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Abstract 

The emergence of fuel cells (FCs) as important and alternative power 

generating devices has been accelerated in recent years by the much 

uplifted environmentalistic concerns and the pessimistic projection of 

shortage of fossil fuels supply. Among the many types of FC being 

developed, solid oxide fuel cell (SOFC), which makes use of ionic 

conducting oxides as electrolytes, has attracted great interest due to its 

pollutant free operation and high energy conversion efficiency. Currently 

the size miniaturization and the reduction of operating temperature are the 

research focuses of SOFC for applications in portable devices. In this 

connection, the fabrication of ionic conducting oxide thin films and the 

study of their electrical transport characteristics are necessary. 

 

Basically, solid oxide fuel cell composes of two electrodes (the cathode 

and anode) separated by a solid electrolyte. For the cathode material, 

La0.85Sr0.15MnO3 (LSMO), La0.7Sr0.3MnO3 and La0.7Sr0.3CoO3 (LSCO) 

have been chosen to be used in the present studies as the cathode material 

because of their good electronic conductivity. The bulk target of the 

LSMO and LSCO are fabricated by the conventional solid state reaction, 

and then undergoes high temperature sintering process. LSMO and LSCO 

are all fabricated in thin film form by pulse laser deposition. The 

structural properties of the bulk targets and the films are confirmed by 

x-ray diffractometry. 
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For the electrolyte material, thin films of Ce0.8Gd0.2O2-δ (CGO), 

Ce0.8Sm0.2O2-δ (CSO) and La1-xSrxGa1-yMgyO3-δ (LSGMO) have been 

fabricated by pulsed laser deposition. We focus our studies on the 

crystallinity of the as-deposited films and its relationship to the enhanced 

ionic conductivity.  

 

We started off by studying the effect of processing temperature on the 

conductivity of the ionic conductors.  LSGMO perovskite oxide ion 

conductor thin films of about 300 nm thick were deposited on a LaAlO3 

(LAO) at various substrate temperatures by pulsed laser deposition. Their 

structural characteristics were studied by x-ray diffractometry. 

Polycrystalline and epitaxially grown films were revealed for samples 

grown at different temperatures. Their ionic conductivities were 

investigated with a two-probe DC technique as a function of temperature 

over 400 °C – 650 °C range in air. The polycrystalline LSGMO films 

show a conductivity of 0.19 S/cm while the epitaxial LSGMO films 

exhibit values of about 0.74 S/cm at 600 °C. This represents a substantial 

enhancement from the 0.00028 S/cm of the bulk LSGMO measured at the 

same temperature. 

 

In subsequent studies CSO oxide ion conductor thin films of about 300 

nm thick were deposited on a LAO and MgO at the same substrate 

temperatures by pulsed laser deposition. Their structural characteristics 

were studied by x-ray diffractometry. Due to structural compatibility, 

polycrystalline and epitaxially grown films were revealed for samples 
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grown on these two types of substrates. Their ionic conductivities were 

investigated with a two-probe D.C. and A.C. techniques as a function of 

temperature over 400 °C – 650 °C range in air. The polycrystalline CSO 

films grown on MgO show a conductivity of 0.0132 S/cm while the 45 

degree twisted epitaxial CSO films grown on LAO exhibit values of 

about 0.94 S/cm at 600 °C. For the CGO thin films, similar results are 

also obtained. 

 

In order to demonstrate the feasibility of applying thin film technology in 

SOFCs, in particular FC of a single chamber design, we have fabricated 

patterned bi-layer and tri-layer structure of the LSCO/LSGMO on LAO 

substrate and Pt/ LSGMO/ LSCO on LAO. Their good structural 

characteristics have been revealed by XRD and TEM.  



 

 IV

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

Acknowledgements 

I would like to acknowledge Dr. K. H. Wong for his supervision. I specially 

thank Mr. W. L. Sin, gives me enlightening suggestions and helps in many 

experiments. Special thanks should be given to Mr. C. S. Lo for his assistance in 

SEM characterization.  

 

This work was partially supported by the Research Grant Council of the 

Hong Kong Special Administrative Region (PolyU 5294/02P). I am grateful for 

the award of a research studentship by The Hong Kong Polytechnic University. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 V

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

List of Figures 
 
Fig. 1.1 Working principle of the SOFC        3 
 
Fig. 3.1 The schematic diagram of the PLD deposition system    17 
 
Fig. 3.2 Constructive interference of a lattice structure     19 
 
Fig 3.3 Film thickness measurement by surface profiler     26 
 
Fig. 3.4 Experimental geometry, showing four primary axes of  
goniometer, X-ray tube, detector and slits        27 
 
Fig. 3.5 Schematic set-up of DC two-probe method      29 
 
Fig. 3.6 Schematic set-up of AC two-probe method      30 
 
Fig. 3.7 The impendence spectrum and the equivalent circuit 
of the polycrystalline YSZ           31 
 
Fig. 3.8 The impendence spectrum of thin film YSZ      32 
 
Fig. 4.1 XRD patterns of LSMO target with different composition (a) 
La0.7Sr0.3MnO3 and (b) La0.85Sr0.15MnO3         37 
 
Fig. 4.2 XRD patterns of La0.7Sr0.3CoO3 target       38 
 
Fig. 4.3 X-ray θ-2θ diffraction patterns for (a)La0.7Sr0.3MnO3/LAO  
structure and (b) the La0.85Sr0.15MnO3/LAO structure      42 
 
Fig. 4.4 X-ray θ-2θ diffraction patterns for (a)La0.7Sr0.3MnO3/MgO  
structure and (b) the La0.85Sr0.15MnO3/MgO structure      43 
 
Fig. 4.5 The rocking curve of the (a) La0.7Sr0.3MnO3/LAO  
and (b) La0.85Sr0.15MnO3/LAO          44 
 
Fig. 4.6 The rocking curve of the (a) La0.7Sr0.3MnO3/MgO  



 

 VI

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

and (b) La0.85Sr0.15MnO3/MgO          45 
 
Fig. 4.7 φ scans of (a)(i) (202) La0.7Sr0.3MnO3 and (ii) (202) LAO  
reflection and (b)(i) (202) La0.85Sr0.15MnO3  
and (ii) (202) LAO reflection peaks         46 
 
Fig. 4.8 φ scans of (a)(i) (202) La0.7Sr0.3MnO3 and (ii) (202) MgO  
reflection and (b)(i) (202) La0.85Sr0.15MnO3 and (ii) (202) MgO  
reflection peaks             47 
 
Fig. 4.9 X-ray θ-2θ diffraction patterns of La0.7Sr0.3CoO3 grown  
on (a) LAO and (b) MgO            49 
 
Fig. 4.10 The rocking curve of the (a) La0.7Sr0.3CoO3/LAO  
and (b) La0.7Sr0.3CoO3/MgO           50 
 
Fig. 4.11 φ scans of (a) (202) La0.7Sr0.3CoO3 and (b) (202) LAO  
reflection peaks             51 
 
Fig. 4.12 φ scans of (a) (202) La0.7Sr0.3CoO3 and (b) (202) MgO  
reflection peaks            52 
 
Fig. 4.13 Τhe electrical conductivity of the cathode thin films  
as a function of temperature            54 
 
Fig. 5.1 XRD patterns of the (a) CSO target and (b) CGO target    58 
 
Fig. 5.2 The SEM cross-sectional image of 400 nm CGO/LAO film  
deposited at 650 °C                                    60 
 
Fig. 5.3 X-ray θ-2θ diffraction patterns for CGO films grown  
on LAO at substrate temperature (a) 650 °C and (b) 300 °C    63 
 
Fig. 5.4 Rocking curve of (200)CGO film on LAO grown at 650 °C   64 
 
Fig. 5.5 φ-scan of (a) (202) CGO and (b) LAO       64 
 
 



 

 VII

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

Fig. 5.6  X-ray θ-2θ diffraction patterns for CGO films grown  
on MgO at substrate temperature (a) 650 °C and (b) 300 °C      65 
 
Fig. 5.7 Rocking curve of (200)CGO film on MgO grown at 650 °C   66 
 
Fig. 5.8 φ-scan of (a) (202) CGO and (b) (202) MgO      66  
 
Fig. 5.9 X-ray θ-2θ diffraction patterns for CGO films grown on  
fused silica at 650 °C            67 
 
Fig. 5.10 X-ray θ-2θ diffraction patterns for CSO films grown on LAO  
at substrate temperature (a) 650 °C and (b) 300 °C              68  
 
Fig. 5.11 Rocking curve of (200)CSO film on LAO grown at 650 °C   70 
 
Fig. 5.12 φ-scan of (a) (202) LAO and (b) (202) CSO      71 
 
Fig. 5.13   X-ray θ-2θ diffraction patterns for CSO films grown  
on LAO at substrate temperature (a) 650 °C, (b) 550 °C and (c) 300 °C   72 
 
Fig. 5.14 Rocking curve of (200)CSO film on MgO grown at 650 °C   73 
 
Fig. 5.15 φ-scan of (a) (202) CSO and (b) (202) MgO      74 
 
Fig. 5.16 X-ray θ-2θ diffraction patterns for CSO films grown on  
fused silica at 650 °C            75 
 
Fig. 5.17 The electrical conductivity of (a) CSO thin films   
and (b) CGO thin films as a function of 1000/Temperature       76 
 
Fig. 5.18(a) The impendence spectra of CSO thin film grown on LAO  
at 650 °C as a function of temperature range from 400 °C to 650 °C      82 
 
Fig. 5.18(b) The impendence spectra of CSO thin film grown on LAO  
at 300 °C as a function of temperature from 400 °C to 650 °C         84 
 
 
 



 

 VIII

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

Fig. 5.19 The impendence spectra of CSO thin film grown on MgO  
at (a) 650 °C (b) 550 °C and (c) 300 °C as a function of temperature  
from 400 °C to 650 °C           85 
 
Fig. 5.20 The impendence spectra of CGO thin film grown on MgO  
at (a) 650 °C and (b) 300 °C as a function of temperature           86 
 
Fig. 5.21 The impendence spectra of CSO thin film grown on fused  
silica at 650 °C as a function of temperature from 400 °C to 650 °C    87 
 
Fig. 5.22 The impendence spectra of CGO thin film grown on fused  
silica at 650 °C as a function of temperature from 450 °C to 650 °C   87 
 
Fig. 5.23(a) The impendence spectra of CSO thin film grown on LAO  
at 650 °C and MgO at 650 °C at measuring temperature 450 °C    88 
  
  
Fig. 5.23(b) The impendence spectra of CSO thin film grown on LAO  
at 650 °C and MgO at 650 °C at measuring temperature 400 °C    88 
 
Fig. 5.24 The impendence spectra of CGO thin film grown on LAO at  
650 °C and MgO at 650 °C at measuring temperature 450 °C     89  
 
Fig. 6.1  XRD patterns of the (a) La0.9Sr0.1Ga0.9Mg0.1O3-δ target  
(b) La0.8Sr0.2Ga0.8Mg0.2O3-δ target and (c) La0.8Sr0.2Ga0.85Mg0.15O3-δ  
target                      93         
 
Fig. 6.2 The SEM cross-sectional image of 450 nm 
La0.8Sr0.2Ga0.8Mg0.2O3-δ/LAO film deposited at 730 °C     95 
 
Fig. 6.3 X-ray θ-2θ diffraction patterns for La0.9Sr0.1Ga0.9Mg0.1O3-δ films  
grown on LAO at substrate temperature (a) 730 °C and (b) 500 °C    98 
 
Fig. 6.4 X-ray θ-2θ diffraction patterns for La0.8Sr0.2Ga0.8Mg0.2O3-δ films  
grown on LAO at substrate temperature (a) 730 °C and (b) 500 °C   99 
 
Fig. 6.5 X-ray θ-2θ diffraction patterns for La0.8Sr0.2Ga0.85Mg0.15O3-δ films  
grown on LAO at substrate temperature (a) 730 °C and (b) 500 °C       100 



 

 IX

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

Fig. 6.6 Rocking curve of (a) (200) La0.9Sr0.1Ga0.9Mg0.1O3-δ,  
(b) (200) La0.8Sr0.2Ga0.8Mg0.2O3-δ and (c) (200) La0.8Sr0.2Ga0.85Mg0.15O3-δ  
film on LAO grown at 730 °C                101 
 
Fig. 6.7 φ-scan of (a) (202) La0.9Sr0.1Ga0.9Mg0.1O3-δ and (b) LAO   102 
 
Fig. 6.8 φ-scan of (a) (202) La0.8Sr0.2Ga0.8Mg0.2O3-δ and (b) LAO   103 
 
Fig. 6.9 φ-scan of (a) (202) La0.8Sr0.2Ga0.85Mg0.15O3-δ and (b) LAO   104 
 
Fig. 6.10 X-ray θ-2θ diffraction patterns for  
(a) La0.9Sr0.1Ga0.9Mg0.1O3-δ, (b) La0.8Sr0.2Ga0.8Mg0.2O3-δ  

and (c) La0.8Sr0.2Ga0.85Mg0.15O3-δ film grown on MgO  
at substrate temperature 730 °C                   105 
 
