
Vol.:(0123456789)

Electronic Materials Letters 
https://doi.org/10.1007/s13391-023-00481-w

ORIGINAL ARTICLE - ELECTRONICS, MAGNETICS AND PHOTONICS

Forming‑Free and Non‑linear Resistive Switching in Bilayer HfOx/TaOx 
Memory Devices by Interface‑Induced Internal Resistance

Mari Napari1,2  · Spyros Stathopoulos1,3 · Themis Prodromakis3 · Firman Simanjuntak1 

Received: 18 May 2023 / Accepted: 25 December 2023 
© The Author(s) 2024

Abstract 
Resistive switching memory devices with tantalum oxide ( TaOx ) and hafnium oxide ( HfOx ) mono- and bilayers were fabri-
cated using atomic layer deposition. The bilayer devices with Ti and TiN electrodes show non-linear switching characteris-
tics, and can operate without requiring an initial electroforming step. The insertion of the HfOx layer induces the switching 
behaviour on single layer TaOx that shows Zener diode-like characteristics, with conductivity depending on the top electrode 
metal. The electronic conductivity mechanism study shows Schottky emission at low voltage regime followed by tunneling 
at higher applied bias, both indicating interface-dominated conduction. The switching mechanism study is supported by 
X-ray photoelectron spectroscopy characterization of the films that show a formation of TaOxNy and TaNx species at the 
oxide-electrode interface. This interfacial layer serves as a high resistivity barrier layer enabling the homogeneous resistive 
switching behavior.
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1 Introduction

Resistive random access memory (RRAM) is considered 
to be the most promising candidate to replace the NAND 
flash memory when its scaling ends [1]. The advantages of 
the RRAM include its simple structure, feasibility for high-
density 3D applications, and low-power consumption [2]. 
However, the remaining challenges, such as the need for a 
high-voltage electroforming and current sneak-path issues in 
the array have hindered the commercialization of the RRAM 
technology [2, 3]. Electroforming-free RRAM are particu-
larly necessary when considering the low-voltage supplies 
supported by more advanced CMOS technology nodes [4]. 
Meanwhile, in order to avoid the sneak-path issues in the 
array configuration, the RRAM cell is usually stacked with 
a selector (either diode or transistor) to produce non-linear 
I − V  behavior [5].

Employing a bilayer stack in the resistive switching 
memory cell can overcome some of the RRAM issues by 
reducing the forming voltages, and improving the switching 
stability and uniformity [6]. Bilayer systems can also stabi-
lize the multi-bit operation in the analog resistive switching 
performance, which is a critical factor for the high-capacity 
memory applications [7], as well as in the adaptation of 
these devices in neuromorphic computing [8].

TaOx and HfOx bilayers for resistive switching have dem-
onstrated to have forming-free and self-rectifying charac-
teristics when combined with noble metal electrodes such 
as Pt [9–15]. However, there seems to be discrepancies in 
the reported device operation, i.e. whether the resistive 
switching takes place in the TaOx [12, 13], or HfOx layer 
[9, 11], and it is clear that the oxide deposition methods, 
layer thicknesses, electrode materials, and oxide-metal and 
oxide-oxide interfaces all play significant roles in the device 
operation and performance. For instance, in the reports on 
TaOx & HfOx bilayer memory devices either one, typically 
TaOx [13–15], or both [10] oxide layers are fabricated using 
physical vapor deposition (PVD) methods, namely magne-
tron/RF sputtering. PVD provides better tuneability on the 
stoichiometry and vacancy concentration via the control of 
the oxygen partial pressure during the deposition, and in 
these devices the resistive switching can be attributed to 
the formation of the conductive filament in the thicker (> 
10 nm) TaOx layer [13]. In devices where both of the layers 
are fabricated by chemical approaches such as atomic layer 
deposition (ALD), e.g. Refs [9, 11], with the HfOx grown 
first on the bottom electrode in Pt/TaOx/HfOx/TiN stacks, the 
interfaces between the subsequently deposited layers appear 
critical: e.g. by chemical modification leading to increased 
number of deep trap states within the film that enable the 
resistive switching, or by forming Schottky barriers to con-
stitute the rectifying behaviour [9, 11].

