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Abstract 

Metal-doped lanthanum molybdenum oxide and metal-doped ceria have been 

shown to conduct oxide ions efficiently.  They are being considered as very promising 

solid electrolytes for solid oxide fuel cells (SOFC).  In particular, their ability to 

provide reasonably high ionic conductivity at relatively low temperatures (500 - 600 °C) 

is an attractive feature making them useful in future low-temperature SOFCs targeted 

to operate at 500 °C or below.  Thus utilizing these materials and employing the 

modern oxide thin film fabrication technology it is visualized that a miniaturized and 

low-temperature operating SOFC can be achieved. Consequently a new breed of 

efficient and much sought-after transferable power source for portable electronic 

devices and small scale electrical appliances is possible.   

 

In this project pulsed laser deposition was used to prepare some of these oxide 

electrolyte thin films. Structural and electrical characterizations of these films were 

carried out to evaluate their suitability for use in thin film SOFC.   

 

The laser ablation targets of Ce0.8Gd0.2O2, Ce0.8Sm0.2O2, Zr0.92Y0.08O2, La2Mo2O9, 

La1.9Ba0.1Mo2O9, La1.9Ca0.1Mo2O9, La0.85Sr0.15MnO3, La0.7Sr0.3MnO3, La0.85Sr0.15MnO3, 

La1-xSrxCoO3 (0.2 � x � 0.5) and SrVO3 were fabricated by the standard solid state 

reaction method.  The SOFC oxide electrolyte and electrode thin films were fabricated 

by pulsed laser deposition on (100) LaAlO3, (100) Si, (100) MgO and Al2O3 at various 

substrate temperatures spanning from 300 °C to 750 °C.  The ambient oxygen pressure 
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during film growth ranged from 100 mTorr to 300 mTorr.  The crystal structure, 

crystallinity, thickness and lattice parameters of these as-deposited films were 

investigated by x-ray diffraction and transmission electron microscope.  It has been 

shown that high quality epitaxial and polycrystalline films can be obtained at different 

growth conditions.   

 

A radiation heating tube furnace for electrical characterization were designed and 

made. It was primarily used for temperature dependant impedance measurements on 

films over the temperature range of 200 °C to 800 °C.  Our results reveal good ionic 

conductivity in these films.  In addition the observed ionic conductivities are closely 

related to the crystalline quality of the films.  We have yielded strong experimental 

evidence that in utilizing these oxide electrolyte thin films, miniaturized SOFCs 

operating at below 550 °C are possible.   
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Chapter 1 

Chapter 1 

Introduction 

 

1.1 Fuel Cells 

 

A fuel cell generates electricity directly from an electrochemical reaction, as in a 

battery, but uses reactants that are supplied continuously, as in an engine.  The energy 

stored in a fuel is converted directly into d.c. electricity.  Because electrical energy is 

generated without combusting fuel, fuel cells are extremely attractive from an 

environmental stand point.   

 

All fuel cells have the same basic operating principle.  Traditional fuel cells 

consist of an electrolyte material which is sandwiched in between the thin porous 

anode and cathode.  The input fuel passes over the anode and oxygen over the 

cathode and catalytically splits into ions and electrons.  The electrons go through an 

external circuit to serve an electric load while the ions move through the electrolyte 

toward the oppositely charged electrode.  At the electrode, ions combine to create 

by-products, primarily water and CO2.  Depending on the input fuel and electrolyte, 

different chemical reactions will occur.   
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1.1.1 Classification of Fuel Cells 

 

In view of the great demand on efficient and environmentally clean power sources 

to drive various devices and machineries, different types of fuel cells are actively 

pursued by researchers around the world.  The important types of fuel cells include the 

molten carbonate fuel cell (MCFC), the solid oxide fuel cell (SOFC), the phosphoric 

acid fuel cell (PAFC), the solid polymer fuel cell (SPFC), the alkaline fuel cell (AFC) 

and the direct methanol fuel cell (DMFC).  The main difference among them is the 

material used for the electrolyte membrane, anode and cathode.  Each type of fuel cell 

has certain characteristics which are described below.   

 

Molten carbonate fuel cells (MCFC) use high-temperature compounds of salt like 

sodium or magnesium carbonates (CO3) as the electrolyte.  Efficiency ranges from 60 

to 80 %, and the operating temperature is about 650 °C.  Units with output up to 2 MW 

have been constructed, and designs exist for units up to 100 MW.  The high temperature 

limits damage from carbon monoxide "poisoning" of the cell and waste heat can be 

recycled to make additional electricity.  Their nickel electrode-catalysts are 

inexpensive compared to the platinum used in other cells.  But the high temperature 

also limits the choice of materials and the safe uses of MCFC’s — they would probably 

be too hot for home use.  Also, carbonate ions from the electrolyte are used up in the 

reactions, making it necessary to inject carbon dioxide to compensate.   
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Figure 1.1 Drawing of a molten carbonate cell.   

 

Solid Oxide fuel cells (SOFC) use a hard, ceramic compound of metal, like calcium 

or zirconium oxides as electrolyte.  Efficiency is about 60 % and the operating 

temperatures are about 1000 °C.  Cells output is up to 100 kW.  At such high 

temperatures a reformer is not required to extract hydrogen from the fuel, and waste heat 

can be recycled to make additional electricity.  While solid electrolytes may not leak, 

they can crack.  Therefore, the high temperature operation limits the applications of 

SOFC units.  In general they tend to be rather large and robust to endure mechanical 

and thermal shocks.   
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Figure 1.2 Drawing of a solid oxide cell.   

 

Phosphoric acid fuel cells (PAFC) use phosphoric acid as the electrolyte.  

Efficiency ranges from 40 to 80 %.  The operating temperature is between 150 and 200 

°C.  Existing phosphoric acid cells have outputs up to 200 kW and 11 MW units have 

been tested.  PAFC can tolerate a carbon monoxide concentration of about 1.5 %, which 

broadens the choice of fuels that they can use.  If gasoline is used, the sulfur must be 

removed.  Platinum electrode-catalysts are needed, and internal parts must be able to 

withstand the corrosive acid.   
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Figure 1.3 Drawing of how both phosphoric acid and PEM fuel cells operate.   

 

Solid polymer fuel cell (SPFC) is unusual in that its electrolyte consists of a layer of 

solid polymer which allows protons to be transmitted from one face to the other.  They 

are sometimes being referred to as proton exchange membrane (PEM) fuel cells.  

Efficiency ranges from 40 to 60 %.  They basically require hydrogen and oxygen as 

their inputs, though the oxidant may also be ambient air, and these gases must be 

humidified.  They operate at a temperature much lower than the fuel cells mentioned so 

far, because of the limitations imposed by the thermal properties of the membrane itself.  

The operating temperatures are around 90 °C.  The SPFC can be contaminated by 

carbon monoxide, reducing the performance by several percent for contaminant in the 

fuel in ranges of tens of percent.  They require cooling and management of the exhaust 

water in order to function properly.   
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Alkali fuel cells (AFC) operate on compressed hydrogen and oxygen.  They 

generally use a solution of potassium hydroxide (KOH) in water as their electrolyte.  

They were used in Apollo spacecraft to provide both electricity and drinking water.  

Modern AFCs have efficiency of about 70 %, and their operating temperature is 150 to 

200 °C.  Cell output ranges from 300 W to 5 kW.  They require pure hydrogen fuel, 

however, and their platinum electrode catalysts are expensive.  And like any container 

filled with liquid, they can leak.   

 

 

Figure 1.4 Drawing of an alkali cell.   

 

Direct Methanol Fuel Cells (DMFC) electrolyte is a polymer.  These cells have 

been tested in a temperature range from about 50 to 100 ºC.  With the improvement of 

catalyst, efficiency reaches 40 %.  This low operating temperature and no requirement 

for a fuel reformer make the DMFC an excellent candidate for very small to mid-sized 

applications, such as cellular phones and other consumer products, up to automobile 
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power plants.  The technology behind DMFC is still in its infancy of development, 

but it has been successfully demonstrated powering mobile phones and laptop 

computers — potential target end uses in future years.  One of the drawbacks of the 

DMFC is that the low-temperature oxidation of methanol to hydrogen ions and carbon 

dioxide requires a more active catalyst, which typically means that a larger quantity of 

expensive platinum catalyst is required than in conventional PEMFCs.  This increased 

cost is, however, expected to be more than outweighed by the convenience of using a 

liquid fuel and the ability to function without a reforming unit.  One other concern 

driving the development of alcohol-based fuel cell is the fact that methanol is toxic.  

Therefore, some companies have embarked on developing a direct ethanol fuel cell 

(DEFC).  The performance of the DEFC is currently about half that of the DMFC, but 

this gap is expected to narrow with further development.   

 

Anode Reaction: 

  H2 + 02- � H2O + 2e- (1. 1) 

  CO + 02- � CO2 + 2e- (1. 2) 

 CH4 + 402- � 2H2O + CO2 + 8e-  (1. 3) 

 

Cathode Reaction: 

 O2 + 4e2- � 2O2-  (1. 4) 
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1.1.2 Historical Background of Solid Oxide Fuel Cells 

 

Fuel cells are certainly no new discovery.  The operating principle is based on the 

controlled electrochemical reaction of hydrogen with oxygen forming water while 

delivering the electric energy output.  This was already described in 1839 by Sir 

William Grove, for a hydrogen-oxygen cell with liquid sulphuric acid as the electrolyte 

(Grove, 1839; Grove 1842).   

 

The history of solid oxide electrolytes can be considered to commence at the end of 

the 19th century.  A first industrially produced solid electrolyte gas cell (Nernst lamp) 

was produced by Walter Herrmann Nernst in 1897.  He discovered that the very high 

electrical resistance of pure solid oxides could be greatly reduced by addition of certain 

other oxides.  The favorable composition 85 % zirconia (ZrO2) and 15 % yttira (Y2O3), 

the so-called Nernst mass were identified.  This is still the most widely used electrolyte 

material even today.  It represents the basis for the promising solid oxide fuel cell in 

stationary energy production.   

 

The first working solid oxide fuel cell was demonstrated by the Swiss scientist 

Emil Baur and his colleague H. Preis experimented with solid oxide electrolytes in the 

1937, based on Nernst mass.  Although the operation of the first SOFC was 

demonstrated, the current output of this cell was too low for practical purposes.   
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Intense activity in SOFC research began in the early 1960s.  At that time basic 

research dealt with the improvement of electrolyte conductivity, the first step in SOFC 

technology.  Kiukkola and Wagner first used the advantageous calcia-stabilized 

zirconia as the solid electrolyte for thermodynamical investigations [Kiukkola et al., 

1957].   

 

In 1994, an important breakthrough occurred when research groups in Japan and 

the USA [Ishihara et al., 1994; Feng et al., 1994] discovered that doped LaGaO3 has 

higher conductivity than YSZ.  This new electrolyte is a promising material to replace 

YSZ in electrochemical devices.  In addition metal-doped ceria has also been identified 

to show good ionic conduction at relatively low temperatures too.   

 

More recently, climbing energy prices and advances in materials technology 

continues to fuel the high activity of SOFC research.  The SOFC is the most likely 

contender for the small electric power plants in the 1 kW range.  With the advancement 

of oxide thin film fabrication technology and reduction of the SOFC operating 

temperature miniaturized electrical power source for portable electronic devices and 

household electrical appliances can be obtained.   
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1.2 Motivation 

 

In recent years the demand of energy – in particular electrical energy, increases so 

rapidly that the available technology and resources today have difficulties in keeping 

pace with it.  The pollution and associate problems created by fossil fuel burning is 

also a modern day’s concern.  For intermediate term of solution towards this energy 

supply issue and fossil fuel shortage crises, new schemes of efficient electrical power 

generation is required. In these regards fuel cells (FCs) appear to be suitable candidates 

that can offer good and realistic prospects.   

 

Among the many types of FCs solid oxide fuel cell (SOFC) is being considered a 

promising technology for future power generator and is noted for its high efficiency 

and direct electrical power generating capability.  Furthermore it is a well recognized 

environmentally friendly technology.  Since it does not involve any moving parts, the 

operation of SOFC is quiet and vibration free.  The by-product of SOFC is only water 

(vapour) or at some worst cases CO2 gas.  However, materials selection for SOFC is 

rather challenging.  The traditional electrolyte used in SOFC is yttria-stabilised zirconia 

(YSZ).  The fuel cell must operate at high temperature of about 1000 °C for YSZ 

[Hibino et al., 2000; Napporn et al., 2004] to attain sufficient ionic conduction as an 

efficient solid electrolyte.  Such high temperature operation has created a lot of 

problems associated with thermal induced stress, cracking during thermal cycling, 

electrode sintering, interfacial resistance increasing, interfacial diffusion, aging and 



 
Introduction 

 
        THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Boscope Sze                                                                                        11 
 

Chapter 1 

delamination etc.  The cells need to be robust and bulky in design.  As a result 

SOFC has not been used more widely as transferable electrical power source for 

microelectronic devices and portable electrical appliances.   

 

Indeed a major thrust in SOFC research is to tailor and develop new materials that 

exhibit high ionic conductivity at low temperature operation.  This could be achieved 

either by designing and developing a new class of materials or by improving the 

properties of known compounds through advance fabrication methodology [Hobein, B 

et al., 2002; Xia et al., 2001] and proper choice of effective dopants [Wang et al., 2001].  

The known oxide ion conducting materials generally belong to fluorite, perovskite, 

brownmillerite, aurivillius, and pyrochlore structural types [Boivin et al., 1998].  

Recently a new material series based on the parent compound La2Mo2O9 has been 

shown to exhibit improved ionic conductivity at relatively low temperature due to the 

presence of intrinsic oxygen vacancies.  The increased conductivity of pure 

La2Mo2O9 is associated with a first-order phase transition from monoclinic �-phase to 

cubic �-phase occurring at ~ 580 °C.  Although various substitutions were effected in 

both La and Mo sites to stabilize the high temperature �-La2Mo2O9 phase at room 

temperature [Basu et al., 2004], none of them increased the conductivity of pure 

La2Mo2O9 to a notable extent [Goutenoire et al., 2000].   

 

In recent years it has been shown that ceria solid solutions are good oxygen ion 

conductors too.  They are of great technical interest as solid electrolytes.  Doped 
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ceria films are particularly attractive for SOFC operated at low temperatures (500 ºC) 

[Leng et al., 2004].  Yahiro et al showed that samarium (Sm) and gadolinium 

(Gd)-added ceria samples exhibited the highest ionic conductivity among several 

dopant cations.  Various attempts have been made to develop thin film electrolytes 

using techniques such as screen printing, dry pressing or in situ solid-state reaction.  

The film thickness is generally about 10-30 µm.  Recently Gourba et al [Gourba et al., 

2004] reported that sputtered gadolinium-doped ceria thin film (5 µm) is the most 

promising candidate for replacing yttria-stabilised zirconia (YSZ) as electrolyte for 

SOFC operating at intermediate temperature [Yahiro et al., 1989].   

