
37 M
em

be
r 

of
 t

he
 H

el
m

ho
lt

z 
A

ss
oc

ia
tio

n Resistive switching in ZrO2 based  
metal-oxide-metal structures

Irina Kärkkänen

Information /Information
Band/ Volume 37
ISBN 978-3-89336-971-3

In
fo

rm
at

io
n

Re
si

st
iv

e 
sw

itc
hi

ng
 in

 Z
rO

2 b
as

ed
 M

O
M

 s
tr

uc
tu

re
s

Ir
in

a 
Kä

rk
kä

ne
n



Forschungszentrum Jülich GmbH
Peter Grünberg Institute (PGI)
Elektronische Materialien (PGI-7)

Resistive switching in ZrO2 based  
metal-oxide-metal structures

Irina Kärkkänen

Schriften des Forschungszentrums Jülich
Reihe Information / Information Band / Volume 37

ISSN 1866-1777  ISBN 978-3-89336-971-3



Contents 

 

 

xiii 

 

 

 

 

Contents 
 

Abstract .....................................................................................................................................vii 

Kurzfassung ................................................................................................................................ix 

Index of acronyms and symbols .............................................................................................. xvii 

1. Introduction ........................................................................................................................ 1 

1.1 State-of-the-art ............................................................................................................... 3 

1.2 Scope of this work ........................................................................................................... 7 

2. Fundamentals.................................................................................................................... 11 

2.1. Principles of resistive switching .................................................................................... 11 

2.1.1 Electroforming ........................................................................................................... 15 

2.1.2 Switching mechanisms .............................................................................................. 17 

2.2 Structural and electrical properties of ZrO2 .................................................................. 20 

3. Experimental ..................................................................................................................... 25 

3.1 Atomic layer deposition ................................................................................................ 25 

3.1.1. Precursors ........................................................................................................... 26 

3.1.2. ALD setup and experimental procedure in University of Helsinki ..................... 29 

3.2 Structural characterization ............................................................................................ 30 

3.2.1 X-ray diffraction and high temperature X-ray diffraction (GIXRD, HT-GIXRD) ... 30 

3.2.2 X-ray reflectivity (XRR)........................................................................................ 31 

3.2.3 X-ray photoelectron spectroscopy (XPS) ............................................................ 31 

3.2.4 Secondary ion mass spectroscopy (SIMS) .......................................................... 31 

3.3 Morphological characterization .................................................................................... 31 

3.4 Electrical characterization ............................................................................................. 31 

3.4.1 Measurements of dielectric properties ............................................................. 32 

3.4.2 Resistive switching measurements .................................................................... 32 

3.4.3 Impedance spectroscopy ................................................................................... 32 

3.5 Device fabrication.......................................................................................................... 33 



Contents 

 

xiv 

 

4. Structural and morphological characterization of the thin films ..................................... 35 

4.1. Structural properties ..................................................................................................... 35 

4.1.1 Film structure analyzed by GIXRD and HT-GIXRD .............................................. 35 

4.1.2 ZrO2/TiO2 bilayers on Si/Pt substrates ............................................................... 41 

4.1.3 Films thickness by XRR ....................................................................................... 43 

4.1.4 Impurity analyses by means of XPS .................................................................... 44 

4.1.5 SIMS analyses of the ZrO2 films .......................................................................... 47 

4.2. Morphological characterization of ZrO2 films ............................................................... 48 

4.2.1. AFM for ZrO2 films on Si/SiO2 ............................................................................. 48 

4.2.2. SEM and TEM for ZrO2 films on Pt/Si ................................................................. 49 

4.3. Dielectric properties of the ZrO2 films and the ZrO2/TiO2 bilayers ............................... 52 

5. Resistive switching of the ZrO2 films ................................................................................. 55 

5.1. The effect of the oxygen source on the RS performances of Pt/ZrO2/Ti/Pt devices .... 55 

5.2. Effect of Ti layer thickness on the resistive switching properties of Pt/ZrO2(20 nm)/Ti 
/Pt devices ................................................................................................................................ 58 

5.3. The closer investigation of the differences in the UP and BP switching in the TEMA-
Zr/O3 grown ZrO2 film based devices ....................................................................................... 62 

5.3.1. Temperature dependences of the ON and OFF states ...................................... 65 

5.4. Comparison of the RS in the TEMA-Zr and guan-Zr grown ZrO2 based devices ........... 68 

5.5. Resistive switching in the ZrO2/TiO2 bilayers ................................................................ 69 

5.5.1. Resistive switching in the ZrO2/TiO2 and TiO2/ZrO2 bilayers integrated into 

Pt/bilayer/Ti(5 nm)/ Pt devices ......................................................................................... 70 

5.5.2. Resistive switching in the ZrO2/TiO2 and TiO2/ZrO2 bilayers integrated into 

Pt/bilayer/Ti (40 nm)/Pt devices ....................................................................................... 71 

6. Impedance spectroscopy .................................................................................................. 77 

6.1. Pristine states ................................................................................................................ 78 

6.2. ON states ....................................................................................................................... 80 

6.3. OFF states ...................................................................................................................... 83 

6.4. Bode plots ...................................................................................................................... 85 

7. Differentiating the UP and BP switching in Pt/ZrO2/(EAE) devices .................................. 87 

7.1 Empirical model of RS in Pt/ZrO2/(thin EAE) and Pt/ZrO2/(thick EAE) .......................... 87 

7.2 Comparison of the empirical model with the experimental results ............................. 92 

7.2.1 Discussion of the microscopic switching model of the Pt/ZrO2/(thick EAE) devices

 94 



Contents 

 

 

xv 

 

8. General conclusions ........................................................................................................ 101 

List of figures .......................................................................................................................... 105 

List of tables ........................................................................................................................... 111 

Bibliography ............................................................................................................................ 113 

 



37 M
em

be
r 

of
 t

he
 H

el
m

ho
lt

z 
A

ss
oc

ia
tio

n Resistive switching in ZrO2 based  
metal-oxide-metal structures

Irina Kärkkänen

Information /Information
Band/ Volume 37
ISBN 978-3-89336-971-3

In
fo

rm
at

io
n

Re
si

st
iv

e 
sw

itc
hi

ng
 in

 Z
rO

2 b
as

ed
 M

O
M

 s
tr

uc
tu

re
s

Ir
in

a 
Kä

rk
kä

ne
n