In this paper we propose that the electroforming-free and 
the non-linear behavior can be achieved by a ( HfOx/TaOx ) 
bilayer RRAM design without the necessity of a selector 
stack. Tuneable non-linearity capability of a single RRAM 
cell is a highly desirable feature as it can ideally be uti-
lized in fabrication of small footprint crossbar arrays as the 
non-linearity could eliminate the need for external selec-
tor devices [16, 17]. Atomic layer deposited (ALD) Ta and 
Hf oxides were chosen as they have already shown com-
patibility with existing technologies and back-end-of-line 
(BEOL) processes for monolithic 3D integration [18, 19]. 
The use of ALD also enables the fabrication of uniform and 
pinhole-free films, allowing the use of ultra-thin films in the 
resistive switching devices also in vertical geometries, and 
thus the miniaturization of memory components to match 
the advanced technology nodes.

2  Methods

The patterning of device structures were done on 150 mm 
Si wafers with 200 nm thermal oxide. A photolithography 
process with negative photoresist (AZ2070, MicroChemi-
cals GmbH) was used for the lift-off patterning of bottom 
electrodes: room-temperature sputtered (Angstrom Engi-
neering) 50 nm TiN with 10 nm Ti adhesion layer between 
the TiN and SiO2 . A Ti target was used in the TiN reac-
tive sputtering with nitrogen plasma (20 sccm, 10 mTorr, 
600 W). The TaOx layer (5 nm) was deposited by plasma-
enhanced atomic layer deposition (ALD) (Oxford Instru-
ments FlexAL, with 13.56  MHz remote inductively-
coupled plasma source) using pentakis(dimethylamino)
tantalum (PDMAT, Ta(N(CH3)2)5 from Pegasus Chemi-
cals) precursor with O2-plasma as the oxygen source. The 
PDMAT source was kept at 65 ◦C and the TaOx deposi-
tion temperature was 200 ◦C . One ALD cycle consisted 
of 1.25 s PDMAT pulse/8 s purge/4 s O2-plasma pulse 
(250 W, 50 sccm O2 flow)/3 s purge. This process yielded 
a growth per cycle (GPC) of 0.93 Å on SiO2/Si substrate, 
measured by a spectroscopic ellipsometer (J A Wool-
lam M-2000). Subsequently, the wafer was transferred 
to another ALD reactor (Veeco Savannah S200) where 
the HfOx (3 nm), was grown by thermal ALD process at 
175 ◦C using tetrakis(dimethylamino)hafnium (TDMAH, 
Hf(N(CH3)2)4 from Sigma-Aldrich), sublimed at 75 ◦C , and 
H2 O. Each HfOx ALD cycle consisted of 0.2 s TDMAH 
pulse/10 s purge/0.03 s H2 O pulse/10 s purge. Prior to the 
TDMAH pulse Ar was released in the precursor container 
for 0.05 s via a boost valve to enable enhanced precursor 
delivery to the deposition chamber. The HfO2 GPC on SiO2

/Si substrate was 1.05 Å. A positive photoresist (Micropo-
sit S1813) was used as an etching mask for oxide pattern-
ing by ion beam etching (Oxford Instruments Ionfab 300, 
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800 W Ar beam) prior to deposition of top electrodes (TE). 
60 nm TiN or 10 nm Ti + 15 nm Pt top electrodes were 
fabricated similarly to the bottom electrodes, using nega-
tive photoresist lift-off process and magnetron sputtering 
at room temperature. In the Pt/Ti top electrode stacks the 
Pt served as an oxidation barrier to prevent the forma-
tion of insulating TiO2 layer on the electrode surface. The 
electrode materials were selected because they are typical 
semiconductor processing materials, Ti is commonly used 
for metal interconnects and TiN in diffusion barriers. The 
device structure and layout are presented in Fig. 1a. For 
materials characterization, single TaOx and HfOx films on 
on SiO2/Si, and unpatterned TE/HfOx/TaOx/TiN samples 
were prepared. For XPS depth profiling the TiN top elec-
trode thickness was reduced from 60 to 20 nm.