 

In order to retain the high power density of SOFC at low operation temperature, 

improved crystal structural properties [Yi et al., 2003; Shimonosono et al., 2004] and 

electrolyte thickness reduction [Chen et al., 1994; Yamahara et al., 2005] are the most 

favored approaches.  Pulsed laser deposition (PLD) is a powerful and useful tool to 

deposit ceramic thin films due to the advantage of being able to transfer stoichiometric 

materials from the target to the substrate.  In the present work, PLD is used to deposit 

yttria stabilized zirconia (Zr0.92Y0.08O2, YSZ), lanthanum molybdate (La2Mo2O9, LMO), 

barium and calcium doped lanthanum molybdate (La1.9Ba0.1Mo2O9, LBMO and 

La1.9Ca0.1Mo2O9, LCMO), gadolinium-doped ceria (Ce0.8Gd0.2O2, GDC20) and 

samarium-doped ceria (Ce0.8Sm0.2O2, SDC20) electrolyte thin films of less than 500 

nm thick.  The best ionic conductivity value is obtained in heteroepitaxially grown 

thin films.   
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Electrical conducting oxides, such as La1-xSrxMnO3, La1-xSrxCoO3 and SrVO3 are 

commonly used in SOFC as electrode.  In this study we have deposited La1-xSrxMnO3, 

La1-xSrxCoO3 and SrVO3 thin films by PLD method.  In order to reduce the 

electrode-electrolyte interface impedance, heteroepitaxial structures of 

La0.7Sr0.3MnO3/Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2/La0.7Sr0.3MnO3 on (100) LaAlO3 single 

crystal substrate have also been fabricated.   

 

 

1.3 Literature Review 

 

A fuel cell system that includes a "fuel reformer" can utilize the hydrogen from any 

hydrocarbon or alcohol fuel - natural gas, ethanol, methanol, propane, and even gasoline 

or diesel.  Hydrogen can also be extracted from novel feed stocks such as landfill gas or 

anaerobic digester gas from wastewater treatment plants, from biomass technologies, or 

from hydrogen compounds containing no carbon, such as ammonia or borohydride.  

Another possible source of hydrogen comes from electrolysis of water using electricity.  

Therefore fuel cells, in combination with solar or wind power, or any renewable source 

of electricity offer the promise of a totally zero-emission energy system that requires no 

fossil fuel burning.   

 

Solid oxide electrolytes have been studied extensively for fuel cells and oxygen 

sensors [Weissbert et al., 1962].  Y2O3 stabilized zirconia has been extensively used 
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[Kingery et al., 1959].  However, the ionic conductivity of doped zirconia is not 

sufficient for fuel cell operating at low temperatures.  In this respect the high ionic 

conductivity of doped ceria becomes an attractive feature for solid electrolyte of SOFC 

operating particularly at temperatures below 1073 K [Tuller et al., 1975].  Yahiro et al. 

have reported that the output power from the fuel cell with Y203 doped ceria was much 

higher than that with stabilized zirconia at 700 °C [Yahiro et al., 1988], but the open 

circuit voltage of the ceria-based fuel cell was low because of reduction of ceria with 

H2.  The detailed investigation on the reduction behavior of ceria-based oxides for 

such purposes had been reported [Yahiro et al., 1989].   

 

For further cost reduction, lowering the operation temperature of SOFC is 

necessary.  In this connection reducing the thickness of the electrolyte is a way to 

regain performance at low temperatures.  The most promising approach to thickness 

reduction is to make the electrolyte by thin film deposition processes [Souza et al., 

1997].  Chen et al have developed a thin film SOFC design in which a thin film 

electrolyte was deposited on a nickel foil substrate followed by lithographic patterning 

and etching of the foil substrate to form a porous anode.  The SOFC structure was 

completed by PLD of a thin film oxide cathode on top the electrolyte [Chen et al., 

2004].   

 

Electrode-electrolyte interface may also contribute the impedance in a SOFC 

[Bauerle et al., 1969; Verkerk et al., 1982].  Traditional porous SOFC electrode 
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provides large three-phase boundary (TPB) and enhances the reaction rate of the fuel.  

It nevertheless has relatively large electrode-electrolyte interface impedance.  Bi-layer 

and tri-layer PLD thin films with preferred orientation or even epitaxial growth will 

provide a better electrode-electrolyte interface and reduce the operating impedance of 

SOFC.   

 

Obviously the ionic conductivity is the central issue in these low-temperature thin 

film SOFCs.  Electrical impedance measurements of the electrolytes are therefore 

essential.  As these electrolyte thin films are polycrystalline, charge transport 

resistance due to intragrains and grain boundary scatterings needs to be considered.  

Both d.c. and a.c. characterizations are employed.  In the a.c. measurement, an 

equivalent circuit model of two R–C connected in series as depicted in Figure 1.5 was 

employed.  New theoretical treatment of the analysis has recently been developed to 

estimate the resistance in intragrains and boundaries. [Abram et al., 2003].   
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Figure 1.5 A series circuit of two R–C parallel circuits for estimating the 

resistances in intragrains and boundaries.   

 

Impedance spectroscopy normally allows separation of bulk, grain-boundary and 

electrode processes in ceramic sample.  The complex-plane impedance plots, a 

resolved semicircle (with distortion) corresponds to each process.  At moderate 

temperature, the high-frequency semicircle (arc) originates from the bulk conduction, 

the intermediate-frequency arc resulting from the conduction across grain boundaries 

[Bauerle, et al., 1996; Feng, et al., 1994; Verkerk, et al., 1982] and is absent for single 

crystalline sample.  The lowest frequency arc is due to oxide-ion transfer at the 

electrode.  All these contributions vary with temperature, and for a given frequency 

range they may not all be found.  Nevertheless, it is generally possible to obtain 

information on the bulk and grain-boundary processes over a temperature range of 

interest.  The resistances, Rbulk and Rboundary, are estimated by the usual method 
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[Iguchi, et al., 1997], where Rbulk and Rboundary are the resultant resistances in all bulks 

and in all boundaries of a specimen.  The temperature dependence is usually exhibited 

in an Arrhenius plot and showed in Figure 1.6, which is the natural logarithm of the rate 

coefficient vs. reciprocal of the absolute temperature.   

 

 

Figure 1.6 Concave, linear and convex Arrhenius plots where k is rate coefficient, 

and T is the absolute temperature.   

 

The activation energy is the amount of energy needed to start the reaction.  It 

represents the minimum energy needed to form an activated complex during a collision 

between reactants.  For a given reaction the rate constant, k, is related to the 

temperature of the system by what is known as the Arrhenius equation: 

 

  TRE gaAek ��   (1. 5) 

 

where the pre-exponential frequency factor A is assumed to be independent of 

temperature.  Rg is the ideal gas constant [8.314 J / (mol K)], and T the temperature in 
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degrees Kelvin, Ea is the activation energy in joules per mol.  Taking the natural 

logarithm of this equation gives:  

 

  )(lnln TREAk ga��   (1. 6) 

or 

  constTREk ga ��� )(ln   (1. 7) 

or 

  constTREk ga ��� )1)((ln   (1. 8) 

 

These equations indicate that the plot of ln k vs. 1/T is a straight line, with a slope 

of -Ea / Rg.  These equations provide the basis for the experimental determination of 

Ea.   

 

 

1.4 Scope of Thesis 

 

The objective of this study is to characterize the oxygen ion conducting properties 

of thin film SOFC electrolytes.  The materials with high ionic conductivity value at 

intermediate operating temperature were used to fabricate thin film by PLD method.  

The structural property and ionic conductivity of the deposited films were studied.  

Their correlation with the types of substrates used and the film growth temperatures 

were investigated.   
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Apart from this introduction chapter, there are six chapters including:   

� Chapter 2: Pulsed Laser Deposition   

� Chapter 3: Experiments and Set-up   

� Chapter 4: Fabrication and Characterization of Oxide Ion Conducting Samples   

� Chapter 5: Fabrication and Characterization of Oxide Ion Conducting Thin Films   

� Chapter 6: Fabrication and Characterization of Solid Oxide Fuel Cell Electrodes 

� Chapter 7: Conclusions and Suggestions for Future Research   

 

A brief introduction of pulsed laser deposition method is presented in Chapter 2. 

The pulsed laser deposition working mechanism as well as the advantages and 

disadvantages of utilizing pulsed laser deposition to prepare oxide ion conducting thin 

films are discussed.   

 

The pulsed laser deposition system and the whole deposition process are discussed 

in detail with emphasis on the growth conditions of the epitaxial films.  The 

experimental setup for structural and electrical measurements of the samples and each of 

the equipments used in the system are sequentially introduced in Chapter 3.  It also 

contains description of various measurement techniques such as XRD, SEM, TEM and 

complex-frequency characterization.   

 

In Chapter 4, we focus on the fabrication and characterization of the bulk samples. 

The ionic conductivity and temperature dependence of the samples have been examined, 
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and the results of which are presented.  Furthermore, the effect of doping on the 

conducting oxide is studied. 

 

Fabrication and characterization of the PLD oxide conducting thin films are 

presented in Chapter 5.  The grain preferred orientation and its dependence on the 

substrate materials and deposition temperature are evaluated.  The 

impedance-frequency profiles are obtained and the thin film Arrhenius relations of T/R 

and 1/T are shown. 

 

Chapter 6 concerns the SOFC electrodes fabrication and their structural properties 

studied by XRD.  The conditions of PLD epitaxial growth of thin films of SOFC 

electrode on electrolyte are evaluated.  The open circuit voltage of SOFC with 

La1-xSrxMnO3 and platinum electrodes on Ce0.8Sm0.2O2 electrolyte is obtained.   

 

A summary of the present experimental results and important findings is 

emphasized in Chapter 7.  Suggestions for future investigation and development are 

suggested.  The originality and values of this research are evaluated and concluded.   
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Pulsed Laser deposition 

 

2.1 History of pulsed laser deposition 

 

The first high power ruby laser was demonstrated in 1960 by T.H. Maiman at the 

Hughes Research Laboratories.  Immediately afterwards, a flood of theoretical and 

experimental studies on the intense laser beam interaction with solid surfaces [Ready, 

1963], liquids [Askar’yan et al., 1963] and gaseous materials [Meyerand, 1963] has been 

reported.  The ease with material being vaporized suggested that the intense laser 

radiation could be used to deposit thin films.  This idea was quickly picked up and 

demonstrated a few years later [Smith and Turner, 1965].  During the next two decades, 

however, further investigations were sporadic and slow-paced, with total of less than 

100 publications, a remarkably low figure compared with other concurrent technologies, 

such as sputtering.   

 

The rapid progress of the laser technology, such as the CO2 laser [Hass and Ramsey, 

1969] and the Nd:glass lasers [Schwarz and Tourtellotte, 1968], however, enhanced the 

competitiveness of PLD.  These lasers have a higher repetition rate than the early ruby 

lasers, making the thin film growth possible.   

 



 
Pulsed Laser Deposition 

 
        THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Boscope Sze                                                                                        22 
 

Chapter 2 

The first major breakthrough came in the mid-1970s when electronic Q-switch was 

developed to deliver short optical pulses with very high peak power density exceeding 

108W/cm2.  Therefore, the use of short laser pulse for photo ablation is more likely to 

achieve congruent evaporation.  This allows the PLD process to preserve stoichiometry 

during mass transfer from the target to the thin film.  The second significant technical 

advance was the development of a high-efficiency second harmonic generator to deliver 

shorter wavelength radiation.  Accordingly, the absorption depth is shallow and the 

splashing of molten materials from the target is reduced.  With the affordability and 

improved quality of commercial lasers, many research groups joined the PLD field in 

1980s.  The PLD growth of epitaxial heterostructures, superlattices, semiconductor 

films with comparable qualities to those grown by MBE [Cheung et. al. 1983] was 

demonstrated in 1983.   

 

 

2.2 Mechanism of pulsed laser deposition 

 

Pulsed laser deposition uses a high-power laser as an external energy source to 

vaporize materials and to deposit thin films.  By focusing and rastering the laser beam 

over the target surface the laser radiation is absorbed by a solid surface and converted 

from electromagnetic energy to electronic excitation and then into thermal, chemical, 

and even mechanical energy to cause evaporation, ablation, excitation, plasma 

formation, and exfoliation.  Evaporants form a “plume” consisting of a mixture of 
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energetic species including atoms, molecules, electrons, ions, clusters, micron-sized 

solid particulates, and molten globules.  The collisional mean free path is very short 

inside the dense plume.  As a result, immediately after the laser irradiation, the plume 

rapidly and high directionally expands into the vacuum from the target surface to form a 

nozzle jet with hydrodynamic flow characteristics.  The energetic species then undergo 

both thermal and non-thermal interaction with the substrate; ultimately lead the film 

formation and grain growth.   

 

 

2.2.1 Three stages of pulsed laser deposition process 

 

2.2.1.1 Laser target interaction 

 

The condensed phase bombarded with the pulsed photons (laser) would lead to 

sputtering action on the condensed material.  This sputtering would lead to particle 

ablation or desorption with several mechanistic possibilities, namely, collisional, 

electronic, exfoliational, hydrodynamic and thermal etc.   

 

Collisional sputtering in the sense of momentum transfer in direct beam-surface 

interactions cannot occur with laser pulses.  Electronic sputtering is not a unique 

process, but rather a group of processes having the common feature of involving some 

form of excitation or ionization such as ion explosions, the “hole-pair” mechanism, 
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defect formation, or surface plasmon excitation.  Exfoliational sputtering is the flakes 

detach from a target owing to repeated thermal shocks.  It would show an obvious and 

characteristic topography.  Hydrodynamic sputtering refers to processes in which 

droplets of material are formed and expelled from a target as a consequence of the 

transient melting.  Thermal sputtering is vaporization from a transiently heated target.  

It may require temperatures well above the melting or boiling points.   

 

 

2.2.1.2 Gas phase transportation 

 

The particles in the plasma plume have high translation energy of about 10-100 eV, 

and behave like a forward jet of uniform translational energy with small spread.  It 

carries high ion to neutral ratio with multiple ionized species.  The thermal process 

spreads out the particle as cos� while the non-thermal process induces the particle to 

follow a narrow nozzle profile cosn
�, where n >> 1.   

 

 

2.2.1.3 Deposition and condensation of film growth 

 

There are three conventional modes for film nucleation and growth in PLD 

technique; Volmer-Weber (three-dimensional island growth), Frank-van der Merwe 

(two-dimensional full-mono-layer growth) and Stransk-Kastinov (two-dimensional 
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growth of full monolayer followed by nucleation and growth of three-dimensional 

islands).  The tendency of the film growth modes is affected by the substrate-film 

system depending on both thermodynamics relating the surface energies and 

film-substrate interface energy [Chrisey et. al. 1994].   

 

 

2.3 Advantages and disadvantages of pulsed laser deposition 

 

There are numerous physical deposition methods to fabricate thin films such as 

thermal evaporation, electron-beam or ion-beam evaporation, d.c. or r.f. magnetron 

sputtering, chemical vapor deposition (CVD), molecular beam epitaxy (MBE).  

However, PLD have many advantages over other techniques.   

