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— fraction of dopant

— gadolinia doped ceria

— grazing incidence X-ray diffraction
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— impedance spectroscopy

— incident angle

— incipient wetness impregnation

— inductively coupled plasma

— inductively coupled plasma optical emission spectrometry
— infrared

— initial concentrations of element A in the target material
— initial concentrations of element B in the target material
— initial number of molecules in the evaporated compound
— intermediate temperature

— International Centre for Diffraction Data

— interplanar distance

— ion beam etching

— ionic conductivity

— ionic radius of dopant

— ionic radius of oxygen

— Joint-stock company

— kurtosis, measure of the height randomness and sharpness of
a surface

— lanthanum strontium cobalt oxide

— lanthanum strontium cobalt iron oxide

— lattice parameter

— low pressure chemical vapour deposition

— low temperature

— magnesium-doped lanthanum gallate

— mass of molecule

—micro solid oxide fuel cell

— mobility of the species

— molecular weight of element A

— molecular weight of element B

— N-methylpyrrolidone

— number density

— number of oxygen moles

— oxygen flux

— 0Xygen vacancy

— 0Xygen vacancy
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— physical vapour deposition

— Poisson ratio

— Positive electrode/Electrolyte/Negative electrode

— potential at time t

— powder diffraction files

— pre-exponential factor

— probe spacing

— pulsed laser deposition

— radial frequency

— radio frequency

— radius of the cerium ion

— reactive ion etching

— relative concentration of component i

— resistivity

— response signal

— root mean square roughness, the average of the measured
height deviations taken within the evaluation area and
measured from the mean linear surface

— samarium-doped ceria

— saturated vapour pressure of element A at evaporation
temperature

— saturated vapour pressure of element B at evaporation
temperature

— saturated vapour pressure of component i

— scandia stabilized zirconia

— scanning electron microscopy

— secondary electrons

— simultaneous thermal analysis

— single-lens reflex

— skewness, negative skewness indicates predominance of
valley while a positive value indicates a surface dominated by
peaks

— solid oxide fuel cell

— specific surface area

— strain in (¢, ) direction

— temperature

— the film/wafer thickness

— the spacing between diffracting planes or an iterplanar
distance

— theoretical density of the solid solution oxide

— thermogravimetric analysis

— thermogravimetric and differential scanning calorimetry

— thermogravimetry

— thermogravimetry-differential scanning calorimetry

— thermogravimetry-differential thermal analysis
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— thickness of the electrolyte
—time

— triple-phase boundaries

— ultraviolet

— universal gas constant

— vapour pressure

— voltage; voltage at time t
— wavelength

— wet chemical cleaning method with a base-peroxide mixture

— X-ray diffraction

— X-ray photoelectron spectroscopy
— Young’s modulus

— yttria-stabilized zirconia
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ABSTRACT

This dissertation is dedicated to the development and improvement of the u-
SOFC manufacturing process by applying microelectromechanical system (MEMS)
technologies with respect to the properties of u-SOFC construction elements, such
as electrode (anode and cathode), as well as electrolyte materials and thin films.

The co-precipitation synthesis and incipient wetness impregnation methods
were tailored for the synthesis of YSZ and GDC micro- and nanostructures
(ceramics), further used as a target in the electron beam evaporation technigque for
the deposition of u-SOFC electrolyte thin films. A comprehensive study of ceramics
and thin films was performed and presented.

The deviation of stoichiometry in the evaporated thin films, compared to the
original target (ceramics) composition, was observed. It was shown that
stoichiometry deviations in thin films may reach more than 30%. Synthesized
oxygen vacancy conducting ceramics and thin films evaporated on Al.O; and
SiO,/Si substrates have been studied by impedance spectroscopy. In order to
investigate electrical properties of electrolyte thin films, several configurations of
the Pt electrode were applied.

The photomasks were designed and produced. Also the design of geometry
and technological route of u-SOFC manufacturing process was developed and
tested. The photomasks were fabricated from chromium and soda lime glass. The
manufacturing process involved back-side photolithography, magnetron sputtering
of platinum thin films, electron beam evaporation of YSZ or GDC electrolyte, deep
reactive ion etching of silicon, and, finally, the release of free-standing membrane.
The technological route of the micro-solid oxide fuel cell was modified during an
investigation using direct Ar* ion beam etching of platinum and YSZ or GDC
electrolyte thin films instead of lift-off lithography technique. Test samples of the p-
SOFC three-layered structure, sometimes called PEN (Positive electrode-
Electrolyte-Negative electrode) membrane structures, were fabricated. The cell
diameter was about 2.4 mm with the electrolyte and total cell thickness of about 600
and 1000 nm, respectively.

Suitable conditions and technological parameters for the manufacturing of p-
SOFC test sample were chosen. It was determined that the formation of
positive/negative Pt electrode with appropriate properties, such as structure,
morphology and porosity, is possible through controlling both deposition conditions
(argon gas pressure in the chamber) during the magnetron sputtering process and by
applying additional thermal treatment. It was found that Pt electrodes sputtered at
0.065 Pa argon gas pressure in the chamber and thermally treated at 600°C for 15
min reveal nanopores, which remain open after exposure at 800°C, even with
increasing annealing duration. Thus, optimal conditions and additional thermal
treatment were employed in order to create a PEN structure exhibiting the required
mechanical, thermal stability, structural, and electrical properties.
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INTRODUCTION

Lately, the development of small mobile electronic devices such as
smartphones, laptops, portable digital assistants, camcorders, medical implements,
industrial scanners or drones, usually powered by rechargeable batteries, has
increased dramatically. These devices are projected to increase at faster rate than the
capacity of rechargeable batteries. Therefore, it becomes difficult to supply
reasonable operating time without increasing battery size [1-3].

Thus, the demand for mobile energy is constantly growing in our society and
new generation, high power and long-use power sources are required. One of the
promising and environmentally friendly electrochemical energy conversion devices
is a solid oxide fuel cell (SOFC) [4-6]. It is designed for stationary applications in
high power range, i.e. several 100 kW to the 1 MW region, while state-of-the-art
miniaturized solid oxide fuel cell (u-SOFC) is foreseen for lower power applications
in the range of 1-20 W [2] and may be used in domestic applications of innovative
small scale Combined Heat and Power (CHP) prime movers [7]. u-SOFCs are
predicted to be very attractive electrochemical power sources for portable devices
due to their high efficiency and energy density compared to conventional
rechargeable batteries, such as lithium ion and nickel metal hydride batteries [2,4,8—
10]. Moreover, u-SOFCs are desirable due to the capability of operating on different
handle and secure fuels, such as methane, ethane, and compressed butane [11].

Manufacturing of u-SOFC has been extensively studied in last decade.
Usually, pu-SOFC is  developed by adopting microfabrication, or
microelectromechanical system (MEMS) fabrication techniques [12]. The process
implies bulk and surface micromachining using lithography, wet and dry etching,
and thin film deposition [13]. As a result, any massive fabrication of certain MEMS-
based products requires a comprehensive analysis which would ensure qualitative,
efficient and relatively easy manufacturing of appropriate goods. u-SOFCs consist
of a fuel cell membrane supported on a micromachinable substrate material,
typically on Si wafers. The thickness of the anode/electrolyte/cathode membrane is
in the micron range, requiring thin film preparation methods for the electrodes and
the electrolyte with film thicknesses of not more than several hundred nanometers
each [14]. Therefore, the design and geometric solutions of the p-SOFC
manufacturing, as well as properties of materials used in the nanometre range are
crucial at this time.

Despite the aforementioned advantages of u-SOFC, the commercialization of
the technology and practical application of u-SOFC systems has not fully succeeded
[15]. They have extremely short lifetime, mainly due to the instability of nano-
porous metal electrodes. In addition, free-standing membranes frequently buckle
or fracture during fabrication and operation, thus the survival probability of the
free-standing membrane upon thermal cycling is poor. These problems may arise
mainly due to the low thermal expansion coefficient of Si substrate. More efforts
are now being made to increase the stability of the cell. In respect of stability
control, the supported-membrane design is superior because it can provide the
mechanical strength required to support the thin-film membrane. Although various
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designs, geometrical solutions and material preparation methods have been
proposed, some problems, such as mechanical, chemical or thermal stability related
to high operating temperatures of the cell still remain. Recently, SOFC and pu-SOFC
systems have existed only as prototypes due to high cost and long payback period
for consumers and are still not competitive in the energy market [15]. As mentioned
earlier, the main problem is related to high operating temperatures of these devices.
Due to high temperatures, special materials are required, especially for high
temperature sealing and current collection [15]. To sum up, high cost and
technological immaturity of fuel cells relate to the expensive materials and
techniques used in the process of cell manufacturing as well as maintenance. Due to
the fact that all the degradation mechanisms are based on thermally activated
processes, the considerable lowering of operation temperature in combination with a
miniaturization of the device may diminish the aging issues [11].

As a result, the search of new and inexpensive materials exhibiting appropriate
properties, as well as synthesis methods which could reduce the overall cost are of
potential interest. However, conventional zirconia- and ceria-based ceramics used as
electrolytes in the u-SOFC manufacturing process are irreplaceable materials and
still widely used due to their stability and sufficiently high ionic conductivity at
reducing environments compared to the new materials [16]. Various advanced
synthesis techniques may be employed for the fabrication of electrolyte ceramic
powder. However, the choice of the synthesis route may influence the properties of
materials, moreover — fuel cell performance and definitively cost. In this research,
significantly low-cost co-precipitation synthesis method was applied obtaining
electrolyte materials. It was shown that this method leads to an easier synthesis of
electrolyte ceramics with the required properties by changing a process parameter,
e.g. pH value of the solution. The structural and electrical properties of obtained
ceramics were thoroughly investigated by varying the concentration of the dopant.
In addition, a simple impregnation method was tailored.

In the development of u-SOFC systems, high quality, ionic conductivity, and
dense electrolyte thin films are required [17,18]. Preferably, an ultra-thin and dense
electrolyte membrane is deposited on a Si wafer and electrodes are placed on the
electrolyte membrane after removing the Si by lithography and etching [19].
Various effective deposition techniques, such as pulsed laser deposition (PLD),
magnetron sputtering, electron beam evaporation (EB-PVD) or other physical (or
chemical) vapour deposition techniques may be employed for the fabrication of
electrolyte or electrode thin films in the sub-micron range. EB-PVD technique was
tailored for the formation of electrolyte thin films in this research. There are some
challenges related to the evaporation of composite material; however, the significant
advantages, such as high deposition rates, simple operation and, most importantly,
the possibility to form dense, crystalline thin films of electrolyte material with a
columnar structure on large areas desired for pu-SOFC electrolyte applications,
overcomes disadvantages.

Now, as energy issues are at the forefront of current events, fuel cell technology
is ripening and on the verge of being ready for large-scale commercial
implementation [16]. Since recent high priority is paid to search for new electrode,
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electrolyte, and support materials used in the u-SOFC manufacturing process, it is
necessary to improve the electrical and ionic conductivity properties as well as
catalytic activity of conventional and still irreplaceable and excellent performance
materials. This thesis reviews the synthesis of conventional electrolyte materials
currently used in the fabrication of p-SOFC electrolyte thin films, together with the
design and manufacturing of the cell. To sum up, this dissertation covers the
properties of u-SOFC construction elements involving electrolyte and electrode
materials as well as thin films with a focus on requirements for manufacturing of p-
SOFC membrane structure. Microstructure, electrical properties, chemical
composition behaviour of materials, and thin films were comprehensively reviewed.

Motivation

Micro-solid oxide fuel cells (u-SOFCs) are considered promising power
sources for portable devices which occupy a major part of the energy market. The
widest application of pu-SOFC should occur approximately after 20 years. The
implementation of u-SOFC in the industry is still complicated due to high cost and
operating temperature, also a complex manufacturing process. Moreover, new or
improved conventional materials along with the manufacturing of high performance
thin films are required.

Thus, the desire of this type of energy has motivated research on the
development and improvement of the u-SOFC manufacturing process with respect
to the study of materials and formation of p-SOFC construction elements (electrodes
and the electrolyte). In terms of materials, it was aimed to improve the ionic
conductivity of the electrolyte at a lower temperature and to provide a stable device.
The achievement of these goals would mean a technological breakthrough and a
further step towards industrial production of u-SOFC [15].

Research objective

The aim of this work is to develop a manufacturing process for the multi-
layered membrane of micro-solid oxide fuel cell (u-SOFC) with respect to the
synthesis of metal oxide materials, formation of thin films, and application of
microelectromechanical system processing.

Tasks of the dissertation

1. To apply the co-precipitation synthesis and impregnation technique in order
to synthesize ceramics with appropriate properties necessary for u-SOFC electrolyte
material, and to use these electrolytes in the thin film manufacturing by electron
beam evaporation technique with respect to the chemical composition of the
ceramics (target).

2. To characterize the structural and electrical properties of synthesized
electrolyte materials and electron beam evaporated thin films.

3. To adjust the magnetron sputtering process for the formation of p-SOFC
electrode (anode and cathode) thin films with the required structure, morphology
and electrical properties by varying the magnetron sputtering process parameters and
applying additional thermal processing.
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4. To contribute to the development of the technological route for the
production of u-SOFC multi-layered membrane structure by using thin film
deposition and microelectromechanical system (MEMS) processing techniques.

Scientific novelty of the work

1. The electron beam evaporation technique was successfully applied for the
deposition of high quality and manageable chemical composition thin films which
may be used as the electrolyte in u-SOFC (thickness up to 1 um) by changing the
elemental composition of the target material in the evaporation process.

2. A comparative analysis of methods for measuring the impedance
spectroscopy of electrolyte thin films in the wide range of frequencies was
performed.

3. An original technological route for manufacturing the pu-SOFC multi-
layered membrane structure compatible with the thin film formation and
microelectromechanical system technologies was proposed.

The key statements of the dissertation

1. The co-precipitation and incipient wetness impregnation for the synthesis
of electrolyte materials (yttria stabilized zirconia, gadolinia doped ceria, and yttria
stabilized zirconia doped ceria) are suitable methods which ensure the precise
control of elemental composition. The synthesized ceramics may be further used as
target materials in the electron beam evaporation technique.

2. In the application of impedance spectroscopy measurements for electrolyte
thin film analysis it is necessary to correctly select the configuration of electrodes.

3. Magnetron sputtering deposition, electron beam evaporation and following
thermal annealing conditions to produce three-layered positive electrode-electrolyte-
negative electrode structure were identified.

Structure of the dissertation

This dissertation is organized as follows. Chapter 1 presents the literature
review. It covers the work principles and the existing designs of p-SOFC; materials
and their requirements; synthesis routes; the formation of electrolyte and electrode
thin films and finally, an overview of the technological routes for the manufacturing
of u-SOFC.

Chapter 2 presents the materials, provides short descriptions and experimental
details of the basic technological and analytical methods used in this thesis.

The obtained results are divided into three parts and presented in Chapter 3 as
follows: the first part is devoted to the development and characterization of
electrolyte materials and the preparation of thin films; the second part is related to
the characterization and formation of electrodes in a form of sputtered thin films;
and the third one reveals the development of technological route designed for
manufacturing pn-SOFC.

Chapter 4 gives an overall discussion, conclusions and reviews potential
improvements for the future technologies.
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16.
1. LITERATURE REVIEW

1.1. Micro-solid oxide fuel cells

The search for new energy production technologies as alternatives to fossil
fuel combustion needs to consider renewable sources [3,8,15]. Unlike conventional
electric energy generators, fuel cells are electrochemical devices which convert the
chemical energy of a fuel directly into electrical energy with an additional amount of
valuable heat energy [15]. The essential difference between fuel cells and ordinary
batteries is the origin of the power. Depending on the supply of the fuel as H; and air
(O,) to the element, the fuel cell will continue to generate power, i.e. the open
energy system is created; while batteries can’t be replenished, i.e. there is a closed
energy system.

There are many types of fuel cells, but generally, they all consist of an anode,
a cathode, an electrolyte, interconnect and sealing materials [5,8,15,16,20]. The
main difference among the fuel cell types are the nature of the electrolyte. It can be a
polymer, a liquid or a ceramic. Depending on the choice of electrolyte, the material
requirements, the operating temperature, the fuel and even geometry of the fuel cell
differ. If the operating temperature of the fuel cell is over 600°C, the use of
hydrocarbon fuels, such as methane or propane that is reformed into hydrogen
within the cell during internal gas reforming process, is possible. Furthermore, high
operating temperature carries the advantage to reach a better overall efficiency due
to transforming the exhausted heat into energy [11]. However, high temperature is a
major disadvantage when considering to involve fuel cells to the market (industry).
Therefore, researchers devote their considerable efforts to reduce the operating
temperatures. Low temperature fuel cells have the advantage of smaller
requirements for material properties, such as resistance to corrosion and thermal
dilatation [11].

Solid-oxide fuel cells (SOFCs) reveal extremely high net efficiency,
approaching 70%, compared to the other type of fuel cells. According to the
operating temperature, SOFC can be classified into low temperature (LT), high
temperature (HT) and intermediate temperature (IT) SOFCs. This element is
composed of three basic active layers: the porous anode (negative electrode) and the
porous cathode (positive electrode) which are separated by a dense oxygen-ion
conducting electrolyte. This tri-layer structure is referred to as the Positive
electrode—Electrolyte—Negative electrode (PEN) element.

Currently, state-of-the-art miniaturized micro-solid oxide fuel cells (u-SOFCs)
are of potential interest due to their unique properties and widest possible
application in portable devices. They differ from the conventional SOFCs in size,
i.e. the overall size for key components, such as p-SOFC membrane (three-layered
PEN structure) is down to sub-microns. Miniaturization leads to a decrease ohmic
losses which are linearly dependent on the thickness of the electrolyte, i.e. the
diffusion length of the oxygen ions [13], thereby to enhance the total efficiency.
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Fig.1 displays the performance of u-SOFCs comparing specific energy and
energy density with respect to other portable energy-delivering devices, e.g.
conventional batteries [5].
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Fig. 1. Specific energy (per mass of device) and energy density (per volume of device)
of several portable energy sources [5,11] (Note: u-PEMFC is micro-proton exchange
membrane fuel cells, u.-DMFC is micro-direct methanol fuel cells, NiMH is nickel-metal
hydride

Due to the fact that u-SOFCs are significantly smaller and lighter compared to
other portable energy devices, they provide a higher output with the same
dimensions as conventional lithium-ion batteries, or reduce the weight and
dimension without decreasing the power output [13]. Moreover, u-SOFCs
manufactured using nanoscale thin film electrolytes have shown great promise as
portable power sources because of their high performance at drastically reduced
operating temperatures, i.e. below 600°C [21], while the conventional SOFCs
operate at temperatures around 1000°C [13,22]. This allows diminishing the
difficulties associated with material stability.

1.1.1. Principle of work

The operation mechanism of pu-SOFCs is the same as conventional SOFCs.
The principal scheme of operation is demonstrated in Fig. 2.

Basically, the PEN element is a membrane which separates two different gas
atmospheres [11,23]. The fuel and oxidant gases (or air) flow through the surface of
the anode and cathode, respectively. Electrochemical reactions occur in the three-
phase-boundary (TPB) region determined at the gas-electrolyte-electrode interface
[16,24]. In other words, when hydrogen and oxygen are used as fuel and oxidant,
respectively, the chemical reactions in a fuel cell involve the oxidation and reduction
of oxygen at the electrodes, i.e. oxidant is reduced at the cathode and fuel is oxidized
at the anode side.
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Fig. 2. The principal scheme of n-SOFC operation

One oxygen molecule in contact with the cathode/electrolyte interface
catalytically acquires four electrons from the cathode and splits into two oxygen
ions. These ions diffuse into electrolytes and migrate towards the anode due to the
oxygen partial pressure difference between the cathode (high p) and anode (low p).
O ions contact with the fuel at the anode/electrolyte interface and catalytically
react, producing water, carbon dioxide and heat as by-products. Four electrons are
released as well, which pass through the anode to the external circuit and back to the
cathode providing a source of useful electrical energy in the external circuit.
Summarizing, the overall chemical reactions in a fuel cell can be written as follows:

0, + de~ = 202~ 1)

2H, + 202~ = 2H,0 + 4e™. )

A p-SOFC element generates the electromotive force (emf) or reversible
(thermodynamic) voltage, E,, which can be expressed with the Nernst equation:
_ RuT Tlpc{:af} .
"7 nF pa(02)°
where Ry is the gas constant (8.3145 J/mol.K), T is the temperature (K), n is a
number of oxygen moles, F is the Faraday’s constant (96485 C.mol?), p.(O,) and
pa(O2) are partial pressures of oxygen at the cathode and anode electrodes,
respectively (Pa).
Hydrogen which is usually obtained from either light hydrocarbons, such as
ethane, methane, propane, butane etc., as well as heavier ones, like gasoline, diesel,

bio-fuel, etc. can be used to feed a u-SOFC. However, solid or liquid fossil fuels
need to be gasified before they can be used as a fuel [16].

3)
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1.1.2. The architecture of pn-SOFC

An electrolyte sandwiched between two porous electrodes serves as the basic
block of a fuel cell [9]. Due to some challenges concerning a relatively high
operating temperature and complicated packaging, the architecture of pu-SOFCs is
still under development. Scientists from Europe, Asia and the USA devote their
efforts to create two basic (planar and tubular) designs of such micro-fuel cell,
which identically include substrate (e.g. silicon), anode (Ni-YSZ, Pt, etc),
electrolyte (YSZ, GDC, SDC, etc.), cathode (Pt, lanthanum compounds), current
collectors (Ag, Pt, etc. pastes) and several other elements [3,15].

Planar and tubular designs may consist of one or several single cells per
stacking unit, i.e. on a single tube or in a single film. Moreover, the planar designs
can be divided into cells with thick (electrolyte-supported) or thin (anode-supported)
membranes as well as into stack systems with metallic or ceramic interconnect
material [25]. Although a planar design is more applicable in portable devices, the
micro-tubular SOFC are also widely developed [8,26,27].

Generally, the principal structure of any planar design u-SOFC can be
illustrated by the following scheme (see Fig. 3).
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Fig. 3. Possible schematic designs for planar construction of PEN element (here PEN
stands for Positive electrode-Electrolyte-Negative electrode)

In a case of producing a planar u-SOFC, the substrate plays an important role.
The materials used as substrates in u-SOFCs should be inert so as to avoid poisoning
of thin electrochemically active films deposited on them, moreover, they should also
be thermally and mechanically stable within the p-SOFC manufacturing and
operating temperature range [5]. The opportunity to be etched is a basic requirement
for all substrates. Very often, the substrates used in the manufacturing process are
made up with additional sacrificial layers to enhance the mechanical stability of the
cell during the process [28-30]. Suitable geometric shapes inside the structure
should allow free electrochemically active cell components for a supply of gas to
both an anode and a cathode. There are such substrates available on the market:
silicon wafers, glass-ceramics (Foturan) and metallic nickel [1-5].

1.2. Materials and thin films for u-SOFC
1.2.1. The electrolyte

The performance of SOFC and p-SOFC strongly depends on the quality of the
electrolyte. Generally, electrolyte materials have to satisfy requirements such as high
ionic and low electronic conductivity [2,11], chemical stability in both oxidizing and
reducing environments, good mechanical properties and long-term stability with
respect to dopant segregation [31]; they also have to be chemically and mechanically
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compatible with other fuel cell components, e.g. electrode materials [32-34]. Good
ionic conduction of oxygen ions and a block of conduction of electrons is needed to
minimize cell impedance and leakage currents, respectively. Therefore, the control
of the concentration and mobility of ionic and electronic charge carriers is critical
[32].

Maximum ionic conductivity can be achieved by optimizing the electrolyte
composition, microstructure, and processing. As a result, the choice of materials and
synthesis routes, also processing stages and conditions are particularly important.
Hui et al. [33] summarized the major sources of ionic carriers in oxides and their
mobilities, as well as evaluated the correlation of composition, microstructure,
processing, and electrical conductivity in polycrystalline materials (Fig. 4).
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Fig. 4. An example of the major sources of ionic carriers in oxides (a) and the
correlation of composition, microstructure, processing, and electrical conductivity in
polycrystalline materials under given temperature and surrounding atmosphere (b) [33]

Hence, for a better understanding of a good operation of the u-SOFC element,
ionic conduction mechanisms in the electrolyte, and the properties related to the
microstructure have to be emphasized. Generally, electrolyte operation is related to
the oxygen-ion transport through the doped crystal lattice [24,35]. This
transportation of ions occurs via a lattice-hopping mechanism, where the oxygen
ions move into vacancies. Due to the fact that oxygen concentration on the cathode
side is higher than on the anode side in p-SOFC, the gradient that drives the ion
transport from cathode toward anode appears [24].

The transport of oxygen ions through the electrolyte can be described with the
Wagner theory [34]:

i R.T Fo.1
i(0,) = ———05.1 oy B 4
j{' _} 4‘_F_Lo_ﬂ H(Pﬂyﬂj ( )

where j(O.) is the oxygen flux (mol/m?2s), R, is the gas constant, T is temperature, F
is the Faraday constant, L is the thickness of the electrolyte (m) and Py, , and Py, »

are partial oxygen pressures at both sides of an electrolyte, respectively. The
ambipolar conductivity then can be expressed as:
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where i and ¢ are ionic and electronic conductivity, respectively. The most
important property for SOFCs electrolyte ionic conductivity can be defined as:

Oy = Ny (6)
where ;i is the charge, n; is the number density and i is the mobility of the species.
Eqg. (6) evidently shows that the ionic conductivity is directly proportional to
density, charge and mobility of the species.

The best known and most applicable solid electrolytes for SOFC are ceramics
with a fluorite-type structure, such as zirconia- and ceria-based materials, i.e. yttria-
stabilized zirconia (YSZ) or gadolinia-doped ceria (GDC) [36].

For more than 90 years, zirconia has been known as a good oxygen conductor
at high temperatures (800—1000°C) [16], whereas, the applications of pure zirconia
are limited due to the polymorphism [37]. Zirconia has two phase transition points
[38] and may exist in three different crystalline phases: monoclinic at room
temperature, tetragonal at about 1170°C, and cubic fluorite structure (Fm3m) above
2370°C [34,37,39,40] (see Fig. 4, a). A monoclinic phase is not suitable for high-
temperature applications due to the volume expansion during the transformation
from a tetragonal to a monoclinic phase [40]. In the case of zirconia-based systems,
the cubic polymorph, as noticed, has the highest ionic conductivity and can be
stabilized at room temperature by adding such aliovalent oxides as, e.g., Y20s,
Smy0s, Sc.0;, Ce205, CaO, MgO, LayOs, etc. [32,33,39]. The properties of an
electrolyte can be strongly influenced by the concentration and type (ionic radius) of
the dopants, which transform the parent lattice and may have the biggest effect on
the conductivity. Sc** is the most effective among all mentioned dopants; however,
the initial high conductivity in scandia-stabilized zirconia (ScSZ) is followed by, at
first, a rapid and then a gradual drop in conductivity [33].