Atomic force microscopy (AFM, Bruker Icon) in peak 
force mode was used to investigate the topographic prop-
erties of the thin film stacks. X-ray photoelectron spec-
troscopy (XPS, ThermoFisher ThetaProbe with Al Kα 
1.487 eV X-ray source, beam spot diameter 400 μm ) was 
used to characterize the oxide films and to depth profile 
the device stacks. For depth profiling Ar+ ion etching was 
applied (1 kV, 1 μA , raster area 2 mm × 2 mm) and core 
level spectra of relevant elements were collected after each 
30 s etch step. Ar+ beam etch with lower energy (0.5 keV) 
was used for surface cleaning before measuring the oxide 
film samples. The XPS data was analysed using CasaXPS 
analysis software, shirley background was used in the peak 
deconvolution together with Gaussian-Lorentzian GL(30) 
lineshape, except for metallic and nitride peaks, where an 
asymmetric lineshape was used. The devices were meas-
ured using a Cascade probe station and ArC One measure-
ment platform. During the measurement the positive and 
negative bias voltages were applied to the top electrode 
while the bottom electrode was kept grounded.

3  Results and Discussion

3.1  Preliminary Materials Characterization

Prior to the device fabrication, the growth and physical prop-
erties of the ALD oxide films were investigated. The XPS 
analysis of 10 nm oxide films grown on SiO2/Si substrates 
confirmed that the used ALD processes yielded nearly stoi-
chiometric HfO2 and Ta2O5 films, with very minor sub-oxide 
concentration detected in the tantalum oxide film, presented 
in Fig. 1b, c respectively. The excess oxygen can be associ-
ated with the hydrogen-containing species, namely -OH and 
physisorbed water, as shown in the Supporting Information 
Figs. S1 and S2. In the Ta2O5 film a minor carbon content 
( ≤ 1%) was also measured, but no other impurities were 
detected. The sub-oxides and impurities were also shown as 
a slight increase in the gap states ca. 1.4 eV below the Fermi 
level in the valence band edge spectrum of the TaOx sample, 
seen in Fig. S2d. Atomic force microscopy scans confirmed 
that each of the subsequently deposited layer (bottom TiN, 
TaOx , and HfOx ) is uniform and smooth, with RMS rough-
ness of the HfOx/TaOx/TiN film stack being rRMS ≈ 0.2 nm 
(Fig. 1d). The AFM images of the TiN bottom electrode and 
TaOx/TiN layers are presented in Fig. S3.

3.2  Device Characterization

Monolayers: No resistive switching was observed in mon-
olayer HfOx and TaOx devices, as depicted in Figs. 2a(i–iv). 
Both the TE/HfOx/TiN devices [Fig. 1a(i, ii)] exhibit pure 
ohmic conduction, as confirmed by the linear I-V behav-
iour (Fig. S4). The low resistance (R ≈ 10 kΩ ) of the HfOx , 
even at higher film thickness up to 7 nm, is likely a result of 
the relatively low deposition temperature (175 ◦C), which 
leads to a lower film density and increases contents of light 
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Fig. 1  a Top: an example of the cross-point device layout, the dark 
features on the top and left of the image are the attached probes of 
the probecard measurement setup; bottom: a schematic of the device 

structure. b XPS Hf 4f spectrum of HfO
x
 film and c XPS Ta4f spec-

trum of TaO
x
 film, both deposited on SiO

2
/Si . d Atomic force micro-

graph of 3 nm HfO
x
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x
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element impurities, such as hydrogen and carbon, that can 
have a detrimental impact on the electrical characteristics 
[20, 21]. As discussed earlier, in our HfOx films the carbon 
content was below the detection level of our XPS system 
(< 1 at%), but it was observed that the films contained ca. 
10 % of excess, non Hf-bound oxygen in the form of hydro-
gen containing species i.e. hydroxyl OH– and physisorbed 
H2 O residues from the TDMAH + H2 O deposition process 
which can cause the observed high leakage current as high-
mobility interstitials [22]. Hydrogen and hydrogen contain-
ing species can also hamper the formation and migration of 
the oxygen vacancies required for the resistive switching [23, 
24], as well as accumulate into electron traps at the oxide-
electrode interface [25].