Fig. 6.11 X-ray θ-2θ diffraction patterns for La0.8Sr0.2Ga0.8Mg0.2O3-δ film  
grown on fused silica at substrate temperature 730 °C      106 
 
Fig. 6.12 The electrical conductivity of (a) La0.9Sr0.1Ga0.9Mg0.1O3-δ,  

(b) La0.8Sr0.2Ga0.8Mg0.2O3-δ and (c) La0.8Sr0.2Ga0.85Mg0.15O3-δ films  
as a function of 1000/Temperature                       109 
 
Fig. 6.13(a) The impendence spectra of La0.8Sr0.2Ga0.8Mg0.2O3-δ thin  
film grown on LAO at 730 °C as a function of temperature range  
from 400 °C to 650 °C             113 
 
Fig. 6.13(b) The impendence spectra of La0.8Sr0.2Ga0.8Mg0.2O3-δ thin film  
grown on LAO at 500 °C as a function of temperature range  
from 450 °C to 650 °C            115 
 
Fig. 6.14 The impendence spectra of La0.8Sr0.2Ga0.8Mg0.2O3-δ thin film  
grown on MgO at 730 °C as a function of temperature range  
from 500 °C to 650 °C            116 
 
Fig. 6.15  The impendence spectra of La0.8Sr0.2Ga0.8Mg0.2O3-δ thin film  
grown on fused silica at 730 °C as a function of temperature range  
from 500 °C to 650 °C                         116 
 



 

 X

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

Fig. 7.1 X-ray θ-2θ diffraction patterns for LSCO/LSGMO/LAO  
heterostructure film                  120 
 
Fig. 7.2 X-ray θ-2θ diffraction patterns for Pt/LSGMO/LSCO/LAO 
heterostructure film                 122 
 
Fig. 7.3 The bright field image of the LSGMO/ LSCO/ LAO  
heterostructure             124 
 
Fig. 7.4 The electron diffraction pattern of (a) LAO, (b) LSCO  
and (c) LSGMO              125 
 
Fig. 7.5 Another diffraction pattern from the cross-section of the film  126 
 
Fig. 7.6 The dark-field image of the g1 spot        126 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 XI

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

List of Tables 
 

Table 3.1 Equation of interplanar spacing at different structure material  21 

 
Table 4.1 Required chemical and their weight              35 
 
Table 4.2 Calcination and sintering temperature                 36 
 
 
Table 5.1 Required chemical and their weight                56 

 

Table 5.2 Calcination and sintering temperature             57 

 

Table 5.3 Comparison of the electrical conductivity between CGO and  
CSO thin films at 600 °C                79 

 

Table 6.1 Required chemical and their weight         91 
 
Table 6.2 Calcination and sintering temperature       92 
 
Table 6.3 Comparison of the electrical conductivity  
between La0.9Sr0.1Ga0.9Mg0.1O3-δ, La0.8Sr0.2Ga0.8Mg0.2O3-δ and  
La0.8Sr0.2Ga0.85Mg0.15O3-δ thin films at 600 °C       110 

 

 

 

 

 

 

 

 

 



 

 XII

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

Table of Contents 

Abstract………………………………………………………………………. ..... Ι

Acknowledgements……………………………………………………………...IV 

List of Figures………………………………………………………………......Ⅴ 
List of Tables...………………………………………………………………… 
XII 
. 

Chapter 1 1 

Introduction 1 

1.1 Introduction 1 

1.2 Working principle of SOFCs 2 
1.2.1 Mechanism of SOFCs ................................................................................................... 2 
1.2.2 Conduction mechanism in oxides.................................................................................. 3 

1.3 Literature reviews on all-oxide p-n junction 4 

1.4 Outline of thesis 7 

Chapter 2 9 

Pulsed laser deposition 9 

2.1 History of pulsed laser deposition 9 

2.2 Mechanism of pulsed laser deposition                             10 
2.2.1 The three stages of pulsed laser deposition process .................................................... 11 
2.2.1.1 Laser-target interaction............................................................................................ 11 
2.2.1.2 Target to substrate gas phase transportation ............................................................ 11 
2.2.1.3 Nucleation and film growth..................................................................................... 11 

2.3 Advantage and disadvantage of pulsed laser deposition            12 
2.3.1 Advantage of pulsed laser deposition .......................................................................... 12 
2.3.2 Disadvantage of pulsed laser deposition ..................................................................... 13 

Chapter 3 14 

Experiments and set-up 14 

3.1 Introduction   14 

3.2 Equipment                                                        15 
3.2.1 Excimer laser............................................................................................................... 15 
3.2.2 Optics .......................................................................................................................... 16 



 

 XIII

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

3.2.3 Vacuum system............................................................................................................ 17 

3.3 Testing instrument                                             18 
3.3.1 X-ray diffraction.......................................................................................................... 18 
3.3.2 Scanning electron microscope..................................................................................... 22 

3.4 Experimental procedures                                         23 
3.4.1 Target fabrication......................................................................................................... 23 
3.4.2 Substrate preparation................................................................................................... 23 
3.4.3 Deposition process ...................................................................................................... 24 

3.5 Structural analysis of thin films                             26 
3.5.1 Thickness measurement .............................................................................................. 26 
3.5.2 In-plane and out-of-plane structure measurement ....................................................... 27 

3.6 Electrical analysis of thin films            29 
3.6.1 Resistivity against temperature relation by DC measurement..................................... 29 
3.6.2 Resistivity against temperature relation by AC measurement ..................................... 30 
3.6.3 Theory of the AC measurement................................................................................... 31 

Chapter 4                                 33 

Fabrication and characterization of La0.85Sr0.15MnO3, La0.7Sr0.3MnO3 
La0.7Sr0.3MnO3 cathode materials 33 

4.1 Introduction                                    33 

4.2 Structural characteristics of La0.7Sr0.3CoO3, La0.85Sr0.15MnO3 and La0.7Sr0.3MnO3 
targets                                            35 

4.2.1 Fabrication of La0.7Sr0.3CoO3, La0.85Sr0.15MnO3 and La0.7Sr0.3MnO3 targets............... 35 
4.2.2 Structural characteristics of La0.7Sr0.3CoO3, La0.85Sr0.15MnO3 and La0.7Sr0.3MnO3 

targets…………………………………………………………………………………. ....... 36 

4.3 Structural characteristics of La0.7Sr0.3CoO3, La0.7Sr0.3MnO3 and 
La0.85Sr0.15MnO3 thin films           39 

4.3.1 Fabrication of LSMO and LSCO thin films ................................................................ 39 
4.3.2 Structural characterization of LSMO film................................................................... 39 
4.3.3 Structural characterization of LSCO film.................................................................... 48 

4.4 Electrical properties of the La0.7Sr0.3CoO3, La0.7Sr0.3MnO3 and La0.85Sr0.15 MnO3 

thin films  53 
4.4.1 Electrical properties of LSCO and LSMO films ......................................................... 53 

Chapter 5 55 

Fabrication and characterization of Ce0.8Gd0.2O2-δ and Ce0.8Sm0.2O2-δ 



 

 XIV

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

electrolyte materials 55 

5.1 Introduction  55 

5.2 Structural characterization of Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ targets  56 
5.2.1 Fabrication of Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ targets ............................................ 56 
5.2.2 Structural characterization of Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ targets..................... 57 

5.3 Structural characterization of Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ thin films  59 
5.3.1 Fabrication of Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ films ................................................ 59 
5.3.2 Structural characterization of Ce0.8Gd0.2O2-δ film ........................................................ 61 
5.3.3 Structural characterization of Ce0.8Sm0.2O2-δ film ....................................................... 67 

5.4 Electrical properties of Ce0.8Gd0.2O2-δ and Ce0.8Sm0.2O2-δ thin films  76
5.4.1 Electrical properties of Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ thin films ........................... 76 
5.4.1.1 DC measurement of Ce0.8Gd0.2O2-δ and Ce0.8Sm0.2O2-δ thin films ............................ 76 
5.4.1.2 AC measurement of Ce0.8Gd0.2O2-δ and Ce0.8Sm0.2O2-δ thin films ............................ 79

Chapter 6 90 

Fabrication and characterization of La1-xSrxGa1-yMgyO3-δ electrolyte 
materials………………………………………………………………………90 

6.1 Introduction  90 

6.2 Structural characterization of La1-xSrxGa1-yMgyO3-δ targets       91 
6.2.1 Fabrication of the La1-xSrxGa1-yMgyO3-δ targets .......................................................... 91 
6.2.2 Structural characterization of the La1-xSrxGa1-yMgyO3-δ targets................................... 92 

6.3 Structural characterization of La1-xSrxGa1-yMgyO3-δ thin films  94 
6.3.1 Fabrication of the La1-xSrxGa1-yMgyO3-δ thin films...................................................... 94 
6.3.2 Structural characterization of the La1-xSrxGa1-yMgyO3-δ thin films.............................. 96 

6.4 Electrical properties of La1-xSrxGa1-yMgyO3-δ thin films  107 
6.4.1 Electrical properties of La1-xSrxGa1-yMgyO3-δ thin films ........................................... 107 
6.4.1.1 DC measurement of La1-xSrxGa1-yMgyO3-δ thin films ............................................. 107 
6.4.1.2 AC measurement of La1-xSrxGa1-yMgyO3-δ thin films ............................................. 110 

Chapter 7 117 

Fabrication and characterization of the patterned bi-layer and tri-layer SOFC   117

7.1 Introduction  117 

7.2 Fabrication and structural characterization of bi-layer and tri-layer thin   
films                                                     118 

7.2.1 Fabrication of the La0.7Sr0.3CoO3/ La0.8Sr0.2Ga0.8Mg0.2O3-δ/ LAO thin film .............. 118 



 

 XV

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

7.2.2 Structural characterization of the La0.7Sr0.3CoO3/ La0.8Sr0.2Ga0.8Mg0.2O3-δ/ LAO thin 

film..................................................................................................................................... 118 
7.2.2.1 Structural characterization by XRD ....................................................................... 118 
7.2.3 Fabrication of the Pt/ La0.8Sr0.2Ga0.8Mg0.2O3-δ/ La0.7Sr0.3CoO3/ LAO thin 

film……...................................................................................................................... ........ 120 
7.2.4 Structural characterization of the Pt/ La0.8Sr0.2Ga0.8Mg0.2O3-δ/ La0.7Sr0.3CoO3/ LAO 

thin film.……...................................................................................................................... 121 
7.2.4.1 Structural characterization by XRD ....................................................................... 121 
7.2.4.2 Structural characterization by transmission electron microscopy .......................... 122 

Chapter 8 127 

Conclusion and future work                                           127 

References 132 

 

 
 
 
 
 
 
 
 
 
 



 

 1

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

Chapter 1 

Introduction 
 
1.1 Introduction 
 

The emergence of fuel cells (FCs) as important and alternative power 

generating devices has been accelerated in recent years by the much uplifted 

environmentalistic concerns and the pessimistic projection of shortage of fossil 

fuels supply. Among the many types of FC being developed, solid oxide fuel 

cell (SOFC), which makes use of ionic conducting oxides as electrolytes, has 

attracted great interest due to its pollutant free operation and high energy 

conversion efficiency. The majority pollutants from SOFC are several orders of 

magnitude lower than those produced by conventional power generators. NOx, 

SOx and particulates are undetectable for SOFC systems. It directly converts 

the chemical energy to electrical energy. In comparison, the conventional 

inductive type of power generators, apart from being dirty pollution emitter, 

suffer heavy losses from processes involving conversions of fuel to heat, to 

mechanical energy and then to electrical energy.  Currently the size 

miniaturization and the reduction of operating temperature are the research 

focuses of SOFC for applications in portable devices [1-2]. In this connection, 

the fabrication of ionic conducting oxide thin films and the study of their 

electrical transport characteristics are necessary. 
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1.2 Working principle of the SOFCs 

 

1.2.1 Mechanism of the SOFCs 

 

Basically, SOFC consists of the two electrodes, called cathode and anode 

separated by an oxide conducting electrolyte. First of all, the fuel is fed to the 

anode side to undergo oxidation reaction, followed by releasing electrons to the 

external circuit. For the cathode side, it provides catalytic reaction sites for the 

electrochemical reduction of oxidant. For the conventional SOFC, hydrogen 

and oxygen are chosen as the fuel and oxidant respectively. The oxygen ions 

transport from cathode to anode through the electrolyte, but it blocks electron 

transport, forcing the electrons of the reaction to transverse an external load. 