Zirconia stabilized with 8-9 mol% yttria (YSZ) reveals a cubic phase structure
and it is a proven solid electrolyte, demonstrating mainly ionic conductivity over a
wide range of oxygen partial pressures [34], whereas doping up to 3 mol% exhibits a
monoclinic structure. YSZ in the range of 3-5 mol%, leads to form a tetragonal
phase or a mixture of tetragonal and cubic phase [38]. In some cases, tetragonal
phase zirconia has also been added to YSZ in order to strengthen the electrolyte
structure, therefore the thinner materials can be produced [16].

The ZrO,-Y,03 phase diagram and formation of YSZ cubic fluorite structure
are illustrated in Fig. 5.

Fig. 5 (b) evidently shows that the cubic fluorite structure has a face-centred
cubic (FCC) zirconia lattice with a cubic oxygen lattice placed in the FCC lattice.
Zr* cations occupy the tetrahedral sides, while O anions the octahedral sites. The
residual octahedral sites are occupied by the Zr** cations [34].

The most commonly used composition for the YSZ electrolyte in SOFCs as
well as u-SOFC is (Y203)0.0s-(Zr0O2)0.92, because the material possesses an attractive

g, =——:
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level of oxygen ion conductivity, stability in both oxidizing and reducing
environments, and compatibility with the electrode materials [33,34].
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Fig. 5. (a) the phase diagram of yttrium stabilized zirconia [41]; (b) the structure of
partially stabilized zirconia lattice [42]

However, at low operation temperatures (lower than 600°C), the ionic
conductivity of YSZ is much lower than that of ceria-based electrolytes, such as
gadolinia-doped ceria (GDC), samarium-doped ceria (SDC) or bismuth-based oxides
and lanthanum gallate-based electrolytes, such as strontium, magnesium-doped
lanthanum gallate (LSGM) [31,33,36,43] (see Fig. 6).
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Fig. 6. Conductivity as a function of time of the most commonly used electrolytes for
SOFC [43]

Alternatively to YSZ, ceria-based electrolytes, i.e. GDC, are more suitable for
low-temperature applications, but it is known that ceria is reducible due to the
reduction of Ce** to a Ce®" state [16]; hence it becomes electronically conductive at
higher temperatures. Its reducibility results in the failure of electrolyte material at
higher than 750°C temperature [44]. However, regarding the objective to decrease
the operating temperature of u-SOFC by reducing the thickness of the membrane,
GDC electrolyte exhibits much better properties than YSZ at the temperatures lower
than 600°C. Moreover, due to the superior properties, such as high ionic
conductivity and low activation energy [45], ceria-based electrolytes are often used
as additives to enhance the performance of SOFC cathodes and anodes [46] or used
as an interlayer [12] or bi-layer electrolyte material [16,47].

Generally, in both YSZ and GDC ceramics, a large concentration of oxygen
vacancies (defects) are created by the substitution in the lattice of ions of lower
valency than the predominant cations [11,48,49]. Moreover, it is generally
recognized that the most effective aliovalent ion addition seems to be determined by
the relationship between the ionic radii of the additive and the parent lattice [24]. In
addition, the cubic fluorite structure is also stabilized [23]. The defect reactions of
YSZ and GDC are the following [11]:

Zris
Y205 — 2%, + V5 + 302 (7)
Cals
Gy 05 — 2Gd L, + V5 +30%; 8)

where 1}, is the oxygen vacancy and point defects, ¥z, and Ge,. In the GDC
structure, identically to YSZ, the Gd** cations replaced the Ce** cations located on
the plane of the Ce** lattice thus creating vacancies. In the fluorite unit cell structure,
the Ce** cations occupy the FCC lattice sites, while the anions (O?") are located at
the eight tetrahedral sites [50].

Alternate electrolyte materials mentioned above, e.g. bismuth, lanthanum
gallate-based electrolytes, etc., exhibited some shortcomings, such as poor stability
at low oxygen partial pressures, reducing their suitability [16], reducibility losing
their electrolytic properties; they also tend to become volatile and be chemically
reactive with electrode materials [36].

Recently, more efforts have been dedicated to the synthesis of ionic
conductive electrolyte materials [6,33,40,51,52]. However, regarding the reliability
and well-known characteristics, zirconia- and ceria-based ceramics are still widely
used as electrolytes for SOFCs and u-SOFCs. Many works have studied the ionic
conductivity properties of both YSZ and GDC, even investigating the effect of the
Y203 and Gd.Os; additions on the ionic conductivity of these materials, respectively
[20,40,49,53,54], etc. However, some problems concerning the application of
synthesized materials still occur. In order to synthesize electrolyte materials with the
required properties, such as microstructure, ionic conductivity, mechanical, chemical
and thermal stability for further application in the manufacturing of p-SOFC, e.g. in

38



the preparation of thin electrolyte films, new or simplified synthesis routes with
optimized processing conditions are necessary.

1.2.1.1. The methods of electrolyte ceramics synthesis

The microstructure, mechanical, chemical and electrical properties of
electrolyte ceramics can be designed using different chemical routes. A number of
advanced synthesis methods have been used for the synthesis of YSZ and GDC
ceramics, including solid-state reaction [55], sol-gel process [56], combustion [6],
hydrothermal synthesis [57], polyol synthesis [45,58], wet impregnation [15,59],
acetic-acrylic method [60] as well as co-precipitation from nitrates [49,54,61,62],
oxalates [63,64] and acetates [65,66], spray pyrolysis [9], plasma spray [10],
hydrothermal [11], solvothermal [12,60], molecular decomposition [13], microwave
synthesis [14], etc.

Due to low manufacturing cost and simplicity, the most common synthesis
adopted for the preparation of ceramic compounds is the solid-state reaction
[55,67,68]. However, a high calcination temperature, poor compositional
homogeneity, small surface area, uncontrollable particle size distribution, along with
poor sintering of the products [69] leads to degraded quality of ceramics and
electrolyte thin films, even if these ceramics are further used as a target for the
fabrication of thin films. The methods mentioned above overcome these
disadvantages because of atomic scale homogenous mixing of raw materials, which
ensures a lower synthesis temperature and, at the same time, the cost of production.
Moreover, the control of some characteristics of ceramics, such as the particle size
and distribution, particulate morphology and surface area [69], allows to enhance the
quality and durability of thin films.

Compared to the other techniques, the co-precipitation (CP) synthesis method
has the advantages of good control of the starting material and the processing
parameters, low temperature of the process and high purity and homogeneity of the
product due to the possibility to control the starting solution [69]. The control of the
initial material synthesis process is essential for the preparation of electrolyte
material with the required properties: crystalline structure, crystallite size,
distribution of grains [63,64]. This can be achieved by changing the synthesis
parameters, such as deposition rate and duration, precipitation material and
precipitator concentration, stirring speed, residue solubility, ambient pH,
temperature, etc. [69].

Among the tremendous chemical synthesis routes used for the preparation of
u-SOFC materials, an impregnation method, e.g. incipient wetness impregnation
(IWI) [70], can be used for both electrolyte and electrode materials preparation, even
for straightforward compounds, where the precise stoichiometry is not necessary.

This dissertation focuses on the study of conventional YSZ and GDC
electrolyte ceramics with varied concentration of the dopant, i.e. Y203 and Gd.0Os,
respectively, synthesized via CP synthesis method from acetates. The main goal of
the use of CP synthesis was to synthesize electrolyte targets applied in the EB-PVD
technique, in order to deposit the electrolyte thin films of the required composition.
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The combination of YSZ and ceria (CeO.-YSZ) materials was produced and
characterized.

1.2.1.2. Manufacturing of an electrolyte thin film

Another important issue of electrolyte synthesis is the fabrication of electrolyte
thin films used in the n-SOFC [17,28,47]. The reduction of electrolyte thickness by
improving the resistance is another important way to lower the operation
temperature of u-SOFC. However, it should be emphasized that the properties of
dimensionally reduced systems, such as thin films, are modified due to the fact that
they often consist of nano-crystalline grains and exhibit high density of grain
boundaries thus revealing different behaviour of conductivity and thermal stability
compared to micro-crystalline solids [4,38,39,71-75], etc. Thus, studies dealing with
grain and grain boundary effects are important [76].

For the preparation of thin films, both chemical (CVD) and physical vapour
deposition (PVD) techniques can be applied. PVD is more favourable then CVD due
to the lower process risk and cheaper material [77]. While, the deposition of thin
electrolyte films using the electrophoretic technique has received potential interest in
recent years [78]. Many studies have been done, for example [13,17,39,79-83],
employing vacuum deposition techniques for the production of electrolyte thin
films. PVD techniques have some challenges, e.g., relatively high cost and
complexity, however by using them, very thin and fully dense films can be produced
on either porous or dense substrates [5,83], which may enable higher power
densities to be achieved. PVD processes can be used to deposit films of elements
and alloys as well as compounds using reactive deposition processes [84].
Moreover, films can be formed at temperatures much lower than it is required in
traditional ceramics processing [80]. Unfortunately, the film’s stoichiometry is
found to be difficult to control because of the deposition of composite material
[47,85].

For optimum performance of u-SOFC, the electrolyte has to be of a dense
structure avoiding gas permeation from one side to the other. Moreover, films
should also be uniformly thin to minimize ohmic losses, and exhibit high oxygen ion
conductivity [16]. Another issue in terms of nano-crystalline thin film are stresses
within the films [4] caused by thermal expansion mismatch between the substrate
and the film; or phase-transformation-induced stresses [86]. These stresses may
cause mechanical and thermal stability failures during the operation of p-SOFC.
Therefore, in order to ensure satisfactory performance of the cell, the choice of the
deposition technique and experimental conditions, initial materials and substrate has
to be considered.

The most common techniques for the formation of u-SOFC electrolyte are
magnetron sputtering, atomic layer deposition (ALD), and pulsed laser deposition
(PLD), while e-beam evaporation (EB-PVD) of complex materials is thought to be
complicated and, therefore, is rarely used [47]. However, compared to the other
PVD methods, the EB-PVD technique has the advantages of high deposition rate
and large deposition area [83][87]. Using this method, any type of refractory
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materials, such as most ceramics, glasses, carbon, and refractory metals can be
evaporated [84].

Rupp et al. [88] demonstrated that grain size, thereby grain boundaries effect
the microstructure and electrical properties of GDC thin films formed by using the
spray pyrolysis and PLD technique. It was shown that the activation energies of
ionic conductivity decrease with decreasing grain size from the micro- to the nano-
crystalline scale, independently of the chosen preparation method. Infortuna et al.
[89] presented the variation of YSZ and GDC thin film microstructure and growth
behaviour with respect to pressure and temperature used in the PLD process (see
Fig. 7). The trends of pressure and temperature effects on the thin film’s
microstructure were obtained as well by using other PVD techniques.
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Fig. 7. The influence of pressure and temperature on the YSZ and GDC thin film’s
microstructures [89]

Generally, it is evident that thin films formed at low pressure exhibit
disordered but coherent grains at low temperatures (Fig. 7, A), and strongly ordered
grains at higher temperatures (Fig. 7, B). Maintaining the corresponding conditions,
thin films formed by PLD technique exhibit microstructures similar to those
obtained by sputtering. At high pressure, stable crystalline clusters nucleate in the
supersaturated plasma of the plume. They collect on the substrate in a loose structure
and pores form because of the shadowing effect at low temperature (Fig. 7, D). Both
high pressure and temperature causes the “dissolution” of the clusters in columnar
grains including the entire thickness of the film (Fig. 7, C). The shadowing effect
prevents full densification of the microstructures and thus voids remain between
grains [89]. In conclusion, the management of the deposition conditions leads to an
improvement of quality, properties and microstructure of thin film.

There are only a few studies where the EB-PVD technique is applied for the
formation of electrolyte thin films. Laukaitis et al. [80,81,87,90] has reported studies
representing the influence of the EB-PVD operating technical parameters, e.g.
deposition rate, e-beam gun power, substrate heating temperature, etc. on the GDC
and YSZ electrolyte thin film growth behaviour, microstructure and crystallite sizes,
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and assessed the impact of the substrate on these properties. However, the authors
formed relatively thick films, i.e. thicknesses varied in the range of 1.5-5 um.
Huang et al. [79] presented the effects of different substrate heating temperatures
during the EB-PVD processing on the crystalline structure, the lattice constant, the
grain growth, and the strain of YSZ thin films (thickness of about 600 nm). The
authors observed that the lowest strain of the YSZ film was obtained when the
heating of the substrates reached 200°C. In all aforementioned studies, the target
material used in the EB-PVD was prepared from commercially available ceramic
powder. While, Hong et al. [83] presented the formation of GDC thin films
evaporated from the target synthesized by ammonium carbonate CP method.

From another point of view, there is a limited number of studies concerning
the evaluation of stoichiometry deviations in the deposited thin films with respect to
the initial target (composite oxide material) [91,92]. However, it is an essential and
related to effective operation of the electrolyte, as well as performance of pu-SOFC.
Saporiti et al. [91] showed that PLD technique is well suited to the formation of
well-adhered to the substrate electrolyte thin films due to the possibility to produce
thin films with the same stoichiometry as the target was. However, it is difficult to
control the surface morphology as well as porosity of the film. Uhlenbruck, et al.
[92] employed magnetron sputtering and EB-PVD technique for the fabrication of
GDC electrolyte thin film. The authors summarized that the measured ratio of Ce
and Gd of the GDC thin film corresponds almost exactly to the theoretical value of
the target composition despite the deposition temperatures. While Sanghoon Ji et al.
[93] showed that the chemical composition of deposited thin film depends on the
target material and substrate temperature during the deposition process. In addition,
Rachmat Adhi Wibowo et al. [85] explained the deviation of chemical composition
due to the different sputtering yield or re-evaporation process during the deposition.
However, the lack of stoichiometry in electrolyte thin films produced by EB-PVD
technique has not been sufficiently studied. Hong et al. [83] described the
stoichiometry in evaporated thin films (thicknesses varied as follows: 1, 3 and 5
um). According to the energy dispersive X-ray (EDX) analysis of the films, the
chemical composition of GDC film slightly differs from GDC bulk powder, i.e.
GDC thin film appeared to have more Gd content and less Ce content than the
evaporating GDC powder. The observed deviations from the bulk material
composition show different evaporation behaviour of each component. The authors
concluded that the Gd content in the evaporating GDC powder should be controlled
to obtain a thin film of the required composition. Paek et al. [17] presented the
deviations in stoichiometry of thin films deposited by different PVD techniques, i.e.
ALD, PLD and sputtering. While Sanghoon Ji et al. [93] presented the dependence
of chemical composition of thin films on the target material and substrate
temperature.

According to the theoretical framework [94-96], there are many factors which
may influence the deviation of chemical composition in the condensed thin films
compared with the target material. The evaporation of multinary compounds which
may create solid solution is complex, particularly if the elements (generally, metals)
of the compound are very close to each other on the periodic table. The complexity

42



of the evaporation process occurs due to a different evaporation temperature and
evaporation rate of the individual component at the same process temperature.

The evaporation rate is also directly related to the furnace pressure. The
pressure exerted by the vapour of a liquid in isolated space is called its vapour
pressure and depends on the temperature. The vapour pressure differs for all
substances at any given temperature, but each substance has a specific vapour
pressure for each given temperature [95]. Metals evaporate as a function of
temperature and vacuum level. High vacuum conditions lead to greater evaporation
rate. Eq. (9) can be used to determine the evaporation rate [95]:
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where evaporation rate, Fmax; Vapour pressure, py; temperature, T; molecular weight,
M. In a case where the element is part of a metal alloy system, the vapour pressure
relationship will change, i.e. the total vapour pressure of the alloy is the sum of the
vapour pressures of each constituent times the percentage in the alloy [95].
Generally, the evaporation rate of the compound can be expressed as follows

[94]:
F =%;F; (10)
where the evaporation rate of a separate component, F;, which can be described as:
_ i fiCi pai,
Fi - VITmkT (11)

where « is the evaporation coefficient; ps is the saturated vapour pressure of the i
component; m is the mass of molecule; k is Boltzmann’s constant; T is the
temperature; C; is the relative concentration of the i component; f; is the activity
coefficient of the i component. The later coefficient is equal to 1 only for the ideal
substances (Raoult’s law). However, many compounds have f; = 1 which also
depends on the concentration of an indivudual component. Due to this reason,
different elements evaporate at different rates during the process and the chemical
composition of the condensed material may vary compared to the target material.
After equilibration, the difference between the composition of vapour and
condensed phases can be expressed as:

c f_A@(M_ﬂ)i i _ % (12)

C&; repE:s\Ma/ c§ cE’

where the concentration of elements A and B in the vapour phase, Ciand Cjz,
respectively; the concentration of elements A and B in the condensed phase, C5and
Cg, respectively. Then, value of K can be expressed as:

(13)

= 24 2e (M5
fe pp="M4
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where the saturated vapour pressure of elements A and B at the evaporation
temperature are pas and pes, respectively; Ma and Mg are molecular weight of
elements A and B, respectively. Parameter K is a factor which displays the
composition difference between the vapour and condensed phases. Therefore, the
composition of thin film deposited using the evaporation technique may vary with
respect to the target material. Moreover, this difference depends on the evaporation
time. Firstly, more volatile elements are evaporated; secondly the evaporation rate of
less volatile elements is increased as the amount of evaporated material increases.
This process leads to the surface elemental composition changes in the condensed
film. Equal volatility of elements is a necessary but not sufficient condition to obtain
the same chemical composition of the films compared to the bulk material. In order
to combine the initial stoichiometry compound AB, adsorption of the two
components, A and B, in correct proportions on the substrate is required. The
surface elemental composition remains the same as the bulk one and depends on the
content of evaporated material (target). This dependence can be described as:

Na r1-e wyE1 1-cg regy "t A

v &) =@ -G (14)
where €J and €} are the initial concentrations of elements A and B in the target
material, respectively; N©® = Nf+N§ — the initial number of molecules in the
evaporated compound.

Furthermore, the composition of the condensed film depends on the element
diffusion process from the deeper layers to the surface. Diffusion can be activated
using additional substrate heating. Therefore, a higher substrate temperature (>
600°C for ceramics) during the deposition process is preferred and leads to the
formation of required elemental composition of thin films.

Overall, the evaporation process is complex and depends on many factors,
therefore the formation of homogenous thin films with the required composition
often is complicated and possible only under certain conditions or by adjusting a
specific composition of the source material.

1.2.2. The electrodes: an anode and a cathode

Electrodes are critical components in SOFCs (as well as p-SOFC) due to the
obligation to provide the interface between the chemical energy associated with fuel
oxidation and electrical power [31]. During the operation conditions, electrons are
produced at the most electrically negative anode, flow through the load and back to
the fuel-cell at the most electrically positive cathode. Hereby, the electrochemical
oxidation of the fuel supplies electrical power to the external load [24].

Generally, both an anode and a cathode must have high (electro)catalytic
activity and electronic conductivity to minimize the effective resistance and be
permeable to gas (oxygen and fuel) during the operation of pu-SOFC [11]. In
addition, sufficient porosity of the anode in the range of 40+60% for H» ions
exchange at gas-electrolyte-anode interface and formed water to get away has to be
ensured.
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Typically, the anode is very catalytically active towards the hydrogen and
hydrocarbon oxidation reaction, but at the same time suffers stability issues at
relatively high temperature and reducing environments [97]. However, the anode has
to maintain zero-chemical reactivity with the substrate or other membrane thin films
which contact it [2,5].

During the pu-SOFC operation, oxygen ions from the electrolyte membrane
enter the ion-conducting phase. Upon charge-transfer reaction at the three-phase
regions, called triple-phase boundaries (TPB), formed by the interface of electron
conducting electrode, ion conducting electrolyte, and gas phases [24,69], negative
charge is then transferred from the ion into the electrode phase [10].

Cathodes have to be manufactured as porous structures for a rapid mass
transport of reactant and product gases [16,24]. Also, they have to present high
electronic and ionic conductivity, adequate thermal and chemical stability at high
temperature in air and good compatibility with the electrolyte. Moreover, it should
exhibit sufficient porosity to facilitate the transport of molecular oxygen from the
gas phase to the air electrode/electrolyte interface [16].

Tsipis et al. [98] and Chandran et al. [16] published excellent reviews on
electrode/electrolyte materials used in SOFCs (u-SOFC). The authors summarized
that metals such as nickel, platinum, ruthenium, palladium or the ceramic—metal
composites (cermets), usually containing YSZ and Ni, where the metallic phase acts
as electronic conductor and catalyst, are the most common anode materials up to
now. The fuel cell can also be supported by a metallic substrate, e.g. by a nickel
porous plate [11]. The most frequently used cathode or air electrode materials are
platinum or compounds such as lanthanum strontium cobalt oxide (LSC), lanthanum
strontium cobalt iron oxide (LSCF), barium strontium cobalt iron oxide (BSCF), etc.
[4,24,99,100].

In all the cases, the effect of the microstructure and the composition of the
anode and cathode are very important for the efficiency of the u-SOFC. Fleig et al.
[18] emphasized the importance of the electrode microstructure for using electrodes
with nanometer-sized grains or dense electrodes with a mixed ionic—electronic
conductor [47]. While Rey-Mermet [11] highlighted that for thin films (thicknesses
lower than 100 pum), the electrolyte conductivity deviates from the linear law, i.e.
1/thickness, and becomes dependent on the electrode microstructure dimensions
(grain size and space between them).

1.2.2.1. Manufacturing of the electrode thin films

The anode and cathode thin films are also used in the manufacturing of state-
of-the-art u-SOFC [14]. Identically to the electrolyte thin film preparation, PVD
techniques for the fabrication of electrode thin films are the most popular, e.g. sol-
gel, spray pyrolysis, PLD, magnetron sputtering, etc. [101].

The thermal and mechanical stability, chemical compatibility during
preparation and operation, reliability and electrochemical performance of the
microfabricated u-SOFC membranes are scale-dependent properties, therefore, the
structural design and behaviour of all components, especially at high temperatures,
of the electrochemically active membrane must be configured carefully [5,18,102].
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Platinum with low electrical resistivity, stable structure at the substrate
interface, catalytic behaviour and appropriate porosity is one of the most widely
used catalysts in the fuel cells. Recently, researchers have shown an increased
interest in sputtered platinum, as a potential electrode for u-SOFCs [2]. Porous Pt
films were used as an anode and a cathode in miniaturized cells by Rey-Mermet
[11], Kerman et al. [10], Tsuchiya et al. [103], An et al. [104], Huang et al. [19], etc.

Various methods of deposition for the formation of platinum thin films have
been actively investigated in terms of low loading control via vacuum technology.
Magnetron sputtering is one of the physical vapour deposition methods
distinguished by precise control of Pt loading, extremely uniform dispersion and
high through-put [47,105].

Several reports [105-108] proved that argon pressure during the magnetron
sputtering process and further thermal treatment can influence the surface
morphology and electrical properties of platinum films. For example, lkwhang
Chang et al. [106] reported the electrochemical surface area dependency on the
thicknesses and porosity of Pt thin film anodes. The porosity and roughness of Pt
thin film were controlled by Ar pressure during the sputter deposition process. The
surface roughness of sputtered Pt deposited at various pressures showed two
separate areas: dense (0.67-5.33 Pa) and porous (8-16 Pa) films. The authors argued
that relatively porous Pt films (sputtered at 8-16 Pa) showed significantly larger
exchange current densities, by 4-5 orders of magnitude relative to the dense film.

One of the main disadvantages of this method is poor adhesion of the layers on
typical dielectrics, such as silicon dioxide and silicon nitride, which are most
frequently used in u-SOFC microfabrication processes as a sacrificial layer. Pt easily
reacts with silicon and forms platinum silicide at relatively low temperatures (200 —
450°C) [109]. Therefore, intermediate titanium (Ti), tantalum (Ta), zirconium (Zr)
or chromium (Cr) protective layers between the Pt film and the substrate are often
used to improve adhesion and to prevent the formation of silicides [110].

The determination and control of residual stress in the Pt thin films is
important for producing a mechanically stable p-SOFC (PEN) structure. Stress is
mostly a result of the manufacturing processes [15]. Moreover, the stress could be
caused by the localized yielding of the material or by certain surface treatments (like
annealing at high temperatures) [111]. Despite their importance, residual stresses are
difficult to foresee. There are only a few studies on stress evaluation of Pt thin films
[110,112-114].

On the other hand, with the development and miniaturization of components of
u-SOFC devices, the state of surfaces at operating conditions of these components
becomes more and more important.

In this thesis, electrical properties, morphology and residual stress of Pt thin
films versus technological conditions with the aim to contribute to the understanding
of the role of thermal treatment of Pt electrodes deposited on typical surfaces used in
the technology of u-SOFC (SiO,, Ti/SiO,, vttria-stabilized zirconia) were
investigated. Microstructure, roughness parameters, resistivity, porosity and
microstrain of platinum electrodes were evaluated.
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1.3. Technological routes for p-SOFC manufacturing

The design of miniaturized solid oxide fuel cells (u-SOFCs) is compatible
with conventional semiconductor fabrication technologies [18]. However, from the
theoretical point of view, they differ in electrode and electrolyte geometries. The
development of u-SOFC manufacturing routes by applying cutting-edge
technologies allows to optimize the performance of the cell, thus reducing the cost.
The majority of u-SOFC designs were generated and fabricated in Stanford and
Cambridge Universities (USA), ETH Zurich (Switzerland), EPF Lausanne
(Switzerland) and some High education Korean institutions [5]. However, without a
doubt, Swiss scientists as Evans, Bieberle-Hiitter, Beckel, Rupp, Gauckler etc.
contributed most to the development of p-SOFC [2,4,47]. Their scientific
achievements are fundamental for other authors. This subchapter overviews the
developed structures and their characteristics.

A review article [5] describes the achievements of different scientific groups in
developing the u-SOFCs. It was shown that mechanical and thermal stability as well
as the reliability of u-SOFC is largely determined by the size and geometry of the
membrane and the material properties, so it is very important to choose the right
device technology route, geometry and materials for the fabrication of electrode and
electrolyte thin films as well as an appropriate sacrificial layer.

