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Abstract

This paper researches the optimum deposition condition of
yttrium-doped barium zirconate (BZY) through a change in
the parameters of pulsed laser deposition (PLD) such as
oxygen partial pressure in chamber, substrate temperature,
target-substrate distance, laser power by conducting an
analysis of the structural and morphological properties of
BZY thin films. As the oxygen partial pressure and
target—substrate distance increase, the BZY thin films show
a tendency to be porous. has porous structure. If the
substrate temperature increases, the crystallinity of thin
films increases. Also, PLD has optimum target-substrate
distance that deposition rate is set to maximum by
changing oxygen partial pressure and laser power. From
these data, thin film solid oxide fuel cells (SOFCs) that
have variety of thickness in BZY electrolyte are fabricated
by PLD and sputter. As thickness of BZY increases, the
performance of cell increases because the root—mean-square
(RMS) roughness that influences the activation of

electrochemical reaction increases.

Keywords : Pulsed Laser Deposition(PLD), Yttrium-doped
barium zirconate(BZY), thin film solid oxide
fuel cells, proton conductor, electrochemical
properties.

Student Number : 2012-20671



Contents

ADSEFACT wovreeereeememrieemeesesse s i
CIOMLEEIIES rrereereersrrerssseeessiessessese s sss s i
List Of Figures i, iv
1. TNHTOAUCHION  -wereeereeeeereeseeseememiesiesmssissie e 1
1.1, Background e 1
1.2. Pulsed Laser Deposition (PLD) e 5
1.3. Objective of the present study - 7
2. EXPErimMENtal oo 7
2.1. Preparation of thin films - 7
2.2. Characterization teChniqUues - 8

2.3. Cell fabrication and analysis of

electrochemical properties ................................. 9

8. Results and DISCUSSIOH ..................................... 12

3.1 Substrate temperature and oxygen partial

preSSure in Chamber ......................................... 12
3.1.1. Surface and cross—sectional morphology - 12
- i - ] 21l



312 Crystalhnlty ...................................................... 16

3.2. Target-substrate distance (TSD) e 19
321 Deposition rate .................................................. 19

322 Crystalhnlty ....................................................... 22

323 Surface morphology ........................................... 24

3.3. Laser ﬂuence ........................................................ 26
3.4. Electrochemical properties of thin film solid
OXide FUEL CEI] - vvrereevereermmmmmrrrrsrinrissssieesesieneas 28

4. CONCIUSION wvrvererreeeremseeseemamsemimemeneseesiscr s 35
References ......................................................................... 37
TEIL Z B e 43
TEAFQ] Z 45
- i - -2 )



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

1.1.

List of Figures

Proton conductivities of various oxides as
calculated from data on proton concentrations

and mobilities

1.2. The scheme of PLD mechanism

2.1. The scheme of cell test set-up

3.1. Surface morphology of BZY thin film deposited by

3.2.

3.3.

PLD in different substrate temperature and oxygen

partial pressure in chamber

Cross-sectional morphology of BZY thin film
deposited by PLD in  different substrate
temperature and oxygen partial pressure In

chamber

X-ray diffraction pattern of BZY thin films

deposited by PLD at temperature from 25C and
600C

3.4. Generalized BZY thin film structures as a function

3.5.

substrate  temperature and oxygen partial

pressure

(a) Cross-sectional image of BZY thin films

prepared by FIB at a target-substrate

- 1 [ .
- v - A =1



Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure 3.9.

Figure 3.10.

Figure 3.11.

Figure 3.12.

distance is 4.5cm
(b) Thickness of BZY thin films with respect to

the target-substrate distance.

X-ray diffraction pattern of BZY thin films deposited
at (a) bem (b) 45cm (¢) 4cm

Surface morphology of BZY thin films deposited at
target-substrate distances of (a) 4cm (b) 5cm (c)

6cm

Thickness of BZY thin films deposited at different

laser fluence

Cross—sectional image of thin film solid oxide fuel
cell with BZY electrolytes in thickness of (a) 930nm
(b) 1240nm and (c) 1340nm

I-V polarization curve of AAO based thin film solid
oxide fuel cell equipped with different thickness of

BZY electrolyte.

