widely used, the knowledge of the chemical processes is
mostly unexplored. Studies to understand the etching phenomenon represent a relatively new direction in
materials science, most of which can be traced back to the past decade. [7] [8-9]. The idea of an existing
connection between crystallographic orientation and the color resulting from color etching can be traced
back to 2010 [10-11].
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In order to determine orientation by color etching, we developed a complex measurement and evaluation
method in 2019, in which the grain orientation can be determined directly from color etching. The developed
model made it possible to calculate the average etching rates for each grain and then assign them to the
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appropriate orientations. Using the model, the angles of the surface of each particle with the main
crystallographic orientations [100] and [111] in a randomly selected area were determined using optical
microscopy only with an average absolute error of 3-5° compared to the electron backscatter diffraction
(EBSD) measurements [12].
In our work, we sought the answer to whether spectroscopic ellipsometry is suitable for examining the
layer formed during etching and whether the measurement can confirm the results of the previously
developed methodology with it.
2. Experimental
2.1. Materials and methods
Spheroidal graphite cast iron was used as a sample to develop the original methodology [12]. Due to the
graphite’s microstructure, the same area could be easily identified multiple times. Beraha I solution was
chosen as an etchant, which can be prepared by dissolving 3 g K2S2O5 and 10 g Na2S2O3 in 100 ml of
distilled water. Beraha I interacts with the ferrite phase, making it an excellent tool for examining low
carbon steel and cast iron samples [13].
Unfortunately, the smallest area that can be scanned by the spectroscopic ellipsometer at the settings to be
used has a diameter of approx. 0.2 mm, which is not possible in the case of cast iron, as the grain size of the
tested cast iron was about an order of magnitude smaller. Modifying the sample was necessary to allow
direct measurement of each particle with ellipsometry. In order to be able to continue the experiment
without changing the etchant, DC01 low-carbon ferritic steel was chosen as a new sample.
To achieve the required grain size, the DC01 sample was heated to 850 °C and allowed to cool slowly to
maximize grain coarsening [14]. As a result, 1-3 mm particles were formed. Further studies were performed
in air-conditioned laboratories, the temperature was set to 21 °C everywhere.
2.2. Instrumentation
Spectroscopic ellipsometry illuminates the surface of the sample with a light beam of known polarization
and measures the change in polarization during reflection. The method can determine the phase difference
between the two polarization directions. That makes it is much more sensitive than conventional
reflectometry, so a resolution of up to 0.1 nm can be achieved. The optical density (refractive index) can
also be determined with a resolution of 0.001 [15].
The measurement can be performed at a point in up to a few seconds over a wide spectral range, allowing
the modeling of complex layer structures and the determination of their parameters. Due to the fast
measurement, it is also possible to map larger surfaces in real-time. The samples were placed on a
workbench of a Woollam M-2000 DI rotary compensating spectroscopic ellipsometer with a wavelength
range from 190 nm to 1690 nm. The measurements lasted a total of 2×16 s at each point, with a step size of
175 µm. The spot elongated in the direction of the plane of incidence due to the used large angle of
incidence (70 °).
Ellipsometry is a highly surface-sensitive method. Thus, proper consideration of the surface is paramount
to determine the bulk refractive index of materials. Unfortunately, in this case, it is not possible to assume
that the refractive index of the substrate is the same and only the thickness of the surface layer is different.
Grains oriented in different directions have different optical properties. We created an optical model in
which the steel sample was described with Lorentz oscillators at each measurement point. The wavelength
dependence of the refractive index of the surface layer was characterized by a simple Cauchy dispersion
[16,17].
To record the images of color etching, a DP72 digital camera connected to an Olympus BX51 optical
microscope was used.
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EBSD examinations were performed with a TSL-EDAX EBSD system connected to a Philips XL-30
scanning electron microscope. The slight distortion seen in the pole figures is due to the uncertainties of
tilted image recording at a tilt angle of 70 ° and the correction software.
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3. Results and discussion
After etching, 30 grains were selected on the examined surface, all of which were clearly identifiable on the
surface maps of EBSD and ellipsometry as well (Fig. 1). Comparing the three images, the surface layer of
up to a few hundred nanometers formed on each particle makes each grain well identifiable. The layer
thickness and grain orientation of particles of similar color are nearly the same. An example of this is the
comparison of particles 1 and 3, or 12 and 23. The visual data confirm our previous hypothesis about the
connection between the etching rate and grain orientation [12].

Fig. 1. Optical microscopic image of the selected area on the color etched surface (a), layer thickness map
determined by spectroscopic ellipsometry (b), and inverse pole figure determined by EBSD (c)
Based on the model assuming a homogeneous layer fitted to the ellipsometry results, the refractive index
and thickness of the layer at each measurement point were determined (Fig. 2). Since the size of the smallest
area that can be scanned by ellipsometry is given, the individual grain boundaries can only be clearly
identified if the particles are significantly larger than this.