The thickness of the electrode membrane in different works varies from parts
up to a few microns, when the area of membrane varies from a few square microns
up to twenty millimetres [18,115]. For example, Shim et al. [116] successfully
applied silicon bulk micromachining to fabricate a thin film membrane structure
(thickness of membrane 220 nm, active area size varied from 20 to 100 square
microns). 300 nm thick thin film membrane (active area size varied from 50 to 240
square microns) was fabricated using sputtering, lithography, and deep etching by
Huang et al. [19].

In other work, a corrugated u-SOFC membrane was fabricated on the pre-
patterned silicon substrate in order to increase the active surface area and
mechanical strength of membrane as well as the resistance to thermal stress of the
layered membrane structure [117]. A two-step fabrication technique of SiOJ/Si
membrane combining deep wet silicon etching and SF¢/O; reactive ion etching was
demonstrated in [118]. Here, the simulation revealed that an increase in size of the
membrane contributes to the rise of deformations as well as stresses at the
membrane edges and corners.

Garbayo et al. [119] describes the fabrication of composite SiO./SisN4
membrane obtained using wet silicon etching in KOH solution following removal of
SiO- layer in order to obtain SizNs membrane (thickness of SizNs membrane 300
nm, active area size varied from 50 to 820 square micrometres). A. Johnson [120]
also utilizes SizN4 insulating layer to deposit 75 nm-150 nm thick yttria-stabilized
zirconia (YSZ) electrolyte, a 40 nm—80 nm porous Pt anode, and a 130 nm porous Pt
cathode. Recently, it was shown that a Pt anode can be successfully replaced [121]
by a nano-porous palladium (Pd) film or ruthenium and gadolinia-doped ceria
composite nano-crystalline thin film [122]. The thickness effects of yttria-doped
ceria interlayers on solid oxide fuel cells [123] and mechanical and thermal stability
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of free standing membranes was studied in [124,125]. Modelling shows [125] that
the edge-clamped thin film membrane presents multi-stage wrinkles (the largest
ones are in the centre and the smaller ones are near the clamped boundary) and the
largest tensile stress is close to the clamped boundary.

However, the most recent development in manufacturing of u-SOFC was
carried out by Kim et al. [126]. The authors reported a new strategy for enhanced
thermal cycling ability (robustness) in p-SOFC manufactured by employing oxide-
based thin-film electrode and porous stainless steel substrate. Also, simpler
fabrication processes, such as tape casting and lamination processes were used to
avoid conventional procedures as lithography, etching or templating. The fabrication
process is demonstrated in Fig. 8.

(a) Porous Pt anode YSZ Electrolyte (d) GDC Electrolyte
substrate (sputtering) (ALD) (sputterin,

K "P P"

(g) current collector (f) Ptcathode (e) vsz Electrolvte
(sputtering) (sputtering) (ALD)

-

Fig. 8. Diagrams for the fabrication of thin-film SOFC composed of (a) anodic
aluminium oxide substrate (with 80 nm pores and a thickness of 100 um), (b) Pt anode, (¢)-
(e) multilayer electrolyte (YSZ-GDC-YSZ), (f) Pt cathode, and (g) current collector [126]

In this recent work, a multilayer electrolyte was composed of 100-nm-thick
YSZ thin film deposited by atomic layer deposition (acts to clog any possible nano-
pinholes within the porous Pt anode), 300-nm-thick sputtered GDC thin film and
another 100-nm-thick YSZ thin film formed on the top surface of GDC. The
manufacturing process of u-SOFC structure combines 6 steps, including different
thin film deposition techniques, meanwhile, in most cases, other technological
routes typically involve 8-10 manufacturing steps [4]. The author also overviewed
the achievements obtained by other authors. The summarized results are displayed in
Table 1 and Fig. 9.
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Fig. 9. The situated dependence of power density of u-SOFC manufactured using
different geometries on the operation temperature [126]

Regarding the overviewed literature (see Fig. 9), it is evident that the highest
power density in the range of 600-900 [mW/cm?] can be obtained only from the p-
SOFCs membrane structure, manufactured using bulk micromachining of silicon
techniques. Moreover, the operation temperature is lower when compared to the
membrane structure obtained by Kim et al. [126].

Table 1. The developers of u-SOFC in planar cell design and the corresponding
manufacturing details and properties [126]. Note: (L&E) lithography and etching,
(CM) compression-molded, (sP) screen printing, (SP) sputtering, (PLD) pulsed laser
deposition, (ALD) atomic layer deposition
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Another important literary aspect is the evaluation of electrolyte/electrode
interfaces in the three-layered membrane structure. Kundracik et al. [131] showed a
remarkable influence of Pt-YSZ interfaces on the value of ohmic resistance of YSZ
thin films (thickness varied in the range of 240-330 nm). Fig. 10 illustrates YSZ thin
film at an incomplete electrical contact with respect to thickness.

Fig. 10. The schematic displacement of an effective current density in YSZ at an
incomplete electrical contact: (a) current field is only lightly deformed at the thicker film and
(b) current field is discontinuous in the case of the low thickness of the film [131]

The manufactured three-layered PEN structure can be schematically
represented as demonstrated in Fig. 10 as well. It is evident that the enhanced
operation and performance of the membrane can be obtained by optimizing the
interface contact between the negative electrode, electrolyte and the positive
electrode. Therefore, the surface morphology of thin films as well as the behaviour
at operating temperatures of the PEN structure has to be evaluated.

According to the overviewed literature and u-SOFC (PEN) operation aspects,
the manufacturing route of PEN three-layered membrane structure was designed and
implemented in this dissertation.
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2. Experimental techniques and methods

The following Chapter gives the description and experimental details of the
technological and analytical methods and equipment; it also describes thin film
deposition procedures used for the electrolyte and anode/cathode electrode
formation, followed by the steps necessary to fabricate a miniaturized p-SOFC. The
electrolyte and anode/cathode electrodes were deposited by using the electron beam
evaporation technique and magnetron sputtering, respectively.

Techniques/methods which required special attention are introduced before the
corresponding experimental details.

2.1. Technological methods and equipment
2.1.1. Materials

Deionised water (H20), 99.8% acetone (C3HsO) (Reachem Slovakia s.r.0.),
25 % ammonium hydroxide (NH4sOH) (Reachem Slovakia s.r.0.), 30 % hydrogen
peroxide (H.O2) (Reachem Slovakia s.r.0.), argon gas (Aga Sia, purity 99.996%),
oxygen gas (Aga Sia, 99.996%), >99% N,N-Dimethylformamide (Sigma-Aldrich),
nitrogen (N.) gas (Aga Sia, 96%) were used to prepare the surface of substrates.

Al etchant (AI-12S, Sunchem AB) was used to remove the auxiliary Al layer
after the Bosch process.

In order to determine the dependence of thin film thickness on the process
time of the e-beam evaporation (thickness vs time) and chemical composition of thin
films, commercial yttria-stabilized zirconia powder (denoted as 8YSZ-45, Tosoh,
ball-shaped granules with 45 pum in diameter), containing 8 mol% of Y.O3z and
gadolinium-doped ceria powder (denoted as GDC20-N, Fuel cell materials, with a
crystallite sizes of 5-10 nm), containing 20 mol% of GdO: s ceramic powder were
used as targets. The information regarding the commercial and synthesized ceramics
by CP synthesis and incipient wetness impregnation (see Subchapters 2.1.1.1. and
2.1.1.2.) used in this work is summarized in Table 3.

Table 2. The summary of ceramic powder used in this research

Content The molar Origin of
Notation of concentration of Base Chemical formula .
. - . L ceramics
impurities impurities
8YSZ-45 | xy=0.15 |8 mol% of Y,03 zirconia | (Y203)0.08(ZrO2) 092 | comm.*
GDC20-N XGd = 0.20 |20 mol% GdolAs ceria Gdo,zCGo,st.,s comm.*
5-YSZ Xy =0.10 |5 mol% of Y,03 zirconia Y0.10Z2r0.9002-5 CP synth.
8-YSZ Xy =0.15 |8 mol% of Y,03 zirconia Yo0.15Z2r0.8502-5 CP synth.
10-YSZ | xy=0.18 |10 mol% of Y,0; |zirconia Y0.182r0.8202-5 CP synth.
10-GDC | Xed =0.18 |10 mol% of Gd,O3 | ceria Gdo.18Ce0.8202-5 CP synth.
12-GDC Xcd = 0.21 |12 mol% of Gd,03 ceria Gdo.21Ce07902.5 CP synth.
15-GDC Xgd = 0.26 |15 mol% of Gd,03 ceria Gdo.26Ce0.7402-5 CP synth.
18-GDC Xcd = 0.31 |18 mol% of Gd,0O3 ceria Gdo.31Ce0.6902-5 CP synth.
20-GDC Xed = 0.33 |20 mol% of Gd203 ceria Gdo,33ceo,6702.()‘ CP synth.
- 0, .
CYegZZ - ésmrgﬁjo/oofoizgiozy zirconia | Ceo13Y0.12Zr0.7502.5 | IWI synth.
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* comm. is commercial powder.

2.1.1.1. Co-precipitation synthesis method and experimental details

For the preparation of various molar concentration of yttria-stabilized zirconia
(YSZ) and gadolinia-doped ceria (GDC) ceramic powder, the sol-gel synthesis
technique, so-called, co-precipitation (CP) method was used. Zirconium (IV) acetate
hydroxide (Zr(CHsCOO)x - (OH)y, Sigma-Aldrich, 99.9%), yttrium (Il1l) acetate
tetrahydrate (Y(CHsCOOQO); - 4H,0, Alfa Aesar, 99.5%), as well as cerium (1)
acetate hydrate (Ce(CHsCOOQ);-xH,0, Sigma-Aldrich, 99.99%) and gadolinium (I11)
acetate hydrate (Gd(CHsCOO)s xH,O, Alfa Aesar, 99.9%), were used as initial
materials for the synthesis of YSZ and GDC electrolyte, respectively. Oxalic acid
dihydrate (C2H204 - 2H,0, Sigma-Aldrich, 299%) was used in the synthesis as well.
For the synthesis, stoichiometric amounts of Zr(CH3;COO)x - (OH), and
Y(CH3COO)s - 4H,0 (Ce(CH3COO);-xH,0 and Gd(CH3COO);-xH,0 in the case of
GDC synthesis) were dissolved in diluted acetic acid (CH;COOH, Sigma-Aldrich,
>99 %). The obtained solution of Y and Zr (Gd and Ce in a case of GDC synthesis)
salts was slowly poured into an aqueous solution of oxalic acid under active stirring
at 50°C for 30 min. As a result, the formation of white opaque colloidal solution
occurred. A concentrated ammonia solution (NH4OH, 25%) was then added drop-
wise to the reaction mixture up to pH 9-10 to promote sedimentation. The
precipitate was filtered, washed with distilled water and acetone and then dried for
24 h at 100°C in air. Finally, the dry powder was ground in an agate mortar and then
annealed in a furnace at different temperatures for 5 h (5°C/min) in air. The scheme
of the process is demonstrated in Fig. 11.

4 Zirconium (V) acetate hydroxide Cerium (111) acetate hydrate
Zr(CH3COO)x (OH)y Ce(CH3COO)3 x(H20)
+ +
Yttrium (111) acetate tetrahydrate Gadolinium (I11) acetate hydrate
Y(CH3COO)3-4(H:0) Gd(CH3CO0)3-x(H20)
/White opaque colloidal ¢ H-0 solution

solution; Oxalic acid
addition of NH4OH C2H204 - 2H20

(25%) up to pH 9-10 for

sedimentation;
active stirring at 50°C /Filtration; \
Kfor30 min washing with distilled
v v water and acetone
(C3Hs0O);
Y2(C204)3 Gd2(C204)s drying for 24 h at
(Y (I11) oxalate) (Gd(111) oxalate) 100°C in air:
+ + grinding;
Zr(C204)2 Ce2(C204)3 calcination at 900°C
(Zr(1V) oxalate) (Ce(Il) oxalate) for 5 h:
| grinding.
' v J
(Y203)x(ZrO2)1-x (Gd203)x(Ce02)1-x
52 ceramic powder ceramic powder

(x =5, 8, 10 mol%) (x =10, 12, 15, 18, 20 mol%)




Fig. 11. A scheme of the co-precipitation (CP) synthesis method for the preparation of
YSZ and GDC ceramic powder

2.1.1.2. Incipient wetness impregnation method

The incipient wetness impregnation (IWI) method was applied for the
preparation of YSZ ceramic powder doped with 15 mol% ceria (denoted as CeO,-
YSZ). The cerium precursor (cerium (I11) nitrate, Ce(NOs)s-6H.O, Sigma-Aldrich,
99.999%) dissolved in an aqueous solution and zirconia-stabilized 8 mol% yttria
(8YSZ, Sigma-Aldrich, Sger = 89 m?/g) were used as initial materials. Three
impregnation-drying cycles were carried out. After each impregnation cycle, the
mixture was allowed to dry in an oven at 105°C for 24 h. The obtained powder was
ground in an agate mortar, and sieved through a 0.075 mm mesh. Finally, the metal
precursor was decomposed by the calcination in air at 500°C for 1 h. The scheme of
the IWI synthesis method is illustrated in Fig. 12.

Ce(NOs)3 Impregnation, CeQs
l »  dryingand ) — Ce02-YSZ
calcination for 1 h (Ce0.13Y0.12Zr0.7502-5)
YS7Z at 500°C in air

Fig. 12. The scheme of the incipient wetness impregnation (IWI) procedure
2.1.2. Substrates

A commercial silicon (Si) wafer with a thickness of 500 um (single-side
polished, (100), p-type, Sigma-Aldrich); silicon oxide/silicon (SiO2/Si) wafer
(double-side polished, (100), p-type, Sigma-Aldrich) with a SiO, thickness of 1 um;
and low stress silicon nitride/silicon (SisN4/Si) wafer with a SisN4 thickness of 500
nm (double-side polished, thickness of Si is 350 um, University Wafer) were used in
this study. A double-side polished a-Al,O3 substrate (BK-100-1, Kineshmo, Russia)
and electrochemically formed nickel foil (Institute of Materials Science) with a
thickness of 40 pm were used as well. The substrates and their applications are
summarized in Table 3.

Table 3. A summary of the substrates used in this study

Substrate Characteristics Application
single-side polished, (100), p-type, | Characterization of electrolyte
thickness of 500 um, Sigma-Aldrich and electrode thin films.

a-Al,03 | double-side polished, thickness of 1 Formation of electrolyte thin

plate mm, BK-100-1, Kineshmo, Russia film samples for - impedance
measurements.

Ni foil electrochemically formed, thickness of | Preparation of CeO,-YSZ thin

Si wafer
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40 um, Institute of Materials Science films.
Formation of electrolyte thin
. . film samples for impedance
SiO,/Si do_uble—5|de p_o_llshed, (100).’ P-type, measurements; formation and
thickness of Si is 500 pm, thickness of o
wafer o . . characterization of the PEN
SiO; is 1 um, Sigma-Aldrich
three-layered membrane
structure.
Si-NJ/Si double-side polished, (100), p-type, | Manufacturing of the PEN
v?/af4e C | thickness of Si is 350 pm, thickness of | three-layered membrane
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Different substrates were used to achieve several goals: for the
characterization of thin film properties and manufacturing of u-SOFC multilayer
membrane structure. In order to characterize the properties of thin films
(morphological, structural and electrical properties), Si(100) and SiO,/Si substrates
were cut into (1 x 3) cm? pieces, while Al,Os; was cut into (2 x 2) cm? pieces. For the
manufacturing of p-SOFC multilayer membrane structure, Si wafers with a silicon
nitride film were incised according to the mark size, prepared by UV lithography
using laser cutting. The photomask is illustrated in Fig. 14, Subchapter 2.1.4.1.

2.1.2.1. Substrate surface preparation

In order to avoid such contaminants as organic and inorganic residues, debris
etc. and improve the quality, substrates were cleaned. Surface preparation methods
involved washing with deionised water and drying under compressed air; RCA-1
cleaning solution (6 parts DI H,O, 4 parts 27% NH4OH, 1 part 30% H,O;) was
prepared and heated on a hot plate until it reached boiling point; afterwards, the
substrates were immersed into this hot solution for 60 min with continued heating
and stirring. Then, the substrates were rinsed 3 times with deionised water and dried
under compressed air. Oxygen plasma processing of the substrates was the final step
of surface preparation (Subchapter 2.1.2.2).

2.1.2.2. Plasma treatment equipment and experimental details

A plasma treatment is commonly used to clean surfaces from organic
contaminants via chemical and physical mechanisms. This process is conventionally
performed in the evacuated chamber filled with gas such as oxygen, argon, nitrogen,
ammonia, fluorine, acetylene as well as combinations of them, creating the glow
discharge plasma [132][133]. Radio frequency (RF), microwaves, and alternating
(AC) or direct current (DC) can be used to excite the gas in the reaction chamber.
Electrons, ions, radicals, metastables etc., are generated in the plasma resulting in
energy transfer from the plasma to the solid during the process. Their interaction
with a solid surface (substrate surface) causes surface modification, for instance,
etching, deposition, oxidation, surface functionalization, crosslinking etc., and
depends on the substrate material exposed to the plasma treatment, the selection of
gas or combination of gases, processing time and exposure energies [133]. The
surface of the substrate material is modified from several nanometers to ~10 um in
depth. Therefore, current industrial practices call for plasma treatment only as the
last step in the surface preparation process aimed to achieve a clean surface. Plasma
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treatment can be used to tailor surface adhesion, wetting properties, to introduce
functional groups (in a case of polymers), to control the surface roughness, etc.

In this work, the plasma processing where the substrates were exposed to
powered RF O plasma in the camera of the Plasma-600-T (JSC Kvartz) device at
133 Pa pressure (RF = 13.56 MHz, P = 0.3 W/cm?, t = 5 = 10 min), was used to
prepare the surface before the formation of thin films (electrolyte, platinum
electrodes); and to clean the etched surface after direct Ar* ion beam etching of
platinum and electrolyte thin film.

2.1.3. Thin film preparation methods
2.1.3.1. Electron beam evaporation technique and experimental details

The UVN-71P3 e-beam evaporation system was used for the deposition of
electrolyte thin films (YSZ, GDC) (thickness varied from 500 nm to 800 nm). As a
source material for e-beam evaporation of electrolyte, commercial YSZ ceramic
powder containing 8 mol% of Y,03 (denoted as 8YSZ-45) and synthesized by co-
precipitation synthesis method YSZ and GDC ceramic powder containing: 5, 8 and
10 mol% of Y03, denoted as 5-YSZ, 8-YSZ and 10-YSZ, respectively; also, 10, 12,
15, 18 and 20 mol% of Gd,03, denoted as 10-GDC, 12-GDC, 15-GDC, 18-GDC and
20-GDC, respectively, were used. The powder was pressed into pellets of 13 mm in
diameter and annealed at 1000°C (in the case of GDC, the annealing temperature
varied in the range of 500-900°C) temperature in air. The evaporation of the YSZ
(or GDC) electrolyte was performed at the pressure of 0.7 Pa, and the e-gun power
was 10 kW. The distance between the electron gun and the substrate was fixed at
250 mm. During the evaporation process, the temperature of the substrate was kept
constant at around 200°C and the thickness of the thin film was controlled by a
guartz microbalance sensor. The evaporation rate was ~1.2 nm/s and ~2 nm/s for the
YSZ and GDC, respectively. The substrate was heated with infrared (IR) lamp
heaters installed in the vacuum chamber. The temperature was controlled with “K”
type thermocouple probe contacting the substrate.

Table 4. The main parameters of e-beam evaporation process

Base pressure in chamber: 10 Pa

Deposition pressure: 0.7 Pa

Gun power: 10 kW

The maximum emission current: 500 mA

Deflection of electrons: 180°

Electron beam diameter: 1 mm

Temperature of the substrate: 200°C

Growth rate: ~1.2 nm/s (for YSZ) and ~2 nm/s (for GDC)

Thickness monitoring: quartz crystal deposition controller

2.1.3.2. Magnetron sputtering deposition technique and experimental details

Sputtering is a PVD process used for the deposition of materials onto a
substrate, by ejecting atoms from target materials and condensing the ejected atoms
onto a substrate in a high vacuum environment. In the sputtering process, the target
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(or cathode) material is bombarded by energetic ions generated in glow discharge
plasma, placed in front of the target. The energetic bombardment process causes the
removal of atomised material from a solid (target), which may subsequently
condense on the substrate as a thin film. Secondary electrons are also emitted from
the target surface as a result of ion bombardment, which plays an important role in
maintaining the plasma [134].

Reactive sputtering can be determined as the sputtering of elemental targets in
the presence of chemically reactive gases (the sputtering gas is often an inert gas, for
instance, argon) which mass reacts with both the ejected target material and the
target surface.

In the process of magnetron sputtering, permanent magnets behind the cathode
are arranged in order to create a region of magnetic field directly above the target
(see Fig. 13). One magnetic pole is positioned at the central axis of the target and the
second pole is formed around the outer edge of the target material. The magnetic
field traps the energetic electrons and effectively increases the ionization efficiency
resulting in the formation of dense plasma in the target region [135]. A negative
voltage of typically -300 V or more [134] is applied to the target as well as the
substrate ion current density of <1 mA/cm? is generated during the process.

In order to sputter conducting target materials, a direct current (DC) power
supply is generally used. For insulating or semiconducting targets, a radio frequency
(RF; usually 13.56 MHz) power supply is required.

Magnetron sputtering has the following advantages: appropriate control on the
chemical composition, high deposition rates and low substrate heating during the
deposition process; it is a very popular technique in the search for new material
properties, for the deposition of a vast range of compound and alloy thin films
including oxides, nitrides, carbides, fluorides or arsenides [136]. Consequently,
magnetron sputtering makes an important impact on the areas of application,
including hard, wear-resistant coatings, low friction coatings, corrosion-resistant
coatings, decorative coatings and coatings with specific optical or electrical
properties, etc.

Water cooling

Fig. 13. A schematic of magnetron sputtering deposition process

In this work, a DC magnetron sputtering source (“Kurt J. Lesker” company)
which was integrated in a “Leybold Heracus-A-700-QE” device vacuum system was
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used for the deposition of platinum electrodes and titanium adhesive layer films. Pt
electrodes with a thickness of 200 nm were deposited on SiO2/Si, Ti/SiO-/Si,
SisN4/Si, Ti/SisN4/Si, YSZ(GDC)/Pt/Ti/SiOx/Si and YSZ(GDC)/Pt/Ti/SizsN4/Si
substrates.

A turbomolecular pump was used to evacuate the main chamber to a base
pressure of 2 x 10 Pa. Argon (purity 99.996%) was used as the sputtering gas.
Argon pressure in the chamber during deposition mainly was 0.065 Pa. In order to
measure the influence of magnetron sputtering deposition conditions and thermal
treatment on the properties of Pt thin films, argon pressure in the chamber varied
systematically as follows: 4.9 Pa, 0.13 Pa, 0.6 Pa, and 0.065 Pa (further discussed in
Subchapter 3.3): first (1), second (2"), third (3') and fourth (4") sample series,
respectively.

The Pt target (purity 99.99%, Lesker) (and the Ti target (purity 99.6%,
Lesker)) with a diameter of 5.08 cm was placed at a distance of 16 cm from the
substrate and tilted at a 30-degree angle with respect to the substrate. The substrate
holder was rotated during the deposition process in order to obtain a homogeneous
distribution of the film thickness. The substrates were heated to 150°C during the Pt
electrode (or Ti adhesive layer) deposition process. Substrate was heated with
infrared (IR) lamp heaters installed in the vacuum chamber. The temperature was
controlled with “K” type thermocouple probe contacting the substrate. The
magnetron voltage was 510 V, and the current was 0.4 A. The growth rate was
determined by a quartz microbalance sensor.

2.1.4. The formation of p-SOFC membrane structure and the micropatterning
of platinum electrodes

2.1.4.1. UV lithography

In general, the lithography process is conventionally used for the fabrication of
micro- and nano-structures on a surface [137]. This process uses light or other
techniques to transfer the required pattern from the mask to a light-
(photolithography) or other rays-sensitive material deposited as a thin film on the
structural material, e.g. a silicon wafer. Depending on the type of rays used, there
are lots of well-known types of lithography, for instance, lift-off lithography,
electron beam lithography, nanoimprint lithography, X-ray lithography, focused ion
beam lithography, atomic force nanolithography, extreme UV lithography, etc.
[137].

This work uses UV photolithography. The basic steps of the photolithography
process involve substrate cleaning, barrier layer formation, photoresist (it is an
organic, light-sensitive material) application, soft baking, mask alignment, exposure
and development, and hard-baking. The resolution of about 1 um using light of
400 nm can be achieved using this type of lithography [137]. Two types of
photoresist, positive and negative, can be used in the process. For the positive resist,
the exposed with UV light regions present a higher solubility in the developing
solutions, while the negative resist exposure to the UV light causes the negative
resist to become polymerized, and more difficult to dissolve.
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In the case of p-SOFC formation, two separate tasks require accurately aligned
photolithography on both sides of the double-polished silicon wafers. The first task
is to fabricate a freestanding tri-layer membrane structure on the top of the substrate.
The second task is to form “backside open windows” to be used as the inflow of
fuel. Therefore, double sided-pattern alignment of mask for the fabrication of free-
standing membrane structures was applied in this work. Before micro-patterning, the
substrates were washed with alcohol and processed with oxygen plasma treatment,
which helps to avoid any residues on the surface and improves the adhesion between
films and the quality of the electrodes.

In order to fabricate a u-SOFC membrane structure, the positive photoresist
(ma-P 1205, Micro Resist Technology, Germany) was used. Furthermore, distances
of 2, 4, 6, 8 and 10 um between Pt electrodes, utilized in the impedance
measurement of electrolyte thin films, were formed using the negative photoresist
(ma-N 2400, Micro Resist Technology, Germany). The photoresist was sensitive to
light radiation from 300 nm to 440 nm. The film of the resist (thickness of 500 nm)
was distributed on cleaned substrate using the spin-coating process (centrifugal
machine Dynapert Precima) at a rotation speed of 2500 min™!. Finally, the sample
was soft baked at 100°C + 1°C for 10 min in a desiccation system (LADA). The
roughness of the sample was about 5 nm. The sample with such photoresist was
positioned beneath the photomask, which was fabricated from chromium and soda
lime glass, and illuminated with a UV light (A = 365 nm, the intensity of 55 mJ/cm?)
for 7 s. The photomasks nsed in this work are illustrated in Fig. 14.
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Fig. 14. The photomask: (a) used for the formation of u-SOFC membrane structure; (b)
used for the preparation of Pt electrodes employed in impedance measurements of electrolyte
thin films
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A schematic representation of the basic steps of UV lithography used in this
work is illustrated in Fig. 15 as well.

