
29 M
em

be
r 

of
 t

he
 H

el
m

ho
lt

z 
A

ss
oc

ia
tio

n The role of defects at functional interfaces between polar  
and non-polar perovskite oxides

Felix Gunkel

Information /Information
Band/ Volume 29
ISBN 978-3-89336-902-7

In
fo

rm
at

io
n

D
ef

ec
ts

 a
t 

pe
ro

vs
ki

te
 o

xi
de

 in
te

rf
ac

es
Fe

lix
 G

un
ke

l



Forschungszentrum Jülich GmbH
Peter Grünberg Institute (PGI)
Electronic Materials (PGI-7) 

The role of defects at functional interfaces  
between polar and non-polar perovskite oxides

Felix Gunkel

Schriften des Forschungszentrums Jülich
Reihe Information / Information	 Band / Volume 29

ISSN 1866-1777		  ISBN 978-3-89336-902-7



Contents

Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VII

1 Introduction 1

2 Fundamentals 5

2.1 Fundamental properties of perovskites . . . . . . . . . . . . . . . 5

2.2 Present state of knowledge about oxide heterointerfaces . . . . . . 7

2.3 Conduction mechanisms for the LAO/STO interface . . . . . . . . 9

2.3.1 Polarity catastrophe and electronic reconstruction . . . . . 9

2.3.2 A-site donor doping due to cation intermixing . . . . . . . 10

2.3.3 Oxygen vacancy formation . . . . . . . . . . . . . . . . . . 10

2.4 The defect chemistry of STO . . . . . . . . . . . . . . . . . . . . . 11

2.4.1 Charge neutrality in STO . . . . . . . . . . . . . . . . . . 12

2.4.2 Defect equilibria in strontium titanate . . . . . . . . . . . 13

2.4.3 Equilibrium defect concentrations in STO as function of

oxygen partial pressure and temperature . . . . . . . . . . 16

2.4.4 Acceptor-doped STO . . . . . . . . . . . . . . . . . . . . . 17

2.4.5 Donor-doped STO . . . . . . . . . . . . . . . . . . . . . . 20

2.4.6 Dominant charge carrier and electrical conductivity of STO 24

2.4.7 Polarity induced electrons in STO . . . . . . . . . . . . . . 28

3 Experimental methods 29

3.1 Pulsed laser deposition . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Reflection high energy electron diffraction . . . . . . . . . . . . . 31

3.3 Atomic force microscopy . . . . . . . . . . . . . . . . . . . . . . . 32

3.4 X-ray diffraction and reflectivity . . . . . . . . . . . . . . . . . . . 33

3.5 Others . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.6 Electrical characterization . . . . . . . . . . . . . . . . . . . . . . 34

3.6.1 Van der Pauw measurements . . . . . . . . . . . . . . . . . 34



VIII Contents

3.6.2 Hall measurements in van der Pauw configuration . . . . . 35

3.7 High temperature equilibrium conductance (HTEC) measurements 35

4 Electrical and structural properties of LAO/STO

heterostructures 39

4.1 STO substrate preparation . . . . . . . . . . . . . . . . . . . . . . 39

4.2 Growth of LAO thin films on STO . . . . . . . . . . . . . . . . . 41

4.3 Atomic structure of the LAO/STO interface . . . . . . . . . . . . 43

4.4 Electrical characterization . . . . . . . . . . . . . . . . . . . . . . 47

4.5 HTEC characteristics of LAO/STO heterostructures . . . . . . . . 49

4.5.1 HTEC characteristics of STO single crystals . . . . . . . . 49

4.5.2 HTEC characteristics of LAO single crystals . . . . . . . . 52

4.5.3 The defect chemistry of the LAO/STO interface . . . . . . 54

4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5 Electrical and structural properties of LAO/STO/LSAT

heterostructures 65

5.1 Alternative substrate materials - LSAT vs. NGO . . . . . . . . . 65

5.1.1 HTEC characteristics of LSAT and NGO single crystals . . 67

5.1.2 Substrate treatment . . . . . . . . . . . . . . . . . . . . . 68

5.2 Structural properties of heteroepitaxial STO thin films . . . . . . 70

5.2.1 Homoepitaxial growth of STO thin films . . . . . . . . . . 71

5.2.2 Heteroepitaxial growth of STO thin films on LSAT . . . . 76

5.3 Growth of LAO/STO bilayers on LSAT . . . . . . . . . . . . . . . 80

5.3.1 Electrical properties of LAO/STO bilayers on LSAT . . . . 82

5.4 HTEC characteristics of LAO/STO bilayers . . . . . . . . . . . . 85

5.4.1 Reference measurements on STO-buffered LSAT substrates 85

5.4.2 HTEC characteristics of the LAO/STO bilayer . . . . . . . 87

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

6 Influence of the STO cation stoichiometry on the electrical

properties of LAO/STO interfaces 95

6.1 Growth-induced stoichiometry variation . . . . . . . . . . . . . . . 95

6.1.1 STO cation stoichiometry dependence of the HTEC char-

acteristics of LAO/STO bilayers . . . . . . . . . . . . . . . 100

6.1.2 The effect of high temperature equilibration on the electri-

cal properties of LAO/STO bilayers . . . . . . . . . . . . . 101

6.2 Thermodynamic insertion of strontium vacancies . . . . . . . . . . 104



IX

6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7 Enhanced high temperature conductance of STO thin films 107