The schematic diagram of reactions in SOFCs is shown in Fig 1.1 [1].  
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ig. 1.1 Working principle of the SOFC 

.2.2 Conduction mechanism in oxides 

ction takes place with the presence of point defects. Basically, 

 
 

e
External 

load

H2 O2
CathodeAnode

O2-
O2(g) + 4e-  O2-

(s)   O2-
(s) + H2(g) H2O(g) + 2e-

 
 
F
 
 
 
 
1
 

Ionic condu

vacant sites should be present to form a continuous path for the ion to jump into 

and move about. Also, the potential barrier should not be too high for the ion 

jumping. There are a variety of ways to introduce the vacancies, by doping, by 

changing of the stoichiometry, or by thermal excitation. By doping is the most 

common method to generate vacancies for the ionic conducting oxide 

electrolyte [3]. In this study, the targets of the electrolyte were fabricated by 

doping as well.  
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.3 Literure review on SOFC 

he first solid oxide fuel cell was fabricated in 1937 [4]. Sugiura and his 

2

3 4

In the early 1960s, several developments on practical SOFC began. Flat-plate 

From tterns of the SOFC such as segmented cell in 

Yttria stabilized Zirconia (YSZ) is one of the electrolyte widely used in SOFCs. 

o 

1
 

T

co-worker succeeded in fabricating SOFC in the form of tubular crucible form 

with ZrO -based ionic conductors as electrolyte, with iron as the anode and 

Fe O  as the cathode. They observed a relatively good open-circuit voltages 

were 1.1 V to 1.2 V at the operating temperature of 1000 °C and 1050 °C 

respectively. However, it could not be used practically because the current 

output of the cell was too low.   

 

design was chosen as the cell configuration in this period of time. The 

electrolyte was used in disk form. The drawback of this design is that it 

required using a very thick electrolyte, thus leading a significant internal 

resistance loss. Thin-electrolyte concept was then raised.  

 

 1970 to 1980, various pa

series design, sealless tubular design and monolithic design were proposed. At 

the same time, interest in the flat-plate design has been renewed because of the 

various new technologies in ceramic fabricating.  

 

It possesses adequate oxide ion conductivity and stabilizes in both oxidizing 

and reducing environment [3,5-6]. This electrolyte, however, requires high 

operating temperature of up to 1000 °C in order to achieve reasonable ionic 

conductivity σ ≈ 0.1 S/cm [3,6-7]. Such high operating temperature limits the 
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However, the enhancement of the ionic conductivity of YSZ through varying 

The identification of new high-performance electrolytes such as 

he use of thin-film electrolytes is considered a promising technique for SOFC 

choice of usable anode and cathode materials. Cracking and delamination are 

easily induced during thermal cycling because of the thermal mismatch 

between the ceramic components. Indeed there are a host of problems 

associated with the high temperature SOFC operation that one wishes to avoid. 

Therefore, some research works have been focused on the changing of doping 

concentration and doping materials to enhance the ionic conductivity during the 

1990s [8-12]. 

 

the doping concentration and doping material was not enough. As a result, the 

development of an oxide conductor with higher ionic conductivity is an 

important subject [13-18].  

 

La0.9Sr0.1Ga0.9Mg0.1O3-δ (LSGMO) and Ce0.8Gd0.2O2-δ (CGO) represents a major 

advance towards this end. LSGMO and CGO have ionic conductivity nearly an 

order of magnitude higher than YSZ and the previous one exhibits almost pure 

oxide ion conduction in the range of oxygen partial pressures from 105 to 10-16 

Pa [14-15, 19]. For example, the conductivity of CGO is 0.035 S/cm while that 

of YSZ is less than 0.005 S/cm at 600 °C [16,19-24]. LSGMO exhibits a high 

oxide ion conductivity of about 0.1 S/cm at the temperature of 800 °C [17-18, 

25]. Details of the bulk materials of other doped LaGaO3 studies are reported 

elsewhere [13-15, 17-18, 25-34]. 

 

T
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miniaturization. Pulsed laser deposition (PLD) is one of the convenient ways to 

fabricate complex oxide thin films. With the use of properly structural matched 

substrates epitaxially grown films can be easily obtained. In this study, CGO, 

CSO and LSGMO thin films have been fabricated on the (100)LaAlO3 (LAO), 

(100)MgO and fused silica substrates at different deposition temperature by 

PLD technique. Randomly oriented polycrystalline and epitaxially grown films 

were obtained. The DC and AC electrical transport of these films were 

measured and compared. The bi-layer and tri-layer structure of the SOFC has 

been fabricated and their structural properties were studied by TEM and XRD 

as well.  
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.4 Outline of the thesis 

Literature review and basic background theory on SOFC are described in the 

Chapter 3 provides the experimental setup of the pulsed laser deposition system.  

In Chapter 4, we focus on the fabrication and characterization of the cathode 

Ce0.8 m0.2O2-δ and Ce0.8Gd0.2O2-δ ceramic targets used in fabricating the 

1

 

last few sections in this chapter. A brief introduction of pulsed laser deposition 

method is presented in Chapter 2. The working mechanism of the pulsed laser 

deposition as well as the advantages and disadvantages of utilizing pulsed laser 

deposition to prepare complex oxide thin films are discussed.  

 

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

introduces the various measurement techniques such as XRD, SEM, DC and 

AC characteristic measurement. The whole deposition process is discussed in 

detail and epitaxial film grown conditions are emphasized.  

 

thin films. The cathode targets have been fabricated using LSCO and different 

chemical composition of LSMO. The electronic conductivity of the cathode 

thin films as a function of temperature has been examined, and results of which 

are presented.   

 

S

electrolyte thin films are described in Chapter 5. The structural and electrical 

characteristics of the CGO and CSO thin films have been investigated, and the 

results of which are furnished in this chapters. In Chapter 6, the investigations 

are similar to Chapter 5. A different material, LSGMO, however is chosen 
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Fabrication of tri-layer structure to form a single chamber SOFC is one of the 

The present experimental results and important findings are emphasized and 

instead of CSO and CGO.    

 

objectives of the present study. So in this research we try to produce the thin 

film SOFC with good crystallinity. In Chapter 7, structural characterization of 

the tri-layer thin film has been investigated by XRD and TEM.  

 

concluded in the last chapter of this thesis. Suggestion for future investigation 

and development are suggested. The values of this research are fairly evaluated.  
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Chapter 2 

Pulsed laser deposition 
 
2.1 History of pulsed laser deposition 
 

In the mid of 1960s, the ruby laser was used to vaporize and excite atoms from 

the material surface by Breech and Cross [35]. A few years later, deposition of 

thin films was obtained by ruby laser. This marked the very beginning of the 

development of the pulsed laser deposition technique (PLD). With the use of 

the reliable electronic Q-switches lasers, a very short optical pulse with peak 

power density exceeding 108W/cm2 was available. In subsequent development 

of the laser technology, high efficiency harmonic generators were developed. 

They delivered powerful UV radiation. Due to short wavelength of the 

radiation, enhanced non-thermal interaction at the target surface was achieved. 

As a result, a quick and efficient congruent evaporation of target materials was 

made possible. Because of this PLD process was shown to grow stoichiometry 

thin films easily. For the past thirty years or so, numerous reports have been 

published for the fabrication of crystalline films grown by PLD [35]. Indeed, 

epitaxial semiconductor films, heterostructures, and superlattices produced by 

PLD have all been demonstrated. It has also been shown that the quality of 

some of the PLD films is comparable to those grown by MBE [36]. However, 

the most noted success of PLD is on fabrication of stoichiometric complex 

oxide thin films such as superconducting YBa2Cu3O7 or ferroelectric 

perovskites. 
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2.2 Mechanism of pulsed laser deposition 
 

The mechanisms involved in pulsed laser deposition are quite complicated. 

This is in direct contrast to the simplicity of the set-up itself. In essence high 

power laser energy is used as an external energy source to vaporize materials 

that subsequently deposit on substrates to form thin films. Usually a pulsed 

laser beam is focused onto the surface of a solid target. The strong absorption 

of the electromagnetic radiation by the solid surface leads to rapid evaporation 

of the target materials. The evaporated materials, named evaporants, consist of 

a mixture of energetic species including atoms, molecules, electrons, ions, 

clusters, micro-sized solid particulates, and molten globules. A glowing plasma 

plume will be formed from the evaporants immediately in front of the target 

surface if the ablation is carried out in vacuum. Then the energetic species 

undergo thermal and non-thermal interaction with the substrate and ultimately 

lead to film formation and grain growth [37]. 
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2.2.1 The three stages of pulsed laser deposition process 
 
2.2.1.1 Laser-target interaction 

When a high power laser beam is focused onto the target, all elements in the 

target surface are rapidly heated up to their evaporation temperature because of 

the high energy densities and short pulse duration. Due to the local heating, 

temperature of the order of 3500 °C is readily reached in a small volume at near 

the target surface. As a result, materials are dissociated from the target, and 

then ablated out with stoichiometry as in the target. The ablation mechanisms 

involve many complex physical phenomena such as collision, thermal and 

electronic excitation, exfoliation and hydrodynamics [37]. 

 

 

2.2.1.2 Target to substrate gas phase transportation 

 

The ablated materials are highly excited and form a glowing plasma. The 

plasma plume possesses uniform translational energy of about 10-100eV with 

small spread. Two types of particles, the thermal induced particle and the 

non-thermal induced particle will spread out as cosθ and cosnθ, where n>>1 

respectively. High ion/neutral ratio and many multiply ionized species are 

carried in the plasma as well.  

 

 

2.2.1.3 Nucleation and film growth 

 

The growth of thin films can be categorized into three conventional modes. 

Three-dimensional island growth (Volmer-Weber) involves the formation of 
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isolated islands on the surface. It only occurs when the cohesive energy of the 

atoms within the film is higher than that of the energy between the films and 

atoms on the surface. A very smooth epitaxial film is resulted in 

two-dimensional full-mono-layer growth (Frank-van der Merwe) because of the 

higher cohesive energy between the films and the surface atoms than that of the 

film atoms. Mixed growth mode (Stransk-Kastinov) occurs for the interaction 

strength somewhere in the middle.  

 
 

2.3  Advantage and disadvantage of pulsed laser 

deposition 

 
2.3.1 Advantage of pulsed laser deposition  
 

PLD offers several advantages for fabricating films. First of all, the fabricated 

films normally possess the same stoichiometry as the multicomponent targets. 

Secondly, The requirement of substrate temperature for fabricating crystalline 

films by PLD is relatively low compare with those utilizing other deposition 

method such as thermal evaporation, electron-beam or ion-beam evaporation, 

d.c. or r.f. magnetron sputtering, chemical vapor deposition (CVD), and 

molecular beam epitaxy (MBE). Because of the high energy density of the 

focused laser beam, the as-deposited energetic species have sufficient kinetic 

energy to migrate to their favorable site. In addition, in-situ growth of different 

materials is available by the PLD method. For example, using a rotating 

multi-target holder, the laser beam can be rastered different targets by setting a 

suitable alignment. As a result, in-situ growth of heterostructures is achieved by 

this way. The thin film can be deposited in any ambient gas by PLD as well. 
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Finally, the start-up cost of PLD is low in comparison with, say, molecular 

beam epitaxy (MBE). 

 
 
2.3.2 Disadvantage of pulsed laser deposition  
 

There are three main disadvantages of using PLD. The deposition area is very 

small because of the limited angular spread of the plume. First of all, deposited 

films of only about 1 cm2 can be obtained in a typical PLD geometry. The 

uniformity of the film thickness cannot be maintained if the area of deposition 

is too large. The maximum film thickness is obtained at the center of the 

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

point [37]. However, the uniformity can be modified by tilting and rotating the 

substrate. The second undesirable feature of PLD is that the as-deposited films 

are often covered with large particulates. The formation of the particulates is 

quite complicated [37]. The particulates size can be as large as ~μm, which is 

bigger than the thickness dimension of the deposited film. As a result, the 

degradation of the film properties occurs because of the presence of these large 

particulates on the film. This is particularly damaging in multi-layer systems. 

However, with the use of the blocking mask placed in between the substrate 

and the target holder during deposition, the particulates problem could be 

greatly reduced [38]. Several approaches for reducing the number of 

particulates such as velocity filter, electromagnetic shutter etc are used as well. 

The target surface modification represents another disadvantage. Repeated 

irradiation by high power laser cause pitting on the target surface. If uncheck, 

these target surface modifications can easily lead to reduced ablation yield and 

particulates formation. 
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Chapter 4 

Fabrication and characterization of La0.7Sr0.3MnO3, 

La0.85Sr0.15MnO3 and La0.7Sr0.3CoO3 cathode 

materials 
 
4.1 Introduction 
 

A prime function of the cathode in SOFC is to provide reaction sites for the 

electrochemical reduction of the oxidant. The basic requirement for cathode 

should be good stability in oxidizing environment at room temperature, 

operating temperature and fabrication temperature, so that there is no phase 

transformation. Also, the electronic conductivity must be sufficiently high to 

minimize ohmic losses and having enough catalytic activity for the oxidant gas 

reaction at the operating temperature. In order to avoid second phase formation, 

chemical reaction and elemental interdiffusion between the cathode and 

electrolyte should be limited. Because of the high temperature operation (600 

°C) in SOFC, cracking is easily occurred. The thermal expansion between the 

cathode and the electrolyte should be similar as well [1, 41].     