UV light Ar* Ar*

\. VvV AN /
J;. ﬂ: E
(a) (b) (©) (d) (e

Fig. 15. The basic steps of the UV photolithography process: (a) photoresist deposited
by spin-coating; (b) drying of the photoresist; (c) alignment and exposition to UV light with
the mask; d) development of the positive photoresist followed by direct Ar* ion beam etching
of the structures (in the formation of u-SOFC); e) development of the negative photoresist
followed by direct Ar* ion beam etching of the structures (in the formation of Pt
microelectrode)

The microstructures formed on a sample surface were achieved with a
combination of UV photolithography and direct Ar* ion beam etching technologies
(Fig. 15). Thus, the final resist pattern is binary: parts of the substrate are covered
with resist while other parts are fully uncovered (Fig. 15 (d), (e)). This binary
pattern plays an important role of protection during the etching process.

The resist remover mr-Rem 660 (based on N-methylpyrrolidon (NMP)) was
used to rinse the samples exposed by UV light. Washing was carried out for 3 s at
room temperature (20 = 5°C). Then samples were rinsed with deionized water and
dried under compressed air. In addition, all the samples were processed with oxygen
plasma treatment for 3 min. Detailed information on the production of
microstructures is provided in subchapter 4.1, where the design of the technological
route for the production of a u-SOFC multilayer membrane structure is presented.

2.1.4.2. Etching

In general, etching can be divided into two categories, i.e. wet etch and dry (or
plasma) etch [138]. The etching process aims to create topographic features on a
surface by selectively removing material through physical or chemical means [139].
In this work, dry etching processes were employed. The removal of the substrate
material by dry etching requires high kinetic energy ion, electron or photon beams,
while chemical dry etching involves a gas-solid chemical reaction which takes place
in the presence of plasma, an electrically neutral mixture of molecules, atoms, ions,
electrons, and photons [138]. Thus, chemical plasma etch occurs via the strong
material selective formation of volatile compounds by radicals in the plasma, which
hit the surface, while the physical etching occurs via the weak material selective
sputtering of the substrate by ions accelerated by an electrical field. In summary, the
reaction that takes place can be performed utilizing high kinetic energy of particle
beams, chemical reaction or a combination of both.



Reactive ion etching (RIE) is an ion-assisted reactive etching method, which
combines the effects of chemically active gaseous radicals and physical ion
bombardment, used in the manufacturing of topographical structures in micro- and
nanotechnologies to create various structures and devices. RIE allows isotropic and
anisotropic material removal reactions to occur in the gas phase. This process takes
place in a chemically reactive plasma generated from the gas that is pumped into the
reaction chamber, e.g. Cl-based (Cl», BCls3), F-based (SF¢, CF4, C4Fs, CHF3) and O-
based (02, O3, CO») etc. The plasma is generated by an RF generator (13.56 MHz).
The selection of gases depends on the sample material to be etched. RIE mostly
employs ion-assisted processes, where ions attack the sample surface and react with
it. Chemical bonds are damaged by heavy ion bombardment, and the radicals
chemically react with the exposed surface atoms, producing a volatile gaseous
material leaving the surface.

In this work, the etching of silicon nitride (and silicon oxide) layer was
performed in the PK-24030PD (Plasma-Therm Inc.) reactor creating CF4/O; plasma.
The CF4/O; plasma is commonly used for the RIE process of SiO, or SizN4 layer.
The process of the etching in RIE environments using fluorocarbon-based plasmas
with oxygen additions is sometimes called as plasmochemical etching. Prior to the
etching process, auxiliary Al layer (thickness of 300 nm) was evaporated using the
e-beam evaporation technique (experimental details are described in subchapter
2.1.3.1). During the etching process, the following parameters are maintained: the
frequency of discharge was 13.56 MHz; the percentage of CF4; and O; gas in the
CF4/0; gas mixture was 80 and 20%, respectively; the discharge power density was
0.75 W/cm?; the pressure was 65 Pa; the energy of incident ions was ~20 eV; and
the etching time was 5 min.

Deep reactive ion etching (DRIE) is a modified RIE process. These methods
rely on the same etching mechanisms: chemical etching and ion bombardment;
however, DRIE enables the production of deeper and narrower structures with a
high etch rate as compared to conventional RIE. Unlike RIE, DRIE reactors are
equipped with two power sources to create alternating etch and passivation cycles
[140]. High anisotropy and etching rates can be achieved using the DRIE technique,
obtaining patterns with maximal aspect ratios and resolution [141].

In this work, a DRIE of silicon was prepared using the universal plasma
processing system, Apex SLR (Plasma-Therm Co.) which can be configured to
perform inductively coupled plasma (ICP) etching or high density plasma chemical
vapour deposition. The ICP etching system employs a cylindrical coil which creates
plasma. The use of multipole permanent magnets is not indispensable but the
presence of them increases the plasma density and mainly creates uniform plasma.
The magnetic field in the reactor is induced by applying RF voltage to the coil.
Additional (RF, low frequency or DC) bias voltage to the substrate holder increases
the ion bombardment on the sample surface (substrate), and enables independent
control of the plasma density or the energy of the incoming ions.

Pulsed etching, also known as the Bosch process, which alternates between
etching and polymerization modes to get vertical etch walls, was used to etch silicon
through the silicon wafer up to the silicon nitride/silicon oxide film. The auxiliary Al
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layer (thickness of 300 nm) on the back surface of the wafer was necessary, whereas
pure silicon nitride layer can be attacked by the process gas plasma. DRIE
conditions are defined by many parameters, such as RF power, gas-flow rate, ICP
source power, chamber pressure and stage (bottom electrode) temperature that affect
the etch rate, profile and uniformity of etch patterns throughout the sample [141].
After the Bosch process, the auxiliary Al layer was removed using the Al etchant
(Al-128S, “Sunchem AB”). The basic parameters of the DRIE process are presented
in Table 5.

Ion beam technology allows the sample surface to be etched by the use of
broad beams of positively charged ions in a vacuum system [30]. In the ion beam
etching (IBE) process, ions are directed at the sample surface to be patterned. IBE is
an anisotropic etching process that precisely reproduces the mask pattern on the
sample surface. The gas (e.g. Ar") is ionized by energetic electron bombardment in a
discharge chamber during the etching process. The forming ion beam is used to
sputter etch material (ions, with sufficient energy, dislodge atoms or molecules from
a substrate surface) over a photoresist mask in order to obtain the desired pattern.

Table 5. Deep reactive ion etching (Bosch process) conditions

Parameter Passivation phase Etch phase

Cycle time (s) 7 10
Pressure (Pa) 2.4 4.7
C4Fs gas flow (sccm) 80 0

SFe gas flow (sccm) 0 130

0> gas flow (sccm) 0 13

ICP source power (W) 600 600
Bias power (W) 0 20
Bottom electrode chiller temperature (°C) 15 15
Etching rate (um/min) 3.5

In this work, the structures were etched (distance among Pt electrodes used in
the impedance measurements; u-SOFC membrane) with the USI-IONIC device. The
main parameters of the device are presented in the Table 6. The bombardment in
IBE was performed by Ar" ion beam using multi-cell cold hollow-cathode DC ion
beam source (Ar® ion energy 300 eV, ion beam current 0.25 mA/cm?, pressure
0.133 Pa, substrate temperature 293 K +5 K). The etching time duration of 10 and
16 min for the formation of Pt microelectrodes on the electrolyte surface and the
formation of the free standing membrane structure was carried out, respectively.

Table 6. The main parameters of the device USI-IONIC

Base vacuum in the chamber: 5x10** Pa

Technological pressure in the chamber: 7x102 — 4x107 Pa
lon beam energy: 0-500 keV

lon beam current density: 0.01-0.30 mA/cm?
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2.2. Analytical methods and equipment
2.2.1. Thermogravimetric analysis and experimental details

Thermogravimetry is one of the oldest thermal analytical procedures, which
involves monitoring the weight loss of the sample in a given atmosphere as a
function of temperature [142]. The measurements typically provide basic
information regarding the thermal stability of both organic and inorganic compounds
and composites. Usually, thermogravimetric analysis (TGA) includes the
determination of degradation rates, moisture content, and residual solvents. The
common thermogravimetric system consists of a diluent gas flowing over a sample
which is placed on a sensitive balance inside a temperature-controlled chamber
[143]. Environment of N, O, air, He is available during the measurements. Mass,
enthalpy, and temperature (typically the difference between the sample and a
suitable reference) are the properties measured during TGA, differential scanning
calorimetry (DSC) or differential thermal analysis (DTA) experiment, respectively,
mainly under non-isothermal conditions at a constant heating rate. TGA measures
the mass change of the sample material. Different processes may cause mass
changes, such as decay, decomposition, sublimation, evaporation, adsorption,
desorption, oxidation, reduction etc. Meanwhile, DSC measures the heat flow
associated with phase transitions or reactions, such as melting, solid phase transition,
crystallization, sorption, curing etc. as a function of temperature and time. Most
often, simultaneous thermal analysis is used in combination with several methods,
e.g. thermogravimetric and differential scanning calorimetry (TG-DSC) analysis,
performing simultaneous measurement of the same sample in a single instrument at
the same conditions (atmosphere, vapour pressure of the sample, heating rate, gas
flow rate, thermal contact to the sample crucible and sensor, radiation effect, etc.)

The thermal decomposition of the co-precipitated Y-Zr and Gd-Ce oxalates
were analysed utilizing the TG-DSC analysis using PerkinElmer STA 6000
Simultaneous Thermal Analyzer. Dried samples of about 5—10 mg were heated from
25 to 950°C at a heating rate of 10°C/min in a dry flowing air (20 mL/min). TG-
DSC measurements were performed to find out the annealing temperature needed
for the co-precipitated Y-Zr and Gd-Ce oxalate powders, ensuring the removal of
organic compounds, formation of oxides, and stabilization of the powder structure.
The TG-DSC spectra was processed with the Pyris software. The basic
specifications of STA 6000 Simultaneous Thermal Analyzer are presented in Table
7.

Table 7. The main parameters of the STA 6000 Simultaneous Thermal Analyzer

Sensor: pure platinum pan holder and reference ring

Furnace design: vertical
Balance design: top loading, single beam

Balance resolution: 0.1 pg

Balance measurement range: up to 1500 mg
Heating rate: ambient to 1000°C

Cooling rate: from 1000°C to 30°C (under 10 min)
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Temperature calibration: metal standards such as Indium and Silver
Temperature accuracy: < +0.5°C

Calorimetric data: accuracy/precision £2% (based on metal standards)
Thermocouples: PT-PT/Rh (Type R)

Sample pans: alumina 180 pl

2.2.2. X-ray diffraction analysis and experimental details

X-ray diffraction analysis (XRD) is an extremely important technique in the
field of materials science which allows to obtain qualitative and quantitative
information on the atomic scale from crystalline compounds [144-146]. The
evaluation of atom arrangement inside solid crystals is relevant when clarifying the
properties of materials.

Electromagnetic radiation, with the wavelength of ~1 A, produces the
diffraction pattern followed by the interaction with crystalline solids because of the
A, which is typically in the same order of magnitude as the spacing d between planes
in the crystal. The XRD technique utilizes a focussed X-ray beam that is directed at
the material. Due to the interaction of X-ray with electrons of the material atom,
secondary spherical waves are produced and elastically is scattered from the
electrons. This way, a regular set of spherical waves is produced. Thus, destructive
or constructive interference occurs in different directions concerning the
superposition of waves. Destructive interference results in the destruction of waves.
Meanwhile, diffraction peaks generated by constructive interference of the waves in
a few specific directions, can be determined by Bragg’s law presented by the
equation:

nd = 2dsin &, (15)

where 7z is any integer, A is the wavelength of the X-ray beam, dis the spacing
between diffracting planes, € is the incident angle. Hence, according to Eq. (15), the
angle of diffraction is dependent on the spacing of the molecules (d-spacing) [144].
The conversion of diffraction peaks to d-spacings allows to identify the material.
Furthermore, broadening of the obtained diffraction peaks occurs due to small
domain sizes in nanocrystalline solids; therefore, it is used to evaluate the crystallite
sizes. Thus, XRD data after processing reveals some information about the
crystalline structure, defects, stresses, etc. of the sample [146].

In this research, XRD analysis with parallel beam geometry was carried out.
This geometry, compared to conventional Bragg-Brentano geometry, helps to avoid
certain constraints, such as cost of very precise alignment requirements, difficult
preparation of the sample, fixed source-to-sample and sample-to-detector distance,
unacceptable sample displacement errors due to mis-positioning, limitations because
of the roughness or partial transparency of the sample, etc. [147].

The crystallographic nature of the synthesized ceramic powder and thin films
of u-SOFC construction element was determined using the D8 Discover X-ray
diffractometer (Bruker AXS GmbH) with Cu K, (1 = 1.5418 A) radiation. A parallel
beam geometry with 60 mm Gobel mirror (i.e. X-ray mirror on a high precision
parabolic surface) was used. This configuration allows to transform the divergent

63



incident X-ray beam from a line focus of the X-ray tube, producing a parallel X-ray
beam that is free of K3 radiation. The Soller slit with an axial divergence of 2.5° was
utilized in the primary side. Diffraction patterns were recorded using a fast-counting
LynxEye (OD mode) Silicon Strip detector with an opening angle of 2.475° and a slit
opening of 6 mm. The XRD measurements were performed using generator voltage
and a current of 40 kV and 40 mA, respectively. The samples were scanned (coupled
20-0 scans) over the range of 5-135° with a step size of 0.02°, time per step of 0.2 s
and auto-repeat function enabled. Also, the grazing incidence measurement of thin
films was utilized using a grazing incident angle that varied from 1 to 5°. The
resultant diffractograms were processed with the Diffrac.EVA software. Phase
identification was executed by matching XRD patterns with the powder diffraction
files (PDF) database of International Centre for Diffraction Data (ICDD).

Conventionally, the sin*y method is a widely used technique for the evaluation
of stresses due to lattice deformation measured by XRD analysis [145,148,149]. In
this method, the position of a particular (4 k /) reflection at different sample tilt
angles (w) are measured from a coupled #~26scan, and the lattice strain
perpendicular to the {4 k [} planes at different y is calculated from the measured
peak position [149]. In general, the orientation of the sample can be described by
two Euler angles, ¢ and w. The ¢ angle is the rotation angle of the sample about its
surface normal, while the y angle is the angle between the normal to the surface and
the normal to the diffracting lattice planes [150]. However, assuming that there is no
shear stress, the rotation angle ¢ is 0°. According to the results of measurements, the
corresponding interplanar spacing d, is calculated with the Bragg law.

Theoretically, stress analysis can be performed using the rational strain
definition according to this relation [151,152]:

_ Ghrly _ dnrly _ sinf Y
E\:ll.l,l o zﬂ( )] ) - Eﬂ ( dn ) - Eﬂ (SEFEED), (16)
where @pp = dperVhE + k2 + 12 and ay represent the strain-free lattice parameter,

dy is an interplanar distance, and &y, is the strain in (¢, y) direction. Moreover, the

strain (¢4,) can be expressed by using other Cartesian strain tensor components, &jj as
follows [151]:

Egy = (EQ — £33 + &40 5111243}5111341 + (g,3c080 + £53sind)sin2y + £35. (17)

Combining equations (16) and (17) within the linear elasticity framework, and
assuming in-plane isotropic stresses, the relation can be written as [151]:

E:r](_q = )=%5:551T]21|.!+2515+h](j_1 ); (18)
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where o is the amplitude of the residual stresses, the S>and S; are elasticity constants

that can be expressed as a function of the Young’s modulus, E, and the Poisson
ratio, v, relative to the considered {4 k [/} planes by 55 = "l:” and 5, =— %.

Graphic representation of the results by plotting the /n(1/sinf) as a function of
sin’y curves gives a linear relation. It is possible to deduce the residual stress
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amplitude from the slope of the fitted linear curve, while the stress-free lattice
parameter can be extracted from the ordinate intercept [148].

In this research, residual stress of the Pt electrodes was characterized using the
sin?y method. The experiment was carried out measuring the (3 3 1) reflecting plane
and defined for the six values of the y angle that varied from 0 to 50.77°. The
samples were positioned using a centric Eulerian cradle sample stage. A collimator
of the size of 1 mm was used to focus the X-ray beam for the stress measurements.

2.2.3. Atomic force microscopy and experimental details

Atomic force microscopy (AFM) is a very high-resolution type of scanning
probe microscopy technology. The AFM system has a variety of possible imaging
modes, such as contact mode, non-contact mode and tapping mode. This surface
analysis technique is intended for the measurement and analysis of surface micro-
and sub-microrelief, objects of the micro- and nanometer range with high resolution
[153,154].

The operation of AFM is based on the interaction of a sharp probe (with a
radius from 5 to 20 nm) attached to the free end of a smooth cantilever with a
sample surface that is brought in contact with the probe. The local attractive (the
probe is attracted towards the sample) or repulsive (the probe is repulsed from the
sample) molecular force is detected. The force between the cantilever probe and the
sample surface is converted into the bending (deflection) of the cantilever, which is
detected by a laser focussed on the back of the cantilever. The laser is reflected by
the cantilever onto a photodetector, which is usually a photodiode with quadrupole-
electrode geometry. The movement of the laser spot on the photodetector gives a
measurement of the movement of the probe.

A detailed characterisation of the surface morphology of the thin films can be
carried out finding such roughness parameters, as mean height (Zmean), average
roughness (Ra), root mean square roughness (Rg), valley depth, peak height, peak-
valley height, skewness (Rs), kurtosis (Rw) etc. The Rq is the average of the
measured height deviations taken within the evaluation area and measured from the
mean linear surface. The skewness (Rs) of a profile is used to measure the symmetry
of the profile within the evaluation area. The negative Ry value indicates a
predominance of valleys, while a positive value indicates a surface dominated by
peaks. Kurtosis describes the randomness of heights, as well as the sharpness of the
surface. For a Gaussian-like surface, Rk, has a value of 3; the farther Ry is from 3,
the less random and more repetitive the surface is [155]. In addition, force-distance
curves may be used for the derivation of the surface adhesion forces and object
stiffness coefficient.

Generally, the AFM technique can be used in wide-range applications,
including nanotechnologies, thin-film technologies, microelectronics, micro- and
nano-tribology, optics, testing systems of the precision mechanics, magnetic
recording, vacuum engineering, biology, and colloid science studies, etc. [156].

AFM experiments in this work were performed in air at room temperature
using the NT-206 (Microtestmachines Co.) atomic force microscope and the
SurfaceXplorer SPM-data processing software. A V-shaped silicon cantilever
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(spring constant of 3 N/m, tip curvature radius 10.0 nm, cone angle 20°) operating in
the contact image mode with 12 ym x 12 pm field of view was used in all
measurements. The surface morphology and roughness parameters were evaluated in
terms of AFM surface topography images: root mean square roughness (Rg),
skewness (Rs), mean height (Zmean) and kurtosis (Rk,) of platinum and electrolyte
thin films were. The main parameters of the device are given in Table 8.

Table 8. The main parameters of the atomic force microscope (NT-206)

Scan field area: up to 50 x 40 um

Maximum range of measured heights: ~ 2 um

Lateral resolution (plane XY): 1-5 nm (depending on sample hardness)
Vertical resolution (direction Z): 0.1-0.5 nm (depending on sample hardness)
Scanning matrix: up to 1024x1024 points

Scan rate: 40-250 points/s in X-Y plane

Minimum scanning step: 0.3 nm

Sample size: up to 30x30x8 mm

High voltage amplifier output: £190 V

2.2.4. Scanning electron microscopy, energy dispersive X-ray spectroscopy and
experimental details

In this work, scanning electron microscopy (SEM) was used to evaluate the
microstructure of pressed ceramics annealed at high temperatures, as well as the
surface microstructure and cross-section of thin films (structure, agglomerates,
thickness, trends of growth etc.).

The operation of the SEM is based on scanning an electron beam (with the
energy ranging from 0.2 keV to ~40 keV) across the sample producing various
signals that reveal information about the sample, like surface topography,
microstructure or chemical composition [157].

The electrons which hit the surface, interact elastically or inelastically with the
atoms of the sample. The incident electrons are back-scattered from the sample
surface or are scatter-diffused into the sample material. Due to the excitation of the
atomic surface-species, secondary electrons, back-scattered electrons, X-rays, light,
sample current and transmitted electrons are produced as well. Thus, various signals
are generated, and the most commonly used ones are those from secondary electrons
(SE) and backscattered electrons (BSE). SE’s which are generated in a depth of
several nanometers below the sample surface, contain information about the features
of the sample's surface and are collected by the secondary electron detectors [158].
The imaging of the SE’s is a standard mode of operation in all SEM and can produce
very high-resolution images of the sample surface, revealing surface details down to
a nanometer. BSE’s provide important information about the composition, surface
topography, crystallinity and magnetism of the sample [159]. In contrast with the SE
signal, the BSE signal represents not only the local topography of the sample, but
also the information about the local atomic composition of it. [157]. SEM analysis
can be performed in high or low vacuum as well as in wet conditions.

In order to obtain the chemical composition of the sample, an attachment of
energy dispersive X-ray spectrometer (EDS) detector in SEM can be used. EDS
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makes use of the X-ray spectrum produced by inelastic collisions of the incident
electrons by electrons in discrete shells of atoms in the sample. Typically, all
elements from the atomic number 4 (Be) to 92 (U) can be detected; however, not all
instruments are equipped for light elements (Z < 10). Samples can be analysed in
different modes, such as: spot analysis, line scans or elemental mapping.

In this work, the microstructure of thin films and ceramics was examined by
SEM on Raith e-LIiNE plus ultra-high resolution Scanning Electron Microscope,
equipped with an in-lens detector and a conventional secondary electron detector,
and Energy Dispersive X-Ray Spectrometer Bruker Quantax 200, equipped with 5™
generation Si-Drift Detector with <129 eV energy resolution, without special sample
preparation. Also, a high resolution scanning electron microscope FEI Quanta 200
FEG (accelerating voltage varied from 0.2 to 30 kV; resolution — 1.2 nm) was used.
Etched surfaces (structures) were observed using Raith e-LiNE (accelerating voltage
— 10 kV; resolution — 1 nm) SEM. The porosity of Pt thin films (electrodes) was
estimated using the ImageJ 1.45 image processing technique with the addition of
Pore analysis program.

2.2.5. X-ray photoelectron spectroscopy and experimental details

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy
for chemical analysis (ESCA), is currently the most widely used surface analysis
technique which is based on the photoemission effect [160]. XPS provides
quantitative and chemical state information from the surface of the material in the
depth range of 1-10 nm. All surface elements (excluding hydrogen and helium) can
be identified and quantified. The surface can be analysed with a relative accuracy of
5% using elemental sensitivity factors, and with a detection limit of about 0.1%
atomic concentration.

The sample surface is irradiated with a low energy X-ray, which excites the
electrons of the sample atoms (the core level electrons of the surface atoms absorb
the X-ray photon energy) and if their binding energy is lower than the X-ray energy,
they will be emitted from the atom with a certain kinetic energy as photoelectrons.
The number of these photoelectrons which escaped from the top surface of the
sample is detected and analysed. Their kinetic energy is registered and simple
calculations provide information about the binding energy for electrons in the core
shell of atoms. The peak in a photoelectron spectrum, recorded by counting the
ejected electrons over a range of electron kinetic energy, reveals the information
about the elemental identity, chemical state, and the amount of detected element.

It is well known that corrosion rates, catalytic activity, adhesive properties,
wettability, contact potential and failure mechanisms are the factors which are
governed by the surface chemistry [160]. The XPS technique provides data
regarding thin film surfaces and structures, which is important for many industrial or
research application such as nanomaterials and electronic devices, surface
treatments, thin film technologies, bio-active surfaces, etc., where the properties of
the surface play a crucial role.

The atomic composition of the as-deposited and annealed Pt/Ti thin films and
electrolyte thin films was studied using the XPS analysis technique. For the surface
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analysis, the Thermo Scientific ESCALAB 250Xi spectrometer with a
monochromatized AIK, radiation (hAv = 1486.6 eV) was used. The base pressure in
the analytical chamber during spectra acquisition was higher than 2 x 10”7 Pa. X-ray
spot size for the spectra acquisitions was 0.3 mm. The 40 eV pass energy was used
for the spectra acquisition. Energy scale of the system was calibrated according to
Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 peaks position. The calculations of atomic
concentration were performed using an original ESCALAB 250Xi Avantage
software. Thin films were analysed without surface cleaning procedure.

2.2.6. Resistivity measurements using four-point probe method. Experimental
details

Due to its low demand on sample preparation and high accuracy, the four-
point probe method is a simple method used for studying the electrical properties of
solids and thin films in material science and semiconductor industries [161].
Because of the fact that u-SOFC works sufficiently at high temperatures (>500°C),
electrodes have to maintain the relatively high electrical conductivity, even after
exposition at operating temperatures [8]. Thus, the assessment of these
characteristics is required. Generally, electrical resistivity measures how a strongly
investigated material opposes the current flow. The electrical resistivity of thin
conducting films influences the operating frequency of the device, current, and Joule
heating of the device, which in turn can cause electromigration [105,107]. The SI
unit of resistivity is [2-m]; also, [Q2-cm] unit is available. The electrical resistivity of
the sample, e.g. Pt electrode thin film, can be evaluated using the four-point probe
method by flowing a current though two outer probes and measuring the voltage
through the two inner probes (see Fig. 16).

Fig. 16. A schematic of the four-point probe method [162]

The output in such a system is in units of ohm (resistance, R); therefore, if the
probe spacing (s) is known, resistivity (p) can be calculated using the following
equation:

p = 2msR. (19)

According to the measurement of sheet resistivity, Eq. (19) has to be changed
as follows [162]:
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where E is the voltage (V), and [ is the current (A), as well as Fwﬂ} =4532.
Consequently, the sheet resistivity for a thin sheet can be expressed as:

E
p = 4532t (?) = 4.532tR, (21)

where ¢ is the film/wafer thickness. Eq. (21) can be utilized when the film/wafer
thickness is less than half of the probe spacing (¢ < s/2), while for thicker films Eq.
(21) becomes:
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Expression (22) is independent of the probe spacing (s).