Fig. 2. Layer thickness (a) and refractive index (b) maps measured by spectroscopic ellipsometry
As published in 2019, the normalized color intensity measured during color etching was of a decaying
cosine nature for each grain. Comparing the intensity curves of the particles with different orientations, the
difference was given by the time required to reach each extreme value. Grains whose orientation was at a
smaller angle to the direction [100] etched faster, thus, they reached individual extremes earlier [12].
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For the light components of different wavelengths (in this study, the colors red, green, and blue), the
correlation between the time required to reach the first minimum on the cast iron sample and the angle
enclosed in the principal crystallographic directions is shown in Fig. 3.a. The strong positive correlation for
the direction [100] suggests that the smaller the closed angle between the [100] and the surface normal of the
investigated particle, the less time it takes to reach the first minimum on the intensity curves, and
consequently the faster the grain is etched.
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Fig. 3. The correlation for cast iron between the time required to achieve the same layer thickness and the
angle of the grain orientation with the main crystallographic directions using different color components (a)
and the correlation for ferritic steel between the grain orientation and the refractive index as well as the layer
thickness (b)
To quantify the visual results of ellipsometry on ferritic steel, we examined the correlation between the
angle enclosed with the main crystallographic directions and the layer thickness and refractive index for the
selected grains (Fig. 3b). The correlation between the angle enclosed with [100] and [111] and the refractive
index and the closely related layer thickness was almost the same as in the previous studies. The inverse
nature can be explained by the larger the angle with the given main direction, the slower the etching, and
consequently, the smaller the thickness of the formed layer. This, in turn, reaffirms the results of previous
measurements and studies.
4. Summary
The refractive index and the thickness of the layer formed during color etching were measured by
spectroscopic ellipsometry, expanding the range of suitable equipment with a new device. The results of the
measurement are in line with previous results. The crystal orientation-dependent etching speed correlates
mostly with the angle enclosed with [100]. The smaller the enclosed angle with it, the faster the etching
proceeds and the thicker the emerging layer. Measurement by ellipsometry also confirmed a smaller but
inverse correlation with [111] and a lack of correlation with [110].
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We report on the growth of ZrO2 films upon the gradual thermal annealing of Zr in the temperature range of
500-700 K. The thickness of the oxide was monitored by in-situ spectroscopic ellipsometry (SE) with
temporal and thickness resolutions of 1 second and 1 nanometer, respectively. It has been observed that the
oxide growing process stops immediately when the temperature is reduced only by a few degrees and this
phenomenon is well reproducible. To describe this, we set up a simple phenomenological model.
Keywords: energy, challenges, abstract, template
1. Introduction

Most studies deal with the initial [1] or final [2] stage of Zr oxidation. The initial stage of oxidation,
starting from a pure crysallin surface, under highaltitude vacuum, examined by a combination of insitu
specroscopic ellipsometry (SE) and X-ray photoelectron spectroscopy, wellcontrolled and understood
process.
There were only a few studies, including our group [3], that dealt with the optical measurement of the
thickness of the oxide, but mainly by ex-situ characterizations on thin films. Here, we use the capabilities of
SE for in-situ characterization with thickness and time resolution in the range of nanometers and seconds,
respectively. These properties allow the development and control of an oxidation model in the thickness
range of a few hundred nanometers. Further knowledge of the oxidation process in this range is essential in
many applications, including nuclear technology and microelectronics.
2. Experimental procedures
2.1. Materials

Zr plates in sizes of approximately 1 cm by 2 cm made of an E125 alloy (Nb content of 2.5%) have been
prepared. The samples have been polished to have an oxide surface layer thickness of only 3 - 6 nm gained
from the ellipsometry az the start of the measurement. Our aim was to prepare a good and reproducible
surface of optical quality that allows to record the ellipsometric spectra without depolarization and that can
well be described by a simple optical model.
2.2 Annealing
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The Zr samples were annealed in an isolated quartz tube in given O2/Ar gas mixture shown in Fig. 1. In
the series of experiment the oxygen concentration was varied between 0% and 20%. A heating ceramic plate
is mounted in the tube so that the surface of the samples placed on the ceramic plate
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Fig. 1. Heat cell constructed for multiple-angle ellipsometry measurements in controlled ambient and
temperature.
coincides with the axis of the tube. This configuration enables the ellipsometry measurement to be
performed at any angles of incidence that is allowed by the equipment (in our case: 45° - 90°).
This setup makes even an automatic sample alignment possible due to that the aligment procedure can be
performed also through the tube. The measurement beam was focused to make sure that the it enters the
tube perpendicular to a surface over the whole spot which has a size of approximately 0.3 mm x 1.0 mm on
the surface of the sample. The heating plate has a tolerance of up to 900 K. The accuracy of the temperature
control is about 0.1 K. In these experiments, the temperature was increased at a rate of 10 K/min. After
reaching a given tempreture – step the heat up was stupped until the oxide growth reached its saturation
point. Immediately following that the temperature controller was turned of for 30 seconds to reduce the heat
level, stopping the growth of the oxide layer immediately. The steps in the heating proceww were
determined to be evenly distributed on the 1000/T scale . These steps were added to support our assumptions
about the mechanics of layer growth. Thickness was determined in real time by ellipsometry during
annealing to accurately control heat treatment times.
3. Discussion
3.1. Model of oxidation