 

La1-xSrxMnO3 (LSMO) has been widely used as cathode material in SOFC. The 

reasons are that it is low cost, possesses of sufficient electronic conductivity in 

the oxidizing environment and is not easy to have chemical interaction with the 

conventional electrolyte.  Its thermal expansion coefficient is ~ 12.5 X 10-6 

K-1, showing a slight dependence on the composition of the target [1].  For the 

conventional electrolyte materials such as LSGMO, CGO and CSO, the thermal 
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expansion coefficient are ~ 12 X 10-6 K-1, 11.5 X 10-6 K-1and 11.9 X 10-6 K-1 

respectively [1, 33, 42]. The excellent thermal expansion coefficient matching 

between LSMO and electrolyte materials are ideal for producing crack-free thin 

film interface. 

 

La1-xSrxCoO3 (LSCO) has similar properties to that of LSMO. The thermal 

expansion is ~ 26.2 X 10-6 K-1 at temperature above 700 oC. This is too high 

compared with that of the electrolyte materials [43]. Also, LSCO may react 

with the electrolyte materials at 1000 °C to form secondary phase at the 

interface [1]. This unwanted interface layer affects the conductivity of the 

electrolyte so much. However, if the operating temperature is below 600 oC, the 

thermal expansion is significantly reduced to 17.7 X 10-6 K-1 [43]. As a result, 

LSCO is possible for the used as cathode material in thin film form, not only 

stable in oxidizing environment, but also having higher electronic conductivity 

than LSMO.  

 

In this study, one LSCO target and two LSMO targets of different composition 

(La0.85Sr0.15MnO3 and La0.7Sr0.3MnO3) have been prepared. The electronic 

conductivities as a function of temperature of the LSMO and LSCO films were 

investigated. The structural characteristics of the films and targets were 

evaluated by x-ray diffraction and SEM.   
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4.2  Structural characteristics of La0.7Sr0.3CoO3, 

La0.85Sr0.15MnO3 and La0.7Sr0.3MnO3 targets 
 

4.2.1 Fabrication of La0.7Sr0.3CoO3, La0.85Sr0.15MnO3 and 

La0.7Sr0.3MnO3 targets 
 

LSMO and LSCO targets were fabricated by the standard solid states reaction 

method. The chemicals involved and their appropriate weight ratios are shown 

in Table 4.1.  

 
 
Table 4.1 Required chemical and their weight 

 La2O3 SrCO3 MnO2 Co3O4

La0.7Sr0.3CoO3

Molar Weight 
Desired Weight 

 
325.809 g 

11.76 g 

 
147.63 g 
4.56 g 

 
- 
- 

 
240.797 g 

8.27 g 
La0.7Sr0.3MnO3

Molar Weight 
Desired Weight 

 
325.809 g 

11.76 g 

 
147.63 g 
4.56 g 

 
86.95 g 
8.96 g 

 
- 
- 

La0.85Sr0.15MnO3

Molar Weight 
Desired Weight 

 
114.16 g 
14.27 g 

 
114.16 g 
2.28 g 

 
86.95 g 
8.96 g 

 
- 
- 

 

 

According to the desired stoichiometric ratio, the required amount of oxide 

powder was weighed. The powder was mixed with ethanol and then ball milled 

for 9 hours. In order to get rid of the organic components from the mixed 

powder and to allow the chemical reaction to occur, calcinations was carried 

out. The calcinated powder was compressed by an oil-compressor at a pressure 

of 4.5 Ton into about 3 mm thick circular pellets. Sintering was then carried out 



 

 36

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

to form the desired target. The calcinations and sintering processes were 

tabulated in table 4.2. Each of the calcinations and sintering processes were 

done in air and lasted for 10 hours at the desired temperature. 

 
 
Table 4.2 Calcination and sintering temperature 

 Calcination temperature Sintering temperature 

La0.7Sr0.3CoO3

 

1100 °C
 

1400 °C
 

La0.7Sr0.3MnO3

 

1100 °C
 

1350 °C
 

La0.85Sr0.15MnO3

 
1100 °C 1350°C 

 
 

4.2.2 Structural characteristics of La0.7Sr0.3CoO3, 

La0.85Sr0.15MnO3 and La0.7Sr0.3MnO3 targets 
 

To investigate the structural characteristics of the as prepared targets, XRD was 

performed. Fig. 4.1 and Fig. 4.2 are the θ-2θ scans of the LSMO 

(La0.85Sr0.15MnO3 and La0.85Sr0.15MnO3) and La0.7Sr0.3CoO3 targets respectively. 

The major x-ray diffraction peaks are in good match with those listed on the 

database (International centre for the Diffraction Data, ICDD). In order to 

verify the exact chemical composition, EDX analysis was carried out. 
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Fig. 4.1  XRD patterns of LSMO target with different composition (a) 

La0.7Sr0.3MnO3 and (b) La0.85Sr0.15MnO3
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Fig. 4.2 XRD patterns of La0.7Sr0.3CoO3 target  
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4.3  Structural characteristics of La0.7Sr0.3CoO3, 

La0.7Sr0.3MnO3 and La0.85Sr0.15MnO3 thin films  
 
4.3.1 Fabrication of LSMO and LSCO thin films  
 

All the LSMO and LSCO films were deposited by PLD. These materials have 

lattice constant of around 3.9 Å. In order to achieve a lattice matching 

condition for epitaxial growth, commercial single crystal (100) LaAlO3 (LAO) 

(a = 3.8 Å) and (100)MgO (a = 4.2 Å) were chosen as the substrates. Basically, 

both of the LAO and MgO are cubic structure. All films were deposited at a 

substrate temperature of 650 °C and an ambient oxygen pressure of 100mtorr. 

The laser fluence was kept to ~ 5 Jcm-2. The deposition time of LSMO and 

LSCO thin films were last for 10 minutes. The thickness of the resulted films 

was about 300 nm. Two parallel platinum (Pt) strips were deposited on the top 

of the films acting as the electrodes for electrical measurement. A sufficiently 

high substrate temperature could improve the adhesion and create a good ohmic 

contact between the oxide films and the Pt electrode. Therefore, the deposition 

of Pt was carried out at a substrate temperature of 300 °C and at a pressure of 

several mtorr. 

 
 
4.3.2 Structural characterization of the LSMO film 
 

The structural properties of a single layer of LSMO film grown on (100) LAO 

substrate was examined. LSMO has a peusdocubic structure. The out-of-plane 

lattice constant a was found to be ~3.9 Å. This is very close to that of LAO and 

epitaxial growth of LSMO on LAO is expected. We have also used MgO single 
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crystal as substrate in order to eliminate the possible electronic conduction 

effect that occurs at high temperatures on using LAO substrate [6].  

 

The lattice dimension of LSMO is composition dependant - a smaller lattice 

constant a for more strontium doping. For example, the lattice constants of 

La0.85Sr0.15MnO3 is 3.88 Å while that of La0.7Sr0.3MnO3 is 3.87 Å. Fig. 4.3 and 

Fig. 4.4 present the θ-2θ scans of LSMO thin film grown on (100) LAO and 

(100) MgO single crystals respectively. The θ-2θ scans confirm the growth of 

single phase LSMO film on LAO and MgO. Only (h00) oriented peaks are 

observed. The FWHM of La0.7Sr0.3MnO3/LAO and La0.85Sr0.15MnO3/LAO is 

0.29° and 1.05° respectively. They are shown in Fig. 4.5.  Fig. 4.6 shows the 

rocking curves of LSMO/MgO structure. The FWHM of rocking curves of the 

LSMO/MgO structures is greater than those of LSMO/LAO structures. It 

suggests that the crystalline quality of LSMO films grown on LAO is better. 

This is not totally unexpected. The lattice constant of MgO is 4.2 Å, which is 

substantially bigger than that of LSMO. This large lattice mismatch inevitably 

degraded the epitaxial film quality. 

 

So far the out-of-plane structural characteristic of the LSMO film was 

determined. However the in-plane structural quality and grain mosaicity could 

not be determined by the above measurement. Therefore, additional φ scan was 

applied to examine the in-plane parameter of the films. Fig. 4.7 and 4.8 show 

the φ scan of (202) LSMO reflection peaks. For this φ scan, the angle of χ was 

tiled 45°, so that (h01) phase family aligned normal to the incident x-ray beam 

at some specific φ angles. For example, in a cubic system the (h01) family 

planes meet the incident x-ray beam at Bragg’s condition four times during a 
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360° φ-rotation. Consequently four distinguish peaks separated by 90° are 

obtained in the φ-scan. The four fold symmetry observed in the XRD patterns 

confirms the cubic structure of the LSMO/LAO substrate as well as 

LSMO/MgO. The four characteristic peaks of the LSMO reflections are very 

sharp and their φ angle values match with those of the LAO and MgO 

reflections. This is a clear indication of cube-on-cube epitaxially grown LSMO 

films on LAO and MgO substrates. 

 

In conclusion, single phase (100) LSMO was grown on both of the single 

crystal (100) LAO and MgO substrate epitaxially. Good crystalline structure 

and grain orientation were found for the LSMO film deposited at substrate 

temperature of 650 °C on LAO. The crystallinity is slightly poorer for the 

LSMO film grown on MgO substrate. 
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Fig. 4.3  X-ray θ-2θ diffraction patterns for (a)La0.7Sr0.3MnO3/LAO structure 

and (b) the La0.85Sr0.15MnO3/LAO structure 
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Fig. 4.4  X-ray θ-2θ diffraction patterns for (a)La0.7Sr0.3MnO3/MgO structure 

and (b) the La0.85Sr0.15MnO3/MgO structure  
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Fig. 4.5  The rocking curve of the (a) La0.7Sr0.3MnO3/LAO and (b) 

La0.85Sr0.15MnO3/LAO 
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Fig. 4.6  The rocking curves of (a) La0.7Sr0.3MnO3/MgO and (b) 

La0.85Sr0.15MnO3/MgO 
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Fig. 4.7  φ scans of (a)(i) (202) La0.7Sr0.3MnO3 and (ii) (202) LAO reflection 

and (b)(i) (202) La0.85Sr0.15MnO3 and (ii) (202) LAO reflection peaks 
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Fig. 4.8  φ scans of (a)(i) (202) La0.7Sr0.3MnO3 and (ii) (202) MgO reflection 

and (b)(i) (202) La0.85Sr0.15MnO3 and (ii) (202) MgO reflection peaks 
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4.3.3 Structural characterization of the LSCO film 
 

Fig. 4.9 presents the x-ray diffraction profiles of LSCO films grown on the (100) 

LAO and (100) MgO. Single phase crystalline films grown on these two 

different substrates were confirmed. The FWHM of rocking curves of 

LSCO/LAO is smaller than those of LSCO/MgO. Their corresponding values 

are displayed in Fig. 4.10. In φ scan analysis, the four characteristic reflection 

peaks of LSMO, LAO and MgO are observed as shown in Fig. 4.11 and Fig 

4.12. The films φ-scan peaks are sharp and at the same angle values as that of 

the substrates. As argued before, cube-on-cube epitaxially grown LSCO film on 

LAO and MgO substrate are evident.  
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Fig. 4.9  X-ray θ-2θ diffraction patterns of La0.7Sr0.3CoO3 grown on (a) LAO 

and (b) MgO   
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Fig. 4.10  The rocking curve of the (a) La0.7Sr0.3CoO3/LAO and (b) 

La0.7Sr0.3CoO3/MgO 
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Fig. 4.11  φ scans of (a) (202) La0.7Sr0.3CoO3 and (b) (202) LAO reflection 

peaks 
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Fig. 4.12  φ scans of (a) (202) La0.7Sr0.3CoO3 and (b) (202) MgO reflection 

peaks 
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4.4  Electrical Characterization of La0.7Sr0.3CoO3, 

La0.7Sr0.3MnO3 and La0.85Sr0.15MnO3 thin films  
 
4.4.1 Electrical properties of the LSCO and LSMO films 
 

For being a premier cathode for SOFC, materials need to have thermal stability, 

matching expansion coefficient, and good electronic conductivity. The thermal 

properties of LSCO and LSMO have been studied and reported elsewhere [1, 

41]. The consensus is that both of the materials are suitable for use as cathode 

in SOFC. In fact, both LSMO and LSCO are known to be good electronic 

conducting oxides. Typically, the requirement for the electronic conductivity is 

greater than 50 S/cm at 1000 oC for bulk material [41]. A simple two point 

probe was used to study the electronic conductivity of the LSMO and LSCO 

films with different substrates as a function of temperature range from 400 °C– 

650 °C. Although a four-point probe technique is more accurate to determine 

the films conductivity, the present set up is nevertheless adequate to provide 

inductive measurements. Fig. 4.13 shows the electronic conductivity of the 

films as a function of temperature. At 600 °C, the La0.7Sr0.3CoO3/LAO film 

exhibits an electronic conductivity of 3360 S/cm, while that of the 

La0.7Sr0.3MnO3/LAO is only 200 S/cm. As a result, LSCO thin film is an 

excellent choice for the cathode in SOFC. The enhanced conductivity of LSCO 

grown on LAO is probably due to improved film crystallinity as suggested by 

fig. 4.10(a).  
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Fig. 4.13  Τhe electrical conductivity of the cathode thin films as a function of 
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Chapter 5 

Fabrication and characterization of Ce0.8Gd0.2O2-δ 

and Ce0.8Sm0.2O2-δ electrolyte materials 
 
5.1 Introduction 
 

In SOFC, the electrolyte serves to conduct oxygen ions between the cathode 

and the anode. In other word, excess ions produced at one electrode due to 

catalytic chemical reaction are transported via the electrolyte to the other 

electrode and created a potential difference. Thus electrons flowing round an 

external circuit linking the electrodes thus balance potential difference. As a 

result, a closed loop electrical circuit is complete in the SOFC. Basically, the 

electrolyte should have similar thermal expansion and chemically compatible 

with the two electrode materials. Cracking and other unwanted phase formation 

should be by all means avoided. However, when it comes to the crunch, it is the 

high ionic conductivity that remains the most important aspect of electrolytes.       