Surface topography of the cells with (a) 930nm- (b)
1240nm- and (c) 1340nm-thick BZY electrolyte

The RMS roughness value of the electrolyte surface



1. Introduction

1.1 Background

Renewable energy sources have taken the center stage as an
alternative to fossil fuel because pollutants associated with
renewable energy sources can be minimized and the resources
are not limited in the way that fossil fuels are. Of renewable
energy sources, fuel cells are widely thought as the best energy
because of their high conversion efficiency and stable output [1].
Of all types of fuel cells, solid oxide fuel cells (SOFC)
technologies have received much attention during recent decades
as the next-generation of power sources because it has high
efficiency, high volumetric energy density, high specific power
and superior fuel flexibility [2-5]. For all such applications of
conventional SOFC, however, the operating temperature must be
700C or above. Therefore, SOFCs need a long start-up time and
have severe restrictions on the scope of application, requiring
bulky thermal shielding and material stability [6,7]. A lower
operating temperature would allow a greater flexibility in the
choice of materials, compact stack design and superior start-stop
capabilities. In order to achieve a reduction in the operating
temperature, the following researches have been conducted: (1)
decreasing the thickness of the electrolyte (2) developing
alternative electrolyte materials with high ionic conductivity [8].

First, research on SOFCs which use a thin film electrolyte for



reducing the ohmic resistance has been conducted [9]. If the
thickness of the electrolyte is small, the degradation in the
performance SOFC resulting from ohmic loss can be compensated
[10]. Kerman et al. reported that thin film SOFC is capable of
delivering higher power densities at a lower temperature (<50
0C), measuring 1.037W/cm?at500°C [11]. Actually, research has
shown that the performance of SOFC 1is sensitive to the
electrolyte’s thickness [12-14]. Second, hydrogen ion conductor
(proton conductor) has received  much attention as
next-generation electrolyte material. To operate a thin film SOFC
at a low temperature, an electrolyte conducting hydrogen ion
(proton conductor) is helpful to use as the electrolyte of low
temperature thin film SOFCs as compare with a conventional
oxygen-ion conducting electrolyte. The performance of a SOFC
using an oxygen ion conductor can be reduced under operation
and the selection of different composition elements is restricted
due to the high-temperature operation.[15] In contrast, SOFCs
based on proton conductor offer several advantages. First, the
lower activation energy for proton than for oxygen ion transport
implies that the ionic conductivity of proton conductors is
independent to the temperature. This characteristic of proton
conductors potentially exhibits higher ionic conductivities at
intermediate or low temperatures. Second, the fuel will not be
diluted during the operation of the fuel cell because the water is
produced not on the fuel side but the cathode compartment of the
SOFCs.[16,17]

The recent research on proton conductor demonstrated that a

solid electrolyte composed of ABOs;-type perovskite material has



better hydrogen ion conductivity than any other electrolyte.[18]
Among the ABOs-type perovskite materials, acceptor-doped
perovskites of the general formula of ABO; such as
yttrium-doped barium cerate (Y-doped BaCeOs; BCY), and
yttrium-doped barium zirconate (Y-doped BaZrOs;, BZY) are
known as next-generation proton—conducting electrolytes due to
their high levels of ionic conductivity. In reality, barium affiliated
perovskite proton conductor has high conductivity at low
temperature as shown in figure 1.1. BCY, known as one of the
most promising materials among proton conductors due to its low
internal resistance, has been shown to decompose into barium
carbonate and ceria upon exposure to carbon dioxide at high
temperature.[19] On the other hand, BZY has sufficient chemical
stability due to its low reactivity with carbon dioxide, even if the
internal resistance is higher than that of BCY.[20] Shim et al
fabricated freestanding fuel cells employing a few tens of
nanometers thick BYZ electrolytes deposited by both atomic layer
deposition and pulsed laser deposition (PLD) techniques on
micromachined silicon substrates [21]. Kang et al. investigated a
porous anodic alumina oxide (AAQO) based thin film fuel cell with
BYZ electrolyte membrane and non-porous Pd anode [22]. Kim et
al. produced and assessed the 3-D crater patterned fuel cell
architecture with BYZ electrolyte deposited by PLD, using the
nonlithographic nanospherical patterning (NSP) method [23].
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Figure 1.1. Proton conductivities of various oxides as

