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Abstract

This report reviews newly developed miniaturized systems for energy con-
version and storage.
Growing demand on thin film technology has prompted extensive research
in the development of devices able to harvest and storage energy. Among
them we can find solar cells, batteries, super capacitors and fuel cells that
are poised to revolutionize the energy economy of our world. Modern society
runs on the energy that fossil fuels posses, dependence that is not sustainable
due to several factors.

This new promising science shows properties that can be very different from
that of their corresponding bulk structure.
For instance, a reduction to the micro-scale of the fuel cell component’s
thickness leads to great performances increase due to a working temperature
reduction of about 350°C.

Thin film fabrications are generally carried out by depositing the required
material atom by atom over a previously deposited substrate.

The deposition of both the former and the latter have been carried out by
Pulsed Laser Deposition. PLD is an excellent and simple film growth tech-
nique, able to accurately reproduce the target composition onto the substrate.

The crystalline quality and the morphological structure of the samples have
been investigated and analyzed with various techniques.
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Fuel cells

1.1 Overview

Fuel cells have several benefits and applications, mostly in combustion-based
technologies like power plants or vehicles, because they are able to convert
energy with a lower to zero emission and an higher efficiency (exceeding
60%). [5] [17]

Fuel cells efficiently and cleanly produce electricity through a chemical reac-
tion between Oxygen and Hydrogen (or other fuels) where the byproducts
are water and heat.
A schematic representation of a fuel cell is reported in Fig. 1.1.

Figure 1.1: Construction and working of a Solid oxide fuel cell [27]

In a typical fuel cell, gaseous fuels are fed continuously to the anode (negative
electrode) and an oxidant (i.e. oxygen from air) is fed continuously to the
cathode (positive electrode).
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The electrochemical reaction takes place at the electrodes to produce an
electric current. These chemical reactions can be expressed as follows:

Anode reaction: 2H2 + 2O2− → 2H2O + 4e−

Cathode reaction: O2 + 4e− → 2O2−

Overall cell reaction: 2H2 + O2 → 2H2O

1.2 Solid Oxide Fuel Cells (SOFCs)

Solid oxide fuel cells (SOFCs) offer a clean, pollution-free technology capable
of electrochemically generate electricity at high efficiencies. [26]
State-of-the-art SOFCs offer many advantages that can be briefly summa-
rized as follows:

• Flexibility in the fuel choice. SOFC systems can run on fuels other than
pure hydrogen gas. However, hydrogen has to be present in the chosen
fuel as it necessary for the reactions listed in the previous section.

• High electrical efficiency of around 60 %

• Usable byproducts. The high temperature exhaust gas can be utilized
for additional power generation in a combined-cycle application i.e.
Rankine or Brayton. [2]

• No presence of noble metals, which implies lower costs.

• Extremely low emissions. By eliminating the danger of carbon monox-
ide in exhaust gases: CO produced is converted in CO2 at high oper-
ating temperatures. [33]

The largest disadvantage instead is the high operating temperature, which
results in longer start-up times and mechanical and chemical compatibility
issues.
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1.3 Micro-SOFCs

In the past decades, materials used to build SOFCs were usually bulky ce-
ramics and thick films (In the order of micrometers).
However, state-of-the-art micro-SOFCs use ion-conducting ceramic electrolytes
with a thickness ranging in the nanometers scale [1]. This improvement de-
creased the operating temperature from 800-1000°C to 600-800°, without
decreasing the cell performance.

Figure 1.2: Different components constituting a planar µ-SOFC
[19]

These lower operating temperatures enable the use of lower-cost metallic
inter-connectors (used to stack fuel cells and increase the energy output) and
reduce the thermal stress to which they are subjected.
Furthermore, they possibly allow their use as portable power generators in
devices such as laptop computers and mobile telephones. Fig. 1.2 shows the
schematic of a planar micro-SOFC, although they can also be constructed
with tubular shapes.
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1.4 Solid Oxide Electrolysis Cells (SOECs)