7.1 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . 107

7.2 Bulk defect chemistry model of STO . . . . . . . . . . . . . . . . 109

7.3 Consideration of space charges . . . . . . . . . . . . . . . . . . . . 112

7.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

8 NGO/STO heterostructures 117

8.1 Sample preparation and structural properties . . . . . . . . . . . . 118

8.2 Electrical properties . . . . . . . . . . . . . . . . . . . . . . . . . 119

8.3 Impact of the NGO stoichiometry . . . . . . . . . . . . . . . . . . 121

8.4 HTEC characteristics . . . . . . . . . . . . . . . . . . . . . . . . . 126

8.4.1 Improving the thermal stability of NGO/STO heterostruc-

tures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

8.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

9 Summary and conclusions 133

References 137

Appendix 151

A HTEC setup - technical drawings and reference measurements 151

A.1 HTEC setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

A.2 Sample holder of the HTEC setup . . . . . . . . . . . . . . . . . . 152

A.3 Titration effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

B Additional HTEC measurements 154

B.1 Influence of growth pressure . . . . . . . . . . . . . . . . . . . . . 154

B.2 Critical thickness phenomenon . . . . . . . . . . . . . . . . . . . . 156

C Elastic deformation of heteroepitaxial thin films 158

D Numerical calculations of the defect equilibria in STO 161



29 M
em

be
r 

of
 t

he
 H

el
m

ho
lt

z 
A

ss
oc

ia
tio

n The role of defects at functional interfaces between polar  
and non-polar perovskite oxides

Felix Gunkel

Information /Information
Band/ Volume 29
ISBN 978-3-89336-902-7

In
fo

rm
at

io
n

D
ef

ec
ts

 a
t 

pe
ro

vs
ki

te
 o

xi
de

 in
te

rf
ac

es
Fe

lix
 G

un
ke

l


	Contents
	Introduction
	Fundamentals
	Fundamental properties of perovskites
	Present state of knowledge about oxide heterointerfaces
	Conduction mechanisms for the LAO/STO interface
	Polarity catastrophe and electronic reconstruction
	A-site donor doping due to cation intermixing
	Oxygen vacancy formation

	The defect chemistry of STO
	Charge neutrality in STO
	Defect equilibria in strontium titanate
	Equilibrium defect concentrations in STO as function of oxygen partial pressure and temperature
	Acceptor-doped STO
	Donor-doped STO
	Dominant charge carrier and electrical conductivity of STO
	Polarity induced electrons in STO


	Experimental methods
	Pulsed laser deposition
	Reflection high energy electron diffraction
	Atomic force microscopy
	X-ray diffraction and reflectivity
	Others
	Electrical characterization
	Van der Pauw measurements
	Hall measurements in van der Pauw configuration

	High temperature equilibrium conductance (HTEC) measurements

	Electrical and structural properties of LAO/STOheterostructures
	STO substrate preparation
	Growth of LAO thin films on STO
	Atomic structure of the LAO/STO interface
	Electrical characterization
	HTEC characteristics of LAO/STO heterostructures
	HTEC characteristics of STO single crystals
	HTEC characteristics of LAO single crystals
	The defect chemistry of the LAO/STO interface

	Conclusions

	Electrical and structural properties of LAO/STO/LSATheterostructures
	Alternative substrate materials - LSAT vs. NGO
	HTEC characteristics of LSAT and NGO single crystals
	Substrate treatment

	Structural properties of heteroepitaxial STO thin films
	Homoepitaxial growth of STO thin films
	Heteroepitaxial growth of STO thin films on LSAT

	Growth of LAO/STO bilayers on LSAT
	Electrical properties of LAO/STO bilayers on LSAT

	HTEC characteristics of LAO/STO bilayers
	Reference measurements on STO-buffered LSAT substrates
	HTEC characteristics of the LAO/STO bilayer

	Conclusions

	Influence of the STO cation stoichiometry on the electrical properties of LAO/STO interfaces
	Growth-induced stoichiometry variation
	STO cation stoichiometry dependence of the HTEC characteristics of LAO/STO bilayers
	The effect of high temperature equilibration on the electrical properties of LAO/STO bilayers

	Thermodynamic insertion of strontium vacancies
	Conclusions

	Enhanced high temperature conductance of STO thin films
	Experimental results
	Bulk defect chemistry model of STO
	Consideration of space charges
	Conclusions

	NGO/STO heterostructures
	Sample preparation and structural properties
	Electrical properties
	Impact of the NGO stoichiometry
	HTEC characteristics
	Improving the thermal stability of NGO/STO heterostructures

	Conclusions

	Summary and conclusions
	References
	Appendix



