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Section S1: Details on the particular challenges in HfO2 based resistive switching devices and on the 

development of optimised devices 

Generally, after an initial electroforming step, HfO2-based ReRAM devices reveal filamentary-type 

bipolar switching of the resistance state between high and low values (ON and OFF states) triggered 

by voltage application (SET and RESET). The commonly accepted physical model considers a valance 

change of the transition metal ions, resulting from the creation, annihilation, drift and diffusion 

processes of oxygen vacancy defects. Therefore, controlling of the type and concentration of defects 

in the switching oxide material by means of process control and device design is of utmost 

importance. A challenge of memristive devices from a single layer of HfO2 arises from considerable 

variations in the high resistance states and SET voltages from cycle-to-cycle. This high variability can 

lead to severe issues regarding read and write failures of the ReRAM devices. Hardtdegen et al. (ref. 

34 in the main article) demonstrated that a bilayer structure with a thin TiOx interlayer added 

between the HfO2 resistive switching layer and the oxygen exchange metal (here Ti) significantly 

improves the memristive performance. The layer stack of the electrical devices is built of a Pt bottom 

electrode, 3 nm HfO2 by plasma assisted ALD, 3 nm TiOx by thermal ALD, 10 nm Ti oxygen exchange 

layer, and a Pt top electrode.  

Studies of the ALD growth processes of HfO2 and TiOx revealed a linear change in thickness with 

increasing number of deposition cycles. In addition, under the process conditions chosen for HfO2 

and TiOx, no change of the amorphous layer structure nor the films’ low roughness values were 

observed for layer thicknesses increased from 3 nm to 50 nm. In order to enhance the signal for the 

total scattering experiments, the bilayer samples were thus fabricated from 30 nm TiOx on top of 35-

40 nm HfO2 deposited on the fused silica substrate. 

 

 

  



Section S2: Results from the film 3haracterization by x-ray reflectometry (XRR) 

(I) HfO2 and TiN grown by reactive sputtering 

(discussed in section ‘3.2 HfO2 on TiN for ReRAM applications’, respective PDFs shown in Fig. 3 of the 

main article) 

The layer stack which was utilised for the fitting is given as follows from bottom to top: fused sililca 

(SiO2) as substrate with TiN and HfO2 layers deposited by reactive sputtering. Table S1 gives a 

summary of the fitting results for the layers of this study. Figures S1 and S2 show the measured XRR 

data (black circles) and the fits (red lines). 

Table S1: Properties of the sputter deposited HfO2 on TiN layer stacks 

sample description 
XRR fitting 

material thickness / nm roughness / nm density / g/cm3 
HfO2 as-deposited HfO2 18.4 1.4 9.8 

TiN 39.5 1.1 4.7 

HfO2 post-annealed 
HfO2 17.7 1.4 9.8 
TiN 36.9 1.0 4.8 

 

 

material  
thickness 

[nm] 
density 

[atoms/Å3] 
roughness 

[nm] 
HfO2 18.4 0.028 1.4 
TiN 39.5 0.046 1.1 
SiO2 (fused 
silica) 

0 0.023 0.4 

Figure S1: XRR measurement and fit of the stack fused silica/TiN/HfO2 (as-deposited). 
 

 

 

material  
thickness 

[nm] 
density 

[atoms/Å3] 
roughness 

[nm] 
HfO2 17.7 0.028 1.4 
TiN 36.9 0.047 1.0 
SiO2 (fused 
silica) 

0 0.023 0.4 

Figure S2: XRR measurement and fit of the stack fused silica/TiN/HfO2 (post-annealed). 
 

 




