 

 

2.3.1 Advantages of pulsed laser deposition 

 

Conceptually and experimentally, PLD is extremely simple, probably the simplest 

among all thin film growth techniques.  PLD fabricated thin film normally retains the 

same stoichiometry with the multi-component PLD target.  Since the focused laser 

beam has a very high energy density it can evaporate all components simultaneously, 

irrespective of their difference in melting point.  Besides, the ablated energetic species 

carry high enough kinetic energy for favorable site migration on the substrate.  In deed, 
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relatively low substrate temperature is required for crystalline film growth by PLD in 

comparison with the other deposition method.  In addition, PLD can easily change the 

targets in-situ to fabricate multilayer thin films by simply rotating the multi-target holder.  

In this way in-situ growth of heterostructures is enabled.  Furthermore, film thickness 

control down to atomic level is possible in PLD.  Essentially the minimum deposition is 

governed by a single shot of laser ablation, which quite often yields a less than 

monolayer film.  Small size of the target and low start-up cost also are advantages of 

PLD.   

 

 

2.3.2 Disadvantages of pulsed laser deposition 

 

There are some disadvantages in using PLD method to deposit thin films.  The 

non-uniformity of the film’s thickness remains an acute problem in PLD process.  Due 

to hydrodynamic flow of the plasma plume in vacuum, the film thickness is highest at 

the center of the plasma plume and decreases rapidly with the distance away from the 

center [Chrisey et. al. 1994].  The area for film deposition is very small compare with 

the other deposition method.  The film deposition area and uniformity can be improved 

by tilting and rotating the substrate.  The other problem of PLD method is that the 

as-deposited films often carry large particulates and globules formed from the ablation 

process.  The formation mechanism of particulates is multifarious.  The size of 

particulates can be as large as a few microns, which is larger than the thickness 
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dimension of the deposited film.  Therefore the presence of particulates in the thin film 

is sufficient to degrade the film quality - even more so in multi-layer systems.  This 

intrinsic problem, however, can be eliminated by placing a blocking mask in between 

the substrate and the target.  It is sometimes referred as “eclipse” method [Kinoshita et. 

al. 1993].  The opaque mask block off the large particulates emitted directly from the 

target in the forward direction.  Particulate free thin films with smooth and clean 

surface can be obtained [Wu et. al. 1997].  A velocity selector also can be used to 

reduce the slow-moving particulates.  However, the minimum removable particulate 

size is limited by the rotor frequency.  Target surface modification due to repeated laser 

irradiation can be quite substantial.  It renders the ablation yield and composition 

stoichiometry, as well as triggers the exfoliation of large size particulates.  A simple 

solution for this last shortcoming is to raster the focused laser beam over a large area of 

the ablation target surface.   
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Experiments and Set-up 

 

The laser ablation targets were fabricated by conventional solid-state reaction 

according to their corresponding chemical stoichiometries.  And all the SOFC thin 

films, such as electrode, cathode and anode, were fabricated by PLD.  A basic PLD 

system consists of three major units: pulse laser system, optics elements and vacuum 

deposition chamber.  The deposition process was carried out either in high vacuum or 

under ambient oxygen pressure of 100 to 300 mTorr.  Substrate temperature was 

maintained at 300 ºC to 750 ºC by ohmic substrate heater.  After the deposition 

process, the film was kept in the same deposition temperature and atmosphere for 

post-annealing to improve the film crystallinity.   

 

 

3.1 Introduction 

 

The structural properties and crystallinity of the thin films were investigated by 

X-ray diffractometer (XRD).  The epitaxial growth of the thin films was evaluated by 

the four-circle XRD analysis.  Scanning electron microscope (SEM) was used to 

analyse the surface and cross sectional morphology of the films.  The thickness of the 

films could also be revealed.  Energy dispersive X-ray (EDX) and transmission 
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electron microscope (TEM) were used to analyse the sample composition and crystal 

structure respectively.   

 

The electrical properties of the SOFC electrolyte and electrode were investigated 

also.  The change in ionic conductivity as a function of temperature was studied.  It 

was measured by a simple two line contact setup inside a radiation heating tube furnace.   

 

 

3.2 PLD Equipment 

 

3.2.1 Excimer Laser 

 

In this research, we have used an excimer laser to deposit various thin films.  

Excimer is a diatomic molecule in an electronically excited state.  The upper state of the 

excimer is formed by a chemical reaction, from its constituents after one of them or both 

have been electrically excited or ionized in a fast high voltage discharge.  The excimer 

can undergo laser transitions from its upper state to its repulsive or rapidly discharging 

ground state.  Due to the high ratio of upper state lifetime to lower state lifetime, 

population inversion and gain can be achieved very easily in excimer laser. 

 

Excimer laser is a gas discharge laser system and emits pulsed coherent radiation 

directly in the UV region and delivers high output in excess of 1 J/pulse.  At this 
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spectral region, the oxide materials exhibit strong absorption and the interaction between 

the target and the laser beam is primarily of non-thermal nature.  Ablated target 

materials are ejected from the surface without melting.  Our PLD system used a 

commercial available Krypton Fluorine (KrF) excimer laser (Lambda Physik COMPex 

200 excimer laser, � = 248 nm).  The output spatial profile of this particular laser was a 

“top hat” with a rectangular dimension of 10 � 25 mm2.  The maximum laser energy per 

pulse at 20 Hz was ~ 500 mJ.   

 

 

3.2.2 Optics 

 

In a PLD system, the optical elements that couple the laser to the target surface 

include lenses, apertures, mirrors, and laser-window of the experimental chamber.  

Laser-quality optical “UV-grade fused silica” lenses and window were used.  UV-grade 

fused silica has a transmittance of over 90 % for the wavelength range from 185 nm to 

200 nm. 

 

Commonly, several J/cm2 of laser fluence is required to achieve target ablation.  

Therefore lens is used to collect and to focus the pulse radiation from the excimer laser 

source to the target surface.  Typically a lens of focal length of 250 mm is used. It 

matches with the size of our chamber so that the focused laser spot converges on the 

target surface.   
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Laser-window with 3 mm thick and 25.4 mm diameter of UV-grade fused silica 

was used in our pulsed laser deposition system.  While it retains the vacuum isolating 

condition in the chamber, it allows the pulsed laser beam to pass into the chamber.   

 

Multi-layered dielectric narrow band mirrors with a reflectivity of higher than 95 % 

for the 248 nm laser beam was used.  These dielectric mirrors are essential for 

minimizing the laser propagation loss.  Beam steering mirrors are used to direct the 

pulsed laser to the appropriate chamber.  So that a single laser source could serve a 

number of deposition chambers easily and flexibly.  And it is one of the advantages of 

PLD techniques.   

 

 

3.2.3 Vacuum System and Deposition Chamber 

 

The PLD chamber comprises of the following elements: vacuum chamber, vacuum 

pump, vacuum gauging, gas flow control, rotational target holder and substrate heating 

holder.  The schematic diagram of the PLD system is shown in Figure 3.1.  In addition 

to the standard ports for the purposes of pumping, gas inlet, pressure gauging and 

monitoring, a PLD chamber must have additional ports for the rotating targets, 

substrates holder and laser beam.   
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Figure 3.1 The schematic diagram of the PLD deposition system.   

 

In this study, a stainless steel chamber connected to a two-stage rotary pump and 

an oil diffusion pump was used to deposit all the thin films.  In order to provide 

sufficient oxygen ambient to fabricate oxide thin films, a 99.7 % purity oxygen gas was 

introduced via the gas inlet port into the chamber during the film growth and post 

deposition annealing processes.   

 

In most cases the PLD chamber was first evacuated down to 10-3 Torr base 

pressure and then back filled with pure oxygen to the desired film growth pressure 

(100 – 300 mTorr).  A small gas pumping rate is obtained by adjusting needle valves at 

the gas inlet and outlet.  A continuous flow of oxygen is thus maintained.  For this 

purpose only the rotary pump was needed.  For other cases that requiring higher 
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vacuum, the diffusion pump was turned on to produce a 10-6 Torr ambient inside the 

chamber.   

 

Kanthal wire was used as the heating filament in the substrate heating holder of our 

PLD system.  A power supply of 350 W was required to achieve the high substrate 

temperature of 750 °C. Matching load resistance corresponding to a length of the 

heating filament with resistance ~ 14 	 was used. 

 

 

3.3 Measuring Instrument 

 

3.3.1 X-ray Diffraction 

 

The crystallinity of the thin films was investigated by an X-ray diffractometer 

(X’pert System, Philips Electronic Instrments) operated in four-circle mode.  Since 

X-rays have high energies and short wavelength, when it is impinged on a solid material, 

a portion of the beam would be scattered in all direction by the atoms.  If the crystalline 

solids are composed of regular arrays of atoms, they may form natural 

three-dimensional “diffraction gratings” for X-rays.  So, the atomic arrangements in the 

crystal could be deduced by X-ray diffraction.   
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When a parallel monochromatic beam of X-rays is incident on the testing film, 

some of the rays will be reflected from the crystal planes but some will be absorbed or 

scattered.  If this collimated beam of X-rays is allowed to fall on a crystal, the atoms in 

the crystal become diffraction centers and constructive interference in certain direction 

will be formed.   

 

 

Figure 3.2 Constructive interference of a lattice structure.   

 

Indeed, strong constructive interference is formed if the diffraction satisfies the 

Bragg’s Law: 

 

  �� sin2 hkldn �   (3. 1) 
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This equation gives us a simple relation between X-rays wavelength (�), 

inter-atomic spacing (dhkl) and angle of the diffracted beam (�).  The dhkl value in a 

cubic structure is; 
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where h, k and l are the Miller index and ao is the lattice constant.  Table 3.1 lists the dhkl 

values in different crystal structure.   

 

Table 3.1 Equation of interplanar spacing of different crystal structures.   
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X-ray diffractometry (XRD) is a common method to reveal information about the 

physical structure of various materials, such as crystalline phases in materials, the extent 

of crystallinity and crystallite structures.  In this study, the X-ray diffraction spectra of 

the oxides were obtained at room temperature using an X-ray diffractometer (X’pert 

System, Philips Electronic Instruments) equipped with nickel-filtered CuK� radiation.  

The scanning speed was 0.005 °/s.   

 

 

3.3.2 Scanning Electron Microscope 

 

Scanning electron microscope (SEM) was used to image the surface and cross 

section profile of the specimen.  The microstructures and morphology were examined 

in details from the micrographs.  In the SEM operation a narrow beam of electrons is 

focused on and scanned across the specimen surface.  The electron beam interacts with 

the specimen and the interaction can be divided into two classes: (1) elastic events which 
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affect the trajectories of the beam of electrons within the specimen and (2) inelastic 

events which result in a transfer of energy from the electron beam to the solid specimen.  

In the processes of both elastic events and inelastic events, various detectable signals 

would be generated, such as secondary electrons, backscattered electrons, characteristics 

and continuum X-ray etc.  As the composition, texture or topography at the specimen 

surface changed, the collected signal changed.  So the surface feature was reflected by 

the SEM image formed in the display at the correct relative positions.  It is like an 

optical picture of the specimen surface.  The size of the screen of the display is much 

larger than the scanned size of the surface of the specimen, thus, the picture shown is a 

magnified image of the surface of the specimen.   

 

 

3.3.3 Transmission Electron Microscopy 

 

Transmission Electron Microscopy (TEM) was used to study the crystal diffraction 

and grain size of the crystalline films.  In TEM, the electrons emitted from the electron 

gun are accelerated to energy of say, 100 keV.  The condenser lens then shapes them to 

an approximately parallel beam which illuminates the specimen uniformly.  The 

objective lens produces a first image, which is then further magnified by the 

intermediate and projector lenses and finally projected onto the fluorescent screen.  If a 

film is inserted into the beam path instead of the fluorescent screen, the image can be 

recorded by exposing the photographic emulsion.   
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Provision of thin specimens with a thickness in the region of 0.1 µm requires 

suitable specimen preparation techniques which are significantly more complex than 

those of SEM specimens.  Figure 3.3 is the preparation schematic diagram of the TEM 

specimen.  Our specimen was first milling to ~ 100 µm with sandpaper, then milled to ~ 

8 µm thick with diamond film.  For using the TEM to study the structure of specimen, 

ion-milling was applied to make a small hole at the center of the specimen.  The 0.1 µm 

thick region of the specimen around the oxide thin film could be obtained.   

 

 

 

Figure 3.3 Preparation schematic diagram of the TEM specimen after a) diamond 

film milling, b) ion milling.   
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3.3.4 Tube Furnace 

 

A radiation heating tube furnace was fabricated to study the oxide ion conducting 

properties of SOFC materials.  The furnace body was made of two steel pipes and two 

steel flat covers at both ends of the tube to reduce heat loss.  One �50 mm and l = 500 

mm quartz tube was mounted concentrically at the center of the steel pipe for holding the 

sample.  The Heating elements of the tube furnace were six tungsten halogen lamps, 

two 500 W and four 300 W, situated inside the steel pipes and arranged uniformly 

around the quartz tube.  Gas was allowed to flow through the quartz tube for the 

measurement.  The sample inside was heat up by radiation directly and monitored by 

K-type thermocouple with PID temperature controller.   

 

 

Figure 3.4 Photograph of the tube furnace for temperature measurement.   
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3.3.5 Impedance Analyzer 

 

Impedance spectroscopy is an extremely useful technique to analyze the electrical 

properties of a wide variety of electroceramics, including ferroelectrics, solid 

electrolytes and mixed conductors.  In many cases, ceramics contain both intra- and 

inter- granular impedances that are randomly connected.  Impedance spectroscopy 

can be used to establish the temperature dependence of the resistive, R, and capacitive, 

C, components of each region.  To extract this information, it is essential to model 

experimental data using an equivalent electrical circuit, i.e. some combination of 

resistors, capacitors and constant phase elements (CPEs) connected in series and/or 

parallel that give the same impedance response as the ceramic.   

 

The oxygen ion conductivity of SOFC electrolyte was measured and analysis by a 

Hewlett Packard impedance gain-phase analyzer HP 4194A.  The impedance analyzer 

is flexible and can measure impedance and transmission loss over a frequency range 

from 100 Hz to 40 MHz.  The frequency-impedance response of the sample under 

different temperatures could therefore be studied.  The instrument is fully 

programmable using Auto Sequence Programming (ASP), and all the measurements 

involved were under computer control.   
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3.4 Experimental Procedures 

 

3.4.1 Target Fabrication 

 

In this research, all the pulsed laser ablation targets were fabricated by the 

conventional solid state reaction method.  According to the desired stoichiometry of the 

PLD target, the constituent oxides were weighed to the required proportions.  Then they 

were mixed and ground by ball milling for 10 h.  Calcinations were carried out twice in 

air in order to get rid of the organic component from the mixed chemical powder as well 

as to initiate the chemical reaction between the oxides.  After calcinations, the powder 

was re-ground in mortar.  Then the powder was compressed into circular pellets of 25 

mm in diameter by an oil-compressor under ~5 Ton of pressure.  The powder pellet was 

sintered to obtain the desired ceramic target.  Both the calcinations and sintering were 

done at the specific desired temperature and lasted for 10 to 12 h.  The PLD targets 

shrunk slightly after the sintering process.  Finally XRD and energy dispersive X-ray 

(EDX), were used to evaluate the structural properties and the chemical composition of 

these PLD targets respectively.   
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3.4.2 Thin Films Fabrication 

 

3.4.2.1 Substrate Preparation 

 

In this research, all the PLD thin films were deposited on single crystal oxide 

substrates such as Al2O3, LaAlO3, MgO and Si.  These substrates with 0.5 mm thick, 5 

mm width and 10 mm long were purchased from commercial vendors.  In order to 

reduce the contamination problem on the surface, which will greatly affect the quality of 

the grown thin films, the substrates were cleaned thoroughly before used.  