calculated from data on proton concentrations and mobilities [20]



1.2 Pulsed Laser Deposition (PLD)

Pulsed Laser Deposition (PLD), one of the physical vapor
deposition (PVD), has become a standard technique for the
production of thin films of complicated stoichiometry or sandwich
structure.[24,25] The principle of PLD is as shown in the figure
1.2. A target in a vacuum chamber is irradiated by laser with
nanosecond pulses that can remove the material particles from
target. The removal of material during high intensity laser
irradiation leads to the formation of a plasma called plume. This
plume expands in a flow perpendicular to the surface and is
collected on a suitable substrate in a holder system. PLD has
many advantages. First, thin films of complex stoichiometry can
be produced from a bulk target of almost same stoichiometry.
Second, the chemical properties of thin films can be controlled by
changing the composition of gas in the PLD chamber, substrate
temperature and type of substrate. Also, the number of particles
arriving at the substrate can be controlled precisely with the
number of pulses and the laser fluence. The variation of
choosing the experimental condition means that PLD offers a
high flexibility to produce the various type of thin films. Finally,
PLD has cost-effectiveness. Many PLD chamber can be used by

single laser source by controlling laser path with reflector.[26]
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1.3 Objective of the present study

The primary purpose of this study is to investigate the effects of
the parameters associated with pulsed laser deposition such as
oxygen partial pressure in chamber, substrate temperature,
target—substrate distance, laser power and frequency in terms of
surface and cross-sectional morphology, crystallinity and
composition. From this data obtained, the optimum PLD condition
of BZY thin film can be obtained. Also, the variety of thickness
in BZY electrolyte was acquired by carrying the PLD process
time. Thin film SOFCs with different electrolyte thicknesses
marked a difference in terms of open circuit voltage (OCV) and

performance behavior.

2. Experimental

2.1 Preparation of the thin films

BZY thin films were fabricated by a pulsed laser deposition
technique. A vacuum chamber (Korea Vacuum Tech. Ltd) which
includes a turbomolecular and rotary pump was utilized. These
pumps can create a chamber pressure of 10° bar (high vacuum).
A silicon wafer chip (Iem x 1lcm) was attached onto the
substrate using silver paste (Pyro-Duct 597-A, Aremco Products
Inc.). BZY thin film was deposited onto the silicon wafer. A
sintered BaZrogYo203-spellet (Part # PS-TBaZr301-33AE, Praxair



Inc.) was used as a target. Thin films were grown using a 248
nm KrF excimer laser (Lambda Physik, Germany). The laser was
operated at a repetition rate of 6 Hz and a fluence of 1, 1.5, 2
and 25 J/cm® The oxygen partial pressure in the PLD chamber
was 0.013 bar (10 mTorr), 0.13bar (100mtorr) and 0.26bar
(200mtorr). And the substrate temperature was varied between 2
5C and 600C. The deposition time is 30 minutes for all of BZY
thin films. The heating rate and cooling rate of the substrate
were 30 C/min and -10 C/min, respectively so as to minimize
the structural and distinguishing change of the deposited thin
film when heating and cooling. The TSD was varied in the
range of 4-6 cm (at an interval of 0.5 cm). In order to achieve a
uniform thickness distribution of the deposited thin films and
minimize damage to the target, rotation of the target and
scanning of the laser beam along the target diameter were

applied.