Like the HfOx , the TaOx monolayer devices exhibit no 
resistive switching behaviour, as shown in Fig. 2a(iii–iv). 
Instead, the TaOx devices show Zener diode (varistor) 
characteristics, where the current below threshold volt-
age, approximately 1.5 V for TiN TE, and 0.5 V for Pt/
Ti TE devices, respectively, is very low (0.1 nA regime), 
and increases rapidly above the threshold. The conduc-
tion mechanism analysis shows that the electron conduc-
tion is dominated by Schottky emission at the low-voltage 
range above the threshold voltage, and at higher voltages 
the Fowler–Nordheim tunneling becomes the dominant 
mechanism, as shown in Fig. 2b. The ( log(I) ∝

√
V  ) and 

( log(I∕V2) ∝ I∕V  ) fits for defining the Schottky emis-
sion and the Fowler–Nordheim tunneling (FNT) regimes, 
respectively, are shown in Fig. S5. These results indicate 
that significant barrier height exists at the TaOx/TiN junc-
tions. In addition, the non-linearity ratio I(Vread)∕I(

1

2
Vread) of 

the TiN/TaOxdevice can achieve up to 2.7 × 104 when 2.8 V 
is applied. The Pt/Ti/TaOx device also exhibit a non-linear 
behaviour, but with a more modest non-linearity ratio of 
∼ 200 at 1.5 V Vread (Fig. 2c).

The Schottky emission and Fowler–Nordheim tunneling 
are well known electron transfer mechanisms in oxide thin 
film systems [26], including the TaOx thin film diodes, where 
the dominant mechanisms are largely determined by the 
work function of the biased electrode [27]. Moreover TiN 
has a high metallic stability, and the oxidation of this film 
for TiON interfacial layer formation is a diffusion-limited 
process which doesn’t readily occur at room temperature 
[28]. Ti has more negative Gibbs free energy of TiOx for-
mation ( ΔG0 = −889.5 kJ/mol) [29] than that of TiN form-
ing TiON ( ΔG0 = −580.3 kJ/mol) [28] which leads to more 
efficient oxygen scavenging from the oxide layer. When we 
replace the TiN top electrode with Ti, we can assume that a 
TiOx layer forms at the interface. This TiOx interfacial layer 
decreases the barrier height at the electrode/oxide interface 
via several different mechanisms e.g. change in the electron 
affinity of the formed oxide and formation of metal-induced 
gap states and positively charged defects [30], and hence, 
decreases the non-linearity of the Pt/Ti/TaOx device.

Bilayers: the insertion of the thin (3 nm) HfOx into the 
TE/TaOx/TiN diode stack induces resistive switching behav-
ior, as shown in Fig. 3a, b. The bilayer devices do not require 
a forming process to activate the switching characteristics, 
and they exhibit bipolar switching mode, where positive and 
negative bias turn On (set) and Off (reset) the device, respec-
tively. The pristine TiN/HfOx/TaOx/TiN (TiN/bi-) devices 
have a high resistance both at high and low resistance states 

Schottky

FNT

a) b) c)

(ii)

)iii( )vi( (i) (ii)

(i)

Fig. 2  a I − V  characteristics of a monolayer HfO
x
 (7  nm) devices 

with (i) TiN and (ii) Pt/Ti top electrode; and a monolayer TaO
x
 

(5  nm) devices with (iii) TiN and (iv) Pt/Ti top electrode. All the 
devices have TiN bottom electrodes. b I − V  curves of the TaO

x
 mon-

olayer devices with i TiN and ii Pt/Ti top electrodes, respectively, 
showing the regions where the Schottky emission (red) and Fowler–

Nordheim tunneling (FNT, blue) dominate the electronic conduction. 
c Non-linearity ratio I(V

read
)∕I(

1

2
V
read

) of the TaO
x
 monolayer devices 

with TiN (blue circles) and Pt/Ti (orange triangles) top electrodes, 
respectively. All the data in a–c are measured from pristine devices 
with 5 × 5 μm device area. (Color figure online)
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(HRS, LRS), ca. 1 GΩ at HRS and 65 MΩ at LRS, measured 
at Vread = 1.5 V . However, the HRS resistance decreases 
upon the initial I − V  sweeping before stabilising to ca. 
200 MΩ , resulting in a switching ratio of 3 (Fig. 3c). The 
TiN/bi- devices can be swept up to 5 V with both polarities 
without breakdown. However, a voltage > 3 V is required 
to induce the switching, as devices swept with lower voltage 
range retain diode characteristics similar to the TaOx mon-
olayers (Fig. 3a). The conduction mechanisms in different 
bias regions are shown in Fig. 3b, with detailed analysis in 
Fig. S6a–c. The conduction mechanisms at the HRS and 
LRS are found to be similar to the TiN/TaOx/TiN diodes 
with both the Schottky emission and Fowler–Nordheim 
tunneling present. Although the interfacial barriers are 
changing during the I − V  sweeping due to processes that 
enable the resistive switching characteristics (redox, trap-
ping/de-trapping, and ionic motions), these results indicate 
that the interface-limited electronic conduction mechanisms 
dominate also in the bilayer devices. However, if the bias 
voltage is further increased, the conduction mechanism 
switches to Frenkel–Poole emission, ( log(I∕V) ∝