Spectroscopic grade acetone was used to clean and remove the grease from the 

substrates ultrasonically for 10 min.  The immersion in 10 % HF acid for 4 min. allows 

removal of the native SiO2 from Si substrates surface. All substrates were thoroughly 

rinsed with de-ionize water before they were used.   

 

 

3.4.2.2 Deposition Process 

 

Alignment of the target, substrate and optics is the first and the most important part 

for PLD of films.  The PLD target was mounted on the rotational target holder as shown 

in Figure 3.1.  The substrate-target distance was kept at ~ 37 mm apart.  For making a 

particulate free film, a shadow mask was placed between the substrate and target.  First, 

the mirror was manipulated so that the laser beam passed unobstructed onto the target 
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surface inside the chamber through the window.  Extreme care was needed to avoid 

scattering and stray reflections from reflecting back to the laser source.  Then the lens 

was put in the laser beam path and focused the laser beam onto the PLD target.  The 

chamber was then evacuated to 10-3 Torr and back filled with oxygen to the desired 

ambient pressure, 100 – 300 mTorr.  The energetic plasma plume emanated from the 

target surface at a normal direction.  The lens was then minutely adjusted transversely 

so that the tip of the laser produced plume pointing toward the centre of the substrate 

holder.   

 

The high temperature silver paste was used to affix the substrate on the substrate 

holder at the centre. It also acts as a good thermo conducting medium between substrate 

and ohmic heating substrate holder.  As a simple’s method to measure the film 

thickness, a small strip of stainless steel was placed on the side of the substrate surface to 

produces a step profile after deposition.  The thickness of the film could be determined 

by the surface profiler (Tencor P-10 surface profiler).  The rotary pump was being used 

to evacuate the chamber to 10-3 Torr, and the desired temperature of the substrate holder 

was set.  As the substrate temperature reached to the desired value for film growth, 

oxygen was back filled into the chamber and maintains the desired ambient pressure.  

After stabilization of the ambient oxygen pressure and substrate temperature, we 

switched on and ran the laser at a repetition rate of 10 Hz.  About 300 nm thick PLD 

thin film was obtained within 10 min deposition time at ~ 5.7 J/cm2 laser fluence.  After 

film deposition, we normally carried out 10 min in-situ post annealing under the same 
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deposition temperature and ambient oxygen pressure for achieving a better crystalline 

film.   

 

 

3.5 Structural Analysis of Thin Films 

 

3.5.1 Thickness Measurement 

 

The thickness of the thin films was measured by Tencor P-10 surface profiler.  A 

schematic diagram of a surface profiler (alpha step) machine is shown in Figure 3.5.  

The needle probe with a tip diameter of 10 �m under ~1 g force is scanned across the 

step, so that different level of the film and substrate would be measured and the film 

thickness would be deduced.   

 

 

Figure 3.5 Film thickness measurement by surface profiler.   
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Very often we also use the SEM or TEM cross-section pictures of the films to 

counter check thickness measurement of alpha step. 

 

 

3.5.2 In-plane and Out-of-plane Structure Measurement 

 

The structure of the thin films was characterized by X-ray diffractometer (XRD).  

Figure 3.6 shows the three axes rotation of the sample in XRD measurement.  The 

CuK� radiation (1.54 Å) of the XRD was used and the CuK� radiation was filtered out by 

a nickel filter.  The �-2� scan is used to determine the polycrystalline phases of the 

sample.  The crystalline orientation quality of the film was determined by � scan.  The 

in-plane mosacity and the film-substrate epitaxial growth relationship are determined by 

the 360o-� scan.   

 



 
Experiments and Set-up 

 
        THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Boscope Sze                                                                                        46 
 

Chapter 3 

 

Figure 3.6 Experimental geometry, showing four primary axes of goniometer, 

X-ray tube, detector and slits.   

 

Out-of-plane lattice parameter of the film was determined by �-2� scan.  The 

various crystalline phases and orientation of the film are revealed.  In the same �-2� 

profile, the substrate orientation was identified at the same time.   

 

For � scan, the 2� was fixed at a selected diffraction peak angle and the � was 

scanned (rocked) over a few degrees.  The value of the full width at half maximum 

(FWHM) of this profile (rocking curve) reflects the degree of crystalline grain 

orientation of the thin films.  The smaller the FWHM value, the higher the grain 

orientation of the thin.  Normally, a rocking curve with ~ 1 ° FWHM is considered to be 

a good grain oriented film and if close to 0.5 °, a highly oriented film is suggested.   



 
Experiments and Set-up 

 
        THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Boscope Sze                                                                                        47 
 

Chapter 3 

In order to characterize the film epitaxial relation, the in-plane structure of film 

should be determined.  �-scan was used to characterize the in-plane structure of the 

film.  The  angle is titled to a suitable value first (45 ° for cubic structures) and the � 

and 2� values are locked onto an angle of a selected plane diffraction peaks.  For cubic 

structure, we want to evaluate the epitaxial relation of (100) out-of-plane oriented film, 

the family of (h0l) planes of the film and substrate are selected for investigation.  As the 

angle  is titled to 45 °, �-2� scan yields (h0l) diffractions.  Assume (100) plane is used 

for study.  The cubic structure is four-fold symmetric and four peaks with 90 ° 

separation would be observed.  They correspond to (101), ( 101 ), ( 110 ) and ( 011 ) 

diffraction peaks in the 360 ° �-scan.  For the four characteristic peaks of the film fall 

on the same � angles of the substrate, the film could be deduced as cube-on-cube 

epitaxially grown on the substrate.   

 

 

3.5.3 Surface Morphology Measurement 

 

Scanning Electron Microscope (SEM) was used to observe the film surface 

morphology and film thickness.  In particular, SEM was conveniently used to inspect 

the presence of particulate on the film surfaces.  Generation of particulates is a 

detrimental issue in fabricating device quality thin films and heterostructures by PLD.  

The presence of the particulates severely degrades the thin film performance.  For this 
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reason we have carried out a set of experiments to investigate the effect of the shadow 

mask in attempts to eliminate the particulates.   

 

 

3.5.4 Structural Characterization by Transmission Electron 

Microscopy 

 

The TEM image contrast is generated by small angle of elastically scattered or 

diffracted incident electrons in the specimen.  In most case, only those electrons which 

penetrate the specimen without scatterings (directly transmitted beam) are used for 

image formation.  From the transmitted electrons, a diffraction pattern or a high 

resolution image in atomic level can be obtained.  These patterns and images were 

analyzed to give us invaluable information on the atomic structure of the samples.   

 

 

In contrast to the SEM, in which the electrons probe bulk specimens, the 

transmission electron microscope makes use of high-energy electrons to irradiate thin 

specimens around 0.1 �m or less in thickness.  The electrons are transmitted and form 

an image of the specimen magnified in several steps with the aid of electron-optical 

lenses.  The entire image can be observed directly on a fluorescent screen and is not 

built up line by line on a CRT as in the SEM.   

 



 
Experiments and Set-up 

 
        THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Boscope Sze                                                                                        49 
 

Chapter 3 

3.6 Electrical Properties of Bulk and Thin Films 

 

A resistance-temperature (R-T) measurement was carried out by putting the sample 

in the PID temperature controlled tube furnace shown in Figure 3.4.  The resistance of 

the sample was measured at different temperature ranged from 450 K to 950 K.   

 

For the dc measurement, samples were connected to the electrometer (Keithley 

6517A Electrometer / High resistance meter).  Precision voltage from 0.005 V to 120 V 

could be applied by the electrometer across two electrodes; so it was possible to measure 

the resistance of the sample either in thin film or in bulk form.   

 

The complex-plane impedance analyses (Impedance-Frequency) have been 

carried out by connecting the sample electrodes to the impedance analyzer.  The 

modeling of an equivalent circuit is important in the impedance analysis.  These plots 

normally contain a two semicircular arc structures for each specimen as shown in 

Figure 3.7.  The highest-frequency arc is due to the bulk conduction and the 

intermediate-frequency arc is the result from conduction across grain boundaries 

[Abram, et al., 2003; Bauerle, et al., 1969; Iguchi, et al., 1997].   
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Figure 3.7 Impedance-Frequency profile of bulk material.   

 

The resistivity, � , is calculated as below: 

 

  
d

RA �
��   (3. 3) 

 

where A and d is the cross-section area and the distance between the electrode, R is the 

resistance measured of the sample. 

The conductivity, � : 

 

  �
�

1
�

  (3. 4) 
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3.6.1 Oxide Ion Conductivity against Temperature of Bulk Sample 

 

A resistance-temperature (R-T) measurement setup for bulk sample was used as 

shown in Figure 3.8 schematically.  The electrodes were coated on both sides of the 

sample by sputtering, and then the electrical conducting wires were attached to the 

electrode with silver paste.  After putting the sample in the tube furnace, the other ends 

of the conducting wires were either connected to an electrometer for dc measurement or 

to the impedance analyzer for ac measurement.   

 

 

Figure 3.8 Schematic diagram of R-T measurement setup for the bulk sample.   
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3.6.2 Oxide Ion Conductivity against Temperature of Thin Film 

 

The variation of impedance value of SOFC thin film electrolyte at different 

temperatures is relatively large, about G� at room temperature to 10 k� at 1000 K.  

However, a two-line contact measuring setup shown in Figure 3.10 is adequate to 

provide accurate measurement.   

 

And the resistance of the thin film was measured in the temperature range from 

80K to 500K. From the R-T relation, we can deduce the film’s conduction mechanism at 

room temperature as well.   

 

 

Figure 3.9 Schematic diagram of R-T measurement setup for the thin film.   
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Chapter 4 

Fabrication and Characterization of Oxide Ion 

Conducting Sample 

 

4.1 Introduction 

 

Yttria stabilized zirconia (YSZ) is a well known oxygen ion conductor and has been 

traditionally used as electrolytes.  Indeed it has dominated the SOFC development for 

many years.  The rather high operating temperature of YSZ at about 900 °C to 1000 °C 

for providing an effective value of oxygen ion conductivity is undesirable.  Issues, such 

as higher power for temperature maintenance, better thermo isolation system, shorter 

life-time etc. all contribute significantly to the cost of running the SOFC at high 

temperatures.  Therefore there are of paramount importance and there is a great deal of 

interests in developing materials that exhibit high oxygen ion conductivity at low 

temperature.   

 

In recent years, it has been reported that a new kind of oxide ion conductor, 

lanthanum molybdate, La2Mo2O9, which exhibits a good ionic conductivity as high as 

0.06 S/cm at 1073 K [Lacorre et al., 2000].  In La2Mo2O9 the oxygen vacancies are 

intrinsically formed due to the partial occupation of oxygen ions in the lattice sites of 

O(1), O(2) and O(3) [Goutenoire et al., 2000].  Goutenoire et al. have proposed that 
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those shortest O(2) - O(3) and O(3) - O(3) distances are indicative of the most likely 

conduction path of oxygen ions, for the possible diffusion mechanisms of oxygen ions in 

La2Mo2O9 crystal.  The conducting mechanism is similar to that of others, that is, the 

migrations of oxygen ions via vacancies are responsible for the very good conductivity.   

 

The nearly two orders of magnitude increase of oxygen ion conductivity in 

La2Mo2O9 is associated with a first-order phase transition from monoclinic �-phase to 

cubic �-phase occurring at 580 °C.  Although various substitutions are effective in both 

La and Mo sites to stabilize the high temperature �-La2Mo2O9 phase at room 

temperature, none of them increase the conductivity of pure La2Mo2O9 to a notable 

extent.  However, it may still be a good way to improve the conducting properties of 

this kind of materials for low operating temperature below 500 °C.  Just like YSZ and 

yttria doped bismuth oxide, substituting La3+ cations with divalent ions such as Ba and 

Ca in La2Mo2O9 can maintain their high temperature phase and helps to improve the 

conductivity at low temperature.   

 

For a recent SOFC electrolyte development, the rare-earth-doped ceria (RDC and 

the doper of La, Sm, Gd, Yb etc) solid solution has shown a lower inner resistance as 

compared with YSZ at temperature below 1073 K particularly.  This brings a higher 

oxygen ion conductivity and current density of a SOFC [Eguchi et al., 1997].  The 

oxygen ion transport number in RDC favorably approaches unity with decreasing 

temperature [Abram et al., 1993].   
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Yahiro et al showed that, in gadolinium and samarium doped ceria, the oxygen ion 

transport numbers were ~ 1 and ~ 0.98 respectively at temperature 873 K.  These doped 

ceria samples also exhibited the highest ionic conductivity among several other dopant 

cations [Yahiro etal., 1989].  Therefore, they are of great technical interest as solid 

electrolytes and being considered as candidates for intermediate temperature solid oxide 

fuel cell (ITSOFC).   

 

 

4.2 Fabrication of Oxide Ion Conducting Samples 

 

Conventional solid-state reaction method was used to fabricate the Zr0.92Y0.08O2 

(YSZ), La2Mo2O9 (LMO), La1.9Ba0.1Mo2O9 (LBMO), La1.9Ca0.1Mo2O9 (LCMO) 

Ce0.8Gd0.2O2 (GDC20) and Ce0.8Sm0.2O2 (SDC20) oxide ion conducting ceramic 

samples.  The chemicals involved and their appropriate weighted ratios are shown in 

Table 4.1.   
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Table 4.1 Required weight of the chemical for oxide ion conducting samples 

Chemical 
oxide 

Molar 
weight 

YSZ LMO LBMO LCMO GDC20 SDC20 

        
ZrO2 123.223 g 28.34 g      

Y2O3 225.81 g 2.26 g      

La2O3 325.809 g  21.72 g 10.32 g 10.30 g   

MoO3 143.94 g  19.19 g 9.60 g 9.60 g   

BaO    0.51 g    

CaO 56.007    0.19 g   

CeO2 172.115 g     19.67 g 17.21 g 

Gd2O3 362.498 g     5.18 g  

Sm2O3 348.718 g      4.36 g 

 

 

According to the stoichiometric ratio of the oxide ion conducting sample, weighted 

chemical oxide powder were mixed with ethanol and then ball milled for 10 hours.  

Calcinations was carried out in alumia crucible at 560 ºC - 1000 ºC in order to get rid of 

the organic components from the mixed powder and to allow the chemical reaction to 

occur.  The calcinated powder mixture was finely ground and compressed by an 

oil-compressor into a 25 mm diameter circular mold with 1.8 x 108 Pa pressure for 5 min.  

The thickness of the samples was deliberately set at values of ~ 1 to 4 mm so that the 

samples were more convenient and suitable for electrical measurements.  Sintering was 

then carried out to form ceramic samples.  The 5 K/min heat up rate was used for 
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calcination and sintering processes.  The processing temperatures and time are 

tabulated in Table 4.2.  Both of the calcination and sintering processes were done under 

atmospheric ambient at the desired temperature.  All samples were cool to room 

temperature at rate of 10 K/min.  The size of the samples shrank after sintering.  The 

thicknesses of the oxide ion conducting samples after sintering are showed in Table 4.3.   