 

In this study, Ce0.8Sm0.2O2-δ(CSO) and Ce0.8Gd0.2O2-δ(CGO) laser ablation 

ceramic targets have been prepared. Electrolyte thin films made out of these 

targets have been fabricated on the (100)LaAlO3 (LAO), MgO and fused silica 

substrates at different deposition temperature by PLD technique. The structural 

characteristics of the films and targets were revealed by x-ray diffraction and 

SEM. In the present studies randomly oriented polycrystalline and epitaxially 

grown films have been obtained. The DC and AC electrical transport of these 

electrolyte films were measured and compared. 
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5.2  Structural characteristics of Ce0.8Sm0.2O2-δ and 

Ce0.8Gd0.2O2-δ targets 
 
5.2.1 Fabrication of the Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ targets 
 

All the Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ targets were fabricated by standard 

solid state reaction method. The chemicals involved and their appropriate 

weight ratios are shown in Table 5.1.  

 

 

Table 5.1 Required chemical and their weight 
 CeO2 Sm2O3 Gd2O3

Ce0.8Gd0.2O2-δ

Molar Weight 
Desired Weight 

 
172.115 g 

14.2 g 

 
- 
- 

 
362.498 g 

3.73 g 
Ce0.8Sm0.2O2-δ

Molar Weight 
Desired Weight 

 
172.115 g 

14.2 g 

 
348.715 g 

3.6 g 

 
- 
- 

 

 

The amount of oxide powder was weighed according to the desired 

stoichiometric ratio. The powder was mixed with ethanol and then ball milled 

for 9 hours. Calcinations was carried out in order to get rid of the organic 

components from the mixed powder and to allow the chemical reaction to occur. 

The calcinated powder was compressed by an oil-compressor at a pressure of 

4.5 Ton into 3 mm thick circular pellets. Sintering was then carried out to form 

the desired target. The calcinations and sintering processes were tabulated in 

table 5.2. Each of the calcinations and sintering processes were done in air and 
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lasted for 10 hours at the desired temperature. 

 
 
Table 5.2 Calcination and sintering temperature 

 Calcination temp Sintering temp 

Ce0.8Sm0.2O2-δ

 
1150 °C 1450 °C 

Ce0.8Gd0.2O2-δ

 
1150 °C 1450 °C 

 
 
 
 
 

5.2.2  Structural characteristics of Ce0.8Sm0.2O2-δ and 

Ce0.8Gd0.2O2-δ targets 

 

XRD was carried out for structural characterization of the as-prepared targets. 

Fig. 5.1 is the θ-2θ scans of the Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ targets. 

According to the database (International centre for the Diffraction Data, ICDD), 

the major x-ray diffraction peaks show good matching. EDX was carried out to 

verify the chemical composition. 
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Fig. 5.1 XRD patterns of the (a) CSO target and (b) CGO target  

 
 
 



 

 59

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

5.3  Structural characteristics of Ce0.8Sm0.2O2-δ and 

Ce0.8Gd0.2O2-δ thin films 
 
5.3.1 Fabrication of Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ thin films  
 

All the Ce0.8Sm0.2O2-δ and Ce0.8Gd0.2O2-δ thin films were deposited by PLD. For 

these materials, their lattice constant are more or less the same at around 5.4 Å. 

In order to investigate their ionic conductivity with different crystallinity 

structure, different substrate and deposition temperature were used to fabricate 

the films. To facilitate a lattice matching condition, commercial single crystals 

of (100) LaAlO3 (LAO) and (100) MgO were chosen as the deposition 

substrate. LAO and MgO are both cubic in structure and has a lattice constant 

about 3.9 Å and 4.2 Å respectively. Fused silica was used as substrate as well in 

order to fabricate amorphorous/polycrystalline films. All films were fabricated 

at different substrate temperature but under the same ambient oxygen pressure 

of 100mtorr. The laser fluence was kept to ~ 5 Jcm-2. The PLD duration for 

growing thin films of CGO and CSO was 10 minutes. The thickness of the 

as-deposited films is ~ 400 nm. Two parallel Pt strips were deposited on the top 

of the films. A sufficiently high substrate temperature could improve the 

adhesion and create good ohmic contact between the oxide films and the Pt 

electrode. Therefore, Pt was deposited at a substrate temperature of 300 °C and 

at a pressure of several mtorr. Fig. 5.2 shows the SEM cross-sectional image of 

the CGO/LAO heterostructures deposited at 650 °C. The actual thicknesses of 

the CGO and CSO films are easily obtained from the SEM cross-section 

picture. 
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ig. 5.2  The SEM cross-sectional image of 400 nm CGO/LAO film deposited 

at 650 °C 
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ingle layer CGO films grown on (100) LAO, (100) MgO and fused silica 

ubstrates were examined. Special attention was directed towards the structural 

roperties of films grown on LAO and MgO substrates. CGO has a cubic 

tructure and the out-of-plane lattice parameter a was found to be ~5.4 Å. 

lthough CGO has a large lattice mismatch with LAO and MgO, a 45 degree 

isted epitaxial growth on LAO because the diagonal of the LAO crystal is 

atched with the side of CGO crystal. For the CGO growth on MgO, 

ube-on-cube epitaxial growth on MgO is expected due to the domain 

atching.  

ig. 5.3 shows the θ-2θ scans of a CGO thin film grown on (100) LAO single 

φ scan was applied to examine the in-plane parameter 

f the films. The procedure for performing the 3600-φ scan on CGO films is 

5.3.2 Structural characterization of the Ce0.8Gd0.2O2-δ film 

S

s

p

s

A

tw

m

c

m

 

F

crystal with different deposition temperature. Films grown at 300 °C show no 

diffraction peaks, suggesting an amorphous nature. Films deposited on LAO at 

650 °C exhibit strong diffraction peaks. However only the (h00) oriented peaks 

are observed. This is a clear indication that we have single phase crystalline 

films here. The XRD rocking curve on the CGO (200) reflection are depicted in 

Fig. 5.4. The full width at half maximum (FWHM) of the curve is ~0.93°.  

 

So far the out-of-plane structural characteristic of the CGO films was 

determined. Additional 

o

similar to that described in Chapter 4 for LSMO films. Fig. 5.5 shows the φ 

scan of (202) CGO reflection peaks. The four characteristic peaks of the CGO 

reflections are very sharp and distinct. Their φ angle values differ from that of 
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gO 

ubstrate at different substrate temperatures are shown in Fig. 5.6. Fig. 5.6(a) 

 

istakable sign of a 

CGO film on MgO substrate. θ-2θ scan of 

the corresponding LAO reflections by 45°. This is a clear indication of a 45° 

twisted epitaxial growth of CGO film on LAO substrate.  

 

Typical θ-2θ x-ray diffraction patterns of the CGO thin films grown on M

s

confirms the growth of single phase CGO film on MgO at 650 °C. Again only 

the (h00) oriented peaks are observed. The rocking curve of the (200) 

reflections from CGO films as shown in Fig. 5.7 reveal a FWHM of ~2.35°. 

This suggests a rather poor crystalline quality. Fig. 5.8 shows the φ scan of (202)

CGO reflection peaks. The four fold symmetry observed in the XRD φ-scan 

confirms the cubic structure of the grown CGO films. The four characteristic 

peaks of the CGO reflections, though weak, are clearly discernable and aligned 

perfectly with those of the MgO. This is an unm

cube-on-cube epitaxially grown 

CGO thin film grown on fused silica is shown in Fig. 5.9. A few weak 

diffraction peaks are seen. They correspond to reflections from (200), (311) and 

(400) planes. It therefore can be concluded that the CGO film deposited on 

fused silica is of randomly oriented polycrystalline structure. 
   

In conclusion, well crystallized CGO films are obtained at growth temperature 

of 650 °C. Randomly oriented polycrystalline films are found to grow on fused 

silica (amorphous) substrates. Single phase (100) CGO films, however, are seen 

to grow on lattice matched single crystal (100) LAO and (100) MgO substrates 

via a 45° twisted epitaxy and a cube-on-cube expitaxy respectively.  
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ig. 5.3  X-ray θ-2θ diffraction patterns for CGO films grown on LAO at 
substrate temperature (a) 650 °C and (b) 300 °C 
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ig. 5.5 φ-scan of (a) (202) CGO and (b) LAO 
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Fig. 5.4 Rocking curve of (200) CGO film on LAO grown at 650 °C  
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ig. 5.6  X-ray θ-2θ diffraction patterns for CGO films grown on MgO at 
substrate temperature (a) 650 °C and (b) 300 °C 
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ig. 5.7 Rocking curve of (200) CGO film on MgO grown at 650 °C  

 
 
 

 
 
 
Fig. 5.8 φ-scan of (a) (202) CGO and (b) (202) MgO 
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Fig. 5.8 φ-scan of (a) (202) CGO and (b) (202) MgO 
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Fig. 5.9  X-ray θ-2θ diffraction patterns for CGO films grown on fused silica 
at 650 °C 

 
 
5.3.3 Structural characterization of the Ce0.8Sm0.2O2-δ film 
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ere grown on (100) LAO, (100) MgO and fused silica substrates at different 

ubstrate temperature. Fig. 5.10 displays the x-ray θ-2θ scans of the CSO/LAO 

eterostructures prepared at substrate temperatures of 300 °C and 650 °C. Once 

 

obtained for deposition carried out at 650 °C. For these crystalline films only 

flections from the (h00) family planes are observed, implying the single 

s are 

° as illustrated in Fig. 5.11. The φ-scan profile of the (202) CSO and 
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the corresponding profile of the LAO substrate are represented in Fig. 5.12. As 

revealed in a similar manner as for CGO, CSO films grown on LAO also shows 

a 45° twisted epitaxy.  

 

Fig. 5.13, Fig. 5.14 and Fig. 5.15 are the x-ray diffraction results for CSO films 

deposited on MgO substrates. As before, we can concluded that (100) CSO 

films can be cube-on-cube heteroepitaxially grown on (100) MgO.  

For CSO thin films grown on fused silica, Fig. 5.16 shows a typical x-ray θ-2θ 

scans profile. It reveals similar result with that of the CGO/fused silica films. 
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  X-ray θ-2θ diffraction patterns for CSO films grown on LAO at 
substrate temperature (a) 650 °C and (b) 300 °C 
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ig. 5.11 Rocking curve of (200)CSO film on LAO grown at 650 °C  
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Fig. 5.12 φ-scan of (a) (202) LAO and (b) (202) CSO 
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substrate temperature (a) 650 °C, (b) 550 °C and (c) 300 °C  substrate temperature (a) 650 °C, (b) 550 °C and (c) 300 °C  
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Fig. 5.13   X-ray θ-2θ diffraction patterns for CSO films grown on MgO at -2θ diffraction patterns for CSO films grown on MgO at 
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ig. 5.14 Rocking curve of (200) CSO film on MgO grown at 650 °C  
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ig. 5.15 φ-scan of (a) (202) CSO and (b) (202) MgO 
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Fig. 5.16  X-ray θ-2θ diffraction patterns for CSO films grown on fused silica 
at 650 °C 
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.4  Electrical properties of the Ce0.8Gd0.2O2-δ and 

Ce0.8Sm0.2O2-δ thin films 

GO and CSO are known to be good ionic conducting oxides. Both the CGO 

d CSO films in this study have been fabricated from their corresponding bulk 

ramic targets of the desired compositions. Their ionic conductivities were 

vestigated with a two-probe DC and AC techniques as a function of 

mperature from 400 °C to 650 °C in air. 