Solid Oxide Electrolysis Cells are the leading technology for a green produc-
tion of hydrogen. The general functioning is the opposite of the one of a
SOFC, namely the SOEC uses electricity to split water (H2O) into hydrogen
(H2) and oxygen (O2).
This is a very compelling result, as the hydrogen is a clean fuel that can be
easily stored. The actual reactions occurring at the anode and the cathode,
along with an overview of the net reaction is therefore given below: [20]

Anode reaction: 2O2− → O2 + 4e−

Cathode reaction: H2O + 2e− → H2 + O2−

Overall cell reaction: 2H2O → 2H2 + O2

Figure 1.3: Unit and cell SOEC structures and characteristics.[28]
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Materials used for the research

2.1 Complex Oxides

Complex oxides are solid-state components essential for the electrochemical
cell. These compounds contain Oxygen and at least two other elements,
which are often transition metals. [31]
These materials offer a wide variety of magnetic and electronic properties,
such as: ferromagnetism, ferroelectricity and high-temperature superconduc-
tivity.
For the sake of the research complex oxides are used as electrolytes, anodes
and cathodes of the fuel cells. [8]
The electronic arrangement deriving from their structure lies between ionic
and free-electrons materials: meaning that they are overall neutrally charged
and present a crystalline structure when solid. [18] [13]

2.2 Strontium titanate (STO)

In this research Strontium titanate (SrT iO3), which is a single crystal with
orientation (100) has only been used as the foundation substrate which pro-
vides a proper lattice match for Samarium doped Ceria (Ce0.8Sm0.2O2−δ),
inducing an epitaxial growth of the mono crystalline film. [25]
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STO belongs to the abundant and prominent Perovskytes Oxides structural
family. Such category refers to any material with a crystal structure following
the general formula ABO3, where A is a large radius cation and B a smaller
radius cation.
This crystalline structure is called Body Centered Cubic (BCC). In this con-
figuration atoms are arranged at the corners of each cube face of the cell with
one at the center of each face, as we can clearly see in a general preview from
figure 2.1, and in particular for STO from Fig. 2.2. [32].

Figure 2.1: Body Centered
Cubic crystalline structure

Figure 2.2: STO structure
where: green atoms represent
Ti, red atoms represent O3 and
the central blue atom repre-
sents Sr

2.3 Sacrificial Salt layer (SAO)

A ”Sacrificial” Salt layer (Sr3Al2O6) is deposited on top of the STO substrate
in order to prepare it from the SDC plum that will form on the final deposition
as Fig. 2.3 shows. [16]

Figure 2.3: Schematic view of the three layers that have been deposited.
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The term ”Sacrificial” is introduced because this layer, being a salt, dissolves
in water in the final stage of the process; detaching the SDC thin film from
the STO substrate. An illustration of the operation is shown in Fig. 2.4

Figure 2.4:
On the left: sample submerged in water and left for several hours into a
sealed petri dish in order to dissolve the sacrificial layer.
On the right: SDC film detached from STO using tweezers.

The reason this process is relevant is due to the importance of a good film
deposition on a single crystal (such as STO) and the later removal of the
latter, to transfer it onto a more complex device made of different parts
based on silicon by micro machining techniques. A general chip example is
shown in Fig. 2.5

Figure 2.5: General schematic representation of a micro fuel cell, consisting
on the SDC thin film used as electrolyte between a cathode and and anode.
Note: on the other side of both the anode and the cathode it’s often present
an interconnect that enables the connection of more cells one to another.
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2.4 Samarium Doped Ceria (SDC)

Samarium Doped Ceria consists in dope Ceria (CeO2) where Cerium cations
under certain reducing conditions undergo reduction from Ce4+ to Ce3+.
[24] [23] [22] This results in an excess of electrons predominantly localized
around Ce ions, hence in an n-type semiconductor. When Ceria is Doped
with Samarium (CeO2/Sm) it presents an incredible attitude at being an
ionic conductor, due to the production of Oxygen vacancies in the crystal
lattice.
In particular the concentration of these vacancies can be expressed following
the Kröger–Vink notation [21]:

1

2
O2 + 2Ce′Ce + V ••

O ⇔ 2CeXCe + OX
O (2.1)

• V ••
O is a double positively charged oxide ion vacancy.

• OX
O is the neutrally charged Oxygen present in the lattice.