 

 

Table 4.2 Calcination and sintering temperature duration of oxide ion conducting 

samples 

Calcinations Sintering Oxide ion 
conducting 

samples 
Temperature Duration Temperature Duration 

     
YSZ 1000 ºC 10 h 1360 ºC 10 h 

LMO 560 ºC 12 h 970 ºC 12 h 

LBMO 690 ºC 12 h 975 ºC 12 h 

LCMO 570 ºC 12 h 980 ºC 12 h 

GDC20 1000 ºC 10 h 1370 ºC 12 h 

SDC20 1020 ºC 10 h 1380 ºC 12 h 

 

Table 4.3 Thicknesses of the oxide ion conducting samples after sintering 

Sample YSZ LMO LBMO LCMO GDC20 SDC20 
Sample 

thickness 
3 mm 2 mm 1.15 mm 1.83 mm 3.8 mm 0.96 mm 
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4.3 Structural Characteristics of Oxide Ion Conducting Samples 

 

4.3.1 X-ray Diffraction Spectra of the Sample 

 

XRD studies of the oxide ion conducting samples were carried out to evaluate their 

structural quality.  The �-2� scan spectra of the YSZ, La2Mo2O9, La1.9Ba0.1Mo2O9 and 

La1.9Ca0.1Mo2O9 samples are shown in Figure 4.1, Figure 4.2a, Figure 4.2b and Figure 

4.2c respectively.  Figure 4.3a and Figure 4.3b show the �-2� scan spectra of the 

Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 samples.  The major sharp x-ray diffraction peaks match 

well with those listed in the database ICDD (International Centre for Diffraction Data).   

 

 

Figure 4.1 XRD �-2� scanning spectra of oxide ion conducting YSZ sample.   
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Figure 4.2 XRD �-2� scanning spectra of a) La2Mo2O9, b) La1.9Ba0.1Mo2O9 and c) 

La1.9Ca0.1Mo2O9 samples.   
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Figure 4.3 XRD �-2� scanning spectra of oxide ion conducting a) Ce0.8Gd0.2O2 and 

b) Ce0.8Sm0.2O2 samples.   

 

b) 

a) 
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4.3.2 Scanning Electron Microscope of the Sample 

 

The SEM micrographs of the oxide ion conducting samples are shown below.  The 

dark areas in the micrographs correspond to the pores in the sample.  The EDX of the 

samples were carried out and the chemical compositions of the samples were obtained.  

Figure 4.4 shows that the grain size of YSZ sample, sintered at 1360 °C, is about 1 �m 

and the pores are about 0.5 �m.  The chemical compositions of yttrium and zirconium, 

obtained by EDX, are about 10 % and 90 % respectively.   

 

 

Figure 4.4 SEM picture of YSZ sample sintering at 1360 °C for 10 h.   

 



Fabrication and Characterization of 
Oxide Ion Conducting Samples 

 
        THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Boscope Sze                                                                                        62 
 

Chapter 4 

The SEM pictures of the highly dense La2Mo2O9, La1.9Ba0.1Mo2O9 and 

La1.9Ca0.1Mo2O9 samples, sintered at about 1000 °C, are showed in Figure 4.5, Figure 

4.6 and Figure 4.7 respectively.  The average grain size of these samples is about 10 �m.  

The lanthanum molybdate and doped lanthanum molybdate samples contain similar 

chemical composition of lanthanum and molybdenum, however, the EDX could not 

obtain a reliable dopant amount of the samples for such low composition ratio.   

 

 

Figure 4.5 SEM picture of La2Mo2O9 sample sintering at 970 °C for 12 h.   
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Figure 4.6 SEM picture of La1.9Ba0.1Mo2O9 sample sintering at 975 °C for 12 h.   

 

 

Figure 4.7 SEM picture of La1.9Ca0.1Mo2O9 sample sintering at 980 °C for 12 h.   
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The samples of gadolinium and samarium doped ceria oxide, were sintered at ~ 

1370 °C.  Their grains are ~ 2 �m big and are shown in images in Figure 4.8 and Figure 

4.9.  The chemical compositions of the dopant and ceria are about 20 % and 80 % of the 

Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 samples.   

 

 

Figure 4.8 SEM picture of Ce0.8Gd0.2O2 sample sintering at 1370 °C for 12 h.   
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Figure 4.9 SEM picture of Ce0.8Sm0.2O2 sample sintering at 1380 °C for 12 h.   

 

Some isolated defects, such as small voids and pores, are observed under SEM 

investigation.  These seriously affect the ionic conductivity of the oxide electrolyte 

bulk samples.   

 

The lanthanum molybdate and doped lanthanum molybdate have lower grain 

growth temperatures than YSZ and doped ceria.  So we can find that the grain size of 

lanthanum molybdate and doped lanthanum molybdate samples are larger than YSZ and 

doped ceria oxide samples in the SEM picture even with the lower sintering temperature 

~ 1000 °C.   
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4.4 Electrical Characteristics of Oxide Ion Conducting Samples 

 

4.4.1 d.c. Measurement for Ionic Conductivity of Sample 

 

Oxide ion conductivity of the samples was studied by d.c. measurement using an 

electrometer.  The gold electrodes ~ 40 nm thick were coated on both sides of the bulk 

samples by sputtering.  Figure 4.10 depicts the relations of ionic conductivity as a 

function of temperature for the YSZ sample.   

 

 

Figure 4.10 Oxide ion conductivity against temperature relations of YSZ sample.   
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YSZ at room temperature can be generally considered to be good insulator.  The 

ionic conductivity of YSZ starts to increase at about 300 °C, and reaches ~ 5 x 10-6 S/cm 

at 420 °C.  It is compatible to the reported value.  Figure 4.11 shows the oxide ion 

conductivities of La2Mo2O9, La1.9Ba0.1Mo2O9 and La1.9Ca0.1Mo2O9 samples at different 

temperatures.   

 

 

Figure 4.11 Oxide ion conductivity of (�) La2Mo2O9, (�) La1.9Ba0.1Mo2O9 and (�) 

La1.9Ca0.1Mo2O9 bulk samples at different temperatures.   

 

The La2Mo2O9 first-order phase transition from monoclinic �-phase occurs at ~ 

570 °C and begins to exhibit extra ionic conductivity enhancement by this structural 

improvement.  The value of ionic conductivity increases rapidly with temperature and 
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accumulates to about 0.003 S/cm at 670 °C.  La1.9Ca0.1Mo2O9 does not show any 

significant phase change.  Nevertheless, its ionic conductivity is larger than that of 

La2Mo2O9.  The barium doped La2Mo2O9, on the other hand, has no phase change and 

its ionic conductivity is poor.   

 

Figure 4.12 shows the measured oxide ion conductivity of Ce0.8Gd0.2O2 and 

Ce0.8Sm0.2O2 bulk samples with varying temperatures.   

 

 

Figure 4.12 Oxide ion conductivities of (�) Ce0.8Gd0.2O2 and (�) Ce0.8Sm0.2O2 bulk 

samples at different temperatures.   
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The Ce0.8Gd0.2O2 has ionic conducting value of about 0.0015 S/cm at ~ 700 °C.  

This is close to that of La2Mo2O9.  However, the samarium doped ceria oxide shows 

enhanced oxygen ion conductivity of up to 0.006 S/cm.   

 

 

4.4.2 Impedance-Frequency Characteristics of Oxide Ion 

Conducting Samples 

 

Ac measurements (capacitance and impedance) have been carried out at 

frequency range of 100 Hz to 2 MHz.  The real and imaginary parts of the total 

impedance at each applied frequency are calculated.  The figure below shows the 

characteristics of the temperature dependent impedance in YSZ sample from 270 °C to 

470 °C.  The size of frequency arc tends to reduce as the measuring temperature is 

increased.   
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Figure 4.13 Complex-plane impedance analyses of YSZ sample with frequency 

range of 100 Hz to 40 kHz.   

 

In Figure 4.14, the complex-plane impedance analyses of La2Mo2O9 are shown.  

At 270 °C, a full impedance frequency arc is obtained.  The arc shifts toward the low 

frequency end as the temperature is increased to 370 °C and distorted at 470 °C.   
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Figure 4.14 Complex-plane impedance analyses of La2Mo2O9 sample with 

frequency range of 100 Hz to 400 kHz at temperature a) 270 °C, b) 370 

°C and c) 470 °C.   

 

The complex-plane impedance analyses of La1.9Ba0.1Mo2O9 and La1.9Ca0.1Mo2O9 

are shown in Figure 4.15 and Figure 4.16 respectively.  The frequency of dip in the 

imaginary part of the impedance increases with measuring temperature.   

a) b) 

c) 
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Figure 4.15 Complex-plane impedance analyses of La1.9Ba0.1Mo2O9 sample with 

frequency range of 100 Hz to 400 kHz at temperature a) 270 °C, b) 470 

°C, c) 570 °C and d) 670 °C.   

 

The La1.9Ca0.1Mo2O9 sample has similar response as La2Mo2O9 and 

La1.9Ba0.1Mo2O9 in the complex-plane impedance as functions of temperature.  

a) b) 

c) d) 
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Figure 4.16 Complex-plane impedance analyses of La1.9Ca0.1Mo2O9 sample with 

frequency range of 100 Hz to 400 kHz at temperature a) 370 °C, b) 470 

°C, c) 520 °C and d) 620 °C.   

 

The well defined impedance frequency arc profiles are obtained at relatively lower 

measuring temperature.  As the temperature is increased, the frequency of the minimum 

of the imaginary part of the impedance increases.  The impedance frequency arc seems 

to shift from low frequency to high frequency for raised temperature.   

 

a) b) 

c) d) 
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For the La1.9Ba0.1Mo2O9 sample, the dip occurs at frequencies of 4 kHz, 8 kHz and 

190 kHz with measuring temperature at 470b °C, 570 °C and 670 °C respectively.  

La1.9Ca0.1Mo2O9 sample has shown minimum at frequencies of 1 kHz (370 °C), 5 kHz 

(470 °C) and 47 kHz (520 °C).  This is similar to that of the impedance-frequency 

tendency with La2Mo2O9 and La1.9Ba0.1Mo2O9.  Figure 4.17 and Figure 4.18 show the 

complex-plane impedance analyses of Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 at different 

measuring temperatures.   
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Figure 4.17 Complex-plane impedance analyses of Ce0.8Gd0.2O2 sample with 

frequency range of 100 Hz to 2 MHz at temperatures a) 520 °C, b) 570 

°C, c) 620 °C and d) 670 °C.   

 

a) b) 

c) d) 
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Figure 4.18 Complex-plane impedance analyses of Ce0.8Sm0.2O2 sample with 

frequency range of 100 Hz to 2 MHz at temperature a) 270 °C and b) 670 

°C.   

 

As we mentioned in chapter one, as a wide range of frequencies was used for the 

measurement, the highest frequency arc due to the bulk conduction and intermediate 

frequency arc resulting from the conduction across grain boundaries could be observed.  

b

a
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The ionic conduction in lanthanum molybdate, doped lanthanum molybdate and doped 

ceria involves a dielectric relaxation process due to O2- migrations.  The broadening of 

the highest and intermediate frequency arcs correspond to the distributions of relaxation 

times in dielectric relaxation processes [Iguchi, et al., 2003].   

 

Even if the resistance of the bulk and resistance of the grain boundary are obtained, 

cause of the unknown volume fractions of bulks and boundaries, their conductivities 

cannot be assessed.  However, by analyzing the temperature dependencies of 

conductivities in bulks and boundaries of the sample, the activation energy of the 

material could be deduced.  The linear Arrhenius relations of the La2Mo2O9, 

La1.9Ba0.1Mo2O9, La1.9Ca0.1Mo2O9, Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 oxide conducting 

samples are shown in Figure 4.19.  The reciprocal resistance is proportional to 

conductivity.  The linear Arrhenius plots show the SOFC electrolyte samples with the 

similar activation energy except Ce0.8Sm0.2O2.   

 

 



Fabrication and Characterization of 
Oxide Ion Conducting Samples 

 
        THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Boscope Sze                                                                                        78 
 

Chapter 4 

 

Figure 4.19 Arrhenius plot of the (�) La2Mo2O9, (�) La1.9Ba0.1Mo2O9, (�) 

La1.9Ca0.1Mo2O9, (�) Ce0.8Gd0.2O2 and (�) Ce0.8Sm0.2O2 oxide ion 

conducting samples   

 

The T/R against 1/T plot of difference oxide ion conducting samples obeys the 

Arrhenius equation (1.8) as we set T/R = k.  The slope is the activation energy, Ea, that 

the straight line drawn is a linear least-square fit to the data.  The apparent Ea of SOFC 

electrolyte samples are given in Table 4.4.  The activation energy of the samples are 

range from 84 to 107 kJ/mole which is comparable to the data reported [Verkerk et al., 

1982; Feng et al., 1994; Wang et al., 2002; Gourba et al., 2004; Kurumada et al., 2005].  
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Ce0.8Sm0.2O2 sample with the lowest activation energy ~ 84 kJ/mole compare to other 

samples we studied.  Ce0.8Sm0.2O2 requires less energy to enhance the oxygen ion 

conducting properties and with the highest ionic conducting value at ~ 670 °C.  It is 

obviously show that Ce0.8Sm0.2O2 is the most suitable material for intermediate 

temperature SOFC electrolyte in our study.   

 

Table 4.4 Activation energy of the SOFC electrolyte samples 

SOFC electrolyte Sample LMO LBMO LCMO GDC20 SDC20 
Activation Energy 

(kJ/mole) 
107 97 91 96 84 
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Chapter 5 

Fabrication and Characterization of Oxide Ion 

Conducting Thin Films 

 

5.1 Introduction 

 

Solid oxide fuel cell is a new electric power generating system with high energy 

conversion efficiency and low emission of pollutant.  The SOFC electrolytes and 

electrodes have been studied for a long time.  As SOFCs are cermets structure for most 

of the cases, the bulk structure (intragrains resistance) and grain boundary (boundaries 

resistance) are the usual features obstructing oxygen ion conduction.  It is apparent that 

the better crystalline structures of the solid electrolyte thin film, the higher oxygen ion 

conductivity and hence superior SOFC performance.  The ability to control the sample 

crystalline quality is therefore crucial in achieving high oxygen ion conduction at low 

operating temperature.   

 

Pulsed laser deposition of thin film is a well known and easy method to deposit 

crystalline oxide thin films.  By choosing a single crystal substrate with lattice 

parameter closely matched with that of the film, a highly oriented crystalline film or 

even epitaxial film could be fabricated.  The improved crystallinity of the thin film 

leads to increase of oxygen ion conductivity for SOFC electrolyte performance.  There 
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are two ways to control the crystallinity of the PLD thin film; one is to fabricate the films 

with different deposition substrate temperature, say 300 °C to 750 °C, on the same lattice 

matched substrates; another one is to deposit the films on substrates of different lattice 

constant at the same deposition substrate temperature.  LaAlO3 (3.78 Å), MgO (4.21 Å), 

Si (5.43 Å) and Al2O3 (hexagonal) single crystal substrates can be used in this case. 