0. 0.2 δ

e 0 2-

coated on different substrates and at 

ifferent substrate temperatures by PLD method. Their electrical properties 

ere measured by a two-probe DC technique as a function of temperature from 

CGO fi processing parameters. At a measuring 

the epitaxial CSO film grown on LAO, while the amorphous CSO film grown 

e substrate at 300 °C shows only a modest value of 0.2 S/cm. For the 

increase with the film growth temperature. Similar trend occurs on CSO film 

5

 

C
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te

 
 

5.4.1  Electrical properties of the Ce 8Gd O2-  and 

C 0.8Sm .2O δ thin films 
 

5.4.1.1 DC Measurement of Ce0.8Gd0.2O2-δ and Ce0.8Sm0.2O2-δ 

thin films 

 

CGO and CSO targets were fabricated by the technique as mentioned in section 

5.2.1. Thin films of these materials were 

d

w

400 °C to 650 °C. Fig. 5.17 shows the electrical conductivity of the CSO and 

lms fabricated with different 

temperature of 600 °C, an electrical conductivity of 0.94 S/cm was obtained for 

on the sam

CSO films and CGO films grown on MgO, the electrical conductivity tends to 
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conductivity is primarily from ionic contribution, AC 

easurement of conductivity has been used. 

and CGO film grown on fused silica. It is evident that the better is the 

crystallinity, the higher is the electrical conductivity. For the bulk CGO target, 

its electrical conductivity is two orders of magnitude lower than that of the 

films grown on MgO substrate. As a result, thin films of CGO and CSO shows 

a significant enhancement in electrical conductivity as compared with their 

bulk materials. 

 

Ionic conductivity is known to depend on the size of cation dopant. The radii of 

Sm3+ and Gd3+ are 0.1 nm and 0.097 nm respectively. In order to investigate 

empirically the size effect on the ionic conductivity, we have compared the 

electrical conductivity between samples of CSO and CGO in table 5.3. 

Apparently CSO shows better conductance. It is generally known that the ionic 

radius of Sm3+ is similar to that of Ce4+. The lattice has therefore less strain and 

fewer association of the cation with oxygen ion vacancy. This induces greater 

mobility for oxygen ions, thus higher ionic conductivity. To confirm whether 

the electrical 

m
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ig. 5.17  The electrical conductivity of (a) CSO thin films  and  (b) CGO 
thin films as a function of 1000/Temperature 
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able 5.3  Comparison of the electrical conductivity between CGO and CSO 
thin films at 600 °C 

 
Electrical conductivity (600 °C) 

(S/cm) 

 
T

 

Substrate 
Substrate 

temperature (°C) 
Ce0.8Gd0.2O2-δ

 
Ce0.8Sm0.2O2-δ

 

LAO 
650 
300 

0.375 
0.36 

0.94 
0.2 

MgO 
650 
300 

0.0124 
0.0016 

0.0132 
0.0039 

Fused silica 650 0.0105 0.0147 
Bulk Sample - 0.00015 0.00033 

 

0.8 0.2 2-δ 0.8 0.2 2-δ

thin films 

 

The impedance spectra of a CSO thin film grown on LAO at 650

°C are shown in fig. 5.18 (a) and fig. 5.18(b) respectively. The temperature 

range of the present measur t is 400 °C to 

semici  produced. It originate fro ulk or from in 

boundary resistance [40]. As the temperature is increased, a conspicuous 

shrinkage of the semicircle is observed. The ionic conductivity can be derived 

om the intercept at the Zreal axis. The semicircle, however, disappears when 

that there is significant electronic conduction. Indeed, at high temperatures such 

s 500 °C or above, LAO can no longer remain a good insulator. CGO/LAO 

 

5.4.1.2 AC Measurement of Ce Gd O  and Ce Sm O  

 °C and at 300 

emen 650 °C. As expected, only one 

rcle is may m the b  the gra

fr

the temperature is raised up to 500 °C. The likely reason for this observation is 

a

films exhibit similar result.   
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her ionic conductivity.  

ade at the 

easuring temperatures 400 °C and 450 °C. From figure 5.22 and 5.23, one can 

 

Fig. 5.19 shows the impedance spectra of CSO thin films grown on MgO at 

different substrate temperatures. Again the measuring temperature ranges from 

400 °C to 650 °C. The spectra of CGO/MgO heterstructure are presented in Fig. 

5.20. This time the semicircle can be clearly observed even at high measuring 

temperatures. It is because the MgO substrate can retain its nonconductive 

nature in the temperature range of the present studies. For the same measuring 

temperature, the diameter of the semicircle in the spectra is smaller (higher 

ionic conductivity) for films grown at higher temperature than for films grown 

at lower temperature. This agrees well with the XRD studies that better 

crystallinity films generate hig

 

For the CSO and CGO films grown on fused silica, an easily recognizable 

semicircle in the spectra is observed. This is due to the nonconductive feature 

of fused silica. As a result, it possesses similar ionic conductivity with that of 

CSO/MgO and CGO/MgO films at a substrate temperature of 650 °C. The 

details are shown in Fig. 5.21 and Fig. 5.22 respectively.  

 

Because of the electronic contribution from the LAO substrate at high 

temperature, and in order to make comparison between the ionic conductivity 

of epitaxial film and polycrystalline film, comparison were m

m

conclude that the resistance of epitaxial films is a factor of four smaller to that 

of the polycrystalline film. In conclusion, epitaxial CGO and CSO films should 

exhibit bigger ionic conductivity enhancement.  
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ig. 5.18(a)  The impedance spectra of a CSO thin film grown on LAO at 650 
°C as a function of temperature from 400 °C to 650 °C 
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Fig. 5.18(b)  The impedance spectra of a CSO thin film grown on LAO at 300
°C as a function of temperature from 400 °C to 650 °C 
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Fig. 5.19  The impedance spectra of CSO thin films grown on MgO at (a) 
650 °C (b) 550 °C and (c) 300 °C as a function of temperature 
from 400 °C to 650 °C 
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ig. 5.20  The impedance spectra of CGO thin films grown on MgO at (a) 650 
°C and (b) 300 °C as a function of temperature 
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ig. 5.21  The impedence spectra of CSO thin film grown on fused silica at 
650 °C as a function of temperature from 400 °C to 650 °C 

 
Fig. 5.22  The impedance spectra of a CGO thin film grown on fused silica at 

650 °C as a function of temperature from 450 °C to 650 °C 
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ig. 5.23(a)  The impendance spectra of CSO thin films grown on LAO at 650 
°C and MgO at 650 °C at measuring temperature 450 °C  

ig. 5.23(b)  The impedance spectra of CSO thin films grown on LAO at 650 
°C and MgO at 650 °C at measuring temperature 400 °C  
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Fig. 5.24  T  impedance spectra of CGO thin films grown on LAO at 650 °C 

°C at measuring temperature 450 °C  
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Chapter 6 

Fabrication and characterization of 

La1-xSrxGa1-yMgyO3-δ electrolyte materials 
 
6.1 Introduction 
 

The strontium doped LaGaMgO3 (LSGMO) perovskite with a superior oxide 

ion conductivity of approximately 0.1 S/cm at 800 oC is a promising electrolyte 

for low temperature SOFCs [13, 17, 18, 30, 32, 34, 43]. Compared with CGO 

and CSO, it has negligible electronic conductivity below 1000 °C over a wide 

range of oxygen partial pressures (PO2 = 1 atm. to 10-22 atm.) [13-15, 32, 43]. 

Similar thermal expansion coefficient with that of YSZ, LSMO and LSCO has 

been reported [33]. As a result, LSMO and LSCO cathodes are eminently 

suitable matches with LSGMO electrolyte. However, due to the relatively high 

cost of gallium oxide, LSGMO has suffered to be the electrolyte in 

conventional SOFCs [17, 44]. With the use of modern thin-film fabrication 

technology, the development of a miniaturized SOFC is possible. In the 

practical point of view, the ionic conduction efficiency at low temperature 

operation rather than the cost of the electrolyte is the major concern. In this 

respect, LSGMO may have an important role to play in future low temperature 

thin film SOFCs.  

 

In this study, three different composition LSGMO (La0.9Sr0.1Ga0.9Mg0.1O3-δ, 

La0.8Sr0.2Ga0.8Mg0.2O3-δ and La0.8Sr0.2Ga0.85Mg0.15O3-δ) targets have been 

prepared. Based on these ceramic targets LSGMO thin films of about 450 nm 
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thick have been fabricated on the (100) LAO, (100)MgO and fused silica 

substrates at different deposition temperatures by PLD technique. The 

structural characteristics of the films and targets have been evaluated by x-ray 

diffraction and SEM. Both randomly oriented polycrystalline and epitaxially 

grown films are obtained. The DC and AC electrical transport properties of 

these electrolyte films are measured and compared. 

 
 

6.2  Structural characteristics of La1-xSrxGa1-yMgyO3-δ 
targets 

 
6.2.1 Fabrication of the La1-xSrxGa1-yMgyO3-δ targets 
 

All the La1-xSrxGa1-yMgyO3-δ targets were fabricated by the standard solid state 

reaction method. The chemicals involved and their appropriate weight ratios are 

listed in Table 6.1.  

 
 
Table 6.1 Required chemicals and their weight 

 La2O3 SrCO3 Ga2O3 MgO 
La0.9Sr0.1Ga0.9Mg0.1O3-δ 

Molar Weight 
Desired Weight 

 
325.809 g 

15.11 g 

 
147.63 g 
1.52 g 

 
187.44 g 
8.69 g 

 
40.304 g 
0.41 g 

La0.8Sr0.2Ga0.8Mg0.2O3-δ 

Molar Weight 
Desired Weight 

 
325.809 g 
13.43 g 

 
147.63 g 
3.04 g 

 
187.44 g 
7.73 g 

 
40.304 g 
0.83 g 

La0.8Sr0.2Ga0.85Mg0.15O3-δ 

Molar Weight 
Desired Weight 

 
325.809 g 
13.43 g 

 
147.63 g 
3.04 g 

 
187.44 g 
8.21 g 

 
40.304 g 
0.62 g 
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The preparation procedure for LSGMO was essentially the same as for CGO 

and CSO described in 5.2.1. The calcinations and sintering temperatures are 

tabulated in table 6.2. Each of the calcinations and sintering processes were 

done in air and lasted for 10 hours at the desired temperatures. 

 
 
 
 
Table 6.2 Calcination and sintering temperature 

 Calcination temp Sintering temp 

La0.9Sr0.1Ga0.9Mg0.1O3-δ 

 
1100 °C 1450 °C 

La0.8Sr0.2Ga0.8Mg0.2O3-δ 

 
1100 °C 1450 °C 

La0.8Sr0.2Ga0.85Mg0.15O3-δ 

 1100 °C
 

1450 °C
 

 
 

6.2.2  Structural characteristics of theLa1-xSrxGa1-yMgyO3-δ 

targets 

 

XRD was carried out for structural characterization of the as-prepared targets. 

Fig. 6.1 depicts the XRD θ-2θ scans of the La0.9Sr0.1Ga0.9Mg0.1O3-δ, 

La0.8Sr0.2Ga0.8Mg0.2O3-δ and La0.8Sr0.2Ga0.85Mg0.15O3-δ targets. Diffraction peaks 

are in good agreement with those listed in ICDD. EDX analysis of the targets 

reveals the actual chemical compositions to be the same as the designed values.  
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Fig. 6.1  XRD patterns of the (a) La0.9Sr0.1Ga0.9Mg0.1O3-δ target (b) 

La0.8Sr0.2Ga0.8Mg0.2O3-δ target and (c) La0.8Sr0.2Ga0.85Mg0.15O3-δ 
target  
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6.3 Structural characterization of La1-xSrxGa1-yMgyO3-δ thin 

films 
 
6.3.1 Fabrication of La1-xSrxGa1-yMgyO3-δ thin films  
 

All the LSGMO films were prepared by the usual PLD technique using our 

existing setup. LSGMO has a lattice constant of around 3.9 Å. This is almost 

the same as that of pseudocubic LAO. We have therefore used LAO as the 

substrates to grow epitaxial LSGMO thin films. We have also used fused silica 

and (100)MgO to fabricate amorphous and polycrystalline films. Apart from 

using different substrates and different substrate temperatures, all other 

deposition parameters were kept the same. For examples, the laser fluence was 

~ 5 Jcm-2, the ambient oxygen pressure was 100 mtorr and the deposition 

duration was 10 minutes.  The thickness of the films was measured by 

alpha-step profiler and by close examination of the scanning electron 

micrographs of the x-section of the films. Fig. 6.2 shows a typical SEM 

cross-section image of the La0.8Sr0.2Ga0.8Mg0.2O3-δ/LAO heterostructure grown 

at 730 °C. All LSGMO films show fairly uniform thickness of about 450 nm. 