In this work, the resistivity of the p-SOFC electrodes, i.e. Pt thin films (with
adhesive layer of Ti), was measured using this method. The four-point probe was
placed in contact with the surface of the Pt/Ti film and a fixed current of 11 mA was
applied across the outer two probes. The distance between the adjacent probes was 2
mm. The voltage drop was measured across the two inner probes. Five sets of
measurements were made for each thin film. The average value of resistivity for
each Pt/Ti thin film was determined according to the calculations described above.

2.2.7. Impedance spectroscopy

Impedance spectroscopy (IS), sometimes known as AC (alternating current)
impedance, is a powerful tool for characterising materials. The utility of IS relies on
the capability to exclude the dielectric and electrical properties of individual
contributions of components under investigation [163].

Generally, electrical resistance (R) of the sample can be determined using the
Ohm’s law, which defines R in terms of the ratio between voltage, £, and current, /
as follows:

R==. (23)

However, Eq. (23) is suitable only for the ideal resistor. In ceramic materials
with prevailing ionic conductivity, impedance measurements reveal more detailed
information. Therefore, the impedance, which is a measure of the ability of a circuit
to resist the flow of electrical current, is the most commonly used, instead of the
term of resistance. Impedance measurements contain information about the physical
characteristics of an electrochemical system, for instance, electrode reaction rates;
therefore, IS is a widely used tool of analysis in electrochemistry for fuel cells,
batteries, corrosion studies, etc. [164].

Impedance measurement is usually carried out by applying an alternating
signal (sinusoidal potential excitation) to the system to be investigated followed by
measuring the alternating current signal through the cell [164]. The current signal
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can be evaluated as a sum of sinusoidal functions. The alternating signal, expressed
as a function of time, can be written as:

E, = Eysin{wt); (24)

where E; — the voltage at time ¢, £y — amplitude of the signal, @ — angular frequency
(e = 2mf). Then, the response signal, /,, can be expressed as:

I, = I sin(wt + ¢); (25)

where / is an amplitude of the current and ¢ is a phase shift. The phase between the
voltage and current is shifted due to pseudo linearity of the system, i.e. the current
response to a sinusoidal potential will be a sinusoid at the same frequency but
shifted in phase.

Thus, the impedance of the system can be expressed by applying the Ohm's
law:

g B _Eosin(wt) _, _sin(t) 26)
I, Iysin{wt+ ) sin{wt + ¢)

In Eq. 26, impedance is expressed in terms of magnitude, Zy, and a phase shift,
¢. In order to simplify the later expression (Eq. 26) complex numbers are used as
follows:

Z=Z+ jwZ" @27)

where |Z| = E, /I, and tangh = Z"/Z"; j is the complex number.

The system's response is usually analysed by applying the equivalent circuit
method [38]. Each process of an electrochemical system is represented by passive
electrical circuit elements, such as resistors (R), capacitors (C), and inductors (L).
The impedance for these elements can be expressed as follows: Zresisor = R;
Zeapacitor = jwC; Zinducor = joL. In the most cases, the equivalent circuit has two
serial (R parallel with C) elements: one represents the bulk and the other is related to
the grain boundary of the material.

Electrochemical impedance data, revealing the information of resistance and
processes occurring in the material, are often evaluated by plotting the imaginary
impedance component (Z") against the real impedance component (Z') at each
excitation frequency, called the Nyquist plot [163]. Fig. 17 represents the typical
impedance spectrum for ionic conductivity measurements in solids. RC elements
illustrate two different processes, as ionic conductivity of grains and grain
boundaries [38]. It should be noted that the frequency in the Nyquist plot does not
appear explicitly; however, it is known that it decreases from left to right.
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Fig. 17. An example of a Nyquist graph of two RC elements connected in series
(R1=4MQ, R, =10 MQ) [38]

Mostly, in real electrochemical systems the semicircles from the impedance
spectra are depressed and cannot be fitted with such ideal capacitance elements. This
can be caused by the distribution of physical properties (e.g. structure resistivity,
non-uniform current, dielectric constant, a large amount of surface defects, surface
roughness). Therefore, a constant phase element (CPE) is used instead of pure
capacitance. Then the impedance of CPE can be expressed as:

1

Zepe = —u:ju}ﬂ?n; (28)

where Y is the capacitance (C), « is a fitting parameter, generally 0.9-1.0 (« = 1 for
an ideal capacitor).

By knowing the resistance (R) value estimated from fitted impedance spectra,
the conductivity of a system can be defined by:

h
o= E’ (29)
where h is the distance between electrodes and S is the area of the electrodes. The
electrodes have to be parallel and congruent in order to avoid non-uniform electrical
potential distribution in a sample. The area of electrodes (S) is expressed as
S=mnd?/4 (where d defines the diameter of the electrode) for circular
microelectrodes of thin films and circular electrodes of a pellet.
Fig. 18 demonstrates a schematic illustration of the samples prepared for
impedance measurements. It should be noted that electrolyte thin films were formed
not only on SiO2/Si substrate, but on Al,O3 substrates as well.
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(b)
Fig. 18. (a) is a pressed pellet of electrolyte ceramic powder (d is a diameter of Pt

electrode patterned on both sides of the sample); (b) the fastening of the sample into a
sample holder of the Novocontrol Technologies impedance analyser for the measurement

Impedance measurements of GDC (YSZ) ceramics were carried out using an
impedance analyser Alpha-AK (Novocontrol Technologies). The synthesized and
annealed at 900°C powder were pressed into cylindrical pellets of 13 mm in
diameter and approximately 1.5 mm in thickness using a hardened steel die under
uniaxial compression (200 MPa) at room temperature. The pellets were annealed for
5 h in air at 1200°C once more with the heating rate of 5°C/min, followed by
furnace cooling. The density of the annealed pellets was measured by weight-
volume method using the theoretical density of 7.235 g/cm?® [165]. The parallel faces
of the sintered pellets were polished using 2 um polishing paper and cleaned with
ethanol in an ultrasonic bath for 5 min, in order to remove any polishing particles,
before the application of platinum electrodes. Platinum paste (cond. paste Lot. No.
13032810, Mateck) was coated on both parallel faces of pellets and was left to dry at
300°C for 2 h. Then the ionic conductivity of the pressed pellets was measured in
the temperature range of 200 — 800°C, from 1 Hz to 1 MHz frequencies. Fitting and
simulations of the impedance spectra were accomplished with Zview2 software,
which is based on the equivalent circuit method.

The plots of o vs. 1000/T were illustrated and the activation energies for
conductivity of bulk and grain boundaries (as well as total conductivity) were
estimated. The activation energy for conductivity was obtained using an Arrhenius
plot and calculated according to the following equation:

—AER g,

Opgb = Oo8XP— (30)

where oy is the pre-exponential factor, k is the Boltzmann’s constant (0.86:107* eV
K™), T is the temperature; the activation energies of bulk and grain boundary
conductivities, 4Ep b, respectively.

In addition, impedance measurements of thin films were performed using an
impedance analyser Alpha-A (Novocontrol Technologies, Germany) and Agilent
E5062A network analyser. The equipment and experimental details were reported in
[166], [167] and [76], respectively.

3. Experimental results and discussion

This Chapter presents the obtained results and discussion. The development of
u-SOFC which operates at reduced temperatures, i.e. up to 600°C, requires high
quality, significant ionic conductivity and corresponding density electrolyte thin
films. For this purpose, the electron beam evaporation technique (EB-PVD) was
applied in this study. The shortcomings of EB-PVD technique related to the
deviation of chemical composition in thin films compared to the target material were
overcome by applying synthesized materials of variable chemical composition.
Easily performed co-precipitation (CP) synthesis and impregnation techniques were
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tailored for the synthesis of metal oxide ceramic powder used as a target in the
evaporation process. The properties of synthesized electrolyte materials and
evaporated thin films were carefully studied. It was noticed that the characterization
of ionic conductivity properties of electrolyte thin films by impedance spectroscopy
requires more accurate preparation of the samples and properly selected
measurement configuration.

In order to extend the lifetime of the u-SOFC element, appropriate attention
was devoted to researching the behaviour of Pt electrode thin films at u-SOFC
operating temperatures in the range of 500-800°C with respect to their porosity,
microstructure, electrical properties, etc. The electrodes (positive/negative
electrodes) were formed by varying the argon gas pressure in the chamber during the
magnetron sputtering process and applying additional thermal processing.

The final step was the design and implementation of u-SOFC manufacturing
process using thin film deposition and microelectromechanical system (MEMS)
processing techniques.

3.1. The deposition calibration of EB-PVD technique for the formation of p-
SOFC electrolyte thin films

In this research the e-beam evaporation (EB-PVD) technique was used for the
preparation of u-SOFC electrolyte thin film. The optimal evaporation conditions
were determined in order to find the relation between the evaporation time and the
thickness of the film. Commercial 8YSZ-45 and GDC20-N ceramic powder with a
following composition: yttria-stabilized zirconia containing 8 mol% of Y>Os; and 20
mol% GdO; s doped ceria (which corresponds to ~11.08 mol% of Gd,0s) were used
as reference materials, clarifying the growth rate of the film and the chemical
composition of the evaporated YSZ and GDC thin films. The powder was pressed
into pellets of 13 mm in diameter and used as a target in the evaporation process.
The evaporation of the films was repeated three times with the same process
conditions. The illustrated values (points) in graphs are given as an average of all
experiments.

The graphical dependence of the evaporation time vs. the thickness of thin film
is represented in Fig. 19. The graphic illustration shows that the film has a linear
dependence as a function of evaporation time. The obtained average growth rate was
1.2 and 2 nm/s for YSZ and GDC thin films, respectively.
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Fig. 19. The growth rate (v) of YSZ and GDC thin films during the EB-PVD process

The electrolyte of u-SOFC has to maintain important requirements, such as
high density and good ionic conductivity [5,16,17,47,93]. These requirements can be
achieved by controlling the concentration of impurities in the sample, e.g., mol% of
yttria and gadolinia in YSZ and GDC thin films [44], respectively, and by selecting
an appropriate method for the deposition of thin film. The optimal chemical
composition of elements in the films has to be ensured.

Since the choice of thin film fabrication technique may influence the chemical
composition of the film, this research aimed to ascertain this dependence on the
thickness of the film (at the same time and evaporation time) using the EP-PVD
technique. The chemical composition of the evaporated films according to the
thickness of the film was estimated by the EDX measurement.

In order to determine the mole percent of Y,03 via ZrO; in YSZ, and Gd,O3
via CeO; in GDC thin films, we used postulate as follows [17]: first, the sum of
mole percent of Y>03 and ZrO; as well as Gd.Os and CeO; should be one. Second,
the portion between mole percent of Y03 and ZrO; as well as Gd>Os; and CeO;
should be same as the portion between half of Y and Zr also Gd and Ce atomic
concentration, respectively.

The important observations of the dependence of Y,0; content (mol%) on the
thickness of 8YSZ-45 (Tosoh) and molar Gd»O3 content on the thickness of GDC20-
N thin films are illustrated in Fig. 20 (a) and (b), respectively.
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Fig. 20. The molar content of yttria (a) and gadolinia (b) in evaporated YSZ and GDC
thin films as a function of thickness

It is evident that the chemical composition of a thin film depends on the
thickness (thereby, evaporation time). It was proven that the initial material (which
usually is a multinary compound) with the required composition cannot ensure the
preferred chemical composition of thin films.

Fig. 20 (a) shows that the molar concentration of Y05 in the films may differ
from the original chemical composition of the ceramics by up to 33%, i.e. ~ 5.4
mol%. The molar concentration of Y>Os3 in the YSZ films was found to be in the
range of 8.5-5.4 mol%. The closest content of Y03 (8.5 mol%) to the composition
of the initial material was obtained for the thin film with a thickness of 300 nm.
Meanwhile, the lowest molar content of Y03, 5.4 mol%, was observed for the thin
film with a thickness of ~840 nm; and the value of 6 mol% was obtained by
increasing the thickness of the film up to 970 nm.

A similar deviation of the chemical composition was observed in GDC thin
films when compared to the YSZ results. The value of 11.1 mol% was found for the
film with a thickness of 340 nm. It should be noted that the obtained value
corresponds to the initial chemical composition of the target. However, for the
production of the u-SOFC electrolyte, thin films with the thickness of 500-650 nm
are usually deposited, thus the change of dopant concentration in this range is the
most important. Fig. 20 (b) reveals that in the thickness range of 550-670 nm, the
molar content of Gd,O3 drastically decreases from 9.5 to 7.5 mol%.

These observations can be related to different evaporation temperatures and
rates of Y,Ozand ZrO, as well as Gd»Oz and CeO,. The evaporation temperatures of
yttria and zirconia are 2300 and 2400°C, respectively, while gadolinia and ceria
evaporates at 2046 and 1825°C temperature, respectively, with a vacuum pressure of
102 mbar in the system. In the beginning of evaporation, the concentration of the
more volatile element in the vapour is higher; however, by increasing the amount of
evaporated material, the less volatile element starts to evaporate more intensively
[96]. Certainly, the deviation of chemical composition in the films may be
influenced by the low percentage of dopant in the target material.

Thus, in order to guarantee a required elemental composition in the evaporated
electrolyte thin films (thickness of ~600 nm), co-precipitation (CP) synthesis
method was employed for the synthesis of the target material in this research. The
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aim was to synthesize the initial ceramics with the required properties, such as
chemical composition, microstructure, and significant ionic conductivity as well as
chemical and thermal stability at high temperatures.

3.2. Synthesis and characterization of the electrolyte material and the
formation of thin films

This subchapter characterizes various electrolyte materials synthesized using
the co-precipitation (CP) synthesis method and incipient wetness (IW) impregnation
method. The possibilities of using YSZ and GDC ceramics with different
concentrations of dopants as well as CeO>-YSZ ceramics in the fabrication of p-
SOFC are shown.

3.2.1. Synthesis, sintering and the characterization of YSZ ceramics

This section characterizes the co-precipitated YSZ ceramic powder with a
variation in molar contents of Y.0; (5, 8 and 10 mol%). The synthesis route was
adjusted by changing the pH value of the solution during the CP synthesis process.
The co-precipitated powder was compared to commercial ones. Finally, targets used
in the EB-PVD process were produced and thin films were fabricated and analysed.

3.2.1.1. Thermal analysis of the precipitated YSZ ceramic powder

A comparative study on the synthesis of yttria-stabilized zirconia using
different synthesis routes is demonstrated in [168].

Thermal decomposition behaviour of the precipitated Y-Zr—oxalate which
corresponds to the final composition of (Y203)0.0s(ZrO2)0s2 Was investigated by
employing simultaneous TG-DSC measurements. The TG-DSC curves of the
precipitated Y—Zr oxalate are shown in Fig. 21.
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Fig. 21. TG-DSC curves of Y—Zr oxalate precipitate

The thermal decomposition of the Y-Zr oxalate precipitate passes through five
stages. Two endothermic peaks in the DSC curve in the range of temperatures 25—
230°C are due to the removal of adsorbed and hydrated water. The weight loss of
~19% in temperature interval 230-362°C is attributed to the decomposition of
zirconyl oxalate (ZrOC,04) to form intermediate carbonate species (ZrOCQOs3). This
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is in good agreement with the results published by Drozdz-Ciesla et al. [169]. The
fourth weight change in the temperature range 360-490°C is attributed to
simultaneous decomposition of the residual ZrOCO; and Y2(C204)s. As a result,
amorphous zirconium oxide (ZrO2), various carbonato-oxalates and oxycarbonates
are formed [170,171]. The weak exothermic signal in DSC curve which peaked at
470°C can be ascribed to the amorphous zirconia crystallization stage [172]. The
final weight loss of ~6% in the temperature range 600-760°C indicates
decomposition of the thermally stable Y»0,COs. The exothermic peak above 600°C
in the DSC curve is attributed to amorphous-crystalline phase transition in YOs.
Such exothermic peaks were observed in nearly all rare earth metal oxalates studied
by Wendlandt et al. [173]. In conclusion, the TG analysis of the precipitated Y-Zr
oxalate reveals that two separate phases are formed in different temperature ranges.

3.2.1.2. Structural and morphological properties of YSZ ceramics

The phase crystallinity and purity of all samples were characterized by means
of XRD analysis. The representative XRD patterns of YSZ specimens obtained
using the CP method and annealed at 800°C for 5 h in air are shown in Fig. 22.
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Fig. 22. XRD patterns of 5, 8, and 10-YSZ powder prepared using the CP synthesis
route and annealed at (a) 800 and (b) 1500°C, respectively

The formation of two phases attributed to tetragonal zirconia (ICSD#00-078-
1808) and monoclinic zirconia (ICSD#00-086 1451) was observed in all samples
despite their chemical composition. XRD analysis of the powder revealed that the
single-phase cubic zirconia with fluorite-type crystal structure was not obtained at
800°C. Therefore, the samples were annealed at elevated temperatures. It was found
that the temperature of 1500°C is necessary to obtain single-phase cubic zirconia of
8 and 10-YSZ (Fig. 22). However, in the 5-YSZ sample, the mixture of cubic and
monoclinic zirconia was observed after the same thermal treatment. The narrow
reflection peaks of samples annealed at 1500°C suggest a higher degree of
crystallinity in comparison with those which were annealed at 800°C.

Based on the obtained XRD results, it is possible to conclude that the phase
formation mechanism in the precipitated powder is similar to the traditional solid-
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state reaction synthesis route, where much higher temperatures are necessary to
obtain the single-phase compound.

The morphology of synthesized YSZ powder samples was examined using
scanning electron microscopy (SEM). The SEM micrographs of 8-YSZ sample
synthesized by CP method and annealed at 1500°C are shown in Fig. 23 (a). The
SEM images clearly demonstrate that powder consists of irregular-shape
agglomerates (10-30 um) covered by smaller particles.

Fig. 23 (b) represents the SEM images of 8-YSZ pellet sintered at 1500°C for
2 h. It is evident that the pressed pellet (Fig. 23 (b)) is composed of smaller (0.2-0.5
pm) and much larger (1-2 um) grains. The latter tend to aggregate each other to
form island-like structures. Numerous interspaces and cracks are observed on the
surface, which is suggestive of the poor quality of the ceramic sample.

SU70 5.0kV x1.00k SE(L)

Fig. 23. SEM micrographs of 8-YSZ powder (a) and the pellet pressed from this
powder (b) synthesized by a CP synthesis route and sintered at 1500°C

3.2.1.3. Electrical properties

A single large deformed semicircle can be observed in the Nyquist plot for the
ceramics sintered from the CP powder (Fig. 24).
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Fig. 24. Nyquist plot of the synthesized 8-YSZ ceramics measured at 500 K

Numerous cracks and a large variety of ceramic grain sizes contribute to the
grain boundary resistivity arc. In this case, the poorly conductive ceramics grain
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boundaries govern the entire spectrum and the bulk conductivities could not be
extracted from the impedance data.

Temperature dependences of the grain boundary conductivities are shown in
Fig. 25.
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Fig. 25. Temperature dependences of grain boundary conductivities of 5, 8 and 10-YSZ
ceramics. Solid lines are the fits in accordance with Arrhenius law

Ceramics synthesized by CP synthesis route and sintered at 1500°C for 2 h
revealed relatively low conductivity compared to other studies [69]. The low grain
boundary conductivity can be a result of low density of the sintered ceramics. Not
only the quality of the ceramics, indicated by og, but also the amount of phase
which stabilizes the Y,0; affects the grain boundary conductivity of the ceramics.
Activation energies of 5, 8 and 10-YSZ ceramics determined from Arrhenius plots
were 1.00, 0.78 and 0.89 eV, respectively. The obtained values are comparable with
the values found by other authors [15,174].

3.2.1.4. The influence of pH value of the solution on the properties of YSZ
ceramics

Due to the poor quality and uneven distribution of grains of YSZ ceramics, it
was aimed to synthesize powder with a homogenous distribution of grains by
changing the parameters of the CP synthesis route. As it was discussed in the
literature review (subchapter 1.2.1.1), there are many parameters that may be
changed in order to reach this goal [69]. On the basis of a review article [69], the
morphology of the powder may be affected by changing the pH value of the
solution. According to studies carried out by S.K. Tadokoro [175], an attempt to
synthesize ceramic powder with improved properties required further pu-SOFC
applications by diminishing the pH value of the solution. The pH scale with values
of 9, 8, 7, 6.5 and 6 were used in the CP synthesis route. A number of studies has
been carried out and it has been observed that the improved properties of electrolyte
ceramics were obtained as the pH value of the solution was 6.5. Thus, in this
subchapter, the results of a newly synthesized 8-YSZ ceramic powder with the
required properties are presented and compared to the properties of commercial
powders (8YSZ-45, Tosoh).
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The XRD diffraction patterns of the commercial 8YSZ-45 and the precipitated
8YSZ ceramic powder are presented in Fig. 26. Both of these powders are almost
identical, although the sintering temperature of the synthesized powder was
relatively low (900°C). Moreover, the XRD data clearly indicate the formation of a
single cubic-phase structure. The XRD analysis revealed that the powder were
precipitated with nano-sized crystallites, i.e. in the range of 6-20 nm, while the
commercially available 8YSZ-45 powder was found to have crystallites of 11-31
nm range.
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Fig. 26. XRD patterns of (a) 8YSZ-45 and (b) 8-YSZ ceramic powder prepared by CP
synthesis route with the reduced pH value (to 6.5) of the solution and sintered at 900°C for 4
h

SEM micrographs of 8YSZ-45 and 8YSZ powder sintered at 900°C for 4 h are
illustrated in Fig. 27 (a) and (b), respectively.

30 _— HV —_— R

Fig. 27. SEM images of (a) commercially available 8YSZ-45 (Tosoh) and (b)
synthesized 8-YSZ ceramic powder sintered at 900°C for 4 h

Fig. 27 (b) shows that the 8-YSZ powder composed of small and fairly
uniform particles which form a cloud-like structure after calcination at 900°C for 4
h. The abundance of large particles almost disappears in comparison with the results
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obtained when the pH value of the solution was 9 (Fig. 23), while 8YSZ-45 powder
reveal ball-shaped particles (Fig. 27 (a)).

SEM results of the cross-section of ceramic pellets pressed from 8YSZ-45 and
the synthesized 8-YSZ ceramic powder followed by annealing at 1500°C for 5 h are
shown in Fig. 28.
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Fig. 28. Cross-sectional views of (a) 8YSZ-45 ceramics, (b) and (c) precipitated 8-YSZ
ceramics at different magnifications after annealing at 1500°C for 5 h

Fig. 28 (b) and (c) displays that 8-YSZ ceramics sintered at 1500°C forms a
dense microstructure and homogeneous distribution of grains with an average size of
600 nm, as well as a significant growth of grains at high temperature, corresponding
to a smaller grain boundary volume. Meanwhile, the average grain size of 8YSZ-45
ceramics cannot be distinguished due to the merge of grains at high temperature. It is
known that reduced grain size is an important in order to improve the ionic
conductivity of electrolytes, because the grain boundary resistance makes a large
contribution to the total ohmic loss at lower operating temperatures [69]. Therefore,
the synthesis routes of ultra-fine and nano-sized oxide powder used for u-SOFC
application are of substantial interest [176].

Electrical properties of 8YSZ-45 and 8-YSZ ceramics were also compared.
The impedance measurements were performed at a testing temperature range from
200 to 550°C in order to investigate the contribution of the bulk and grain boundary
to the total conductivity of the electrolyte, avoiding the overgrowth of grains at
elevated temperatures. Fig. 29 shows typical impedance spectra for 8YSZ-45 and the
synthesized 8-YSZ ceramics with Pt electrodes measured at 400°C in air.

The first semicircle at high frequencies is related to the intragranular (bulk)
properties of cubic stabilized zirconia, and the other, at low frequencies, is related to
the blocking of charge carriers caused by the insulating phase within grain
boundaries [177]. As can be seen from Fig. 29, grain boundaries influence the ionic
conductivity of the synthesized ceramics much more than bulk properties compared
to 8YSZ-45. The results obtained by IS measurements correlate well with the
microstructure of pellets (Fig. 28).
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Fig. 29. Nyquist plots of the commercially available (8YSZ-45) and the synthesized (8-
YSZ) ceramics measured at 400°C

Fig. 30 shows typical Arrhenius plots and actual ionic conductivity of the
commercial and synthesized YSZ electrolytes in the temperature range of 200-
550°C, obtained from the total resistance values of the impedance spectra.
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Fig. 30. Temperature dependences of bulk and grain boundary conductivities of 8YSZ-
45 and 8-YSZ ceramics. Solid lines are the fits in accordance with Arrhenius law

Fig. 30 shows temperature dependences of 8YSZ-45 and 8YSZ bulk and grain
boundary conductivities in the Arrhenius representation. The activation energies of
8-YSZ (co-precipitation) and 8YSZ-45 (Tosoh) ceramics bulk conductivities are the
same and equal to 0.93 eV, while, the activation energies of grain boundary
conductivity were 1.16 and 0.93 eV, respectively. The measured bulk and grain
boundary ionic conductivities of the co-precipitated 8-YSZ were obtained similar or
higher than that of 8YSZ-45 (Tosoh) (Fig. 30). It has been found that bulk
conductivity is predominantly related to the relative density and is insensitive to the
grain size of the electrolyte. Moreover, the grain boundary conductivity is strongly
related to both the relative density and grain sizes of the electrolyte. Also the
impurity level, which could have been introduced to the electrolyte during the
powder synthesis and ceramic sintering processes, has a significant effect on the
grain-boundary conductivity.
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Summarizing the results, a properly selected pH value of the solution during
the CP synthesis route allows to synthesize higher quality YSZ ceramic powder,
which has the improved properties necessary for the enhanced operation of the p-
SOFC. It should be noted that 5-YSZ and 10-YSZ ceramic powder were synthesized
with a reduced pH value of the solution as well, and the obtained characteristics
were very similar to the 8-YSZ ceramic powder.

3.2.2. Formation and characterization of YSZ thin films using the electron
beam evaporation technique

Considering the results obtained in subchapter 3.2.1., thin films were deposited
using co-precipitated 10-YSZ ceramics as a target in EB-PVD process. SEM
micrographs of 8YSZ-45 (Tosoh) and 10-YSZ thin films deposited using the EB-
PVD are represented in Fig. 31 and Fig. 32, respectively.

rror @ LINE

Fig. 31. SEM micrographs of (a) the top view and (b) the cross-section of 8YSZ-45 thin
film (thickness of 650 nm)
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Fig. 32. SEM micrographs of the cross-section of 10-YSZ thin film (thickness of 450
nm) at different magnifications and breaking angles

As it can be seen from Fig. 31 and 32, both 8YSZ-45 and 10-YSZ thin films
grow having a columnar structure with an average column width of about 140 nm.
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SEM micrographs illustrate that smooth, dense and uniform 10-YSZ thin films with
homogeneous distribution of columns are formed.