 

The contents of this chapter will focus on, oxide thin films deposited by PLD using 

oxygen ion conducting ceramic sample as the ablation target.  All YSZ, La2Mo2O9, 

La1.9Ba0.1Mo2O9, La1.9Ca0.1Mo2O9, Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 thin films were 

fabricated in the same fashion.  YSZ, Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 have cubic 

structures with lattice constants of 5.16 Å, 5.42 Å and 5.44 Å respectively.  They all 

match well with that of Si.  Heteroepitaxial growth of YSZ and CeO2 on Si has been 

reported.  In addition, some lattice constant of ~ 3.9 – 4 Å perovskite have been shown 

to grow on YSZ and CeO2 in a semi-epitaxy manner via a 45 ° in-plane rotation.  

Lanthanum molybdate and doped lanthanum molybdate, on the other hand, have a phase 

change at ~ 580 °C changing from a monoclinic �-phase structure with lattice constant 

of 7.16 Å to cubic �-phase.  It is possible to grow the film on single crystal LaAlO3 

substrate with cross-grain domain matching.   
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5.2 Fabrication of Oxide Ion Conducting Thin Films 

 

All YSZ, La2Mo2O9, La1.9Ba0.1Mo2O9, La1.9Ca0.1Mo2O9, Ce0.8Gd0.2O2 and 

Ce0.8Sm0.2O2 thin films were fabricated by the usual PLD setup.  The single crystal 

oxide substrates such as (0001) Al2O3, (100) LaAlO3, (100) MgO and single crystal (100) 

Si substrate were used.  Most of the films were deposited at a substrate temperature of 

650 °C with an oxygen ambient pressure of 100mTorr.  The deposition process of the 

oxide thin films normally lasted for 10 minutes.  It was followed by a further ten 

minutes of post-annealing at the same deposition atmosphere to improve the crystallinity.  

Laser repetition rate of 10 Hz and laser fluence of ~ 5.7 J/cm2 were used.  The distance 

between the target and substrate was ~ 37 mm.   

 

YSZ, lanthanum molybdate and doped lanthanum molybdate thin films of ~ 350 

nm thick have been deposited on LaAlO3 and Si.  For studies on the deposition 

temperature effect, Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 thin films of ~ 400 nm were 

fabricated on (100) LaAlO3 at substrate temperatures ranging from 300 °C to 750 °C.  

We have also deposited these doped ceria on different substrates such as (0001) Al2O3, 

(100) LaAlO3 and (100) MgO at 650 °C substrate temperature.  

 

In the electrical measurement, two parallel strips of platinum electrodes were 

in-situ deposited on the surface of the oxygen ion conducting thin films.  The ambient 

pressure was keep at several mTorr and a substrate temperature of ~ 300 °C was 
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maintained during the platinum electrode deposition.  This is to improve the adhesion 

and to create a good ohmic contact between the oxide films and the electrodes.   

 

 

5.3 Structural Characteristics of Oxide Ion Conducting Thin Films 

 

The structural properties of all the oxide thin films were investigated by �-2� scan, 

� scan and 360 ° � scan of an X-ray diffractometer with nickel-filtered CuK� radiation.  

Scanning electron microscope (SEM) was used to analysis the cross sectional 

morphology.  In some cases, Transmission Electron Microscopy (TEM) was used to 

reveal the crystallinity of the epitaxial film.   

 

The X-ray �-2� diffraction spectra of the YSZ films grown on LaAlO3 and Si single 

crystal substrates are shown in Figure 5.1a and Figure 5.1c respectively.  The films 

were deposited at 690 °C substrate temperature and under 100 mTorr oxygen ambient 

pressure.  The FWHM of the rocking curve on both the YSZ (002) and (004) diffraction 

peaks is about 0.9 ° on LaAlO3 substrate.  However, YSZ film is polycrystalline growth 

on Si substrate.  Beside of lattice matching between the film and substrate, there are 

other parameters governing the epitaxial film growth, such as oxygen ambient pressure 

of the chamber, substrate temperature, substrate surface energy, particles mobility of 

adatoms etc [Jia et al., 1996; Jun et al., 2001].  The oxygen ambient pressure may not 

low enough to grow the YSZ film on Si substrate epitaxially.   
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Figure 5.1 a) X-ray �-2� diffraction spectra of YSZ/LaAlO3; inset: rocking curve of 

(002) YSZ and b) 360 o �-scan of (202) YSZ and (202) LaAlO3 

diffraction peaks.   
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Figure 5.1c The X-ray �-2� diffraction spectra for the YSZ/Si structure; inset: 

rocking curve of (002) YSZ diffraction peak.   

 

In Figure 5.2a and Figure 5.2c, the spectra of XRD �-2� scan of lanthanum 

molybdate films deposited on LaAlO3 and Si single crystal substrates are shown 

respectively.  These substrates were put side-by-side on the substrate holder.  Films 

were deposited on both substrates simultaneously at 750 °C.  A polycrystalline 

lanthanum molybdate thin film with preferred (210) grain orientation grown on LaAlO3 

substrate is obtained.  However, we can not find any grain orientation in the XRD �-2� 

scan spectra of the film growth on Si substrate as shown in Figure 5.2c.  That means the 

lanthanum molybdate film grown on Si substrate is highly polycrystalline with random 

grain orientation.  The SEM cross-section picture of the La2Mo2O9/LaAlO3 

c) 
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heterostructure is shown in Figure 5.2b.  La2Mo2O9 film thickness of 350 nm and a 

sharp interface is clearly seen.   

 

Barium and calcium doped lanthanum molybdate films were similarly deposited on 

the LaAlO3 and Si.  Both of these films went through the same deposition condition and 

processing.  Substrate temperature of 730 °C and 100 mTorr oxygen ambient pressure 

were used.   

 

Figure 5.3a shows that three preferred grain orientations of (200), (210) and (211) 

obtained in the spectra of XRD �-2� scan of the barium doped lanthanum molybdate 

film grown on LaAlO3 substrate.  The deposition temperature was 730 °C and 100 

mTorr oxygen ambient pressure again.  The �-scan was applied to examine the in-plane 

mosaicity of the film.  Even though there are (210) and (211) oriented grain growth in 

the film, strong epitaxial relationship of (100) LBMO || (100) LAO is evident in Figure 

5.3b.  No diffraction peak from thin film deposited on Si could be seen from the XRD 

spectra.  This means that only highly polycrystalline film of randomly oriented grains is 

obtained, similar to the La2Mo2O9 film discussed above.   
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Figure 5.2 a) X-ray �-2� diffraction spectra, inset rocking curve of (210) 

La2Mo2O9 diffraction peak, b) SEM picture of the cross-section of the 

La2Mo2O9/LaAlO3 thin film.   

 

a) 

b) 

350 nm 
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Figure 5.2c The X-ray �-2� diffraction spectra for the La2Mo2O9/Si structure.   

 

 

c) 



 Fabrication and Characterization of 
Oxide Ion Conducting Thin Films 

 
        THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Boscope Sze                                                                                        89 
 

Chapter 5 

 

Figure 5.3 a) X-ray diffraction of �-2� scans spectra of La1.9Ba0.1Mo2O9/LaAlO3. 

Inset is the rocking curve of the (200) La1.9Ba0.1Mo2O9 diffraction. b) 

360 o �-scan spectra of (202) La1.9Ba0.1Mo2O9 and (202) LaAlO3.   

 

a) 

b) 
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Figure 5.3 c) The cross-section SEM picture of the La1.9Ba0.1Mo2O9/LaAlO3 

epitaxial film; d) La1.9Ba0.1Mo2O9/Si thin film X-ray �-2� diffraction 

spectra.   

 

d) 

200 nm 

c) 
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The X-ray �-2� diffraction of calcium doped lanthanum molybdate films grown on 

LaAlO3 and Si single crystal substrates are shown in Figure 5.4a and Figure 5.4b 

respectively.  The La1.9Ca0.1Mo2O9 (210) and (211) diffraction peaks are clearly 

discernable.  The FWHM of the rocking curves of these two peaks is about 0.3 °.  

Apparently the La1.9Ca0.1Mo2O9 film deposited on LaAlO3 yields a preferred grain 

orientated crystalline structure.  However, no diffraction peak is seen for the film grown 

on Si.   
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Figure 5.4 X-ray �-2� diffraction spectra of the La1.9Ca0.1Mo2O9 films grown on a) 

LaAlO3; b) Si substrate. Inset is the rocking curve of (210) 

La1.9Ca0.1Mo2O9 orientation.   

b) 

a) 
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In conclusion the FWHM of the rocking curve of (002) YSZ film epitaxially grown 

on (100) LaAlO3 substrate is ~ 0.9 °.  Those for lanthanum molybdate and doped 

lanthanum molybdate films are only ~ 0.2 ° to 0.3 °.  So the lanthanum molybdate class 

materials are easier to grow on LaAlO3 substrate with high degree of grain structural 

orientation than YSZ.   

 

Both YSZ and barium doped lanthanum molybdate thin films deposited on LaAlO3 

showed four sharp diffraction peaks with 90 ° apart on the �-scan.  It is a good 

indication of four fold symmetry of a cubic structure.  As the � angles of (202) YSZ 

diffraction matched perfectly to that of (202) LaAlO3 characteristics peaks, it suggests a 

cube-on-cube heteroepitaxy YSZ film on LaAlO3.  For the barium doped lanthanum 

molybdate thin film, the most easily growth diffraction peaks of (200), (210) and (211) 

were obtained in the �-2� scan.  Three different grain structural orientations were 

observed.  However, the � angles of (202) La1.9Ba0.1Mo2O9 diffraction also matched 

completely to that of (202) LaAlO3 characteristics peaks.  It suggests that a 

heteroepitaxlly grown La1.9Ba0.1Mo2O9 film on the LaAlO3 substrate is also obtained via 

a cube-on-domain matching basis.  However, neither YSZ nor lanthanum molybdate 

could be grown on Si substrate with preferred grain orientation.   
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5.3.1 Dependence of Deposition Temperature on Thin Film 

Crystallinity 

 

Crystallinity of a PLD film depends on several parameters, such as the film and 

substrate lattice matching, deposition ambient pressure, substrate surface energy, 

energetic species mobility, etc.  In this section, we focus on studying the effect of the 

deposition substrate temperature.  And in next section we will examine the relative 

importance of the substrate.   

 

Substrate temperature ranging from 300 °C to 700 °C was used to fabricate a series 

of gadolinium and samarium doped ceria oxide films.  Figure 5.5 and Figure 5.6 show 

the X-ray diffraction spectra of the Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 films deposited on 

LaAlO3 substrates at different substrate temperatures and under 100 mTorr oxygen 

ambient pressure.   
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Figure 5.5 X-ray �-2� diffraction spectra of the Ce0.8Gd0.2O2 film on LaAlO3 at 

300 °C, 400 °C, 500 °C and 700 °C deposition substrate temperature.   
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Figure 5.6 X-ray �-2� diffraction spectra for the Ce0.8Sm0.2O2 film on LaAlO3 at 

300 °C, 400 °C, 500 °C and 650 °C deposition substrate temperature.   

 

It has been revealed that cubic ceria oxide thin films can be easily grown on the 

LaAlO3 substrates.  Polycrystalline films with different grain orientations are obtained 

at low deposition temperature of 300 °C, whereas single oriented films are produced at 

higher film growth temperature.  The doped ceria oxide films are more favor to grow 

along the (111) orientation at low deposition temperature than (002) orientation.  

Improved film crystallinity could be obtained by increasing the deposition temperature.   
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The rocking curves of (002) Ce0.8Gd0.2O2 and (002) Ce0.8Sm0.2O2 diffraction peaks 

of the films deposited at 700 °C and 650 °C are shown in Figure 5.7a and Figure 5.7b.  

The FWHM of these diffraction peaks are 0.5 ° and 0.6 ° respectively.  The narrow 

diffraction peaks of the rocking curves suggest growth of highly oriented films.  The 

insets of Figure 5.7 are the rocking curves of (111) Ce0.8Gd0.2O2 and (111) Ce0.8Sm0.2O2 

of the films deposited at 300 °C.   

 

 

Figure 5.7 The rocking curves of (002) Ce0.8Gd0.2O2 diffraction peaks of the film 

deposited at a) 700 °C, inset 300 °C.   
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Figure 5.7 b) The rocking curves of (002) Ce0.8Sm0.2O2 diffraction peaks of the 

film deposited at 650 °C; inset: 300 °C.  

 

The rocking curve of the doped ceria films deposited at 300 °C show the grain 

grown on LaAlO3 substrates randomly.  The �-scan measurement of (202) 

Ce0.8Gd0.2O2/(202) LaAlO3 and (202) Ce0.8Sm0.2O2/(202) LaAlO3 are showed in Figure 

5.8a and Figure 5.8b.  The four fold symmetry confirms the cubic structure of the films 

and the substrate.  As the cubic doped ceria oxide lattice constant of ~ 5.4 Å is very 

close to the diagonal dimension of the a-b plane of the LaAlO3 single crystal substrate, 

we found that the cubic doped ceria oxide is epitaxially grown on the cubic LaAlO3 with 

45o twisting.  This is clearly demonstrated in the 360o �-scan.  Figure 5.9a and Figure 

5.9b show the SEM cross-section picture of Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 on LaAlO3 

substrates.   
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Figure 5.8 The 360 ° �-scan (202) diffraction peaks of a) Ce0.8Gd0.2O2/LaAlO3 and 

b) Ce0.8Sm0.2O2/LaAlO3.   

 

a) 

45 ° 

45 ° 

b) 
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Figure 5.9 SEM cross-section picture of a) Ce0.8Gd0.2O2/LaAlO3 and b) 

Ce0.8Sm0.2O2/LaAlO3.   

 

a) 

400 nm 

b) 

400 nm 

Pt 

Pt 
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The ease of epitaxial doped cubic ceria oxide thin films grown on the LaAlO3 

substrates by PLD method has been demonstrated.  The structural quality of the 

crystalline films apparently depends on the deposition temperature.  So, increasing the 

deposition temperature is the way to improve the PLD thin film crystallinity.  For 

doped ceria oxide, epitaxial thin film is obtained at 650 °C substrate temperature on (100) 

LaAlO3 single crystal substrate.   

 

 

5.3.2 Dependence of Substrate on Thin Film Crystallinity 

 

For study the thin film crystallinity dependence on substrate, the gadolinium and 

samarium doped ceria oxide thin films were deposited on (100) MgO, (0001) Al2O3 and 

(100) LaAlO3 single crystal substrate.  The oxygen ambient pressure was remained at 

100 mTorr and deposition temperature at 650 °C.  The X-ray diffraction �-2� spectra of 

the Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 films deposited on different substrates are shown in 

Figure 5.10 and Figure 5.11 respectively.   

 

The rocking curves of gadolinium and samarium doped ceria oxide on MgO, Al2O3 

and LaAlO3 are shown in Fig. 5.12.  The FWHM of Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 

diffraction lines are 0.59 o and 0.35 o respectively. The narrow width of the rocking 

curves suggests growth of highly oriented films.   
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Figure 5.10 X-ray �-2� diffraction spectra for the Ce0.8Gd0.2O2 film on a) (100) 

MgO, b) (0001) Al2O3 and (100) LaAlO3 at 650 °C deposition substrate 

temperature.   
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Figure 5.11 X-ray �-2� diffraction spectra for the Ce0.8Sm0.2O2 film on a) (100) 

MgO, b) (0001) Al2O3 and (100) LaAlO3 at 650 °C deposition substrate 

temperature.   
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Figure 5.12 The rocking curves of Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 films (111) 

diffraction peaks grown on a) and b) (100) MgO, c) and d) (0001) 

Al2O3 and (002) diffraction peaks grown on e) and f) (100) LaAlO3 

single crystal substrate.   