• Ce′Ce is a Ce+3 cation, i.e. a negatively charged Ce atom

• CeXCe is a Ce+4 cation, i.e. a neutrally charged Ce atom

SDC with its fluorite structure presents, differently from STO, a Face Cen-
tered Cubic (FCC) crystalline structure. In such a configurations atoms are
arranged at the corners and center of each cube face of the cell as we may
observe in general FCC preview from Fig. 2.6, and in particular for SDC
from Fig. 2.7

Figure 2.6: Face Centered
Cubic crystalline structure.

Figure 2.7: SDC structure
where: partially yellow and
pink atoms represent Ce/Sm
and red atoms represent O.
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2.5 Why Samarium doped Ceria?

Cerium oxide is the most thoroughly investigated material for the applica-
tion in solid oxide fuel cells (SOFCs) working in the intermediate-temperature
range (500–700°C) [12].
This is because of its pronounced catalytic properties and substantial oxygen-
ion conductivity. [30] The high catalytic activity in Ceria is associated with
the presence of Ce4+/Ce3+ redox couple which is a key to improve the elec-
trochemical properties of the electrodes. Oxygen-ion conduction in Ceria is
mediated through a vacancy diffusion mechanism. In oxidizing atmospheres,
pure CeO2 does not have any oxygen vacancy defects and as a result, pure
CeO2 itself is a poor oxygen-ion conductor. [14]
The oxygen vacancy defects are introduced into the CeO2 structure by par-
tially substituting Ce4+ with acceptor cations inside the lattice. Kröger–Vink
notation 2.1 expresses this defect reaction.

A note of remark must be made for the remarkable carbon-deposition sup-
pression capability: in fact the electrochemical reduction of CO2 to CO on
the Ceria surface can be written as follows:

CO2(g) + 2e
′
+ V ••

0 ⇔ CO(g) + OX
O + 2CeXCe (2.2)

A similar reaction also holds for the water-splitting reaction. The process
shown by 2.2 can be summarized in 3 steps:

1. Transport of charge carriers from the bulk to the surface.

2. Adsorption/dissociation of gaseous reactants.

3. Charge transfer at the surface/gas interface.
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Deposition systems and analysis
techniques

3.1 Pulsed Laser Deposition(PLD)

Pulsed Laser Deposition (PLD) is a physical vapor deposition excellent and
simple among all thin film growth techniques because of its capability of
reproducing the target composition onto the film substrates.
A high power laser is used inside a vacuum chamber as an external energy
source to vaporize a target of the material we want to deposit.
A set of optical and movable components are used to focus the laser beam
on the target.
When the laser radiation is absorbed by the target, electromagnetic energy
is converted in other forms to vaporize it, forming a plasma plume which is
deposited as a thin film forming the different substrates of our specimen. [7]

Figure 3.1: Photo of the vacuum chamber. On the left the multi-target
rotating holder is positioned. Between the holder and the heater the plume
stands out, directed to the substrate positioned on the heater (right)
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3.2 Reflection High Energy Electron Diffrac-

tion (RHEED) technique

Reflection High Energy Electron Diffraction (RHEED) has assumed modern
importance because of its compatibility with the methods of vapor deposition
used for the epitaxial growth of thin films. [15]
This technique is used for surface structural analysis and it is incredibly easy
to install. A RHEED structure implementation is shown in the following
graphical representation. (Fig. 3.2)

Figure 3.2: Graphical representation of a RHEED structure: an electron
gun generates a beam of electrons which strike the sample at a very small
angle relative to the sample surface. Incident electrons diffract from surface
atoms, and a small fraction of them interfere constructively at specific angles
and form regular patterns on the detector. These patterns may be seen in
Fig. 3.5

From the arrangement, intensity and profile of the diffraction spots in RHEED
patterns, one can obtain various kinds of information;

• Periodicity of the atomic arrangement.

• Flatness of surfaces.

• Epitaxial relation between the grown films/dots with respect to the
substrate.

• Grain sizes and general growth mechanism of thin films.