According to Beckel et al. [47], the evaporation technique is difficult and
scarcely used for the formation of electrolyte thin films due to challenges related to
the evaporation of complex materials. As a result, up to now, only a few efforts have
been devoted to YSZ as well as GDC electrolyte thin film deposition by EB-PVD
technique [39,79,90,131,178,179]. However, the authors showed that the properties
of evaporated thin films are, in turn, related to the selection of deposition
parameters, substrate temperature, etc. and can be easily controlled. 10-YSZ and
8YSZ-45 thin film microstructure observations correlate well with the results
obtained by Huang et al. [79], Wu et al. [178], Hartmanova et al. [39], Kundracik
[131], etc. Wu et al. [178] indicated the effects of Y03 content on the growth and
structural characteristics of YSZ thin films. The effects of substrate temperatures on
the growth characteristics were investigated by Huang et al. [79] and Laukaitis et al
[90]. The authors found that even though the substrate was unheated, the orientation
peaks of YSZ thin films were formed. In addition, they observed that the strain of
YSZ thin films reaches a minimum at 200°C [79]. A comparison of the deposition
methods, thin film growth mechanisms (columnar structure) also heat and air
conduction mechanisms through the columns were explained by Bernard et al. [180].

XRD patterns of thin films evaporated using commercially available 8YSZ-45
and co-precipitated 10-YSZ targets in EB-PVD process are shown in Fig. 33, which
indicates that all diffraction lines of 8YSZ-45 and 10-YSZ thin films correspond to
single cubic phase structure. No tetragonal or monoclinic YSZ phases were detected.

* Peaks from the substrate *

(111) (200)
(220) o) 10-YSZ
W’j e

T T T T T

30 40 50 60 70 80 90
20 (degrees)

Intensity (a. u.)

Fig. 33. XRD patterns of 8YSZ-45 and 10-YSZ thin films

In summary, the EB-PVD process is suitable for the formation of dense and
high-quality electrolyte thin films using targets of the ceramics synthesized by CP
synthesis route with a reduced pH value of the solution. Furthermore, this allows to
reduce the sintering temperature of the precursor to 900°C.
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3.2.3. Synthesis, sintering and characterization of GDC ceramics

In this section, the co-precipitated GDC ceramic powder with a variation of the
molar contents of Gd.Os (from 10 to 20 mol%) is characterized and further used as a
target in the EB-PVD process.

3.2.3.1. Thermal analysis of the synthesized GDC ceramic powder

In order to describe the behaviour of the co-precipitated GDC powder at
various sintering temperatures, the TG-DTA analysis was performed. Fig. 34
presents TG-DTA plots of as-prepared 10 mol% Gd,Os-doped CeO, (10-GDC)
powder synthesized via the CP synthesis method. The measurements were carried
out for all samples and presented the same trends, therefore only 10-GDC results are
illustrated.

The thermal decomposition mechanism of 10-GDC powder can be divided
into three distinct steps resulting in 44.4% weight loss of the initial compound. The
first weight loss (11.6%) starts in the temperature range of 50-200°C in the TG
curve which could be attributed to the removal of moisture contained in the sample
and the combustion of acetate and oxalate groups. The second step of weight loss of
about 2.9% indicates the decomposition of residual organic compounds in the
precursor powder between 340°C and 420°C temperatures. The third and the most
prominent weight change (~29.6%) is due to the burning of residual carbon and
decomposition of inorganic residues in the temperature interval of 420-720°C.
Finally, the steady weight loss (~1%) in higher than 700°C temperature is associated
with the exclusion of oxygen during the final phase of the crystallization process.
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Fig. 34. TG-DTA curves of thermal decomposition of as-prepared 10-GDC powder

According to the obtained results, the mass of the synthesized ceramic powder
does not change when temperature exceeds 800°C, which indicates that oxides were
completely formed and the material became thermally stable. Moreover, Hsieh et al.
[49] reveals that the weight loss of the as-dried precursor obtained by co-
precipitation synthesis appears to remain almost constant at relatively low
temperatures, i.e. 450°C, which indicates that beyond this temperature, a single
phase of CeosGdo 2019 s present, without any impurities, such as hydrate and nitrate
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materials. However, Tok et al. [50] mention that the decomposition of the
synthesized precursors mainly occurs via three distinct stages and is completed at
about 700°C. The differences between the results may be due to diverse parameters
of the synthesis, process conditions, etc.

Variation of impurity concentration in the synthesized GDC powder does not
have a significant impact on the TG-DTA analysis. Overall, the stabilization of the
synthesized GDC ceramic powder structure occurs when the sintering temperature
reaches 810°C.

3.2.3.2. Morphological, structural, elemental and compaction analysis of GDC
powder

The morphology of the synthesized GDC ceramic powder annealed at 800°C
and 900°C temperatures with different molar content of Gd.Os; which was
investigated using scanning electron microscopy (SEM). The SEM images (Fig. 35)
display that GDC powder sintered at 800°C for 2 h formed a sponge-like structure
with extremely low-tapped density (Fig. 35 (a)—(c)), while agglomerates (coarse rod-
band structure) appears when the sintering temperature reaches 900°C (Fig. 35 (d)—
(n). Zha et al. [181] determined the coarse structure of the GDC powder
synthesized using an oxalic acid co-precipitation synthesis and sintering at 750°C
for 1 h. However, a foamed structure was observed for the powder synthesized via
glycine-nitrate combustion process with the sintering at 600°C for 2 h. The authors
mentioned that foamed structures can be used for the preparation of anode/cathode
electrodes after additional processing, i.e. metallic-ion impregnation.

Fig. 35 (d)—(h) shows that mainly rods which consist of smaller irregular-shape
particles (this is inherent for the co-precipitation synthesis method) were formed.
These agglomerates (~400 nm in width) have angular form with fragments and
protrusions. Hence, the sample pressed of such as-synthesized and not shredded
powder has a relatively low density. Therefore, further powder manufacturing is
needed. The structure and properties of the obtained sediment during synthesis
process depend on numerous deposition conditions; however, the particles aggregate
in any case but the shape, size, density and endurance of aggregates can be different.
An aggregate size is almost independent of the annealing temperature; however, the
size of aggregates depends on the oxalate precipitation temperature and duration of
milling.

XRD patterns of co-precipitated GDC ceramic powder with various molar
content of Gd.O; sintered at 900°C are presented in Fig. 36, while Fig. 37 illustrates
the behaviour of 10-GDC ceramic powder in the temperature range of 700-1300°C.
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Fig. 35. The SEM micrographs of 10-GDC (a), 15-GDC (b) and 20-GDC (c) ceramic
powder sintered at 800°C for 2 h; (d) is 10-GDC, (e) is 12-GDC, (f) is 15-GDC, (g) is 18
GDC and (h) is 20-GDC ceramic powder sintered at 900°C for 2 h
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Fig. 36. XRD patterns of 10-GDC, 12-GDC, 15-GDC, 18-GDC and 20-GDC ceramic
powder sintered at 900°C
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Fig. 37. XRD patterns of 10-GDC ceramic powder sintered in the temperature range of
700-1300°C

All positions of diffraction peaks of GDC powder sintered in the temperature
range of 700-1300°C (e.g. 10-GDC, Fig. 37) match the standard XRD data (PDF-4
database: 011-7336, 006-3415, 013-6571). It can be stated that GDC ceramic
powder with variable amounts of Gd»O3 have a cubic fluorite-type crystalline lattice
(spatial symmetry group Fm3m) with dominating (1 1 1) crystallographic plane. The
crystalline structure of CexGd;-xO-x» remains the same when 0 < x < 0.5 [51][182].

Important changes in precursor material can be described by the changes in
lattice parameter. Thus, the crystalline lattice parameters of GDC ceramic powder
with various molar contents of Gd,O3z were calculated according to the equation:

a =dvh®+ k®+1% where d is an interplanar distance; h, k, | are indices of
crystallographic plane (in calculations (1 1 1)). The obtained results are
demonstrated in Fig. 38.
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Fig. 38. The dependence of GDC lattice parameter on the Gd,O3; molar content (filled
symbols; Tsintering = 900°C) and sintering temperature (transparent circles; the sample of 10-
GDC); empty triangles indicate Hong and Virkar’s model [183]

It was found that the changes in the GDC lattice parameter depend on the
amount of inserted Gd»O3; and the \sintering temperature (see Fig. 38). It is known
that additives, such as Gd**, Sm®, Y*, etc. with the main oxide (CeO.) create a
solid solution [55,165]. Radii of ions and cations of the main oxide and the
embedded additive never match by size. Therefore, after the formation of solid
solutions, changes in lattice parameters can be observed. Stoichiometric
CeO, crystallizes in the face-centered cubic fluorite-type structure with a lattice
parameter of 0.5411 nm, expanding upon doping with gadolinium [63,184]. Due to
the fact that the ionic radius of the inserted gadolinium cation Gd®* is larger than the
ionic radius of the matrix cation Ce*, i.e. rgs** = 0.1053 nm and rce** = 0.097 nm
[165], respectively, the lattice constant a increases with increasing the molar content
of Gd,O3in the ceramic powder. In addition, the growth of the lattice parameter with
gadolinia addition is a proof to the incorporation of gadolinium ions in the lattice.

For the calculation of the theoretical lattice parameter of MOs-CeO; solid
solutions, Hong and Virkar [183] derived an expression:

4

V3
where a is the lattice parameter in nm, Xq is the fraction of dopant, rq is the ionic
radius of dopant, rc. is the radius of the cerium ion, rois the ionic radius of oxygen,
rvo is the oxygen vacancy, and k is the multiplication factor equal to
5.411/5.427 = 0.9971.

The dependence of an experimentally obtained lattice parameter on the molar
content of Gd,03 was compared with the values of Hong and Virkar’s model (Fig.
38). The obtained dependency fits well with the model only at low molar content of
Gdy03, i.e. up to 12 mol%. Further values correlate well with the dependence
obtained by Hennings and Reimert [183]. The authors determined the existence of
segregated gadolinia phase for the samples with xcq > 0.3, and explained this

a fxgrg+ (1 —x e + (1 — 0.25x )01y + (0.25x 417, )3 (31)
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observation as a growth of the cubic gadolinium phase as a thin layer on top of the
ceria lattice [183].

Fig. 38 indicates that after annealing the electrolyte powder in the temperature
range of 700-900°C, the lattice parameter, a, decreases, while when the annealing
temperature increases up to 900°C, a starts to increase. This can be related to
incomplete formation of oxides and insufficient sintering temperature. Overall,
according to the TG-DTA, SEM and XRD results, 900°C temperature was chosen in
order to ensure the full formation of cubic fluorite-type crystalline lattice.

The crystallite sizes of the sintered GDC ceramic powder were calculated with
the Scherer equation [45]. According to the obtained results, crystallite sizes of
various concentration GDC powder annealed at the same temperature were nearly
identical and equal to the average of 31, 39 and 41 nm after sintering at 900, 1200
and 1300°C temperature, respectively. Li et al. [165] mention that doping with both
Gd®* and Sm3* effectively suppresses the grain growth of the CeO, ceramic during
the sintering. However, crystallite sizes increase with the increasing sintering
temperature. The sintering of the ceramics is greatly dependent on the diffusion
processes that combine distinct powdered grains into one cohesive material. As a
result of crystallite size increase, the well-defined peak intensity increases and the
broadening decreases, which shows a higher degree of crystallinity in the material.

Elemental analysis and compaction of the sintered GDC powder were also
assessed. The molar contents of gadolinia in GDC ceramic powder were measured
by ICP-OES and SEM/EDX analysis (Table 9). Results indicate that the chemical
composition of materials is fully controlled by the composition of the synthesis
solution. Moreover, the properties of ceramics may be influenced by the compaction
of the powder during the sintering process. Therefore, such analysis was performed.
The results are summarized in Table 9.

Table 9. A summary of the elemental analysis results and some physical properties
of the GDC powder sintered at 900°C

Gd Gd
Gd porggrg content . 5 ; 5
. n n BET th BET
Notation | content from GDC (m?#g) | (nm) | (g/lcm?) (nm) ¢
in GDC

ICP- from

OES EDS
10-GDC 0.180 0.181 0.161 11.8 32.6 7.235 70.28 | 0.464
12-GDC 0.210 0.205 0.197 115 30.1 7.238 72.08 | 0.418
15-GDC 0.260 0.256 0.251 10.18 32.7 7.244 81.37 | 0.402
18-GDC 0.310 0.304 0.284 9.23 30.0 7.249 89.67 | 0.335
20-GDC 0.330 0.327 0.314 7.66 311 7.251 108.02 | 0.288

The elemental analysis of the synthesized powder was estimated using two
different methods in order to achieve more reliable results. As can be seen from
Table 9, the values of Gd content in GDC ceramic powder are lower on average by
about 5.5% using EDX analysis as compared to ICP-OES.

Bulk surface area of powder calcined at 900°C was measured by Brunauer-
Emmett-Teller (BET) surface area analysis (Sorptometer KELVIN 1042), after

90



properly degassing the powder samples at 200°C for 2 h. The BET surface area and

the equivalent particle size can be correlated by the following equation [165]:
Ex10%

dthSBET

where Dger (nm) is the average particle size, Sger the specific surface area expressed
in m?/g, and d is the theoretical density of the solid solution oxide (g/cm?3); it was

calculated according to the following equation considering that Gd®* cations occupy

the Ce** sites to form a solid solution of Ce; xGdxO> v»:

A1 Mo 4 My g+(2—x/2) Mgl (33)
dep =

(32)

Dggr =

a®Ny

where x is the dopant concentration (0.18, 0.21, 0.26, 0.31 and 0.33 in this work), Na
is the Avogadro constant, M is the atomic weight, and a is the lattice constant of the
solid solution.

In addition, a factor ¢ = Sger/Sxro Was defined to probe the aggregation extent
of the particles, where Sger is the specific surface area determined via BET analysis
and Sxrp is calculated according to Eg. (33) using the average crystallite size
determined via XRD [165].

The obtained results are in a good agreement with the observations from the
SEM analysis (Fig. 35) of co-precipitated powder. The obtained value of the ¢ factor
for 10-GDC powder, 0.464, is comparable to the value of 0.55 obtained by Ji-Guang
Li et al. [165]. The authors also mentioned that if the factor ¢ is lower than 1, the
crystallites of synthesized powder are hard-aggregated, i.e. each particle is not a
single crystallite, because BET detects particles while XRD detects crystallites.
Moreover, they showed that the ¢ factor decreases with the increase of annealing
temperature of GDC powder. According to our results, it is evident that ¢ factor
decreases with the increase of the molar content of Gd,O3 in GDC ceramic powder
(Table 9).

3.2.3.3. Electrical properties of GDC ceramics

In order to characterize the ionic conductivity of GDC ceramics, the density of
pellets as well as the distribution of grains were evaluated. Fig. 39 represents the
SEM images of 10-GDC and 20-GDC pellets sintered at 1200°C temperature for 5
h.

Fig. 39. A cross-sectional view of 10-GDC (a) and 20-GDC (b) ceramics sintered at
1200°C
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The obtained SEM images clearly show that the average grain sizes of 10-
GDC and 20-GDC ceramics sintered at the same temperature (1200°C) were about
222 and 317 nm, respectively (Fig. 39). The same tendency was observed for the
other concentrations of GDC ceramics. The rate and degree of sintering depends on
the sintering temperature and time, dispersivity of the particles as well as the
diffusion coefficient. Moreover, the sintering rate is inversely proportional to the
particle diameter. Also, the diffusion coefficient is directly proportional to the
amount of crystalline lattice defects. It should be noted that the sintering quality of
ceramics is the most important factor for the analysis of ionic conductivity using
impedance spectroscopy. The density of the measured ceramics has to be over 96%
of theoretical density. The porosity of the system can be decreased from 30-50% to
a few percent when fine-dispersive powders are sintered and individual grains grow
together.

The task of estimating the density of GDC ceramics from SEM images has
proven to be rather difficult, whereas the cross-section surface of the pellet was not
further processed in this study, i.e. special methods have not been applied for the
polishing. Visible cavities were mainly due to the surface roughness after breaking
the samples. However, the established density of the synthesized GDC ceramics
used in the IS measurements were in the range of 93-95%. Meanhile Arabaci [66]
reported that Cep9Gdo.101.95 powder prepared with the Pechini method and sintered
at 1200 and 1400°C for 6 h presented 87 and 98% of theoretical density,
respectively.

IS measurements were carried out for GDC ceramics with various contents of
Gd,03, i.e. 10, 12, 15, 18, 20 mol% of Gd,Os, with patterned Pt electrodes in the
temperature range of 200-800°C. Such temperatures were chosen, as it is intended
to investigate the solid oxide fuel ceramics (electrolytes) with a relatively low
operating temperature of ~600°C. The possibility to separate different processes in
the electrolyte is feasible after measuring complex resistance over a wide frequency
range of the electric field. Fig. 40 depicts typical impedance spectra for different
concentration GDC ceramics measured at 400°C temperature.

The capacitance is related to different processes taking place in ionic ceramics.
The high-frequency semicircle in the impedance spectra is attributed to the oxygen
ion relaxation in grains, the medium-frequency semicircle is the ionic migration in
grain boundaries and the low-frequency semicircle is the electrode polarization
(frequencies increase from right to left in spectra). Therefore, the capacitance was
calculated according to the formula: C = /R = l/w - R = 1/2zf - R, where 7 is
relaxation time, which is inversely proportional to the angular frequency, w, f is
frequency at the top of semicircle, R is real part impedance.
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Fig. 40. Nyquist plots of different concentration GDC pellets with Pt electrodes
measured at 400°C

Pe'rez-Coll found that for GDC ceramics the capacitance associated with a
semicircle of higher frequencies is equal to 1.1 pF and this semicircle characterizes
the properties of ceramics bulk; the semicircle in lower frequencies corresponds to
the capacitance of 10 nF which is typical for grain boundaries [185]. The value of
capacitance associated with electrode polarization is usually several orders of
magnitude greater. The experimentally determined values of capacities, which are
close to the theoretical ones, are presented in Table 10.
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Table 10. The capacitance values related to the bulk and grain boundary semicircles
of GDC ceramics

Co (F) Co (F)
10-GDC 5.0 - 10712 5.4 1070
12-GDC 2.6 1012 3.4 1070
15-GDC 6.1 1072 6.2 - 100
18-GDC 5.6 - 102 7.3 1070
20-GDC 6.1 1072 3.8-10%0
The literature values [185] 1.1-10%2 1.0 - 1010

Fig. 40 shows that the semicircle determined by grain boundaries resistance is
relatively higher for the GDC ceramics with low concentration of gadolinia (10-
GDC), which means that the grain boundary blocking effect influences the total
conductivity of the electrolyte which can be explained by the formation of space
charge layers [48,97]. However, the space charge potential decreases with increasing
modifying additives, thus the resistance of grain boundaries significantly decreases
as a result of the increase of Gd amount (Fig. 40). When the concentration of Gd,Os
is close to 20 mol%, the grain boundaries resistance becomes very low and this
causes difficulties in distinguishing it from the bulk resistance. Another important
outcome is that the higher amount of Gd additives causes higher total resistance of
GDC ceramics. It can be concluded that the conductivity of GDC ceramics highly
depends on the amount of Gd;0s.

Temperature dependences of the bulk, grain boundary and total conductivities
(owta = /Rt S, Where the distance between the electrodes, h; total resistance, Riotal;
electrode area of pellets, S) of GDC ceramics with different concentration of Gd,0s,
as measured from impedance spectra, are presented in Fig. 41, (a)—(c).

All temperature dependences of the ionic conductivity follow an Arrhenius-
type relation [186]. However, it can be seen that there is a break in the slopes
resulting in two different activation energies in the low (200—450°C) and high (450—
800°C) temperature regions. According to Anantharaman and Bauri [186], different
temperature zones of conductivity in an ionic conductor can be found based on the
interaction between defect species and their thermodynamics. At lower temperatures
the concentration of charge carrying defects is dictated by the coulombic interaction
and the thermodynamic equilibrium between oppositely charged defect species,
whereas intrinsic defects dominate at higher temperatures [186]. Moreover, different
temperature regimes of conductivity in GDC ceramics may be due to redox reactions
occurring in the ceria lattice followed by the formation of polarons [186,187].
Hence, the breaks (Fig. 41 (a)—(c)) obtained in this research show different ionic
conduction mechanisms in co-precipitated GDC ceramics. Fig. 41 (a)—(c)
demonstrates that the slope changes toward lower activation energy in the high
temperature region, which contradicts the results obtained by Anantharaman and
Bauri [186]. It should be noted that low and high temperature ranges vary and
depend on the data obtained by different authors, such as Hsieh et al. [49], who
distinguished low and high temperatures in the ranges of 300-573°C and 573-800
°C, respectively, whereas Muralidharan, et al. [188] and Zha, et al. [63] mentioned
breaks occurring below and above 400°C and 650°C temperatures, respectively.
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The activation energies determined from the Arrhenius plots as a function of
the Gd>O3; molar content in GDC ceramics are summarized in Table 11.

Table 11. The bulk (4Ep), grain boundary (4Eq) and total (AEww) activation
energies of GDC ceramics at low temperature (LT) and high temperature (HT)
ranges

AE; (eV) AEg (eV) AEotal (eV)
Ceramics LT HT LT HT LT HT
10-GDC 0.83 0.61 0.88 0.73 0.85 0.65
12-GDC 0.78 0.77 0.89 0.58 0.86 0.63
15-GDC 0.99 0.80 1.00 0.82 0.99 0.81
18-GDC 1.10 - 1.07 - 1.09 0.93
20-GDC 1.13 1.00 1.02 1.12 1.01 0.80

It was observed that the total conductivity of an electrolyte decreases (Fig. 41)
and the activation energy increases (Table 11) as the molar content of Gd.Os in
GDC ceramics increases. A comparable tendency was maintained in terms of bulk
and grain boundary conductivities. The maximum ionic conductivity of co-
precipitated ceramics, which is comparable with the results of other studies, was
measured for 10-GDC ceramics at 600°C with 0.011 S/cm. Moreover, its total
activation energies at LT and HT regions were one of the lowest, i.e. 0.85 and 0.65
eV. Due to a very low difference on the chemical composition, the values of
conductivity and activation energy for 12-GDC ceramics were very similar to 10-
GDC. Faruk Oksiizémer et al. [45] reported a 0.0211 and 0.0201 S/cm ionic
conductivity at 800°C for Gdo.1Ceo 90195 and Gdo2Ceo.s01.9 Cceramics, respectively,
synthesized via CP synthesis from acetates using triethylene glycol as a solvent and
reducing agent. Also, the authors separated LT and HT regions with total activation
energy values of 0.78 and 0.53 eV as well as 0.89 and 0.63 eV for Gdo.1Cep.901.95and
Gdo2Ceos019, respectively. Meanwhile, Arabaci [66] obtained 0.0325 S/cm ionic
conductivity at 500°C for the samples sintered at 1400°C; however the scientist used
a higher activation energy, i.e. 0.89 eV.

The mismatch between the results of other authors can be caused by the purity
of initial materials, different manufacturing processes, the synthesis proceeding,
resulting in differences in microstructure, formation of amorphous glassy phase in
grain boundaries due to impurities, etc.

3.2.4. Formation and characterization of GDC thin films by electron beam
evaporation technique

The GDC ceramics obtained with the co-precipitation synthesis method was
successfully applied for the evaporation of GDC electrolyte thin films on Si(100)
substrate by EB-PVD technique. It was aimed to assess the molar content of Gd,Os
in thin films depending on the target composition. The obtained results are
summarized in Table 12.
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Table 12. The composition of evaporated 10, 15 and 20-GDC thin films obtained
from XPS and ICP-OES measurements

Gd Gd The molar Decrease of
Gd content in tent in contentin | content of the molar
Notation GDC powder Ct?]?n film thin film Gd203in content of
from ICP-OES from XPS from ICP- thin film Gd203in thin
OES (mol%) film (%)
10-GDC 0.181 0.131 0.133 6.9 31.0
15-GDC 0.256 0.199 0.212 11.3 24.7
20-GDC 0.327 0.261 0.265 14.4 28.0

The obtained results (Table 12) prove that the molar content of Gd.0Os in the
deposited thin films decreased on average by about 28% compared to the
composition of target material used in the EB-PVD process. The established
decrease of the molar content of Gd.Os in thin films is irrespective of the initial
material composition. The co-precipitated 15-GDC ceramics used as a target in the
evaporation process ensures the formation of 10-GDC thin film, which is believed to
have the highest ionic conductivity [44].

The SEM micrographs of the cross-section of 10-GDC thin film at different
magnifications are illustrated in Fig. 42. In comparison with YSZ thin film, GDC
film reveals an isotropic microstructure.

Fig. 42. A cross-sectional view of 10-GDC thin film obtained at 50000 (a) and 200000
(b) magnifications

The deposited 10, 15 and 20-GDC thin films were characterized using X-ray
diffraction analysis (see Fig. 43). It is evident that GDC electrolyte thin films were
highly textured in (1 1 1) crystallographic orientation and reveal a cubic-phase
structure irrespective of the composition of initial material.
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Fig. 43. X-ray diffraction patterns of evaporated 10, 15 and 20-GDC thin films

In summary, the evaporation process is complex and depends on many factors,
therefore the formation of homogenous thin films with the required composition
often is complicated and possible only under certain conditions or by adjusting a
specific composition of the source material.

3.2.5. Formation and characterization of CeO,-YSZ ceramics
3.2.5.1. Characterization of the synthesis and calcination products

The phase crystallinity and purity of the CeO,-YSZ ceramics were
characterized by means of XRD analysis (Fig. 44).
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Fig. 44. XRD patterns of CeO,-YSZ ceramic powder sintered in the temperature range
of 600-1100°C

The representative XRD patterns of CeO,-YSZ confirm the fluorite-type cubic
structure with a very small degree of tetragonalization (marked with an asterisk in
Fig. 44). A higher degree of crystallinity was determined with an increase of the
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sintering temperature. Samples sintered at higher than 700°C exhibited only a
fluorite-structure cubic phase.

3.2.5.2. The electrical properties of CeO,-YSZ ceramics

The IS measurements of the synthesized CeO,-YSZ ceramics were performed
in order to determine the ionic conductivity contribution of the bulk and grain
boundary. Fig. 45 displays an example of the comparative impedance
(£ = Z' —iZ") spectra of CeO,-YSZ ceramics (the annealing temperatures of pellets
were 1000 and 1500°C) measured by 2-electrode method. The impedance spectra
shows the measurement results at 400°C under air atmosphere. Two relaxation
processes were observed in the impedance spectra. Fig. 45 illustrates that CeO,-YSZ
ceramics consists of two components, i.e. bulk conductivity and conductivity of
grain boundaries. The influence of external electrode/material interfaces on the
measurement results was also observed, particularly for the ceramics annealed at
1500°C for 3 h.