 

b) a) 

f) e) 

d) c) 
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The above studies reveal the effect of substrate on the crystalline properties of 

doped ceria thin films.  A large lattice mismatch between the thin film and substrate 

produces random grain oriented films.  Epitaxial films, on the other hand are obtained 

on substrates with closely matched lattice constant.   

 

 

5.3.3 Transmission Electron Microscopy Study of Epitaxial Thin 

Films 

 

The single crystal Si substrates were immersed in 10 % HF acid for 4 min to 

remove the native SiO2 layer on the Si substrates.  They were then rinsed thoroughly 

with deionized water before being loaded into the chamber for film coating.  The Si 

substrates were heated up to 650 °C under 10 mTorr ambient pressure.  After stabilizing 

of the substrate temperature, 100 mTorr oxygen ambient pressure was then introduced 

and maintained in the experimental chamber for Ce0.8Sm0.2O2 thin film deposition.   

 

Figure 5.13 shows the TEM cross section picture of the Ce0.8Sm0.2O2 film grown on 

Si with ~ 400 nm thick.  Epitaxial Ce0.8Sm0.2O2 film on single crystal Si substrate shows 

in Figure 5.14.   
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Figure 5.14 a) TEM picture selected-area pattern of Si.   

 

 

 

 

 

 



 Fabrication and Characterization of 
Oxide Ion Conducting Thin Films 

 
        THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Boscope Sze                                                                                        108 
 

Chapter 5 

 

Figure 5.14 b) TEM picture selected-area pattern of Ce0.8Sm0.2O2 and Si spot on 

interface region.   

 

An amorphous SiO2 layer of a few nm thick is observed in between the 

Ce0.8Sm0.2O2 film and Si substrate.  It may be the result of the heating process of the 

substrate prior deposition.  As the Si substrate is heated up to 650 °C, the oxygen 

ambient oxidizes the Si surface to form SiO2.   

a) 

002 
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The TEM diffraction pattern shows that Ce0.8Sm0.2O2 is epitaxially grown on Si. 

The diffraction of Ce0.8Sm0.2O2 is flatten somewhat.  It is primarily due to the slight 

lattice mismatch between the film and the substrate.   

 

 

5.4 Electrical Characteristics of Oxide Ion Conducting Thin Films 

 

In this section, oxygen ion conductivity of the SOFC electrolyte thin films is 

studied.  Electrometer and impedance analyzer were used to measure the temperature 

dependence of the oxygen ion transport properties of these thin films.  A two-line 

contact measurement setup was used.  Both d.c. and a.c. impedance measurements were 

performed.   

 

For the electrical measurement, two parallel strips of platinum (Pt) electrode were 

deposited on top of the oxygen ion conducting films as showed in the schematic diagram 

of Figure 5.15.   
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Figure 5.15 The schematic diagram of Pt electrode deposited on the oxide ion 

conducting thin film for electrical measurement   

 

 

5.4.1 Dependence of Thin Film Crystallinity on Ionic Conductivity 

 

Figure 5.16 shows the oxide ion conductivity of epitaxial YSZ thin film that we 

have studied before.  It exhibits a good ionic conductivity value of ~ 0.055 S/cm at 770 

°C.  This is comparable with the reported value of 0.06 S/cm obtained at 1000 °C.   

 



 Fabrication and Characterization of 
Oxide Ion Conducting Thin Films 

 
        THE HONG KONG POLYTECHNIC UNIVERSITY 
 

Boscope Sze                                                                                        111 
 

Chapter 5 

 

Figure 5.16 Oxide ion conductivity of YSZ thin film growth on (100) LaAlO3 

substrate against measuring temperature.   

 

 

The oxide ion conductivities of lanthanum molybdate and doped lanthanum 

molybdate thin films grown on LaAlO3 substrate are shown in Figure 5.17.  A phase 

change of lanthanum molybdate occurs at ~ 550 °C and a sudden increase of 

conductivity at that temperature is evident.  Calcium doped lanthanum molybdate film 

shows a steeper increase of conductivity with temperature and reaches ~ 0.65 S/cm at 

670 °C.  Both barium doped lanthanum molybdate and lanthanum molybdate show 

only ~ 0.45 S/cm at the same temperature.   
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Figure 5.17 Oxide ion conductivity of (�) La2Mo2O9, (�) La1.9Ba0.1Mo2O9 and (�) 

La1.9Ca0.1Mo2O9 thin film growth on (100) LaAlO3 substrate against 

measuring temperature.   

 

 

Studies of the relationship of substrate temperature (growth temperature) and the 

ionic conductivity of the films are shown in Figure 5.18 and Figure 5.19.  The crystal 

structure of these films has been investigated in previous sections.  The ionic 

conductivities (function of the substrate temperature) obtained are 0.35 S/cm (650 °C) 

and 0.9 S/cm (700 °C) for the preferred grain oriented Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 

films respectively.   
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Figure 5.18 Oxide ion conductivity of Ce0.8Gd0.2O2 thin film deposited on (100) 

LaAlO3 substrate at (�) 700 °C, (�) 500 °C and (�) 300 °C against 

measuring temperature.   
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Figure 5.19 Oxide ion conductivity of Ce0.8Sm0.2O2 thin film deposited on (100) 

LaAlO3 substrate at (�) 650 °C, (�) 500 °C and (�) 300 °C against 

measuring temperature.   

 

As we have mentioned before, the doped ceria oxide films deposited on LaAlO3 at 

650 °C or above show good epitaxy.  From Figures 5.18 and 5.19, one can see that 

the ionic conductivity increases with film deposition temperature.   

 

Since the lattice constant, surface energy, chemical stability of the substrate will 

affect the structural quality and electrical properties of the deposited thin films, we have 

grown oxide electrolyte thin films on a number of substrates.  The ionic conductivities 

of the doped ceria oxide films are shown in Figure 5.20 and Figure 5.21.  We can see 
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that a significant enhancement of ionic conductivity is obtained in epitaxial thin film 

than in preferred or randomly oriented films (doped ceria oxide grown on Al2O3).   

 

 

Figure 5.20 Oxide ion conductivity of Ce0.8Gd0.2O2 thin film deposited at 650 °C on 

(�) (100) LaAlO3, (�) (0001) Al2O3 and (�) (100) MgO substrate 

against measuring temperature.   
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Figure 5.21 Oxide ion conductivity of Ce0.8Sm0.2O2 thin film deposited at 650 °C on 

(�) (100) LaAlO3, (�) (0001) Al2O3 and (�) (100) MgO substrate, 

inset magnified oxide ion conductivity of the film on (�) (0001) Al2O3 

and (�) (100) MgO substrate against measuring temperature.   

 

The significant enhancement of ionic conductivity is obtained in epitaxial thin film 

than in preferred or randomly oriented films, this may due to reducing grain boundary 

scattering of the film.   
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5.4.2 Impedance-Frequency Characteristics of Oxide Ion Conducting 

Thin Film 

 

Capacitance and impedance measurements have been carried out with frequency 

from 100 Hz to 2 MHz.  The film holder shown in Figure 3.10 above was used to 

measure the frequency response of the thin films.  We used the complex-plane 

impedance analyses technique as mentioned before.  The real and imaginary parts of 

the impedance thus obtained by the analyzer at each applied frequency were calculated 

accordingly.  The figures below show the characteristic of impedance as functions of 

measuring temperature from 250 °C to 700 °C.  Apparently the size of the frequency 

arc tends to reduce at high temperatures.   

 

 

Figure 5.22 Complex-plane impedance analyses of YSZ thin film with frequency 

range of 100 Hz to 40 kHz.   
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Figure 5.23 Complex-plane impedance plot of La2Mo2O9 thin film deposited on 

(100) LaAlO3 substrate at 650 °C.  The measurements were obtained at 

two different temperatures.   

 

 

Figure 5.24 Complex-plane impedance plot of La1.9Ca0.1Mo2O9 thin film deposited 

on (100) LaAlO3 substrate at 650 °C at different measuring 

temperature.   
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Figure 5.25 Complex-plane impedance plot of Ce0.8Gd0.2O2 thin film deposited at 

650 °C on (0001) Al2O3 substrate at different measuring temperature.   

 

 

Figure 5.26 Complex-plane impedance plot of Ce0.8Gd0.2O2 thin film deposited at 

650 °C on (100) MgO substrate at different measuring temperature.   
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Figure 5.27 Complex-plane impedance plot of Ce0.8Sm0.2O2 thin film deposited at 

650 °C on (100) LaAlO3 substrate against measuring temperature.   

 

 

Figure 5.28 Complex-plane impedance plot of Ce0.8Sm0.2O2 thin film deposited at 

650 °C on (0001) Al2O3 substrate against measuring temperature.   
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Figure 5.29 Complex-plane impedance plot of Ce0.8Sm0.2O2 thin film deposited at 

650 °C on (100) MgO substrate against measuring temperature.   

 

 

The complex-plane plot shows the semicircle (arc) associated with the grain 

boundary dispersion for the thin films with different grain sizes.  The diameter of the 

semicircle increases with decreasing grain size.  The ionic conductivity values of the 

PLD thin films observed from the complex-plane plot are in good agreement with the 

values obtained from d.c. measurement.   

 

The Arrhenius relations of T/R and 1/T are shown in Figure 5.30.  The linear 

Arrhenius plots showing the activation energy of the Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 

thin films deposited on (100) LaAlO3, (0001) Al2O3 and (100) MgO display similar 

trend but different magnitude.   
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Figure 5.30 Arrhenius relations of T/R and 1/T of the Ce0.8Gd0.2O2 on (�) (0001) 

Al2O3 and (	) (100) MgO and Ce0.8Sm0.2O2 on (�) (100) LaAlO3, (�) 

(100) MgO substrate.   

 

The activation energy Ea of the doped ceria oxide thin films on different deposition 

substrates are showed in Table 5.1.  Most of the films have similar values of about 80 

kJ/mole except the epitaxially grown Ce0.8Sm0.2O2 on LaAlO3 ~ 114 kJ/mole.  As the 

Ce0.8Sm0.2O2 film on LaAlO3 substrate has the highest ionic conductivity value than the 

other, more energy is required to catalyze the reduction and oxidation reaction on the 

electrodes for increase the ionic conductivity value of the thin film.  So the activation 
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energy for epitaxial Ce0.8Sm0.2O2 PLD thin film on LaAlO3 substrate is larger than other 

thin films.   

 

Table 5.1 Activation energy of thin films SOFC electrolyte on different substrates 

Thin films SOFC 
electrolyte 

GDC20/ 
Al2O3 

GDC20/ 
MgO 

SDC20/ 
LaAlO3 

SDC20/ 
MgO 

Activation Energy 
(kJ/mole) 

76 89 114 79 
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Chapter 6 

Fabrication and Characterization of Solid Oxide 

Fuel Cell Electrodes 

 

6.1 Introduction 

 

The maximum current density that can be sustained by a solid oxide fuel cell is 

limited by the internal resistance of electrolyte, electrode-electrolyte interface and 

electrodes.  We have so far studied different electrolyte materials.  In particular we 

have investigated the effect of the structural quality of thin film electrolyte on ionic 

conductivity.  The electrode not only obstructs the current density, but also affects the 

output potential difference of SOFC.  Considering the output power from an 

intermediate-temperature solid oxide fuel cell (ITSOFC), the electrode, 

electrode-electrolyte interface and overpotential would therefore be the other main 

themes that need examinations.   

 

In SOFC, the function of anode is, on top of being a low resistance lead to conduct 

electricity to the external load, to catalyst the fuel oxidation.  The cathode, on the other 

hand, incorporates electro-catalyst optimized for the reduction of oxygen.  There are 

lots of limitations and conditions for selecting the right electrode materials, e.g. 

thermo-mechanically compatible with electrolyte, good chemical stability, and 
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acceptable overpotential value.  In addition, these electrode materials should be 

optimized for both ionic and electronic conduction.  For the ITSOFC, the reduction of 

the operation temperature will increase the overpotential, and so it is more exacting on a 

good electrode.  The overpotential is also known to be related to the three-phase 

boundary (TPB) of the SOFC at the region of electrode-electrolyte interface exposed to 

fuel.  With these considerations in mind, new electrode design and materials selection 

criteria as well as optimized operating conditions of the thin film SOFC are the focus of 

the present study.   

 

As the reduction and oxidation occur at TPB of the cell, the material with good 

ionic conducting properties would permit the oxide ions to get into the electrode.  So if 

the volume of TPB increases, current density of SOFC increases.  The traditional 

cathode material used for SOFC is lanthanum strontium manganese oxide 

(La1-xSrxMnO3).  It is thermo-mechanically matched with YSZ, the most commonly 

used and well developed SOFC electrolyte, with low overpotential and good electronic 

conductivity at high operating temperatures of up to 950 °C [Hibino et al., 2000].   

Recently, lanthanum strontium cobalt oxide (La1-xSrxCoO3) becomes more popular due 

to its superior ionic conducting properties [Yasumoto et al., 2002; Lee et al., 2003; 

Kharton et al., 2004].   

 

Nickel is a common SOFC anode material.  Platinum provides better performance 

than nickel but is more expensive.  The cost for using platinum as an anode is too high 
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to be viable for bulk fuel cell applications.  However, in thin layer production, platinum 

will become the most suitable anode material for thin film solid oxide fuel cell 

(TFSOFC).   

 

For reducing the internal impedance of interface, a preferred oriented crystal 

structure of the electrode to electrolyte shall be established, so that maximized the output 

power from TFSOFC can be achieved.  We therefore aim at depositing thin film 

electrode epitaxially on thin film electrolyte.   