• Numbers of atomic layers grown.
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Furthermore, the electrons interfere according to the position of atoms on
the sample surface, so the diffraction pattern at the detector is a function of
the sample surface.
A schematic representation of the latter can be clearly seen in Fig. 3.3 [3]
[11]

Figure 3.3: RHEED signal depending on the monolayer film growth: signal
intensity (”RHEED signal” in the image) is closely interlaced to how much
the beam has been scattered after hitting the surface.
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3.3 Practical aspects of the method: RHEED

patterns

Investigation of the RHEED pattern gives a concrete and tangible idea of
what the surface looks like. [9]
For example when the sample has an atomically flat surface and a perfect
single-crystalline structure the RHEED pattern will look like Fig. 3.4a :
showing a few spots on the detector screen.
As shown in Fig. 3.4b instead, when the surface is flat but presents different
small domains, the detector screen will show some streaks due to a slightly
different electron diffraction. Finally, as seen in Fig. 3.4c, when 3D single
crystals (or islands) are formed, the screen will depict instead several spots.

Figure 3.4: Schematics of various kinds of real surfaces and their RHEED
patterns (courtesy by Yoshimi Horio).
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The pattern analysis has been carried out for all of the three various deposi-
tions and the results are right as expected.
As can be seen from Fig. 3.5a, the STO substrate presents the same struc-
ture as the previously discussed ”Flat and single-crystalline structure”.

Notice: it is somewhat clear that the actual images will be slightly differ-
ent from the ideal case, presenting some noise and imperfections.

From Fig 3.5b the streaks are clearly evident, representing the sacrificial layer
deposition which, although being flat, presents different domains. Moreover
from Fig. 3.5c the several transmission points appear on the detector screen,
representing the well grown SDC island. Most importantly instead, from
Fig. 3.5d the tendency of those dots to become streaks represents the islands
levelling out, resulting in a flat surface with small domains.

Figure 3.5: Picture taken from a camera standing right above the RHEED
detector, representing the 4 different patterns created by the diffracted elec-
trons.
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3.4 X-Ray diffraction(XRD) technique

In the X-Ray diffraction, the sample is placed in the center of an instrument
and illuminated with a beam of X-Rays.

The X-Ray tube and detector generally move in a synchronised motion,
unless the sample investigated is a single crystal: in which case the latter
would be the one rotating until the peak with greatest diffracted intensity
is found. The signal coming from the sample is then recorded and plotted
in an intensity-2θ graph where the peaks are observed, related to the atomic
structure of the sample.

The basis of diffraction analysis is the interference between incident and
diffracted wave.[10] Such interference can be either constructive (i.e. super-
position of waves) when the phase shift is a multiple of 2π, or destructive in
accordance with Bragg’s law:

nλ = 2dhklsinθ

• n is a positive integer representing the harmonic order of the diffraction.

• λ is the wavelength of the electromagnetic radiation which can have
similar dimensions with the distances between planes within the crys-
tal’s lattice dhkl: these correspond to X-Rays.

• d is the spacing between adjacent planes in the atomic lattice, as Fig.
3.7 shows.

• hkl are the Miller indices: a set of three integers that constitute a
notation system for the identification of directions and planes within
the crystals. Some further graphical representation is is shown in Fig.
3.6

• θ is the angle between the diffracted ray and the scattering plane. Only
for given a λ specific angles θ give rise to diffraction: this represents
the unique signature of a crystalline structure.
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Figure 3.6: Graphical representation of the fundamental combinations of
the three Miller indices: different multiples and sub-multiples of these com-
binations may be defined accordingly.

Figure 3.7: Illustration of Bragg’s most important parameters. Incidents X-
Rays with a wavelength equal to λ hit the electrons of the atom lattice at an
angle θ causing an elastic scattering of different waves. Some of those waves
will be diffracted and interact constructively, in accordance with Bragg’s law,
increasing the intensity at an angle 2θ.
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3.5 XRD experiment and analysis

The experiment is carried out by placing the sample in the sample holder in
the center of the goniometer. and by modifying the beam size depending on
the sample width: slits with different sizes are used to do so. Bigger slits
are supposed to be used for bigger objects and a rough overall estimations,
whereas smaller slits are supposed to be used for accuracy and precision. [6]