Parallel strips of Pt electrodes were deposited on the top of the films for 

electrical characterizations. 
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LAO 

La0.8Sr0.2Ga0.8Mg0.2O3-δ

Fig. 6.2 The SEM cross-sectional image of 450 nm 
La0.8Sr0.2Ga0.8Mg0.2O3-δ/LAO film deposited at 730 °C 
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6.3.2  Structural characterization of the La1-xSrxGa1-yMgyO3-δ 

films 

 

Single-layer LSGMO films grown on (100) LAO, (100) MgO and fused silica 

substrates were examined. The structural properties of the films grown on LAO 

substrates, in particular, were studied in details. LSGMO has a primitive cubic 

perovskite structure with a lattice parameter a = 3.911 Å. As the LSGMO 

exhibit similar lattice constant with LAO, heteroepitaxial growth of LSGMO is 

expected.  

 

The XRD θ-2θ scans of La0.9Sr0.1Ga0.9Mg0.1O3-δ, La0.8Sr0.2Ga0.8Mg0.2O3-δ and 

La0.8Sr0.2Ga0.85Mg0.15O3-δ thin films grown on (100) LAO single crystal with 

different deposition temperature are presented in Fig. 6.3, Fig 6.4 and Fig 6.5 

respectively.  Based on these θ-2θ scans, it is apparent that good crystalline 

LSGMO films were grown on LAO at 730 °C. Strong reflections from LSGMO 

(l00) family planes are clearly seen. Diffraction from other family planes is not 

discernable. Weak peaks due to Cu Kβ radiation are also indexed. The XRD 

rocking curves of the (200) reflections from different composition of LSGMO 

are shown in Fig. 6.6. All crystalline films show FWHM of below 1°. No 

LSGMO diffraction peaks have been observed for films deposited at substrate 

temperature below 500 °C. 

 

Additional XRD φ-scan analysis was used to examine the in-plane structural 

quality of the films. Fig. 6.7, Fig 6.8 and Fig 6.9 show the 3600-φ scans of (202) 

reflections of La0.9Sr0.1Ga0.9Mg0.1O3-δ, La0.8Sr0.2Ga0.8Mg0.2O3-δ and 

La0.8Sr0.2Ga0.85Mg0.15O3-δ respectively. Four sharp peaks separated by 90° are 
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obtained in the φ-scans. The four fold symmetry observed in the XRD patterns 

confirms the cubic structure of the as grown LSGMO and LAO substrate. The 

four characteristic peaks of the LSGMO reflections are very sharp and their φ 

angles are perfectly aligned with those of the LAO substrate. It infers LSGMO 

films were cube-on-cube epitaxially grown on LAO. 

 

In order to compare the ionic conductivity of the LSGMO with different 

crystalline quality, we have deposited LSGMO films on MgO substrates.  Fig. 

6.10 shows the θ-2θ x-ray diffraction patterns of the three different 

compositions LSGMO thin films grown on MgO at substrate temperature of 

730 °C. Only peaks of MgO were observed. This suggests that the LSGMO 

films are either amorphous or randomly oriented polycrystalline. Fig. 6.11 

shows the La0.8Sr0.2Ga0.8Mg0.2O3-δ grown on fused silica at 730°C. Only the Pt 

peaks is seen in the XRD profile.  

 

In conclusion, good crystalline structure and grain orientation were found for 

LSGMO films deposited at substrate temperature of 730 °C. Hetroepitaxial 

growth of (100)LSGMO on single crystal (100)LAO is also obtained. For 

LSGMO films grown on MgO and fused silica, they are either amorphous or 

polycrystalline of randomly oriented crystal grains. 
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Fig. 6.3 X-ray θ-2θ diffraction patterns for La0.9Sr0.1Ga0.9Mg0.1O3-δ films 

grown on LAO at substrate temperature (a) 730 °C and (b) 500 °C 
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Fig. 6.4   X-ray θ-2θ diffraction patterns for La0.8Sr0.2Ga0.8Mg0.2O3-δ films 

grown on LAO at substrate temperature (a) 730 °C and (b) 500 °C 
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Fig. 6.5  X-ray θ-2θ diffraction patterns for La0.8Sr0.2Ga0.85Mg0.15O3-δ film 

grown on LAO at substrate temperature (a) 730 °C and (b) 500 °C 
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Fig. 6.6  Rocking curve of (a) (200) La0.9Sr0.1Ga0.9Mg0.1O3-δ, (b) (200) 

La0.8Sr0.2Ga0.8Mg0.2O3-δ and (c) (200) La0.8Sr0.2Ga0.85Mg0.15O3-δ film 
on LAO grown at 730 °C  
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Fig. 6.7 φ-scan of (a) (202) La0.9Sr0.1Ga0.9Mg0.1O3-δ and (b) LAO 
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Fig. 6.8 φ-scan of (a) (202) La0.8Sr0.2Ga0.8Mg0.2O3-δ and (b) LAO 
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Fig. 6.9 φ-scan of (a) (202) La0.8Sr0.2Ga0.85Mg0.15O3-δ and (b) LAO 
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Fig. 6.10  X-ray θ-2θ diffraction patterns for (a) La0.9Sr0.1Ga0.9Mg0.1O3-δ, (b) 

La0.8Sr0.2Ga0.8Mg0.2O3-δ and (c) La0.8Sr0.2Ga0.85Mg0.15O3-δ film grown 
on MgO at substrate temperature 730 °C  
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Fig. 6.11  X-ray θ-2θ diffraction patterns for La0.8Sr0.2Ga0.8Mg0.2O3-δ film 

grown on fused silica at substrate temperature 730 °C  
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6.4 Electrical properties of the La1-xSrxGa1-yMgyO3-δ thin 

films 
 

LSGMO is known to be ionic conducting oxides. In this study all the LSGMO 

films with different composition have been fabricated from their corresponding 

bulk ceramic targets of the desired compositions. Their ionic conductivities as 

oxide electrolyte thin films were investigated with two-probe DC and AC 

techniques over a temperature range from 400 °C to 650 °C in air. 

 
 

6.4.1 Electrical properties of the La1-xSrxGa1-yMgyO3-δ thin films 
 

6.4.1.1 DC Measurement of La1-xSrxGa1-yMgyO3-δ thin films 

 

All LSGMO targets were fabricated as mention in section 6.2.1. Their 

corresponding thin films were fabricated on different substrates and at different 

deposition temperatures by PLD. Fig. 6.12 shows the electrical DC 

conductivities of various LSGMO films plotted against the measuring 

temperature. Table 6.3 compares the electrical conductivity between 

La0.9Sr0.1Ga0.9Mg0.1O3-δ, La0.8Sr0.2Ga0.8Mg0.2O3-δ and La0.8Sr0.2Ga0.85Mg0.15O3-δ 

thin films. At 600 °C, an electrical conductivity of 0.74 S/cm was achieved for 

the La0.8Sr0.2Ga0.8Mg0.2O3-δ film grown on LAO at substrate temperature of 730 

°C, while that of the film grown on the same substrate at 500 °C is only 0.19 

S/cm. For the LSGMO films grown on MgO and fused silica, all of them 

exhibit conductivities of about 10-3 S/cm. It is worth to note that this figure is 

significantly smaller than that of the films grown on LAO. Apparently epitaxial 

LSGMO films exhibit much enhanced ionic conductivity. It agrees with the 
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results of measuring CGO and CSO films performed in Chapter 5. In order to 

confirm whether the electrical conductivity is originated from ionic 

contribution, AC measurement has been conducted as well. 
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Fig. 6.12  The electrical conductivity of (a) La0.9Sr0.1Ga0.9Mg0.1O3-δ, (b) 

La0.8Sr0.2Ga0.8Mg0.2O3-δ and (c) La0.8Sr0.2Ga0.85Mg0.15O3-δ films as a 
function of 1000/Temperature 
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Table 6.3 Comparison of the electrical conductivity between 
La0.9Sr0.1Ga0.9Mg0.1O3-δ,  La0.8Sr0.2Ga0.8Mg0.2O3-δ and La0.8Sr0.2Ga0.85Mg0.15O3-δ 
thin films at 600 °C 
 

 Electrical conductivity (600 °C) (S/cm) 

Substrate 

Substrate 

temperature 

(°C) 

La0.9Sr0.1Ga0.9Mg0.1O3-δ La0.8Sr0.2Ga0.8Mg0.2O3-δ La0.8Sr0.2Ga0.85Mg0.15O3-δ

LAO 
730 
500 

0.59 
0.098 

0.74 
0.19 

0.52 
0.22 

MgO 730 1.7 X 10-3 7.1 X 10-3 4.6 X 10-3

Fused 
silica 

730 - 1.5 X 10-3 - 

 
 
 
 
 
6.4.1.2 AC Measurement of La1-xSrxGa1-yMgyO3-δ thin films 
 

The impedance spectra of La0.8Sr0.2Ga0.8Mg0.2O3-δ thin films grown on LAO at 

730 °C and at 500 °C are shown in fig. 6.13 (a) and fig. 6.13(b) respectively. As 

expected, only one semicircle is produced. This can either come from the bulk 

boundary resistance or from the grain boundary resistance [39-40]. As the 

temperature is increased, the semicircle shrinks in size. The ionic conductivity 

can be derived from the intercept at the Zreal axis. The semicircle disappears 

when the temperature is raised up to 500 °C. The likely reason is that there is a 

significant electronic conduction from the LAO substrate. LSGMO films with 

different composition exhibit similar spectra.  
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Fig. 6.14 shows the impedance spectra of La0.8Sr0.2Ga0.8Mg0.2O3-δ thin film 

grown on MgO at 730 °C. The semicircle remains distinct even at high 

measuring temperatures of up to 650 °C. This is the result of the nonconductive 

nature of MgO substrate.  

 

A well defined semicircle is shown in Fig. 6.15 for the La0.8Sr0.2Ga0.8Mg0.2O3-δ 

film grown on fused silica too. It possesses similar ionic conductivity to that of 

LSGMO/MgO film grown at substrate temperature of 730 °C.  

 

In conclusion, LSGMO films exhibit an enhancement in ionic conductivity 

over their bulk counterpart. Our results also clearly demonstrate that the 

epitaxial films exhibit better ionic conduction than the 

amorphous/polycrystalline films. However, the choice of substrate should be 

nonconductive in order to eliminate contribution from unwanted electronic 

conduction. 
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Fig. 6.13(a)  The impedance spectra of La0.8Sr0.2Ga0.8Mg0.2O3-δ thin film 

grown on LAO at 730 °C as a function of temperature from 400 
°C to 650 °C 
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Fig. 6.13(b)  The impedance spectra of La0.8Sr0.2Ga0.8Mg0.2O3-δ thin film 
grown on LAO at 500 °C as a function of temperature from 450 
°C to 650 °C 
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Fig. 6.14  The impedance spectra of La0.8Sr0.2Ga0.8Mg0.2O3-δ thin film grown 

on MgO at 730 °C as a function of temperature from 500 °C to 650 
°C 
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Fig. 6.15  The impedance spectra of La0.8Sr0.2Ga0.8Mg0.2O3-δ thin film grown 
on fused silica at 730 °C as a function of temperature from 500 °C 
to 650 °C 
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Chapter 7 

Fabrication and characterization of patterned 

bi-layer and tri-layer SOFC 
 
7.1 Introduction 
 

In order to demonstrate the feasibility of applying thin film technology in 

SOFC, in particular FC of a single chamber design, we have fabricated 

patterned bilayer and trilayer heterostructures. Our results as reported in 

the previous chapters have \demonstrated the fact that the electrical 

conductivity increases with the crystalline quality of the oxide films. 

LSCO exhibits the best electronic conductivity among the others. As a 

result, it was selected as the cathode for our heterostructures. Because of 

the similarity in the lattice constant between LSCO and LSGMO, epitaxial 

LSGMO directly grown on LSCO is expected. In the present work we 

have grown LSCO/LSGMO and Pt/LSGMO/LSCO on LAO substrates. 

Their excellent structural characteristics have been revealed by XRD and 

TEM.  

 

 
 
 
 
 
 
 
 
 



 

 118

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

 

7.2  Fabrication and structural characterization of 

bi-layer and tri-layer thin films 

 

7.2.1  Fabrication of La0.7Sr0.3CoO3/ La0.8Sr0.2Ga0.8Mg0.2O3-δ/ 

LAO thin film  

 

The heterostructure of the La0.7Sr0.3CoO3/La0.8Sr0.2Ga0.8Mg0.2O3-δ/LAO was 

fabricated by PLD method. LSGMO acted as the electrolyte, was deposited 

under 100 mTorr of oxygen and at a deposition temperature of 730 °C. For the 

fabrication of the top LSCO electrode, the deposition temperature and the 

ambient oxygen pressure were kept at 650 °C and 100 mTorr, respectively.  