4x10* -
400 °C ¢ CeO,-YSZ annealed at 1000 °C
3%10° & CeO,-YSZ annealed at 1500 °C
X107 189 kHz
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Fig. 45. Nyquist plots of impedance spectra obtained at 400°C for CeO»-YSZ ceramics
annealed at 1000 and 1500°C

It is indeed well-known that the grain boundary resistance arc of the Nyquist
plot is associated with numerous cracks and wide distribution of ceramic grain sizes,
therefore the quality of the obtained ceramics can be described by the values of grain
boundary conductivities [40,52]. The grain boundaries, which play an important role
for ionic conductivity, may have essentially different properties and completely
different structure than the grain bulk. Generally, ionic conductivity depends on the
concentration of defect and mobility of charge carriers, while grain boundaries may
lower the mobility of the ions [52].

Conductivities of grain and grain boundary were evaluated and the results are
illustrated in temperature dependences plots (Fig. 46).

As it can be seen from Fig. 46, CeO.-YSZ ceramics possess high grain
boundary conductivity despite the annealing temperature. The highest bulk (o) and
grain boundary (ogs) conductivity values were increased by one order of magnitude
for ceramics annealed at 1500°C compared with annealing temperature of 1000°C.
Moreover, the increase of grain boundary conductivity by one order of magnitude
was observed regardless of the annealing temperature.
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Fig. 46. Temperature dependences of the bulk (b), grain boundary (gb) and total
conductivities of CeO2-YSZ ceramics annealed at (a) 1000 and (b) 1500°C

The obtained conductivities correlate well with the microstructure of
synthesized CeO,-YSZ ceramics (see Fig. 47). According to structural analysis, the
nano-sized grains of ceramics and coalescence of the grains into clusters were
observed, which shows enhanced ionic conduction due to transport along the grain
boundaries. It should be noted that the cross-section of the pellet surface was not
polished or any other way processed. The summary of activation energies of CeO--
YSZ ceramics obtained from Arrhenius plots is given in Table 13.

Fig. 47. A cross-sectional view of CeO,-YSZ ceramics annealed at 1500°C

Table 13. Activation energies of bulk (b), grain boundary (gb) and total
conductivities of CeO,-YSZ ceramics annealed at 1000 and 1500°C

CeO2-YSZ ceramics
Activation energy

AEp AEgb AEtotal

Temperature @) | (V) (eV)
1000°C 091 | 0.95 0.92
1500°C 1.07 | 113 1.09
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3.2.6. Formation and characterization of CeO,-YSZ thin films by electron
beam evaporation technique

Fig. 48 presents the GI-XRD patterns of CeO-YSZ thin films deposited on Ni
foil, Si(100) and SiO-/Si substrates using EB-PVD technique.
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Fig. 48. GI-XRD patterns of the CeO»-YSZ thin films formed on different substrates

Crystallographic planes with (111), (200), (220) and (311) orientations of thin
films on Si(100) and Ni foil substrates were observed using a 1° grazing incident
angle, while films deposited on SiO./Si substrate have an additional (331)
crystallographic plane. It should be noted that the polycrystalline cubic structure
with no peaks corresponding to tetragonal or monoclinic phases of the CeO,-YSZ
thin films was detected.

It was observed that thin a film deposited on Ni substrate produces peak shifts
toward the lower angles, because of high degree of residual stresses in the foil.
Among three substrates, the diffraction peak of CeO.-YSZ on SiO,/Si has the
highest peak of (200) crystallographic orientation, while CeO,-YSZ on Ni foil has
the lowest intensity of the (200) peak.

Next to the GI-XRD measurements, a conventional #-26 scan was also
performed for all thin films. It was found that the presence of predominant (200)
crystallographic orientation in all thin films was observed regardless of the substrate
used for deposition, in contrary to the results of CeO,-YSZ ceramics annealed at
1100°C with dominating (111) crystallographic orientation. The crystallite sizes of
Ce0,-YSZ thin films deposited on Ni foil, Si(100) and SiO»/Si substrates varied in
the range of 11-32 nm, 9-19 nm, 7-13 nm, respectively. The measured values of
crystallite sizes were three times lower when compared with the results obtained by
Saporiti [91].

It is well known that the properties of a thin film, such as density, porosity,
mechanical stability, optical reflectivity, conductivity, the origin growth of the thin
film, etc. are closely related to its microstructure, especially to its morphology and
surface roughness [71]. Therefore, the evaluation of surface topography of thin films
is an essential part of this research. Fig. 49 shows the AFM images of CeO,-YSZ

101



thin films deposited on Si(100), SiO2/Si and Ni foil substrates using the EB-PVD
process.
Si0,/Si

Fig. 49. AFM images of CeO,-YSZ thin films deposited on different substrates

Table 14 presents the main roughness parameters, such as root mean square
roughness, arithmetic average height, skewness, kurtosis and mean height of the
evaporated CeO,-YSZ thin films, evaluated in terms of AFM topography images.
The measured value of the root mean square (Rq) surface roughness parameters of
the Si(100), SiO/Si and Ni foil were 0.59 + 0.02, 0.62 + 0.02 and 7.63 + 0.02 nm,
respectively.

Table 14. Roughness parameters: root mean square (Rq), arithmetic average height
(Ra), skewness (Rs), kurtosis (Rk)) and mean height distribution (Zmean) of CeO--
YSZ thin films deposited on different substrates

Ce0,-YSZ
Roughness paramater
Substrate (r?r?]) (r?r;) Rsk Rku (Zr:" re;;
Si(100) 1.24 0.96 -0.05 3.09 4.46
SiO/Si 1.07 0.81 -0.02 3.44 3.87
Nickel foil 10.51 8.29 0.61 3.50 32.03

According to AFM images, CeO,-YSZ thin films deposited on Si(100) and
SiO./Si substrates using the EB-PVD technique revealed a uniform and dense
surface (Fig. 49), with the surface structures having a mean height of 4.46 and 3.87
nm, respectively (Table 14). Moreover, the thin films deposited on the SiO,/Si
substrate revealed the lowest Ry value of 1.07 nm. Additionally, CeO»-YSZ thin
films deposited on the aforementioned substrates exhibited a symmetrical growth of
the films (R« values were close to 0).

In the case of Ni foil as a substrate, the growth of CeO,-YSZ thin films was
different. This substrate has a higher natural roughness than Si(100) or SiO./Si,
therefore uneven structures which have a mean height of 32.03 nm were formed on
its surface. Rq value of 10.51 nm was found. However, the growth mechanism of
thin films on Ni foil is important due to possible applications of Ni as an electrode
(anode) material for micro-SOFC [5,47]. It should be noted that the obtained thin
films evaporated on all substrates, including Ni foil, were mechanically stable and
adhered well to the substrate.
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Fig. 50 presents an SEM cross-section image of CeO.-YSZ thin film deposited
on the SiO,/Si substrate. The results show that the growth of the film has a tendency
to develop a dense microstructure.
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Fig. 50. The cross-section of evaporated CeO»-YSZ thin films
3.2.7. In- and across-plane conductivity measurements of electrolyte thin films

A variety of current research activities in solid-state ionics has dealt with the
ionic conductivity in nanomaterials, including thin films. A strong deviation of thin
film properties can be observed compared to the bulk ones [34,86,167,189]. The
evaluation of ionic conductivity of thin films is complicated due to many reasons,
such as limitations of experimental equipment, preparation and mounting of the
sample, insufficient contact between the sample surface with the formed electrodes
and the contact electrodes, the influence of extraneous wires, the choice of the
substrate material and measurement geometry, as well as the quality of the films,
etc.

One of the tasks of this dissertation includes the evaluation of conductivity
mechanisms in thin films. There are various equipment and measurement designs
(across-plane or in-plane configurations) which can be tailored reaching this goal
[76,86,88,120,167,189,190]. For better understanding, three different pieces of
impedance spectroscopy equipment were used for measuring solid electrolyte thin
films in this study. Investigations in the low frequency range (from 10 Hz to
10 MHz) were performed using an impedance analyser Alpha-AK and Alpha-A
(Novocontrol, Germany). Also, the corresponding investigations in the high
frequency range (from 300 kHz to 3 GHz) based on the coaxial waveguide technique
were carried out using Agilent E5062A network analyser. Taking into account
different specifications of devices, the samples were prepared on different substrates
(Al205 and SiO,/Si) with the required geometry of electrodes. Patterning of the paste
and sputtering of thin films was used to prepare the Pt electrodes. The obtained
results and problems encountered in measuring properties of thin films are described
in the following.

In this research, the in-plane (see Fig. 51) configuration was used, i.e. samples
were measured along the film, in order to characterise then. It should be noted that
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this type of measurement reveals information not only about the material from

which the thin film was formed, but also the quality of the film.

Pt ele?.trode AlOs substrate

Electrolyte

Fig. 51. The principal scheme of the solid electrolyte membrane prepared for the in-plane
impedance measurements

In order to determine specific electrical parameters of superionic materials or
membrane structures, the evaluation of geometric dimensions is very important, i.e.
the ratio of the area to length. The approximate dimensions of the sample are
illustrated in Fig. 52.

1 mm
<>

600 nm

Fig. 52. A schematic overview of the sample with indicative geometrical dimensions:
thickness of the film is 600 nm, width of the sample is 3 mm and length between electrodes
is approximately 1 mm

The geometric factor can be simply calculated from Fig. 52 as follows:
S/l = 0.0018 mm. The value of S/I shows that the measured absolute resistance of a
thin film is very high and practically undetectable at temperatures lower than 600 K.
Thus, in order to evaluate the properties of thin films, special preparation or
geometry of the sample is needed. In this research, the electrical properties of
electrolyte thin films were studied using different ways of sample preparation for
testing.

The samples were deposited on an Al,Os substrate for the IS measurements
performed by Agilent E5062A network analyser. Firstly, thin films (thickness of
~600 nm) were deposited on the Al,Os substrate. The samples were cut into 1.5 x 3
mm pieces and Pt paste was applied to form electrodes subsequently annealing them
at 700°C. The distance between electrodes was smaller than 1 mm. Examples of the
samples are shown in Fig. 53.
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Fig. 53. Samples with YSZ electrolyte thin film prepared for IS measurement. Distances
between electrodes were 0.5 and 0.2 mm, respectively

IS measurements were performed in the frequency range of 10 Hz to 3 GHz at
the temperatures from 500 to 740 K. As an example, typical impedance spectra of
10-YSZ thin film under 600 K temperature is presented in Fig. 54.
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Fig. 54. A Nyquist plot of 10-YSZ thin film deposited on Al,O3 substrate measured at 600 K
temperature (distance between electrodes was 0.2 mm)

In terms of impedance plots, only main semi-circle was observed in Fig. 54.
For comparison, high quality sintered electrolyte materials (bulk samples) generally
constitute two semi-circles (as a minimum). Similar results were discussed and
reported in literature [75,191]. This is commonly reported for nano-scaled materials,
either for nanometre grain size or very thin thin films [190,192,193]. However,
Gerstl et al. [167] showed that appropriate selection of the electrode geometry
allows a separation of bulk and grain boundary contributions even in very thin YSZ
layers and for small grain sizes.

Due to the fact that IS measurement of thin films (when the thickness is lower
than 1 pm) can be strongly influenced by the electrode geometry, in order to
increase the geometric factor and to achieve the optimal conditions for impedance
measurement, the distance between Pt electrodes was varied in this research. Pt
electrodes were formed using the photolithography process. Firstly, YSZ electrolyte
thin film (thickness of 600 nm) was formed on the substrates (on Al;Os; and SiO-/Si
separately); then, the Pt electrode (thickness of 200 nm) was formed on the top
surface of the electrolyte thin film. Finally, the pattern was formed on the surface of
Pt electrode trough the photomask (see Subchapter 2.1.4.1., Fig. 14 (b)) followed by
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etching with direct Ar* ions. The distances between electrodes varied as follows: 2,
4, 6,8 and 10 um. It should be noted that samples were formed in parallel on both
substrates. A schematic example of the produced sample on a SiO»/Si substrate is
demonstrated in Fig. 55. The ionic properties of thin films deposited on Al.O3
substrates were characterized in a wide range of frequency (from 300 kHz to 3 GHz)
by cutting them into 1.5 x 3 mm pieces using laser cutting. The samples on SiO,/Si
were used for IS measurements (equipment of Novocontrol; in the frequency range
from 10 Hz to 10 MHz) with no additional sample processing.

Contact
electrodes

1cm

(@) (b)

Fig. 55. A schematic representation of the sample formed on SiO>/Si substrate for 1S
measurements performed by an impedance analyser Alpha-AK (a); (b) — top view of the
sample (the scale has not been maintained)

Laser cutting was carried out from the backside of the sample without reaching
the YSZ electrolyte thin film. The sample on the alumina substrate was incised to
the half of its thickness in order to observe the film. Nevertheless, it was found that
the laser cutting strongly affects a sputtered Pt film and the cutting-related problem
is illustrated in Fig. 56.

Fig. 56. The impact of laser cutting on the sample surface (prepared on Al,O3 substrate).
Arrows in a figure indicate gaps between Pt electrodes

Fig. 56 demonstrates that the laser radiation violates not only the Pt electrode,
but electrolyte film as well. This occurs due to the fact that Al,Os substrate is
sufficiently transparent to the wavelengths of 1064 nm, which were used during the
process. It is evident that certain areas of the sample were affected and the Pt thin
film was coiled up where the laser beam was in contact with the sample, i.e., cutting
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areas appeared with no Pt electrode on the electrolyte surface. Moreover, the coiled

up Pt electrodes may influence the short-circuiting of the electrolyte thin film.
Taking into account these observations, the Pt paste was applied as well in

order to correct the electrode surface. The prepared sample is presented in Fig. 57.

Sputtered Pt Pt paste )
electrode LOCBIIOf:I wh_ere the
short-circuit may
Measuring appear

location of the
electrolyte thin

film (gap
between_ The region with the
electrodes is 8 coiled up Pt electrode
pm)

———— 3(( nm
Fig. 57. 10-YSZ thin film on the Al,O3 substrate prepared for the IS measurements

The Nyquist impedance plots of the 8-YSZ thin film deposited on Al.Os;
substrate, with a formed gap size of 8 pm between Pt electrodes are presented in Fig.
58.
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Fig. 58. Typical impedance spectra of 10-YSZ thin film measured at temperatures in the
range of 600—700 K. The distance between Pt electrodes was 8 pm

Fig. 58 demonstrates the appearance of one contribution in the high-frequency
response which is generated from the electrolyte thin film itself. Generally, the low-
frequency response appears from electrodes. P. Briois et al. [194] investigated ionic
conductivity of YSZ films and showed that the relaxation frequency associated with
the high-frequency semi-circle seems to correspond to a major contribution of the
bulk, particularly, if the film reveals a dense and pore-free microstructure.
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According to impedance data, the temperature dependences of ionic
conductivity of electrolyte thin films were determined and displayed in Fig. 59.
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Fig. 59. Temperature dependences of ionic conductivities of 10-YSZ thin film with respect
to different gaps between Pt electrodes

The ionic conductivity data for electrolyte thin films prepared using the EB-
PVD method has not been widely reported yet. However, the obtained results were
lower by one order of magnitude compared to other studies [83]. E. Wanzenberg, et
al. [190] presented a model of Kenjo and Nakagawa which indicates that the
measured conductivity is dependent on the thickness of the sample, therefore this
may cause substantial differences between the results obtained by different authors.

Furthermore, as can be seen from Fig. 59, the activation energy values of the
electrolyte thin film are typical for oxygen ionic conductors and practically coincide
with the values of synthesized ceramics (see Fig. 30). According to the Arrhenius
law which allows us to determine the activation energy by considering the slope of
the curve, the activation energies of 1.03 and 1.05 eV for 10-YSZ thin film were
found. The activation energy values appear to be in good agreement with the
literature data of about 1.0 and 0.94 eV for YSZ thin films [86,191]. However, it
should be noted that these results were obtained using different gap sizes between Pt
electrodes during IS measurements, i.e. 0.2 mm and § pm.

As was mentioned above, the further step of this research was to achieve the
optimal conditions for the impedance measurement by adjusting the distance
between Pt electrodes. For this purpose, a sample with 10-YSZ thin film evaporated
on a SiO./Si substrate (see Fig. 32) was used. Measurements were carried out using
the Alpha-AK (Novocontrol Technologies) impedance analyser in the frequency
range from 10 Hz to 10 MHz.

Fig. 60 illustrates the etching process of the Pt electrode on the YSZ thin film
surface.
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Fig. 60. 10-YSZ thin film with a gap size of 6 pm between Pt electrodes

Fig. 60 clearly shows that there are no residues of platinum on the electrolyte
surface which may cause the short-circuit effect. However, minor deviations of the
gap size between Pt electrodes were observed for small distances, i.e. the actual gap
sizes for 2 and 4 pm were 1.5 and 3.1 um, respectively. As expected, due to some
technological limits of the Alpha-AK analyser, it was not possible to perform
measurements with such small gaps between Pt electrodes.

Summarizing the obtained results, Fig. 61 depicts the impedance spectra of 10-
YSZ thin film measured using 6, 8 and 10 um gaps between Pt electrodes,
respectively. It is evident that the separation of bulk and grain boundary impedance

is possible using an 8 um gap.
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Fig. 61. The Nyquist plot of 10-YSZ thin film deposited on SiO,/Si substrate measured at
650°C. The gap sizes between Pt electrodes varied from 6 to 10 pm

Fig. 62 demonstrates the geometries of electrodes prepared on the sample
surface for across- and in-plane IS measurement using the Alpha-A analyser.
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Fig. 62. Geometries of the electrode: (a) circular; (b) stripe electrodes

Fig. 63 displays the temperature dependences of ionic conductivities of 10-
YSZ thin with respect to the measurement type.
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Fig. 63. Temperature dependences of ionic conductivities of 10-YSZ thin film with respect
to across- and in-plane configuration

Beckel et al. [47] overviewed the relationship between the microstructure and
the conductivity of the electrolyte thin film. Moreover, the idea that the amount of
strain present in a thin film affects the electrical properties was discussed as well. It
was assumed that the higher compressive stress in the thin film determines the
higher activation energies which can be up to 1.3 eV. Thus, according to the
microstructure and required growth of YSZ thin films (Fig. 32), as well as the
properties obtained from IS measurements, it can be concluded that the EB-PVD is a
suitable technique for the formation of high quality electrolyte thin films, although it
was noticed that thin films show about 3 times lower ionic conductivity than
microcrystalline samples. The decrease in ionic conductivity of an electrolyte with
respect to the decrease of the film thickness was obtained in [195].

Thus, the obtained results show that both sample preparation methods can be
used for IS measurements of thin films. However, in order to separate different
distributions of bulk and grain boundary, the use of optimal electrode configuration
is needed.
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3.3. Pt thin films as electrodes for p-SOFC: formation and properties

In this subchapter, the microstructure, porosity, stresses and resistivity of thin
platinum electrodes (thickness of 200 nm) deposited on Ti/SiO./Si substrate are
demonstrated. Pt films were formed at different working pressure of argon gas in the
chamber (4.90, 0.13, 0.60, and 0.065 Pa, denoted as: first (1), second (2"), third
(3% and fourth (4") sample series, respectively) during magnetron sputter-
deposition process and followed by thermal treatment (in the range of 500-800°C).

The crystalline structure of Pt electrodes was analysed using grazing incidence
X-ray diffraction. The lattice parameter and residual stresses of platinum thin films
were defined using sin?y method. Surface morphology and the microstructure of
electrodes were investigated using AFM and SEM, respectively. The electrical
properties of the Pt thin films were evaluated using the four-point probe method.
Typical time intervals and substrate temperature ranges were defined to produce
stable porous Pt electrodes which are applicable in the PEN structure (Pt-YSZ-Pt). It
is shown that the control of argon gas pressure in the chamber during the sputtering
process and the following thermal treatment are excellent tools for producing a
positive/negative Pt electrode with the required mechanical stability, structural and
electrical properties. The morphological changes of the Pt thin films were analysed
in the temperature region which is typical for the operation of micro-solid oxide fuel
cells.

3.3.1. Elemental composition of the Pt/Ti thin films® surface

Due to poor adhesion between the Pt electrode and SiO./Si substrate and the
tendency of platinum silicide to compose at low temperatures, titanium adhesive
sublayer on SiO,/Si substrate was formed.

The atomic composition of the PUTi thin films was studied using X-ray
photoelectron spectroscopy (XPS). Fig. 64 demonstrates a typical wide-scan spectra
of XPS analysis of as-deposited Pt thin films formed at 0.065 Pa (4" sample series)
pressure and annealed at 600 and 800°C temperature for 15min.
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Fig. 64. Wide-scan X-ray photoelectron spectra of the as-deposited (a), annealed at 600°C
(b), and at 800°C (c) temperature Pt/Ti thin films
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Intensive peaks of Pt 4p, Pt 4d, Pt 4f, and C 1s core levels were observed. In
addition to these peaks, weak intensity peaks of Ti 2p, O 1s, and N 1s core levels
were also detected. The peak of Ti 2p core level for the as-deposited Pt/Ti thin film
was not detected. A summary of the XPS results is given in Table 15.

According to the data, as-deposited Pt/Ti thin films have no Ti on the Pt
surface. It is also evident that with the increase of annealing temperature, the atomic
concentration of Ti on the surface of Pt increases and reaches up to 1.4 at.%.

Table 15. The elemental composition of the as-deposited and thermally treated at
600 and 800°C temperature Pt/Ti thin films (4™ sample series) obtained using
electron spectroscopy for chemical analysis

Peak Name As-deposited Annealed at 600°C Annealed at 800°C
Atomic % Atomic % Atomic %
Pt 4f 38.1 26.8 35.9
0O 1s 12.7 16.6 17.0
N 1s 6.9 6.0 6.2
Ti2p 0.0 1.2 1.4
C1s 41.7 49.4 39.5

It is a well-known fact and numerous studies have been conducted regarding
the Ti diffusion behaviour in Pt grain boundaries [110,112,113,196-198]. The
authors pointed out that the composition changes of Pt/Ti films are closely related to
the diffusion and oxidation of Ti during the annealing process. On the other hand, it
was demonstrated that the amount of Ti/TiOx presence near/onto the Pt surface
depends on the thickness of the layers, deposition temperatures, annealing
environments and time, as well as the deposition method [196].

The rather low detected concentration of Ti is in agreement with [113], who
demonstrated that the concentration of Ti and the concentration of TiO, hillocks on
the Pt surface decreases with increasing the thickness of Pt film; therefore, the Ti
sublayer thickness chosen in the current experiment corresponded to the range of
thicknesses where Ti diffusion through the Pt film was not efficient even in the case
of high annealing temperature [113].

3.3.2. The morphology of Pt/Ti thin films: SEM and AFM analysis

Fig. 65 presents SEM images of the Pt/Ti thin films magnetron sputter
deposited at: the highest Ar pressure (4.9 Pa, 1% sample series) (Fig. 65, a) and
further thermally annealed for 15 min at 600°C (Fig. 65, c), 700°C (Fig. 65, e),
800°C (Fig. 65, g); as well as at the lowest Ar pressure (0.065 Pa, 4" sample series)
(Fig. 65, b) and further thermally annealed for 15 min at 600, 700, 800°C,
respectively (Fig. 65, d, f, h). Fig. 65, (i) shows a cross-section of the Pt layer as
deposited at 4.9 Pa, and (j) represents the cross-section of the Pt film magnetron
sputtered at 0.065 Pa and thermally treated at 600°C for 15 min.
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Fig. 65. SEM images of the top view and cross-section of the Pt/Ti thin films ((a), (c), (e),
(9), (i): 1%t sample series; (b), (d), (f), (h), (j): 4" sample series). (a) and (b) Pt/Ti films before
annealing; (c), (d) after annealing at 600°C; (e) and (f) after annealing at 700°C; (g), (h) after

annealing at 800°C, respectively; (i), (h) corresponds with the cross-section of Pt/Ti films

before annealing and after annealing at 600°C for 15 min, respectively

The SEM results show that the increased argon pressure (4.9 Pa) in the
chamber during the deposition process allows the formation of porous platinum thin
films, without any thermal treatment (Fig. 65, a). This is in good agreement with
other studies [5,106,108]. For the films deposited at high Ar pressure, the melting,
coarsening and coalescence of grains of Pt/Ti thin films, and pore-clogging after
thermal treatment were observed (Fig. 65, ¢, €, g).

The differences in pore size and shape depending on the argon pressure should
be noted. In the case of high Ar pressure (1% sample series) the elongated pores of
the Pt/Ti thin films were determined before and after annealing at 600°C temperature
(Fig. 65, a, c). Coarsening of the grains was observed after annealing at 700°C
temperature and the film with pores in the 150-200 nm size range was formed (Fig.
65, e). Fig. 65 (i), (j) shows that pores evolve not only on the surface, but through
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the whole thickness of Pt/Ti film. Unfortunately, the structures formed at 4.9 Pa Ar
pressure are not stable against thermal treatment. After 15 minutes of thermal
treatment at 800°C, the pores started to close and the value of porosity reached 0.5%
(Fig. 65 (g)). This was especially observed when the time of annealing increased up
to 4 hours.

The deposition of platinum thin films at a low argon pressure (0.065 Pa) in the
chamber during the magnetron sputtering process results in a smooth surface (Fig.
65 (b)), and only further thermal treatment results in the formation of pores (Fig. 65,
d, f, h). Fig. 65 (d) shows that the pores of Pt/Ti thin films start to evolve at the
annealing temperature of 600°C. Pt/Ti thin film sputtered at 0.065 Pa argon pressure
after further thermal annealing at 800°C still maintains porosity (Fig. 65 (h)). The
obtained results correlate with other studies [105-107]. In addition, because of the
titanium sublayer, we were able to provide good adhesion between the Pt thin film
and SiO2/Si substrate. This is probably due to the fact that we avoided large voids at
the interface of layers reported by other authors [108].