2.2 Characterization techniques

Symmetric ©-20 diffraction measurements were performed on
BZY thin films by means of X-ray diffractometer (XRD:
PANalytical, Netherland). The scan range at 26 was 20"~ 80° and
the radiation used was Cu Ka. A morphological analysis of the
samples was performed using a field emission scanning electron
microscope (FESEM: Carl Zeiss Supra 40, Germany). Before
using the FESEM, Pt sputtering (bnm thickness) on the sample
surface was conducted to improve the electrical conductivity of
the surface of the sample and to obtain a clear image of the

sample surface. The deposition rate and cross—sectional



morphology were analyzed using a focused ion beam (FIB:
Quanta 3D FEG, Netherland). After Pt deposition onto the sample
surface, a hole 8 ym x 1 pm x 0.3 pm in size was made to
investigate the cross—section. A root-mean-square (RMS)
roughness analysis Wwas conducted wusing scanning probe
microscope (SPM: Seiko instrument SPA-400, Japan). The
composition of the BYZ film was analyzed under the X-ray
photoelectron microscope (XPS; KRATOS AXIS-His, Japan).

2.3 Cell fabrication and analysis of

electrochemical properties

Every BYZ thin film was deposited by the PLD process. A
248nm KrF excimer laser (Lambda Physik) with the energy
density of 1.5]J/cm’ per pulse was used to ablate the target with
pulse frequency of 6Hz in a 20mTorr O, atmosphere. The
substrate temperature was set to 600C during deposition and the
heating/cooling temperature rate were +30C/min and —-10C/min,
respectively. The target-to-substrate distance was set as 6cm.
The thickness of electrolyte was varied from 930nm to 1340nm
by controlling the deposition time. The deposition rate was
approximately 0.1670.17 A /pulse. Prior to making a single fuel cell
stack, BYZ thin film was deposited on the silicon (100) wafer as
in the condition mentioned above.

AAQO based cells were fabricated to measure the performance
level. The performance test set up scheme and the fabricated cell

image are each shown in figure 2.1. (a) and (b). A dense Pt



anode was deposited on the AAO (Synkera Technology Inc.)
substrate of lcm X lcm area and of 100um thickness with 80nm
pores by DC sputtering of 200W power at SmTorr Ar and room
temperature. The thickness of the anode was approximately
300nm. On this anode layer, BYZ electrolyte membrane is formed
with various thicknesses, in accordance with the above-mentioned
PLD process conditions. The surface area of the BYZ electrolyte
was adjusted to 8mm X 8mm through a mask. The porous Pt
cathode was sputtered on the BYZ electrolyte with 100W
DC-power under 90mTorr Ar and room temperature. The cathode

2 active area was patterned through a shadow mask with

of Imm
9square holes. Electric contact between the anode and the
custom-made metal ring was generated by using silver paste,
while the cathodic current was collected via a micro—probe.
Ceramic adhesive (Aremco Products Inc.,CP4010) was used to
prevent leakage of the hydrogen toward the cathode.

The cell test method is shown in figure 1. The dry hydrogen of
20sccm was supplied to the anode side while the cathode was
exposed to atmospheric environment for  air-breathing.
Potentiodynamic  polarization and alternating current (AC)
impedance were measured by using the electrochemical testing

system (Solatron Analytical, 1260/1287).

- 10 - A =1



Cathode(porous Pt)

Sca]:mt

Stnm pore AAO -’l.'?. paste

Metal
substrate

Figure 2.1. The scheme of cell test set-up
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3. Results and discussion

3.1 Substrate temperature and oxygen partial

pressure in chamber

Control factors in order to analyze the effect of oxygen partial
pressure and substrate distance are target-substrate distance

(5cm), laser fluence (1.5J/cm®) and frequency(6Hz)

