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OBJECTIVES & GOALS 
• The objective of this research is:  

– investigate and understand the mechanisms of mixed ionic electronic 
conductive LaBaCo2O5+δ highly epitaxial thin-films  

– establish the relationship between electrochemical properties and 
surface/interface microstructure of the mixed conductive thin films 

– determine the overall feasibility of the LaBaCo2O5.5+δ based novel 
electrochemical devices for sensing gases in high temperature applications.  

• The goals of this research are: 
– resolving and optimizing fabrication issues of highly epitaxial 

LaBaCo2O5+δ single crystalline thin films 
– establishing relationship of processing—microstructure—sensing 

properties—stability of the LaBaCo2O5+δ thin film 
– understanding the kinetics and mechanisms of redox processes on 

the LaBaCo2O5.5+δ thin films 
– demonstrating the new concept high temperature, high sensitivity, 

and chemically stable devices for high temperature applications. 



Why LBCO? 



Chem. Mat. 22 (2010) 799 
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Nanoscale ordered cobaltite LaBaCo2O6 thin films 

Appl. Phys. Lett., 97 (2010) 094101 



Sensor Structures 



 Oxygen Deficient Double Perovskite 
 (LnBa)Co2O 5+δ (Ln=Lanthanide)  

Structure of LnBaCo2O 5+δ 
 ● ― Ba 
 ● ― Ln 
 ● ― Co 
 ● ― O (occupied) 
 ● ― O (partial occupied) 

Presenter
Presentation Notes
Among all different kinds of mixed conductors, A site doped  LnBaCoO3 bases materials have received great interests due to the activation of oxygen molecular by cobalt ion and high concentration of intrinsic oxygen vacancies. //This figure shows the common structure shared by the 50% doped LnCoO3 with cationic ordering. This double perovskite structure is formed by the ordering of Ln and Ba oxide layers and the oxygen vacancies are mostly confined in the layer of Ln oxides.
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Presenter
Presentation Notes
at high temperature, by changing the oxygen partial pressure, we can manipulate the oxygen content in the film. oxygen non-stoichiometry  leads to a reduction in the average oxidation states of Co ion. //In addition, oxygen-deficient phases contain vacant sites which lower Co ion coordination numbers and disrupt metal-oxygen-metal coupling networks. //These influences, when combined, can radically change the magnetic coupling and electronic transport behavior of the material. In addition, the introduction of large numbers of oxygen vacancy can enable fast ionic transport. So our goal is the to study the effect of oxygen non stoichiomitry  in single crystalline epitaxial thin films of LBCO. 



LaBaCo2O5+δ Thin Film on (001)LaAlO3 

Presenter
Presentation Notes
Here I am showing the microstructure of the film with optimized growth conditions. First let’s look at the XRD pattern of the film. The as-grown film is pure phase with highly oriented along the c axis. The in-plane F scan along the <101> directions of the LBCO and LAO indicate that the films have excellent single crystallinity and epitaxial behaviorThe high reslusion TEM image showing sharp interface between the LBCO thin film and LAO substrate also confirmed this point.The SAED pattern at the interface shows the film with typical cubic perovskite structure. But if we look very closely, , there is an additional set of weak half-integer reflections indicating a doubling of perovskite unit cell along the C directions. The superstructure can be resulted either from the A-site cationic ordering or from the ordered oxygen vacancies



Transport Properties in 4%H2 / N2 
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Presenter
Presentation Notes
This fig is showing the resistance change VS time at 410C . First The sample was heated up to target temperature in pure oxygen. Then the gas flow was switched to 4%H2. the reduction process is fairly slow so we can clearly indentify the two major steps. The first step in the reduction corresponds to the reduction of Co4+  to Co3+  followed by reduction of Co3+, and most likely to end up as a mixture of Co2+ and Co3+ oxidation states.During this process, Resistance of the film is increased by 10K times, as a result of the compensation of p type charge carriers by the electrons released during the reduction. And meantime, the microstructure is preserved with only a slight distortion along the c axis. 



Transport Properties in O2 

M. Yang et al. / Solid State Ionics 178 (2007) 1027–1032 
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Presenter
Presentation Notes
the high temperature transport properties of the as grown film is studied under different chemical environments. First let looks at the film transport properties in pure oxygen. As we can see here there is hysteresis gap between the increase and decrease process. To explain this phenomena, we used defect analysis. In LBCO, the doping of bivalence Ba will introduce a certain amount of oxygen vacancy and Co4+ ions. this equilibrium of Co4 and Vo with Co3 and the electron hole interaction is believed to present with in high oxygen partial pressure. The reaction will move forward with temperature increase and move backward with temperature decrease. Dring temperature increasing, a metal-insulator phase transition is observed accompany with the loss of Co4. Because the Co4 is so active and easy to be reduced, this phase transition is distorted. When the temperature is reduced, the equilibrium is moving backward. The oxidation of Co3 to Co 4 is very slow due to the high formation enthalpy. Therefore the resistance only shows the normal phase transition it self without distortion . 