 

 

6.2 Fabrication of Solid Oxide Fuel Cell Electrode Samples 

 

The ceramic samples of SOFC electrode were fabricated by conventional 

solid-state reaction method.  The chemicals involved and the appropriate weighted 

precursor ratios of La0.85Sr0.15MnO3, La0.7Sr0.3MnO3, La1-xSrxCoO3 (x = 0.2, 0.3, 0.4, 0.5) 

and SrVO3 are shown in Table 6.1.   
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Table 6.1 Required weight of the chemical for the samples of SOFC electrode 

Chemical 
oxide 

Molar 
weight 

LSMO 
15 

LSMO 
30 

LSCO 
20 

LSCO 
30 

LSCO 
40 

LSCO 
50 

SVO 

         
La2O3 325.809 g 13.85 g 11.40 g 13.03 g 11.00 g 10.29 g 8.57 g  

SrCO3 147.63 g 2.21 g 4.43 g 2.95 g 4.25 g 6.22 g 7.77 g 16.40 g 

MnO2 225.81 g 8.70 g 8.69 g      

Co3O4 240.797 g   8.03 g 7.75 8.45 g 8.45 g  

V2O5 181.88 g       10.10 g 

 

 

The SOFC electrode thin films underwent similar fabrication process as the 

electrolyte samples mentioned before.  Both of the calcinations and sintering processes 

of the bulk targets were done under ambient atmosphere at the desired temperature for 

various durations tabulated in Table 6.2.  The thicknesses of the samples shank 

significantly after sintering and the values are listed in Table 6.3.   
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Table 6.2 Calcinations and sintering temperature duration of SOFC electrode 

samples 

Calcinations Sintering Oxide ion 
conducting 

samples 
Temperature Duration Temperature Duration 

     
LSMO15 1000 ºC 10 h 1350 ºC 10 h 

LSMO30 1150 ºC 10 h 1350 ºC 10 h 

LSCO20 1050 ºC 10 h 1350 ºC 10 h 

LSCO30 1000 ºC 10 h 1320 ºC 11 h 

LSCO40 1000 ºC 10 h 1320 ºC 10 h 

LSCO50 1050 ºC 10 h 1270 ºC 11 h 

SVO 630 ºC 12 h 1050 ºC 11 h 

 

Table 6.3 Thicknesses of the SOFC electrode samples after sintering 

Sample 
LSMO 

15 
LSMO 

30 
LSCO 

20 
LSCO 

30 
LSCO 

40 
LSCO 

50 
SVO 

Sample 
thickness 

5.3 mm 4.1 mm 4.3 mm 3.5 mm 4.6 mm 4.5 mm 5.5 mm 
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6.3 Structural Characteristics of Solid Oxide Fuel Cell Electrode 

Samples 

 

6.3.1 X-ray Diffraction Spectra of the Samples 

 

For structural characterization of the SOFC electrode samples, �-2� scan spectra of 

XRD were used.  In Figure 6.1 and Figure 6.2, the x-ray �-2� diffraction spectra of 

La0.85Sr0.15MnO3 and La0.7Sr0.3MnO3 are shown.  The diffraction spectra of the other 

SOFC electrodes such as La1-xSrxCoO3 (x = 0.2, 0.3, 0.4, 0.5) and SrVO3 are depicted in 

Figure 6.3 and Figure 6.4 respectively.  The major sharp X-ray diffraction peaks of all 

electrode samples, except SrVO3, match well with the ICDD database.   

 

 

Figure 6.1 XRD �-2� scanning spectra of cathode La0.85Sr0.15MnO3 sample.   
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Figure 6.2 XRD �-2� scanning spectra of cathode La0.7Sr0.3MnO3 sample.   

 

Figure 6.3 XRD �-2� scanning spectra of cathode La1-xSrxCoO3 for x = a) 0.2, b) 

0.3, c) 0.4, d) 0.5 samples 
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Figure 6.4 XRD �-2� scanning spectra of cathode SrVO3 sample.   

 

 

6.3.2 X-ray Diffraction Spectra of the Thin Film Electrodes 

 

The lattice constants of La1-xSrxMnO3, La1-xSrxCoO3 and SrVO3 are more or less 

the same at around 3.8 Å to 3.9 Å.  In the present studies, only single layer and bi-layer 

films were fabricated.  To facilitate epitaxial growth, lattice match and commercial 

available single crystal (100) LaAlO3 was selected as the deposition substrate.  PLD 

SrVO3 thin films were fabricated at a substrate temperature of 690 °C and an ambient 

pressure of 40 µTorr.  SrVO3 is one of the best conducting oxide.  Its resistivity can 

be as low as a few µ� cm. In fact the good electrical conduction is effected by oxygen 

vacancies and is denoted by the formula SrVO3-
.  To grow the film under such low 
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ambient pressure is purposely to create highly oxygen deficient SrVO3-
.  .The laser 

fluence used was kept at ~5.7 J/cm2 with 10 minutes deposition times.  The resulted 

film thickness is ~ 350 nm.  The XRD �-2� scanning spectrum of SrVO3-
 film on 

LaAlO3 is shown in Figure 6.5.  The FWHM is only ~ 0.7 ° for the rocking curve of 

(002) SrVO3-
 diffraction peak.  The in-plane structural quality and grain orientation 

mosaicity were examined by X-ray �-scan of the as-grown films.  Fig. 6.6 shows the 

�-scans of (202) SrVO3-
 and (202) LaAlO3 diffraction peaks.  The four fold symmetry 

observed in the 360 ° �-scan XRD spectra confirms the cubic structure of the as-grown 

SrVO3-
 film and the LaAlO3 substrate.  The four characteristic peaks of the SrVO3-
 

diffractions are very sharp and their � angles match that of the LaAlO3 diffractions.  

This is a clear indication of a cube-on-cube epitaxially grown SrVO3-
 film on LaAlO3 

substrate.   
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Figure 6.5 XRD �-2� scanning spectra of SrVO3-
 film, inset rocking curve of the 

(002) SrVO3-
 diffraction peak.   

 

 

Figure 6.6 X-ray 360 ° �-scan diffraction spectra of (202) SrVO3 and (202) LaAlO3  
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The La1-xSrxMnO3 film was deposited on the thin film electrolyte that we have 

fabricated and described in previous chapters.  The PLD La1-xSrxMnO3 films were 

deposited at 650 °C and under 100 mTorr oxygen ambient pressure.  With the same 

laser fluence and deposition time as those used to grow SrVO3-
 film, the thicknesses of 

the as-prepared La1-xSrxMnO3 film was also about 350 nm.  The XRD �-2� scan spectra 

of La0.7Sr0.3MnO3 film grown on Ce0.8Gd0.2O2/LaAlO3 is shown in Figure 6.7.  A 

platinum electrode was deposited on the same thin film electrolyte at 300 °C and 10 

mTorr ambient pressure for electrical measurement.   

 

 

Figure 6.7 XRD �-2� scanning spectra of La0.7Sr0.3MnO3 film on 

Ce0.8Gd0.2O2/LaAlO3 film.   
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In another case, we used La1-xSrxMnO3 as a bottom electrode and deposited on 

LaAlO3 substrate with the same condition mentioned before.  Then we fabricated the 

Ce0.8Sm0.2O2 thin film electrolyte on the La1-xSrxMnO3 bottom electrode at 650 °C and 

under 100 mTorr oxygen ambient pressure.  A platinum electrode was deposited on this 

thin film electrolyte at 300 °C and 10 mTorr ambient pressure for electrical 

measurement.  The thickness of the as-prepared Ce0.8Sm0.2O2 film was about 300 nm.  

The XRD �-2� scan spectra of Ce0.8Sm0.2O2 film grown on La0.7Sr0.3MnO3/LaAlO3 is 

shown in Figure 6.8.  The rocking curve of (002) La0.7Sr0.3MnO3 on LaAlO3 is shown in 

Figure 6.9a with highly preferred grain orientation, and Figure 6.9b shows the rocking 

curve of (002) Ce0.8Sm0.2O2 on La0.7Sr0.3MnO3/LaAlO3 with a larger FWHM value and 

suggests that Ce0.8Sm0.2O2 with a larger angle of grain orientation.   

 

 

Figure 6.8 XRD �-2� scanning spectra of film Ce0.8Sm0.2O2 on 

La0.7Sr0.3MnO3/LaAlO3 film.   
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Figure 6.9 XRD rocking curve of a) (002) La0.7Sr0.3MnO3 on LaAlO3 and b) (002) 

Ce0.8Sm0.2O2 on La0.7Sr0.3MnO3/LaAlO3 diffraction peak.   

 

 

In conclusion, SOFC anode SrVO3-
 has been cube-on-cube epitaxially grown on 

(100) LaAlO3 substrate.  Preferred oriented SOFC cathode, La0.7Sr0.3MnO3 film has 

been successfully deposited on Ce0.8Gd0.2O2/LaAlO3 and electrolyte Ce0.8Sm0.2O2 film 

has also been deposited on La0.7Sr0.3MnO3/LaAlO3.  We have demonstrated that thin 

film electrode and electrolyte may heteroepitaxially grown as bi-layer with good 

interfacial contact.  This can thus provide better thermo and electrical conduction as 

well as enhanced resistance to layer delamination in multi-layered thin film SOFC.  At 

present we have only made bi-layer structures.  Our work suggests that epitaxially 

grown tri-layer system such as SrVO3-x/Ce0.8Gd0.2O2/La0.7Sr0.3MnO3/LaAlO3 and 

SrVO3-x/Ce0.8Sm0.2O2/La0.7Sr0.3MnO3/LaAlO3 can be achieved. 
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6.4 Electrical Characteristics of Solid Oxide Fuel Cell Thin Film 

Electrodes  

 

One of the most important electrical properties of SOFC is the output potential 

difference which depends on current loading.  However, for the purpose of the present 

studies and to shy away from the safety issues of handling explosive gases, the 

performance of a proper thin film SOFC has not been actually evaluated.  In fact, the 

fabrication and testing of prototype thin film SOFC is beyond the scope of this work.  

Nevertheless the open circuit voltage (OCV), which is the output voltage of the SOFC 

without loading, can be measured directly.  In deed, since no current is generated, fuels 

such as oxygen and hydrogen / methanol are not required.  An electrometer was used to 

measure the potential difference between thin film La0.7Sr0.3MnO3 cathode and platinum 

anode coated on heteroepitaxially grown Ce0.8Gd0.2O2 electrolyte thin film. The 

substrate was (100) LaAlO3.  The measurement was carried out in ambient atmosphere 

at temperature from 100 °C to 520 °C.  Figure 6.10 shows the OCV of La0.7Sr0.3MnO3 

and Pt film on Ce0.8Gd0.2O2/LaAlO3.   
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Figure 6.10 The open circuit voltage of La0.7Sr0.3MnO3 and Pt on 

Ce0.8Gd0.2O2/LaAlO3 film.   

 

It is revealed that no OCV is registered at temperatures below 350 °C.  Measurable 

OCV begins to occur at 370 °C, and rapidly rises to ~ 550 mV at 520 °C.  This is a 

strong indication of the excellent potential for TFSOFC to operate at temperatures as 

low as ~ 520 °C.  
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Conclusions and Suggestions for Future 

Research 

 

 

YSZ is a well known and well studied solid electrolyte.  The ionic conductivity 

of bulk YSZ is only ~ 5 x 10-6 S/cm at 420 °C.  Heteroepitaxially grown YSZ thin films 

however, exhibit good ionic conductivity of 0.055 S/cm at 770 °C.  This represents a 

very large increase of ionic conductivity and points to the fact that good crystalline thin 

film electrolyte can be a good choice for making SOFC.   

 

The monoclinic �-phase of lanthanum molybdate has a first-order phase transition 

at ~ 570 °C.  It has been shown that the ionic conductivity value of bulk La2Mo2O9 is 

about 0.003 S/cm at 700 °C.  This value is much better than that of YSZ at the same 

temperature.  Furthermore, doped lanthanum molybdate, such as La1.9Ca0.1Mo2O9 

shows ever better ionic conductivity.  It displays no significant phase change at around 

~ 570 °C.  Indeed bulk La1.9Ca0.1Mo2O9 has been targeted for use as electrolytes in 

intermediate-temperature SOFC.  An ionic conductivity value of ~ 0.45 S/cm at 670 °C 

for epitaxial grown barium doped lanthanum molybdate film on LaAlO3 substrate and a 

value of ~ 0.65 S/cm for calcium doped lanthanum molybdate thin film are achieved.  

This is a very substantial enhancement of ionic conductivity.  It appears that further 
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improvement of ITSOFC performance and lowering operating temperature can be 

obtained by using preferred grain orientated or even epitaxial electrolyte thin films.   

 

The bulk cermets sample of gadolinium doped ceria oxide has a compatible ionic 

conductivity with La2Mo2O9.  It is about 0.0015 at ~ 700 °C.  The samarium doped 

ceria oxide, however, shows oxygen ion conductivity even higher than that of 

gadolinium doped ceria oxide.   

 

The ionic conductivities of Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 films grown on (001) 

MgO single crystal substrate are 0.025 S/cm (700 °C) and 0.04 S/cm (700 °C) 

respectively.  The values of bulk Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2, on the other hand, are 

0.002 S/cm (700 °C) and 0.006 S/cm (700 °C) respectively.  By comparison, the ionic 

conductivity of thin film electrolytes shows more than one order of magnitude better 

than their corresponding bulk counterparts.   

 

The improvement of the film’s crystallinity can be obtained by using a better 

matched substrate or / and increasing the deposition temperature.  It has been revealed 

that cubic ceria thin films can be easily grown on LaAlO3 substrates.  We have further 

demonstrated that the better the crystallinity of the electrolyte thin film, the higher the 

oxygen ion conductivity.  For epitaxially grown Ce0.8Gd0.2O2 and Ce0.8Sm0.2O2 thin 

films on LaAlO3 substrates the ionic conductivities are as high as 0.35 S/cm (650 °C) 
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and 0.9 S/cm (700 °C) respectively.  These represent yet another order of magnitude 

of ionic conduction enhancement.   

 

The epitaxial growth of Ce0.8Sm0.2O2 on Si has been confirmed by TEM studies.  

Epitaxy is obtained irrespective of the fact that a few nm thick of amorphous SiO2 layer 

was formed on the Si substrate before or during ceria thin film deposition.  The 

potential use of Si wafer as the substrate of solid electrolyte thin films has strengthened 

the prospect of developing a viable and miniaturized TFSOFC.   

 

Capacitance and impedance measurement have been carried out in the frequency 

range of 100 Hz to 2 MHz.  The real and imaginary parts of the impedance obtained 

by the analyzer at each applied frequency were calculated.  The size of the frequency 

arc corresponds to the electrolyte impedance and tends to decrease as the measuring 

temperature is increased.  The well defined impedance frequency arc profiles are 

obtained at low measuring temperature.  At higher temperatures the frequency of dip in 

the complex-plane impedance plot increases.  Consequently the impedance frequency 

arc shifts from low to high frequency.   

 

As a wide range of frequencies was used for the measurement, the high frequency 

arc due to bulk conduction and intermediate frequency arc due to conduction across 

grain boundaries could be observed simultaneously.  The broadening of these two arcs 
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corresponds to the lower degree of distributions of relaxation times in the dielectric 

relaxation processes.   

 

In general we have demonstrated that substantial enhanced oxide ion conduction 

occurs in PLD electrolyte thin films.  The enhancement is particularly prominent in 

oriented crystalline films and epitaxial films.  For several new SOFC electrolyte 

materials studied, the epitaxial Ce0.8Sm0.2O2 polycrystalline thin film grown on LaAlO3 

gives the highest ionic conductivity value of 0.9 S/cm at 670 °C.  It exhibits a 

respectable conductivity of 0.12 S/cm at 550 °C.  This is a direct and promising 

indication that TFSOFC operated at 500 °C is possible.  We have initiated the work 

on TFSOFC.  As a continuation of the current research effort and based on the very 

positive results that we have obtained, we should now focus on making anode / 

electrolyte / cathode tri-layer structures and to testify their actual power generating 

capability with proper fuel gases.  At a later stage, prototyping of workable TFSOFC 

should be made.  It involves design of the layers layout, patterning and etching, high 

temperature handling, etc.  In addition the single chamber design SOFC should be 

investigated since it utilizes many of the advantages of thin film intermediate 

temperature solid oxide fuel cell designed.  
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