3.1.1 Surface and cross-sectional morphology

Surface and cross—sectional morphology of BZY thin film
deposited in different substrate temperature and oxygen partial
pressure 1s shown in figure 3.1 and figure 3.2. Control factors
when fabricating BZY thin films are target-substrate distance
(5cm), laser fluence (15]/cm® and frequency (6Hz). Figure 3.1
and figure 3.2 show that the structure of BZY thin film is set to
be porous if oxygen partial pressure increases. This phenomenon
implies that the number of oxygen molecules between the target
and substrate is a critical factor related to the growth of the thin
film. Due to the increase in the number of oxygen molecules
between the target and the substrate as the oxygen partial
pressure increases, the collisions between ejected BZY ultrafine
particles (nearly vapor) and the oxygen molecules increase. If

there is no oxygen molecule between the target and the substrate

- 12 - 47 B :'.:'



(oxygen partial pressure is small), there are virtually no collisions
before the BZY particles reach the substrate and the BZY can be
deposited on the substrate as a uniform background film. When
the oxygen partial pressure increases, however, the BZY particles
can undergo many collisions. Through these collisions, nucleation
and growth of these BZY particles to form larger particulates can
occur before their arrival at the substrate.[27] The fact that the
particulate size increases as the number of collisions increases
strongly suggests that the particulates are formed from ultrafine
particles instead of liquid droplets. Given that the growth
mechanism 1s conducted by diffusion, the residence time of a
BZY nparticle in air controls the size of the particulate. The
longer the residence time, as is the case with an increased
oxygen partial pressure, the larger the particulate of BZY. Also,
structure of BZY thin film becomes dense if substrate
temperature increases. This phenomenon implies that the BZY
particulates in thin film are relocated by thermal energy in order
to minimize the binding energy among other particulates (dense
structure). Also, the particles arriving to the substrate surface
have not enough energy for any mitigation if substrate
temperature 1s low, thus they stick mostly next above the
particulate deposited already. This phenomenon can bring about

firming significant voids.

- 13 - A =1
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PLD in different substrate temperature and oxygen partial
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Figure 3.2 Cross-sectional morphology of BZY thin film
deposited by PLD in different substrate temperature and oxygen

partial pressure in chamber
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3.1.2 Crystallinity

The crystallinity of BZY thin film can be changed if substrate
temperature changes as shown in figure 3.3. Figure 3.3 shows
that, up to 400C, no BZY peaks can be seen. Although BZY thin
films deposited from 25 to 400C my by partially crystallized,
fully crystallized diffraction patterns were not observed. On the
other hand, perovskite peaks are present in the diffraction pattern
at temperatures higher than 500°C. This phenomenon implies that
active crystallization occurs between 400C and 500C. When
thermal energy of atoms is low (substrate temperature is low),
the vapor species have a low surface mobility and will be located
at a different position on the surface. The low mobility of the
species prevents full crystallization of the films. On the other
hand, the increase of substrate temperature causes the diffusion
of atoms deposited on the substrate and accelerates the migration
of atoms to the position that minimizes the binding energy
between atoms [28]. Hence, the particles with higher thermal

energy are able to form a crystal structure.
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Figure 3.3. X-ray diffraction pattern of BZY thin films deposited
by PLD at temperature from 25C and 600C
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3.2 Target-substrate distance (TSD)

Control factors in order to analyze the effect of TSD are oxygen
partial pressure in chamber (10mtorr), substrate temperature (60

00C), laser fluence (1.5]/cm®) and frequency(6Hz)
3.2.1 Deposition rate

The cross—sectional morphology and the thickness of BZY are
presented in Figures 3.5 (a) and (b), respectively. The maximum
thickness was noted at 45 cm. As the TSD increases, the
thickness of BZY thin film gradually decreases. If the TSD is
shorter than 4.5 cm, likewise, the thickness decreases (as shown
in Fig. 3.5 (b)). This result shows that the specific effects of the
TSD and the number of oxygen molecules between the target
and the substrate are interrelated. Although the oxygen partial
pressure is significantly low (10mtorr), the number of oxygen
molecules is increased as the target-substrate distance increases.
In other words, the exposure time of BZY atoms to oxygen
molecules increases with an increase of the TSD. Due to the
increased collisions between the laser-produced plume and the
oxygen molecules, the plume dimension decreases as the TSD
increases. Dyer et al.[29] shows that the relationship between the
length of the plume (L) and the scaling parameter (E/Py),where E
1s the laser—pulsed energy and Py is the oxygen partial pressure,

for the plume range is as follows:

L=(
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Here, y is the ratio of the specific heat of the elements in the
plume (-0.786). For an oxygen partial pressure of 10 mtorr and a
laser-pulsed energy of 15 J/cm? the length of the plume

corresponds to approximately 4.442 cm.

When the TSD is much smaller than L, the proportion of BZY
particles ejected from the substrate to the air in the PLD
chamber is increased, as the Kkinetic energy of BZY particles is
very high such that some BZY particles cannot be deposited on
the substrate. On the other hand, As the TSD increases, the
proportion of the smaller particulates that reach the substrate
decreases and a few larger particulates appear, denoting a merge
during flight from the target to the substrate.[30] Once the
substrate is located far beyond L, the adhesion to the substrate
of ejected matter, including the particulates and atomic species, is

poor.
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Figure 3.5. (a) Cross—sectional image of BZY thin films prepared
by FIB at a target-substrate distance is 4.5cm (b) Thickness of
BZY thin films with respect to the target-substrate distance.
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3.2.2. Crystallinity

Figure 3.6 shows X-ray diffraction patterns of BZY thin films
deposited at different target-substrate distances. The preeminent
peaks at 30° and 70° correspond to Si(100) and Si(110),
respectively. According to figure 3.6, the Si(100) peak at 4.5cm is
smaller than any other TSD, as the thickness of BZY thin film
at 45cm is high such that the Si(100) phase cannot be shown.
The tetragonal-phase crystal structure of the films is indicated
by the small splitting of the BZY (110) peak.[31] As shown in
figure. 6, the diffraction peaks corresponding to BZY shifts
decrease with an increase in the distance between the target and
substrate; that 1s, a decrease in the crystallization of the BZY
thin films occurs. This phenomenon can be explained as follows:
when the BZY particles arrive at the substrate surface during the
PLD process, their kinetic energy is transferred to local heating
or to the scattering of the previous layers of the film. This
phenomenon implies that the kinetic energy of particles arriving
at the substrate plays an important role in building the structure
of thin films. Also, when the particles hit the substrate at a low
amount of kinetic energy (from a long distance), no significant
energy 1s supplied to the previous film layer. On the other hand,
when the particles hit the substrate with a high amount of
kinetic energy (from a short distance), the increase in the local
energy allows initial and arriving particles to relocate in order to
minimize the binding energy. Therefore, the particles with
higher kinetic energy are able to form a crystal structure which
is dense and adheres better to the substrate, exhibiting lower

internal stress in the perovskite structure.
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3.2.3. Surface morphology

The surface morphology of BZY thin films with respect to the
TSD is shown in Figure 3.7. It is believed that the grain size of
BZY particles and the surface morphology become large and
porous with an increase of the TSD, as shown in Figure 3.7.
This phenomenon implies that the number of oxygen molecules
between the target and substrate is a critical factor related to the
growth of the thin film. Due to the increase in the number of
oxygen molecules between the target and the substrate as the
TSD increases, the collisions between ejected BZY ultrafine
particles (nearly vapor) and the oxygen molecules increase. If
there is no oxygen molecule between the target and the
substrate, there are virtually no collisions before the BZY
particles reach the substrate and the BZY can be deposited on
the substrate as a uniform background film. When the TSD
increases, however, the BZY particles can undergo many
collisions. Through these collisions, nucleation and growth of
these BZY particles to form larger particulates can occur before
their arrival at the substrate. The fact that the particulate size
increases as the number of collisions increases strongly suggests
that the particulates are formed from ultrafine particles instead of
liquid droplets. Given that the growth mechanism is conducted by
diffusion, the residence time of a BZY particle in air controls the
size of the particulate. The longer the residence time, as is the

case with an increased TSD, the larger the particulate of BZY.
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Figure 3.7. Surface morphology of BZY thin films deposited at

target—-substrate distances of (a) 4cm (b) 5cm (c) 6cm
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3.3 Laser fluence