After this setup, the acquisition parameters must be chosen, some of the
most important being the starting angle, the final angle, the step etc.
Once this has been done, a first analysis is executed and the peaks coming
from the diffraction pattern of the 2θ scan are found. Now that the peaks
are identified, a narrower scan range is chosen around specific peaks using a
smaller step size in angle to obtain a higher resolution pattern. After that,
the data can be finally analyzed to study the structure of the material. [4]

The previously defined process for the XRD analysis of single crystals is
known as the Rocking Curve (RC).
By studying the RC it is possible to estimate the film mosaic spread, or in
other words: the deposition quality.
In such a procedure the detector is positioned at 2θ Bragg, while the angle
between the incident ray and the surface of the sample is moved around the
Bragg’s angle θ as Fig. 3.8 schematically shows. [29] [24]

Figure 3.8: Experimental setup conditions of the RC process: the sample
is ”rocked” from side to side in search for its peak, while the X-ray tube and
the X-Ray detector stay in their predefined position of respectively θ and
2θBragg without moving.
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The analysis instead is carried out by performing a 2θ scan along with an ω
scan of the sample.
The former shows the orientation and the intensity of the different materials
studied, whereas the latter shows the mosaic spread of the film, or in other
words: its crystallographic qualities.

Fig. 3.9 shows the different diffraction patterns, or more precisely, from left
to right of each row respectively: the 2θ scan, the ω scan and a graphical
illustration of the film studied.
In particular:

• Fig. 3.9(a,b,c) show the SDC deposition onto the STO substrate: SDC
has a (002) orientation with a mosaic spread (FWHM) of 0.7° at its
bragg angle, resulting in an overall good crystallographic quality of the
film.

• Fig. 3.9(d,e,f) show the SDC deposition with the use of a SAO buffer
layer: SDC and STO have similar peaks, SDC orientation is again (002)
with a remarkable mosaic spread of 0.4° at its bragg angle.

• Fig. 3.9(g,h,i) show the SDC thin film free standing attached to the
polymer membrane after being detached from the substrate, thanks
to the sacrificial layer. SDC keeps the (002) orientation however the
mosaic spread increases to 1.5° because the polymer doesn’t have a
perfectly smooth surface.

• Fig. 3.9l to Fig.3.9n show the SDC finally transferred to an Si layer
completely undamaged. SDC orientations is clearly unchanged and
the mosaic spread decreases again to 0.68°: remarking the good film
quality.

In conclusion, as the XRD proves, the film keeps a remarkable mosaic spread
after being transferred to the Si layer, which is exactly the aim of the XRD
analysis as well as the desired result.
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Figure 3.9: The first two plots of each row show respectively the 2θ scan
and the ω scan of the film in different configurations, whereas the last figure
is a graphical representation of the film configuration analyzed.
Note how after SDC has been detached from STO thanks to the SAO in Fig.
3.9i , it remains undamaged while also keeping a great FWHM up to the
final transfer to the Si layer (Fig. 3.9n)
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Conclusions

This thesis aim was to report and spread light on the latest state-of-the-art
technology that might give rise to an important green energy improvement in
our daily life. An overview on fuel cells and on already present SOFC/SOEC,
along with the newly developing micro-SOFC has thus been given.
This work was especially focused on Complex Oxides growth in thin film
shape by Pulsed Laser Deposition technique. It’s been shown how such a
technique is incredibly efficient for epitaxial growth of thin films, and how
can the RHEED analysis represent a great match for such a technique. In
particular the attention was directed towards the most promising complex
oxides materials, such as: STO (perovskyte used as foundation layer), SAO
(salt used as sacrificial layer) and SDC (fluorite used as electrolyte). The
crystalline structure of perovskytes and fluorites has been investigated. It’s
been studied how important it is to find a good candidate as buffer layer
match to guarantee SDC epitaxial growth by using buffer layers such as the
STO perovskyte, but also how such a layer is important in later analysis due
to its capability of not influencing the SDC analysis. Finally, the samples
have been studied by XRD-analysis means both under the θ−2θ perspective
and the ω scan to investigate the crystalline disorder at different stages.
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