The PLD duration for depositing both the LSCO and LSGMO thin films was 

10 minutes each.  

 

 

7.2.2 Structural characterization of the La0.7Sr0.3CoO3/ 

La0.8Sr0.2Ga0.8Mg0.2O3-δ/ LAO thin films  
 
7.2.2.1 Structural characterization of by XRD 

The lattice constant of the LSCO and LSGMO are more or less the same at 

about 3.9 Å. The XRD θ-2θ scans of the LSCO/LSGMO/LAO heterostructure 

are presented in Fig. 7.1. Apart from reflections from the LAO substrate, only 

one sharp peak was recorded. Although two distinct peaks from the LSCO and 

LSGMO (l00) family planes should appear. The observed single peak may 

originate from the overlapping of the LSCO and LSGMO reflections.  
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Fig. 7.1  X-ray θ-2θ diffraction patterns for LSCO/LSGMO/LAO 

heterostructure film 
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7.2.3 Fabrication of Pt/ La0.8Sr0.2Ga0.8Mg0.2O3-δ/La0.7Sr0.3CoO3/ 

LAO thin films  

 

The trilayer heterostructure of Pt/La0.8Sr0.2Ga0.8Mg0.2O3-δ/La0.7Sr0.3CoO3/LAO 

was also fabricated by PLD method. The bottom LSCO electrode was 

deposited at 650 °C and under 100 mTorr ambient oxygen pressure.  LSGMO 

acting as the electrolyte in between the LSCO and Pt, was deposited under 

ambient oxygen of 100 mTorr and at a substrate temperature of 730 °C. The 

deposition time for growing the LSCO and LSGMO thin films was 10 minutes 

and 20 minutes, respectively. Platinum (Pt), playing the role of anode, was 

deposited at a substrate temperature of 300 °C and at a higher vacuum of 

several mTorr. 
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7.2.4 Structural characterization of the 

Pt/La0.8Sr0.2Ga0.8Mg0.2O3-δ/ La0.7Sr0.3CoO3/ LAO thin film  
 
7.2.4.1 Structural characterization of by XRD 

The XRD θ-2θ scans of Pt/LSGMO/LSCO/LAO heterostructure are presented 

in Fig. 7.2. Aside from the peaks of the reflection from the (100)LAO substrate, 

relatively low intensity of the LSCO and LSGMO peaks are detected. This 

implies that the as-deposited heterostructure has poor structural quality.  
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Fig. 7.2  X-ray θ-2θ diffraction patterns for Pt/LSGMO/LSCO/LAO 

heterostructure film 
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7.2.4.2 Structural characterization of by transmission electron 

microscopy  

 

Because of there are no peaks observed in XRD analysis, we have utilized 

transmission electron microscopy (TEM) to make further investigations. The 

bright field image of the LSGMO/ LSCO/ LAO is obtained and shown in Fig. 

7.3. A clear sharp interface can be identified. The thickness of the LSCO and 

LSGMO are seen to be 450 nm and 700 nm respectively. Fig. 7.4 shows the 

electron diffraction pattern of LAO, LSCO and LSGMO respectively. By 

measuring the patterns, LAO is found to belong to cubic lattice with (110) 

orientation. If there is epitaxial growth of the LSCO and LSGMO on LAO 

substrate, the patterns of the two layers will be in the (110) orientation as well. 

However, the diffraction patterns of LSCO and LSGMO are quite complicated. 

From the diffraction pattern, LSCO exhibits highly oriented structure, while a 

diffuse ring and some lattice pattern are observed in LSGMO, indicated that the 

LSGMO is in polycrystalline structure. Another diffraction pattern from the 

cross-section of the film is shown in Fig. 7.5. A clear LAO(110) diffraction 

pattern is identified. However, there is a bright spot labeled g1. In order to 

investigate the g1 spot, dark-field imaging was carried out. Fig. 7.6 shows the 

dark-field image of the g1 spot. From the dark-field image, two grains are 

observed. The upper and the lower represent the LSGMO and LSCO grains 

respectively. Both of the two grains exhibit the same orientation. As a result, 

there remains good potential to fabricate epitaxial LSGMO/LSCO/LAO 

heterostructure if one can locate the proper deposition condition.   
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Fig. 7.3 The bright field image of the LSGMO/ LSCO/ LAO heterostructure 
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Fig. 7.4 The electron diffraction pattern of (a) LAO, (b) LSCO and (c) LSGMO  
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Fig. 7.5 Another diffraction pattern from the cross-section of the film  
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Fig. 7.6 The dark-field image of the g1 spot 



 

 126

 

THE HONG KONG  
POLYTECHNIC UNIVERSITY  
香港理工大學 

 

Chapter 8 

Conclusion and future work 

 

All oxide cathode and electrolyte thin films used in this study for SOFC have 

been fabricated by PLD method on different substrate materials. The ablation 

targets were made by conventional solid state reaction of constituent oxides 

according to the desired stoichiometic ratios. Thickness of the films was 

measured by a Tencor P-10 surface profiler and from SEM cross-section 

images. The crystallinity of the thin films was studied by XRD, SEM and TEM. 

The electrical properties such as DC conduction and AC conduction were also 

measured. The relations between the structural and electrical properties of the 

films were investigated. In addition Bi-layer and tri-layer structures were 

fabricated and their structural properties were characterized.  

 

In the present work we have fabricated electrical conducting La0.7Sr0.3CoO3, 

La0.7Sr0.3MnO3 and La0.85Sr0.15MnO3 thin films on LAO and MgO single crystal 

substrates by PLD. All the films are epitaxially grown at 650 °C. However, the 

FWHM of rocking curve is narrower for films deposited on LAO, suggesting 

that the crystallinity of the film on LAO is better. The best electrical 

conductivity is obtained in the heteroepitaxial LSCO/LAO sample. A high 

electronic conductivity of 3360 S/cm at 600 °C is measured. In conclusion, 

epitaxial LSCO thin film is a more promising choice than LSMO for use as 

cathode in thin film SOFC.  

 

Ce0.8Gd0.2O2-δ thin films were fabricated on different substrates and at different 
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deposition temperatures by PLD. The 45 degree twisted epitaxial growth and 

cube-on-cube epitaxial growth of CGO thin films were achieved at deposition 

temperature of 650 °C on LAO and MgO, respectively.  The FWHM of 

Ce0.8Gd0.2O2-δ (200) grown on LAO is only 0.39°. Those grown on MgO 

substrates, however, show a FWHM of 2.35°, suggesting poor crystallinity. For 

the CGO thin film grown on fused silica at 650 °C, a few weak diffraction 

peaks are observed. This implies that the CGO/fused silica film is of 

polycrystalline structure. The crystallinity of the films grown on LAO and 

MgO at lower substrate temperature is even worst because no CGO diffraction 

peaks are observed. For the Ce0.8Sm0.2O2-δ thin films, it showed similar results 

as that of the CGO thin films.  

 

The electrical properties of the CGO and CSO films were measured by a 

two-probe DC technique as a function of temperature ranging from 400 °C to 

650 °C. At the measuring temperature of 600 °C, electrical conductivity of 0.94 

S/cm was achieved for the epitaxial CSO films grown on LAO at a substrate 

temperature of 650 °C. The film grown on the same substrate at 300 °C shows a 

conductivity of only 0.2 S/cm. For the CSO films and CGO films grown on 

MgO, the electrical conductivity tends to increase with the substrate 

temperature. Both materials grown on fused silica exhibit similar electrical 

conductivity to that of the films grown on MgO at 650 °C. In contrast to the 

bulk targets, enhancement in electrical conductivity of two to three orders of 

magnitude of is achieved in thin films, depending on the choice of substrates. 

To confirm the electrical conductivity to be purely ionic conduction, AC 

impedance measurement was carried out.  Our results show that all the films 
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fabricated on MgO and fused silica substrates exhibit pure ionic conduction at 

temperatures up to 650 °C. Ionic conduction is however verified in the 

temperature range of 400 °C to 450 °C for films grown on LAO substrate. The 

electronic conduction in LAO substrate becomes significant at temperatures at 

and above 500 °C.  Our results have suggested that the better is the crystalline 

quality of the film, the higher is the ionic conductivity. However, a drawback of 

CGO and CSO is that their intrinsic electronic conductivity is relatively high in 

reducing atmosphere. Hence, it is not suitable for use as electrolyte in SOFCs. 

Nevertheless, it can be used as a buffer layer in between the electrode and 

electrolyte material. The reason is that the CGO and CSO are less reactive with 

the perovskite oxides than LSGMO. Therefore, CGO and CSO can be used as 

an interlayer between LSGMO and the more active cathode of LSCO.  

 

Epitaxial La1-xSrxGa1-yMgyO3-δ and randomly oriented polycrystalline 

La1-xSrxGa1-yMgyO3-δ thin films have been successfully fabricated on LAO 

substrates at deposition temperatures of 730 °C and 500 °C, respectively. 

According to the rocking curve, the FWHM of La1-xSrxGa1-yMgyO3-δ (200) is 

determined to be between 0.4° and 0.8° depending on the doping concentration. 

It reveals that a very good crystallinity of the La1-xSrxGa1-yMgyO3-δ film exists. 

Based on the φ scans, it is clear that cube-on-cube epitaxially grown 

La1-xSrxGa1-yMgyO3-δ film on LAO substrate is obtained at a deposition 

temperature of 730 °C. No La1-xSrxGa1-yMgyO3-δ peak was observed for the 

films grown at 500 °C, suggesting that the crystal structure of the 

La1-xSrxGa1-yMgyO3-δ films grown at this temperature is either amorphous or 

randomly oriented polycrystalline. 
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Among the various deposition parameters, the choice of substrate is important 

in controlling the structure and quality of the grown films. By fixing the 

temperature at 730 °C, the films were deposited on two different substrates, 

MgO and fused silica.  The crystallinity of the as-grown films was examined 

by XRD. We have revealed that only reflection peaks of MgO and Pt are 

observed. It implies the crystallinity of the La1-xSrxGa1-yMgyO3-δ/MgO and 

La1-xSrxGa1-yMgyO3-δ/fused silica samples is poor.  

 

Electrical properties of the La1-xSrxGa1-yMgyO3-δ thin films grown on different 

substrates and deposited at different temperatures have been investigated 

through the DC conduction measurement. Results show that the epitaxial 

LSGMO thin films exhibit superior ionic conductivity than the polycrystalline 

LSGMO thin films. Also, La0.8Sr0.2Ga0.8Mg0.2O3-δ possessed the highest 

conductivity of 0.74 S/cm at 600 °C. As in a conventional SOFC a viable oxide 

electrolyte need to possess at least 0.1 S/cm ionic conductivity at 800 °C. The 

present results suggest that the La0.8Sr0.2Ga0.8Mg0.2O3-δ thin films should have 

great potential as thin film SOFC electrolyte operating at below 600 °C.  

 

As a major step towards developing prototypes of single chamber thin film 

SOFCs, we have fabricated bi-layer structure of 

La0.7Sr0.3CoO3/La0.8Sr0.2Ga0.8Mg0.2O3-δ/LAO and tri-layer structure of 

Pt/La0.8Sr0.2Ga0.8Mg0.2O3-δ/ La0.7Sr0.3CoO3/LAO by PLD method. Based on the 

XRD and the TEM studies the bi-layer system shows high quality heteroepitaxy. 

The tri-layer system, however, displays no sign of epitaxial relationship. At 

present we do not know the exact reason. The deposition sequence and the 
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thermal history of the deposited films may contribute to such structural 

deterioration. Nevertheless the dark field images of the tri-layer heterostructure 

do reveal LSCO and LSGMO grains to possess the same orientation. As a result, 

there is a good chance to fabricate epitaxial LSGMO/LSCO/LAO 

heterostructure by careful tuning of the deposition conditions.   

 

For the future work, we would like to achieve single chamber solid oxide fuel 

cells (SC-SOFCs) that operate at low temperature of about 500 °C. 

Conventional fuel cells rely on the strict separation of the oxidant and the fuel 

in order to prevent parasitic side reactions. Therefore, the cost is high due to the 

processes and technologies required for hermetic sealing the cell chambers at 

high temperatures. SC-SOFCs offer the possibility to simplify SOFC designs 

because only one gas compartment is necessary. Both anode and cathode are 

exposed to the same mixture of fuel and oxidant. However, the efficiency may 

be degraded. With the use of the thin film SOFC, the ionic conductivity is 

enhanced in the electrolyte. Our results do demonstrate that such enhancement 

is significant even at low temperatures close to 500 °C. Therefore, we would 

like to fabricate epitaxial bi-layer and tri-layer SOFC with appropriate 

configuration to optimize the FC efficiency. By filling proper amount of the 

fuel gases (oxygen and methane), the I-V characteristic of the thin film SOFC 

can be evaluated. All these represent the next phase of work that can lead to 

workable prototype development.  