Figure 3.8 shows thickness of BZY thin film by changing laser
fluence of PLD. Control factors in order to analyze the effect of
laser fluence are oxygen partial pressure (10mtorr), substrate
temperature (600C) and TSD (4cm). The number of laser pulses
is sustained to 7200 pulse fairly. As shown in Figure 7, the
deposition rate is proportional to laser fluence. The BZY thin film
thickness of 1, 1.5, 2, and 2.5]/cm® were 95nm, 149nm, 266nm
and 619nm, respectively. This phenomenon implies that laser
fluence and the number of ejected particles of target is
interrelated. If the laser that has large fluence hits the target
directly, the number of ejected particles increases.. So, the
number of particles that reach the substrate increases. And, the
adhesion to the substrate of ejected particles can increase
because the Kkinetic energy of particles is high when laser fluence
is high. As shown in equation (1), the laser fluence is
proportional to the length of plume when P and y in the
formulae is constant.[29] If the laser fluence increases, the
plume intensity on the substrate is stronger in a fixed TSD
condition. Consequently, the deposition rate of thin films sharply

increases as the laser fluence increases.
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3.4 Electrochemical properties of thin film solid

oxide fuel cell

From these data obtained above, thin film solid oxide fuel cell
was produced on the basis of AAO substrate and the application

of BZY electrolyte with various thicknesses.

Figure 3.9 shows the cross—sectional image of thin film solid
oxide fuel cell with BZY electrolyte in thickness of 930nm,
1240nm and 1340nm, respectively. Anode structure with dense
platinum layer was formed between AAQO substrate and
electrolyte. The thickness of anode is about 250nm. Cathode
structure with porous platinum layer was formed on the
electrolyte. The thickness of cathode is approximately 200nm. As
shown 1in figure 3.9, BZY electrolytes deposited by PLD technique

have columnar grain growth.

Figure 3.10 indicates the potentiodynamic polarization of the AAO
based thin film solid oxide fuel cells characterized at 450°C with
different thickness of BZY electrolyte. 930nm-thick BZY cell
shows approximately 0.81V of OCV. This value is lower than the
theoretical one obtained from the Nernst equation (1.23V).[32] On
the other hand, 1340nm-thick BZY cell indicates about 1.1V, very
close to the theoretically expected value. In order to analyze the
polarization, it is assumed that the gas leakage from metal ring
or the sealant is negligible factor. Furthermore, it is generally
known that the temperature of 450C is little possibility of

electronic conduction of BZY electrolyte.[23] So, the main reason
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that OCV value of 930nm-thick BZY electrolyte cell is lower
than theoretical value i1s the gas leakage and short—circuit

phenomenon caused by defect of BZY electrolyte.[12,23]