Fig. 66 summarizes the dependence of the main morphological parameter —
root mean square roughness (Rq) (AFM measurements results) and porosity of Pt/Ti
thin films magnetron sputtered on SiO, substrate deposited at different working
pressures of Ar gas (4.9, 0.13, 0.6, 0.065 Pa) and following thermal isochronic
annealing (for 15 min at 500-800°C temperatures). The porosity of the samples
versus thermal treatment is shown by transparent symbols. The resultant root mean
square roughness as well as porosity of the films annealed at 800°C for 4 hours are
presented as well and noted as 800, 4h.
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Fig. 66. The dependence of the root mean square roughness (Rq) (filled symbols) and
porosity (transparent symbols) of Pt/Ti thin films magnetron sputtered on SiO; substrate at
different working pressures of Ar gas (4.9 Pa — 1 sample series, 0.13 Pa — 2" sample series,
0.6 Pa— 3" sample series, 0.065 Pa — 4™ sample series) and the following thermal annealing
(for 15 min at 500-800°C temperatures, as well as 4 h at 800°C)

Table 16 presents other roughness parameters (skewness, kurtosis, and mean
height) of PUTi films as-deposited and after thermal treatment at various
temperatures (500-800°C) for 15 min and 4 hours.
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Table 16. Roughness parameters (skewness (Rs) and kurtosis (Rk)) as well as mean
height distribution of Pt/Ti thin films as-deposited and further thermally annealed
for 15 min at 500, 600, 700, 800°C, additionally for 4 hours at 800°C, evaluated in
terms of AFM surface topography images

1%ts, s, | 2"ds, s, | 31ds, s. | 4t s,
Parameters

. Z Z Z Z
Tannealing, time | Rsk | Rku (rrln;:l; Rsk | Rku (r;nrer:; Rsk | Rku (r;n;?; Rsk | Rku (rrlnr?;;

As-deposited | 0.21{3.18| 63.71 |-0.06| 3.71 | 5.54 |-0.39|5.38| 7.49 |-0.14(3.63| 4.40
500°C, 15 min] 0.06|3.10| 79.16 | 3.02 |38.69| 6.27 |2.87|8.35| 6.45 | 0.20 |4.08| 6.98
600°C, 15 min|-0.36/3.98|207.38| 1.04 | 5.32 | 47.54 ] 0.97 [6.02|40.12] 1.57 |8.41|32.91
700°C, 15 min|-0.63|4.21|323.69] 1.43| 7.40 | 57.32]1.12|5.12|43.82] 0.84 |4.99(37.90
800°C, 15 min|-0.79|4.13|302.31] 0.78 | 3.45 | 68.78 | 0.85 |5.04 | 62.98] 1.01 |5.86/42.90

800°C,4h ]0.08[3.04|114.47]0.00 | 2.73 |147.94] 1.43|7.23|59.02] 1.29 |6.72|59.23

It is known that the roughness parameters can determine the mechanical
properties of the films. For instance, if the surface is too rough, heavy abrasive wear
will appear, which can ultimately lead to adhesion or scuffing [26]. On the other
hand, for very smooth surfaces, strong adhesive force and adhesive wear can occur
under very small loads. It is notable that the roughness parameters (Fig. 66, Table
16) correlate well with the SEM images of the Pt/Ti films. Changes in the porosity
and roughness parameters of Pt/Ti thin films during thermal annealing, including
long time annealing (for 4 hours at 800°C), were discovered.

The lowest root mean square roughness (Rq) of 0.84 nm was observed for
platinum thin films formed at 0.065 Pa argon pressure (4" sample series) before
annealing, with the surface structures having a mean height of 4.40 nm (Fig. 66,
Table 16). The highest Rq value of 56.53 nm of platinum films sputtered at 4.9 Pa
argon pressure was established after annealing at 800°C temperature for 15 min,
having a mean height of 302.31 nm (Fig. 66, Table 16).

Zero skewness (Rs) was observed for Pt/Ti thin films sputtered at 0.13 Pa
argon pressure (2™ sample series) after annealing at 800°C for 4 hours (Table 16).
This shows a symmetrical height distribution, while positive and negative skewness
describe surfaces with high peak sand filled valleys, and with deep scratches and
lack of peaks, respectively [199]. The largest asymmetry of the surface elements was
observed for Pt/Ti films sputtered at 4.9 Pa argon pressure (1% sample series) after
annealing at 800°C for 15 min in air, with Ry value of -0.79, which indicates a
predominance of valleys. In addition, negative Ry values were found for the 2", 31
and 4" sample series before annealing, as well as 4" sample series annealed from
600 to 800°C temperature for 15 min (Table 16). Probably, because of the surface
coalescence and coarsening after 4 hours annealing at 800°C (1% sample series)
positive R« value was observed.

The roughness parameter kurtosis (Rk) is also used to describe the sharpness
of the probability density of the profile [199]. The lowest Ry, value (2.47) was found
for Pt/Ti films sputtered at 0.13 Pa argon pressure (2" sample series) annealed at
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800°C for 4 h (Table 16). Ry, parameter value of more than 3 for all other films was
determined, which corresponds to bumpy surface topography.

Summarizing the surface morphology changes of the Pt films deposited on Ti
sublayer, it is possible to conclude that Ar pressure during the deposition and further
thermal treatment are efficient technological tools in the production of porous films.
It should be noted that in contrary to [112], as was discussed in subchapter 3.3.1.,
the high concentration of Ti on the film that usually contributes to the hillock
formation on the platinum surface was not observed.

3.3.3. XRD analysis of Pt/Ti thin films

Fig. 67 shows the grazing incidence XRD patterns of the Pt/Ti thin films as-
deposited on a SiO-/Si substrate at different argon gas pressure in the chamber (1°-
4" sample series).
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Fig. 67. Normalized intensity GI-XRD patterns of the platinum thin films as-deposited at
different argon pressure in the chamber ((a): 4.9 Pa, (b): 0.13 Pa, (c): 0.6 Pa, (d): 0.065 Pa)
during magnetron sputtering process

Fig. 68 illustrates the influence of thermal annealing and presents grazing
incidence XRD patterns of the platinum thin films deposited at low argon gas
pressure (0.065 Pa) before thermal treatment and after annealing at 600 and 800°C
temperature for 15 min in air. All diffraction profiles were compared with the
standard pattern taken from the PDF-4 database (04-001-0112).
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Fig. 68. Normalized intensity GI-XRD patterns of the platinum thin films as-deposited at
0.065 Pa argon pressure and thermally treated at 600 and 800°C temperature for 15 min

X-ray diffraction measurements of conventional 0-20 scan were also
performed for all samples (154" sample series). It was found that Pt/Ti thin films
were highly textured and have a dominating (1 1 1) crystalline orientation. However,
contrary to the results obtained in [112], we did not observe any peaks of Ti. In
order to maximize the diffraction volume of the thin film surface region, XRD
measurements using grazing incidence angle of 1.5° were carried out, however, the
presence of titanium has also not been established.

XRD patterns obtained using grazing incidence angle of 1.5° show the
presence of (111),(200),(220),(311),(222),(331),and (4 2 0) crystallite
orientations (Fig. 67). According to Fig. 68, it is evident that mainly crystallites are
oriented in (1 1 1) or (2 2 0) or a mixture of (1 1 1) and (2 2 0) crystalline planes are
detected. The trend of crystallite orientation of the Pt/Ti films deposited at different
argon gas pressure in the chamber is not clearly defined. However, it is visible that
the sputtered platinum of the 1% sample series (curve (a)) has the crystallites oriented
in (11 1) plane, while the 3™ sample series (curve (c)) —in (2 2 0) plane.

According to Fig. 68, after the thermal treatment at higher than 600°C
temperature for 15 min in air, the crystallographic orientation of crystallites becomes
(2 2 0). Other researchers [106,108,114] reported textured Pt films with dominating
orientation of (1 1 1)/(2 2 2) or (2 0 0) planes after annealing at high temperatures.
According to [110], the Pt surface energy minimization favours grain with (1 1 1)
texture. According to our results, this is valid for high argon pressure magnetron-
deposited samples. While, the strain-energy-minimization in thin films can be
achieved by creating certain magnetron sputtering process conditions, e.g. Ar gas
pressure in the chamber, for the growth of (2 2 0) oriented grains [110].

The crystallite sizes of Pt/Ti thin films defined from the Sherrer equation [200]
before the thermal treatment varied in the range of 18.3-31.6 nm, 10.5-16 nm, 16.7—
24.1 nm, 10.7-17.7 nm for the first (1%, second (2", third (3') and fourth (4")
sample series, respectively. The crystallite size increased with the increase of
annealing temperature, as it was demonstrated in [110]. For example, the crystallite
size of Pt/Ti thin films, deposited at 0.065 Pa Ar gas pressure, used for the

117



preparation of PEN structure, after thermal treatment at 600°C changed from 17.1 to
41 nm.

3.3.4. Stress analysis of the Pt/Ti thin films

The classical X-ray stress analysis, the so-called sin?y method [201], which
consists of measuring a particular high-angle lattice plane (hkl) in various specimen
orientation, was used in the current research. The (3 3 1) plane for the different
platinum sample series has been investigated for XRD stress measurements. Fig. 69
shows In(1/siné) vs. sin?y plots of platinum thin film formed at different argon
pressure in the chamber during the magnetron sputtering process.
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Fig. 69. The In(1/sind) vs. sin?y plots of the platinum thin films as-deposited at 4.9 Pa ((1%)
sample series), 0.13 Pa ((2") sample series), 0.6 Pa ((3'%) sample series), 0.065 Pa ((4™)
sample series) argon pressure

The In(1/siné)-sin*y plots are presented for longitudinal directions of angle
¢ = 0° (with the assumption of no shear stress), where ¢ is the rotation angle of the
specimen about its surface normal. From the linear straight-line fittings of
In(l/sin@-sinzy/ curves, the stress-free lattice parameter, ao, and residual stress, o,
were defined for the Pt/Ti thin films. The following elastic constant values of bulk
platinum have been chosen: E = 192.7 GPa and v = 0.39 [112]. The defined values
of the Pt lattice parameter were ap = 0.3920 nm, ao = 0.3940 nm, ap = 0.3925 nm,
and ap = 0.3933 nm for the 1%, 2", 3 and 4" sample series, respectively, while the
value of Pt bulk was apux = 0.39239 nm.

The nature of the residual stress of 2™, 3@ and 4™ sample series was found to
be compressive. The tensile stress (or = 46 MPa) was dominating for the 1% sample
series. The compressive stress varied from -606 MPa up to -317 MPa for the 2" and
4" sample series. For the 3 sample series, where argon gas pressure in the chamber
during magnetron sputtering process was 0.6 Pa, we have defined minimal residual
stress value that reached only -168 MPa.

After annealing at high temperature, the compressive stress was changed to
tensile stress and varied from 441 MPa to 408 MPa for 600 and 800°C annealing
temperatures, respectively.
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It should be noted that residual stress in the films was minimized. The values
of residual stresses in the Pt/Ti thin films deposited by magnetron sputtering and
further thermal treatment were found to be more than 1.5 times lower as compared
with the results obtained by other researchers [112,202].

With regards to sign and residual stress levels in the Pt/Ti film, it should be
noted that for many magnetron-deposited films there is a transition pressure, below
which the coatings are in compression, while above this pressure, the coatings are in
tension [203]. Compressive stress dominating at low gas pressure is usually
attributed to the elastic energy in the coating due to ion bombardment during the
deposition. In the region of high pressure, the stress becomes tensile because of
reduced particle bombardment and shrinkage of coating during crystallization. Our
results illustrate these effects and confirm the understanding of the processes taking
place during magnetron sputtering deposition of Pt films. Having one more
component of the stress, thermal stress, one can expect different sign as well as
magnitude of the stress in the films as they reported in [110,114].

3.3.5. Resistivity of the Pt/Ti thin films

Fig. 70 shows bulk resistivity of the platinum thin films sputtered at 4.9, 0.13,
0.6, and 0.065 Pa Ar pressure versus thermal treatment (15 min at 500-800°C). The
resistivity of the as-deposited films is presented (initial points in Fig. 70) as well as
the resistivity of the films annealed for 4 hours at 800°C temperature is shown too
(noted as 800, 4h).
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Fig. 70. The dependence of bulk resistivity of platinum thin films on annealing temperature
(500-800°C)

The variation of resistivity with the gas pressure (the point before the axis
break) correlate well with the tendencies in residual stress as was discussed in
Chapter 3.3.4. It is notable that the electrical properties, i.e. bulk resistivity of the
layers, exhibit different behaviour during the following thermal treatment. Pt/Ti
films as-deposited at high Ar gas pressure show high bulk resistivity (85 puQ-cm)
and further decrease with the annealing temperature (down to 25 pQ-cm), while
PU/Ti films deposited at low argon pressure, after initial increase in resistivity with
annealing demonstrate almost identical resistivity after annealing at high (800°C)
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temperatures (Fig. 70). Thus, the films deposited at high Ar gas pressure and
demonstrating tensile stress exhibit the highest bulk resistivity because of the
reduced ion bombardment and increased Ar atom concentration in the film. The
comparable trend of decreasing the bulk resistivity of Pt/Ti thin films with
increasing the annealing temperature was observed and reported in [105].

According to the obtained results, it can be concluded that porous and stable at
high temperatures Pt/Ti thin films can be produced by applying low argon pressure
during magnetron sputtering and further thermal annealing. Therefore, for the
formation of PEN structure platinum electrodes, 0.065 Pa argon gas pressure in the
chamber during magnetron sputtering process as well as further thermal treatment at
600°C for 15 min were selected.

In conclusion, it was demonstrated that the formation of a positive/negative Pt
electrode with appropriate properties (porosity, mechanical stability, resistivity) is
possible through controlling both deposition conditions (Ar gas pressure in the
chamber) during magnetron sputtering process and additional thermal treatment. It
was found that correctly chosen formation conditions (argon gas pressure in the
chamber) allow minimizing the residual stress in the Pt films down to a magnitude
on the order of megapascals. It was observed that the adhesive Ti layer is necessary
for the mechanical stability of a Pt electrode and the formation of the PEN three-
layered structure.

3.4. The design of technological route and manufacturing of p-SOFC free-
standing membrane

One of the tasks of this dissertation was related to the development of the
technological route for the production of u-SOFC multi-layered membrane structure
by using thin film deposition and microelectromechanical system (MEMS)
processing techniques. The design of a technological route for the production of
micro-solid oxide fuel cell multi-layered membrane structure was improved and
implemented. The visualization of technology and manufacturing stages are
presented in Table 17.

Table 17. The schematic technological route used for the fabrication of u-SOFC
multi-layered membrane structure

No. Technological step Material/Process
1 Si Double-side polished single crystal Si <100>
substrate (n type)
3 . Chemical vapour deposition (LPCVD) of low-
2 Si SisNa | stress SiaNa (it is possible to use SiOz instead of
| e—— ] Si3Na)
| —
3 Si N\ SisN4 Back-side photolith_ography and silicon nitride
CF4/Oz2 plasma etching
== = e
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Pt

Dc magnetron sputtering of platinum thin film

Electrolyte

4 SisN4 | anode
Pt

5 SiaNs Electron beam evaporation technique for the

formation of electrolyte thin film
Electrolyte

6 DC magnetron sputtering of platinum thin film
cathode
Mask alignment and positive photoresist (ma-P

7 1205) patterning on platinum cathode top
surface followed by soft-baking.

8 Direct Ar* ion beam etching of platinum and
electrolyte thin film

9 Back-side high aspect ratio deep reactive ion
etching (DRIE)

10 Silicon nitride CF4/O2 plasma etching and

release of free-standing membrane

The manufacturing process involved back-side photolithography, magnetron
sputtering of platinum thin films, electron beam evaporation of YSZ or GDC
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electrolyte, direct Ar* ion beam etching of platinum and YSZ or GDC electrolyte
thin films, deep reactive ion etching of silicon, and the release of free-standing
membrane structure. Test samples of the u-SOFC three-layered structure, sometimes
called PEN (Positive electrode-Electrolyte-Negative electrode) membrane structures,
were fabricated.

It should be emphasized that two different technological routes were tested in
this research. The initial technological route which is presented in [28] differs from
the one given in the Table 17 by steps 5-8. These steps involved: mask alignment
and photoresist patterning on the top surface of the Pt anode and, most importantly,
the photoresist lift-off process of electrolyte and cathode (Pt) thin films. The
suggested technological route for the lift-off process was refused. After several
experiments it was observed that during the deposition of thin film on a large area,
even if the substrate was not heated up, the photoresist was baked to the film surface
in a random place due to hot plasma of electrolyte material reaching the substrate,
while the baking temperature of the photoresist is about 125°C. The proposed
alternative to the lift-off process was a direct Ar* ion beam etching of platinum and
the electrolyte thin film.

3.5. The formation of a three-layered structure and prototyping of the p-SOFC

Three electrode (PEN) structures were produced after determining the basic
parameters of preparation of platinum electrodes: argon gas pressure in the chamber
and additional thermal annealing. There are several reports [4,10] about producing a
PEN structure, but there is insufficient information about the electrolyte growing
behaviour on different Pt/Ti thin films’ surface and after additional thermal
treatment.

In order to characterize the morphology behaviour of the films growing on a
dense or porous platinum surface, PEN structures were formed and thermally treated
in different ways. Fig. 71 illustrates the Pt/YSZ/Pt/Ti/SiO,/Si sandwich structure
that was formed without any thermal treatment (Fig. 71 (a)).

Afterwards, the whole structure was annealed at optimal conditions (600°C for
15 min) obtaining porous platinum (Fig. 71 (b)). Another three layer structure was
prepared in a different technological route. Yttria-stabilized zirconia electrolyte was
formed on the Pt/Ti/SiO/Si structure, annealed at 600°C for 15 min, and negative Pt
electrode was sputtered after the formation of YSZ thin layer (Fig. 71 (c)); then, the
entire structure of P/YSZ/Pt/Ti/SiO,/Si was annealed at 600°C for 15 min once
more (Fig. 71 (d)).
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Fig. 71. SEM images of cross-section of three-electrode PEN structures: PEN structure (a)
as-deposited and (b) thermally annealed at 600°C for 15 min, respectively; (c) a cross-section
of PEN structure, where YSZ was deposited on Pt surface annealed at 600°C for 15 min; (d)

PEN structure additionally thermal treated at 600°C for 15 min

The X-ray diffraction patterns of the PEN membrane structures prepared in
different ways are displayed in Fig. 72.

(11 1\3 " (a) SIISIO,/Ti/PY(600 °C, 15min)/Y SZ/Pt
(b) Si/SiO,/Ti/PY'YSZ/Pt annealed at 600 °C (15 min)
s~ * Peaks from the substrate
S x Pt peaks
@© - - Intensity of (b)
[ T YSZ . -
Q J \ (200) \ % "
£ (111) (200) (226/) @11y (220 (&)
(b) N N AN
(a) A P A
30 40 50 60 70 80
26 (degrees)

Fig. 72. X-ray diffraction patterns of a PEN membrane structure prepared as follows: on a
thermally treated Pt electrode (at 600°C for 15 min) (a) and (b) when the formed PEN
structure was annealed at 600°C for 15 min after step-by-step whole structure formation
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The peak positions of the (111), (200), (220), (311) reflections correspond to
the typical crystal structure of the magnetron sputtered platinum film. In the scan
range of 25° <20 <90°, (111), (200), (220) and (311) reflections of the evaporated
YSZ thin film were established. It can be assumed that the manufactured structures
(electrodes and electrolyte) exhibited cubic crystalline structure with typical
columnar growth and grain sizes. From Fig. 72 (a) and (b), it is evident that any
drastic changes in the size of crystallites or the composition of the membrane have
not been observed.

It is evident that the choice of technological route has a high impact on the
resultant surface morphology, as well as porosity, density and growth of the YSZ
films. The YSZ film deposited on a low roughness and poreless Pt surface (without
any thermal treatment) is uniform and has a dense morphology (Fig. 71 (a)). In
contrast, the deposition of YSZ on the thermally annealed Pt (the cross-section of
PEN structure (Fig. 71 (c)) demonstrates columnar growth and decreasing density of
the YSZ film. This structure leads to lower ionic conductivity, and lower mechanical
stability of the final membrane structure. Moreover, it was noticed that a negative Pt
electrode sputtered on a bumpy YSZ surface simply replicates its morphology.

If the YSZ surface is too rough, the sputtered platinum thin film (thickness of
200 nm) may not be created and a continuous contact layer could be produced, the
electrical short through the YSZ film can be induced. A similar situation was
observed for the Pt and PZT structures [196]. Fig. 71 (b) and (d) suggests that the
manufacturing conditions have the greatest influence on the surface morphology of
the PEN structure compared with the following thermal treatment.

In summary, in order to create a PEN structure exhibiting the required
mechanical stability, electrolyte density and porosity of electrodes as well as
homogenous contact surface, extra thermal treatment at minimum 600°C
temperature after the formation of a tri-layer PEN structure has to be applied.

The designed technological route for manufacturing a u-SOFC element (PEN
structure) was implemented. The fabricated prototype samples are illustrated in Fig.
73.
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Fig. 73. Test samples of the u-SOFC (PEN) element: (a) top side (the size of a single
membrane is 2.4 x 2.4 mm); (b) back side); (c) free standing membranes (some of them are
broken)
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4. CONCLUSIONS

1.

YSZ and GDC electrolyte ceramics with variable dopant concentration, i.e.
(xY203 — (1-X)Zr0O,), x = 5, 8 and 10 mol%: 5, 8, 10-YSZ; and (xGd,O3 — (1-
x)Ce0,), x = 10, 12, 15, 18 and 20 mol%: 10, 12, 15, 18, 20-GDC) synthesized
by CP synthesis, and CeO,-YSZ ceramic synthesized by the incipient wetness
impregnation method are used to prepare the powder. The obtained powder
ceramic were used as the targets in the EB-PVD technique for the formation of
thin electrolyte films. From the characterization of the electrolyte materials, it
was found that the calcination temperature necessary for the formation of a
stable single cubic phase structure of 8, 10-YSZ may be reduced from 1500 to
900°C by changing the pH value of the solution from 9 to 6.5.

The purposufl selection of technological synthesis parameters (pH value of a
solution, process temperature, etc.) and calcination temperature allows to form
YSZ and GDC electrolytes exhibiting a fluorite-type structure, thereby higher
ionic conductivity. The YSZ and GDC ceramic powder were precipitated with
nano-sized crystallites, i.e. in the range of 6-20 and 20-30 nm for YSZ and
GDC, respectively.

The addition of CeO, dopant to YSZ ceramic powder (using the impregnation
method) do not enhance the ionic conductivity of ceramics (for comparison, the
ionic conductivities of 10-YSZ, 10-GDC synthesized by CP synthesis route and
impregnated CeO.-YSZ were 5.5:10%2, 1.1-102 and 3.4:10° S/cm at 750 K
temperature, respectively). However, in contrast with YSZ and GDC, CeO,-
YSZ thin films exhibited excellent adhesion to the Ni foil substrate,
consequently, this structure may be used as an interlayer between the anode
and electrolyte.

It was proved that the EB-PVD technique is an appropriate method for the
formation of a u-SOFC electrolyte thin films (with a thickness in the range of
500-800 nm) exhibiting the required properties, such as high quality, density,
mechanical stability, homogeneity, conductivity, etc. This can be achieved by
adjusting a specific composition of the source material (target) used in the
evaporation process. It was found that the dopant concentration in the ceramics
has to be about 30% higher than the expected concentration in the film (even if
the thickness of the film is ~600 nm).

Several comparative analyses of impedance spectroscopy measurement devices
in a wide range of frequencies (from 1 Hz to 10 MHz) were used in order to
evaluate the oxygen ion conduction process in the electrolyte thin films. It is
shown that the measurement results strongly depend on the selected impedance
spectroscopy measurement method, the quality of the films, the substrate used
in the fabrication process, the configuration of Pt electrodes as well as the gap
between them (in a case of in-plane configuration), etc. It was determined that
the gap of 8 um between Pt electrodes was optimal in order to assess the ion
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conduction mechanisms in 10-YSZ electrolyte thin films through the bulk and
grain boundaries.

. The obtained ionic conductivities and activation energies of YSZ ceramics and
thin films reveal the same oxygen vacancy transfer mechanisms; however, the
ionic conductivity of the films depends on the structure of the thin film (surface
roughness, the growth mechanism, formation of defects, etc.). The
measurement applied in-plane and across-plane configurations showed that the
ionic conductivity of thin film is lower measuring across the film. 10-YSZ thin
film reveals 1.5x102 and 0.5x10° S/cm ionic conductivity at 700 K for in-
plane and across-plane configuration, respectively.

. A simplified three-layered u-SOFC structure has been developed and
investigated. It was demonstrated that the formation of a positive/negative Pt
electrode with appropriate properties (porosity, microstructure, resistivity), is
possible through controlling both deposition conditions, such as Ar gas
pressure in the chamber during the magnetron sputtering process and additional
thermal treatment (from 400 to 800°C). It was found that 0.065 Pa Ar gas
pressure in the chamber and additional thermal treatment at 600°C for 15 min
of Pt thin films (with a thickness of 170-200 nm) allow to minimize residual
stress in the Pt films down to a magnitude in the order of megapascals (~420
MPa). It was observed that the adhesive Ti layer (thickness of 20 nm) is
necessary to improve adhesion between the substrate and Pt electrode as well
as the formation of mechanically stable PEN three-layered structure.

. The improved technological route for the production of a pu-SOFC multi-
layered  membrane  structure  byusing thin  film  deposition
and microelectromechanical system (MEMS) processing techniques was
developed. The manufacturing process during the investigation was modified
applying direct Ar* ion beam etching of platinum and YSZ or GDC electrolyte
thin films instead of lift-off lithography technique in order to increase an
effective p-SOFC membrane network area to (2.4x2.4 cm) (dimensions of one
squared membrane are 2.4x2.4 mm) and mechanical stability. The main
processes involved back-side photolithography, magnetron sputtering of Pt thin
films, electron beam evaporation of YSZ and GDC electrolyte, deep reactive
ion etching of silicon, and, finally, the release of a free-standing membrane.

Recommendations

For further ionic conductivity measurements of electrolyte thin films it is

recommended to choose the appropriate testing geometry and to follow the
optimized way of preparation of the film. Due to the fact that ionic conductivity
strongly depends on the quality of the film which may be affected by the roughness
of the sample, density of the film, columnar growth etc., it is recommended to use
additional annealing of evaporated electrolyte thin films at the temperatures higher
than 700°C after forming Pt electrodes.

In testing the geometry it is recommended to increase the distance between Pt

electrodes above 10 um monitoring measurable changes in the wider range of
distances, e.g., from 10 to 150 um. Moreover, to avoid the problem related to laser
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cutting, it is proposed to incise the substrate before the deposition of an electrolyte
thin film.
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