The concept of the growth assumes the formation of dense oxide films on the metal surface by diffusion
of oxygen anions through the oxide layer under the influence of a strong concentration gradient around the
interface. All the free oxygen atoms migrate to the oxide-metal interface and react with the metal. However,
because the anions move to the metal surface and take part in the reaction, they leave a positively charged
region behind. This process continues until the region has a large enough electrical charge to repulse
zirconium cations and prevent to enter the vicinity of the metal surface. Eventually, a tate of equilibrium will
occur producing a “potential barrier" zone. If the region becomes completely depleted, and the oxidation
process is stopped.
3.2. Analysis of the optical measurements

We apply the implified form of the Fick II. diffusion law to express the time dependence of the gradient
of the O- anion flux:
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Fig. 2. Schematic diagram of the kinetic model. The blue curve shows the anion flux (J d) as a function of
depth. The x = 0 position corresponds to the interface between the oxide and the substrate.
where x and cO denotes the thickness of the oxide layer and the oxygen concentration, respectively (Fig. 2).
Using the formalisms used in the physics of semiconductors, we can solve this differential equation and we
obtain for the time dependence:
,

(2)

where δ and α denotes the final thickness of the oxide layer and the growth rate, respectively. A comparison
of this equation and the measurements is shown in Fig. 3.

Fig. 3. Time versus thickness (at 20% O2 concentration), determined from the optical model.
4. Conclusions

A simple phenomenological model has been developed that attempts to compare the parameters of the
transport properties of atomic oxygen (anions) with the kinetic results measured by the SE in the thickness
range (from a few nanometers to a few hundred nanometers) that has not yet been studied in detail. We
have shown that kinetic behavior can be described phenomenologically by the approach used to analyze p-n
nodes in semiconductor physics.
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Microstructure of composition spread YTiO thin films
D. Olasz., V. Kis, P. Petrik, B. Kalas, G. Sáfrán
Materials with perovskite structure are receiving increasing attention in semiconductor research. They have
a chemical formula ABX3, where ‘A’ and ‘B’ are cations and X is an anion that bonds to both. A number of
elements can be combined to form perovskite structure showing a wide variety of physical, optical, and
electrical properties. Perovskite solar cells can be manufactured by simple, additive deposition techniques,
like printing, for a fraction of the cost and energy compared to traditional silicon technology. Recently, the
photoconversion efficiency of perovskite solar cells has exceeded 25%, close to that of silicon (27%) [REF].
From the large family of perovskites, we aimed to produce and characterize the Y-Ti-O system. Thin
composition spread samples were deposited on carbon coated TEM grids by reactive DC magnetron
sputtering of yttrium and titanium in
Ar gas with
O2 inlet. Using
microcombinatory [1], we could produce and examine the oxides of the cations in the whole YxTi1-x
(x=0…1) concentration range in a single sample (Figure 1).

Figure 1: A combinatorial YTiO sample on a TEM grid and its EDS diagram representing concentration of the cations as a
function of distance along the layer.

The microstructure as function of composition was determined by TEM and SAED: at high Y or Ti
concentrations crystalline, while in between an amorphous structure was found (Fig.2).
1/ 47 /52 %

Figure 2. (a,b,c) BF TEM images of selected Y/Ti/O (at%) compositions (d,e,f) the corresponding SAED patterns. Sharp
rings (d, f) show polycrystalline, while diffuse rings (e) represent amorphous structure.
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Crystalline phases were determined by the evaluation of SAED measurements over the whole composition
range with the help of the ProcessDiffraction software [2].
At the Ti surplus side of the sample, rocksalt-type cubic TiO structure (space group: Fm m
)
was formed and the intensity of its characteristic peaks decreases with the increase of Y concentration.
Between Y/Ti/O 14/28/58 and 28/8/64 at% compositions only diffuse peaks are present, characteristic for
amorphous structure. With a further increase of the Y content, at 33/5/62 at% composition, the peaks of the
Y2O3 crystalline phase appears, showing Fm m space group, cubic (
), CaF2 type structure. At
even higher Y concentration (33/5/62) additional small peaks appear representing a Mn2O3 bixbyite-type
cubic structure of Y2O3 (space group: Ia ,
). It has a lattice constant twice as large as the one
mentioned above, and its formation is related to the arrangement of O-vacancies.
To obtain perovskite structure, we will heat treat the samples. Data analysis is ongoing and publication of
the results is planned.
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