Transport Properties in 4%H2 / N2 

Presenter
Presentation Notes
This is the measurement in water saturated 4% H2/N2 . As temperature increasing, two major resistance changing processes was observed, which correspond to the reduction of Co3+ to Co2+ and Co2+ to Co0We also noticed that, each resistance changing rate peak is split into two parts, indicating two slightly different reducing temperatures. This is because the co-existent A-site ordered and disordered phases of LBCO film  leads a significant diversity of chemical properties of the cobalt ion, and this diversity is reflected in each of the reducing processes. As we can see here, the reducing process starts at just about 400C. So we choose this temperature to study the dynamics of this process. 



Nanoscale ordered cobaltite 
LaBaCo2O6 



Nanoscale ordered cobaltite LaBaCo2O6 



Nanoscale ordered 
cobaltite LaBaCo2O6 



Physical Properties of cobaltite LaBaCo2O6 
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Highly epitaxial nanoscale ordered cobaltite LaBaCo2O6 
thin films 

Appl. Phys. Let., 96 (2010) 132106 



Nanoscale ordered LaBaCo2O6 thin films 

Appl. Phys. Let., 96 (2010) 132106 
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Substrate-induced Strain on Transport Behavior and Magnetic 
Properties of Highly Epitaxial (LaBa)Co2O5.5+δ Thin Films    
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LBCO Films in Other O2/Fuel Systems 
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Future Research 
• Continually study physical properties of LBCO thin films at 

various chemical environments (gases, pressures,  
 

• Design and characterize the full scale (low & high 
temperature) chemical sensors   
 

• Explore novel materials for the development of new sensors 
and transducers   
 

• Fundamentally understand the sensing mechanisms  



Publications – published/revised 
• C. L. Chen and J. Liu, “US61/351,576 (06/04/2010): Highly Epitaxail 

Thin Films for High Temperature/Highly Sensitive Chemical Sensors for 
Critical and Reducing Environment”. 

• Jian Liu, Gregory Collins, Ming Liu, Chonglin Chen,* Jie He, Jiechao 
Jiang, and Efstathios I. Meletis, “Ultrafast Oxygen Exchange Kinetics on 
Highly Epitaxial PrBaCo2O5+d Thin Films”, Appl. Phys. Lett., 100 (2012) 
193903.  

• Chunrui Ma, Ming Liu, Gregory Collins, Jian Liu, Chonglin Chen,* Jie 
He, Jiechao Jiang, E. I. Meletis : “Thickness Effects on Magnetic and 
Electrical Transport Properties of Highly Epitaxial LaBaCo2O5.5+δ Thin 
Films on MgO Substrates”, Appl. Phys. Lett. (Suggested Minor Revision) 

• M. Liu, C. R. Ma, J. Liu, G. Collins, Y. M. Zhang, C. L. Chen,* J. He, J. 
C. Jiang, E.I. Meletis, Y. Lin, Li Sun, A. J. Jacobson, and Q. Y. Zhang, 
“Magnetic properties and anomalous transport phenomena in highly 
epitaxial double perovskite nano-ordering (LaBa)Co2O5.5+d thin films on 
(001) MgO”, Phys. Rev. Lett., (Under revision) 



Publications – papers submitted 
• S. Y. Bao, H. B. Wang, J. Liu, C. R. Ma, M. Liu, C. L. Chen, C. Dong, 

and M.-H. Whangbo, “Superfast Oxidation/Redox Chemical Dynamics on 
Highly Epitaxial LaBaCo2O5+δ Thin Films”, Nature Materials (submitted) 

• C. R. Ma, M. Liu, J. Liu, G. Collins, Y. M. Zhang, H. B. Wang, C. L. 
Chen, Y. Lin, J. He, J. C. Jiang, E. I. Meletis, “Interface Strain Induced 
Anomalous Electronic Transport Behavior in Highly Epitaxial 
LaBaCo2O5.5+d Films”, Appl. Phys. Lett. (submitted) 

• M. Liu, C. R. Ma, E. Enriquez, H. B. Wang, C. L. Chen, Y. Lin, “Physical 
Properties of Highly Mixed Conductive LaBaCo2O5.5+d Thin Films 
directly Integrated on Si (100)”, Appl. Mat & Interfaces (submitted) 

• Chunrui Ma, Ming Liu, Gregory Collins, Jian Liu, Y. M. Zhang, Chonglin 
Chen, Jie He, Jiechao Jiang, E. I. Meletis, “Magnetic and Electrical 
Transport Properties of Highly Epitaxial LaBaCo2O5.5+δ Thin Films on 
Vicinal (001) SrTiO3 Surfaces”, Appl. Phys. Lett., (to be submitted) 

• Several other manuscripts are preparing for publication 
 



Summary 
• Mixed ionic/electronic conductive double perovskite 
LaBaCo2O5.5 thin films have been successfully grown on 
various substrates for full scale chemical sensors. 

• Transport property studies indicate that the physical 
properties of the highly epitaxial LBCO are highly 
dependent upon the interface strain 

• New/interesting physical phenomena have been found 
and achieved in the LBCO materials. 

• More experimental and theoretical works are needed to 
understand the superfast chemical oxidation/redox 
dynamics and to explore the interface physics. 



Thank you very much  
for your attention! 
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