I ’ f 1
o) |

11 f nm B

Figure 3.9 Cross-sectional image of thin film solid oxide fuel
cell with BZY electrolytes in thickness of (a) 930nm (b) 1240nm
and (c) 1340nm
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If electrolyte has defect, anode and cathode are in contact
through defect, bringing about electronic conduction. Also, the
porous structure of the substrate causes the selective nucleation
and growth of the grain, leading to propagation of the pinholes
and void.[33] The grains are tendency to merge as the film
becomes thicker and the defects become gradually clogged.[12]
As shown in figure 3.10, therefore, it can be concluded that at
least 1340nm thickness is required when fabricating thin film
solid oxide fuel cell with BZY electrolyte on the PLD conditions
mentioned above. Furthermore, the OCV increases as thickness of
BZY electrolyte increases because the pinhole and crack in BZY
electrolyte can be clogged as thickness of BZY electrolyte
increases. The area specific resistance (ASR) values measured
by the electrochemical impedance spectroscopy(EIS) with 0.1V
DC potential were 0.17Q ¢ cm? 021Q *cm? 0.22Q «cm® for
930nm-, 1240nm- and 1340nm-thick BZY cell, respectively. This
phenomenon indicates that the thicker BZY electrolyte has long
proton conducting path. Although the ASR value increases as
thickness of BZY electrolyte increases, the power density of BZY
electrolyte cell increases to 7mW/cm? 13mW/cm?® and 21mW/cm?
as the BZY layer goes thicker as shown in figure 3.10. This
phenomenon is because the structural defect causing the leakage
current; the pinhole within the electrolyte was not entirely
clogged in 930nm-and 1240nm-thick BZY cells. Furthermore, a
cell with thicker electrolyte has rougher surface.[14] Figure 3.11
shows the analyzed result of the electrolyte surface topography in
the BZY cells. During the measurement, the size of scan area is
set as 30um X 30um and scan rate of 0.3Hz The
root-mean-square (RMS) roughness of the 930nm-, 1240nm- and
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1340nm-thick BZY cell is 7lnm, 784nm and 82nm, respectively
as shown in figure 3.12. This phenomenon implies that the
thicker electrolyte is formed, the rougher surface is formed. This
tendency is generally observed in thin films that are formed in
physical vapor deposition (PVD) technique such as sputter and
PLD. If the rougher surface of BZY electrolyte layer is formed as
shown in figure 3.11, it can lead to an increase of the effective
reaction area at cathode/electrolyte interface called triple phase
boundary (TPB).[14,23,34] The increase of the electrochemical
active interfacial area enhances the electrochemical performance

of the fuel cell as shown in figure 3.10.
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Figure 3.11 Surface topography of the cells with (a) 930nm- (b)
1240nm- and (c) 1340nm-thick BZY electrolyte
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4. Conclusion

PLD has many primary parameters such as oxygen partial
pressure, substrate temperature, target-substrate distance and
laser fluence. So, the analysis on properties of BZY thin films
by changing these parameters has been conducted. If oxygen
partial pressure in chamber increases, the grain size of BZY thin
films becomes large and structure of thin films become porous
because of the number of collisions between oxygen molecules
and BZY particles. And, the BZY thin film becomes crystalline if
the substrate temperature is 500C and above. This is because
the BZY particles i1s diffused and relocated in order to minimize
the binding energy between atoms. As the target—substrate
distance increases, the grain sizes of BZY particles increases and
the surface of BZY thin films show a tendency to become
porous. As the target-substrate distance decreases, on the other
hand, the structure of BZY thin films becomes crystalline and the
deposition rate generally increases. When the target-substrate
distance is shorter than the length of the plume, the deposition
rate is decreased due to the reflection phenomenon of BZY atoms
from the substrate, resulting from the large kinetic energy of
atoms. If the laser fluence increases, the deposition rate
increases because the number of ejected particle increases. So,
many particles can reach the substrate. Moreover, the adhesion
to the substrate of BZY particles can increase because the kinetic
energy of particles increases as the laser fluence is high. From
these data, the AAQ substrate-based thin film solid oxide fuel
cell employing BZY electrolyte is successfully fabricated. The
solid oxide fuel cell with BZY electrolyte in thickness of 1340nm
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conducts the maximum performance, approximately 1.1V of OCV
and 21lmW/cm?® of peak power density. From these data, the
pinhole and crack can be clogged if the electrolyte layer is thick.
It is verified that low-thickness BZY electrolyte layer cause the
pinholes and triggered the decreases of the OCV and performance
from the leakage in cases of thin film solid oxide fuel cells. If
the thickness of BZY electrolyte increases, moreover, the RMS
roughness of surface increases. This phenomenon results in
increasing the effective reaction area at cathode/electrolyte
interface called TPB. The increases of the effective reaction area

can enhance the electrochemical performance of the fuel cell.
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