√
V  ), 

as depicted in Fig.  3b. Unlike Schottky emission and 
Fowler–Nordheim tunneling that are of interfacial type, the 
Frenkel–Poole emission at high voltage regime indicates a 

“soft breakdown” by filament formation, and an electron 
hopping mechanism which could possibly occur via donor 
defects in the films. Similar behaviour has been reported also 
with different material systems exhibiting analog resistive 
switching operation [31].

As in the case of the TaOx monolayer device character-
istics, the choice of the TE metal has a significant impact 
on the device performance. Figure 3a(ii), b(ii) show I − V  
curve of a Pt/Ti/HfOx/TaOx/TiN (Pt/Ti/bi-) device. It is 
found that the device can operate at a lower set and reset 
voltages (±3 V) compared to the TiN/bi- devices. The 
endurance sweep resistances measured at Vread = 1.5 V 
are 15 MΩ and 1.5 MΩ  for HRS and LRS, respectively, 
and stabilise into 7 MΩ (HRS) and 2.5 MΩ (LRS) after 
some applied I − V  sweeps resulting a switching ratio of 
2.8 (Fig. 3c). The LRS and HRS of the bilayer devices are 
found to be depended on the size of the cell, where the cur-
rent increases as the device area increases, demonstrated 
in Fig. S7a with measurements of devices with different 
cell size. We also found that the retention performance 
of the HRS and LRS of the bilayer devices tend to decay 
after 500 s, depicted in Fig. S7b. The size dependency and 
weak retention are the unique feature of interfacial type 
homogeneous switching mechanism [32]. However, owing 

c)

d)

)i( )ii(

Schottky

FNT

FP

a) b)

(i) (ii)

e)

412/1024 
=1.64 Kb

1382/1024 
=18.59 Kb

Fig. 3  a I − V  characteristics of bilayer HfO
x
 (3  nm)/TaO

x
 (5  nm) 

devices with (i) TiN and (ii) Pt/Ti top electrodes (TE), respectively. 
b Same I − V  curves of the bilayer devices with (i) TiN and (ii) Pt/
Ti TE highlighting the regions where the Schottky emission (red), 
Fowler–Nordheim tunneling (FNT, blue) and Frenkel-Poole emis-
sion (FP, green) dominate the electronic conduction. d Read margin 
( ΔV∕V  ) on the crossbar wordline number based on Eq. (1). e Endur-

ance plots showing the stabilization of the high and low resistance 
states (HRS, LRS) of the TiN/bi- (top) and Pt/Ti/bi- (bottom) devices, 
measured from I − V  sweeps at V

read
= 1.5  V. d Potentiation(P)/

Depression(D) plots of a Pt/Ti/bi- device with pulse scheme ampli-
tudes of 3.5 V (P) & −3.5 V (D) (black) and 3.5 V (P) and −4.0 V 
(D) (blue), respectively; note that the pulse width is 0.1 ms and 
V
read

= 1.5 V. (Color figure online)
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to the high non-linearity, these devices can be beneficial 
to various short-term memory applications [33, 34]. The 
non-linearity ( IVset∕I0.5Vset ) of the Pt/Ti/bi- and TiN/bi- 
devices is found to be 420 and 318, respectively, indicating 
an excellent selectivity [35–37]. Moreover, the estimation 
using the Kirchoff equation suggested in Ref. [38]:

where here Rpu = RLRS and Vread = 1.5 V with different num-
ber of wordlines (N), gives us an estimation of the poten-
tial maximum array size. At 10% read margin 41 × 41 and 
138 × 138 crossbar configurations result in 1.64 Kb and 
18.59 Kb for TiN/bi- and Pt/Ti/bi- devices, respectively, as 
depicted in Fig. 3d.

The switching characteristics of the bilayer devices 
implicated a potential to analog/synaptic operation. Syn-
aptic characteristic of Pt/Ti/bi- device is presented in 
Fig. 3e. One epoch training consists of 5000 pulses [each 
potentiation (P) and depression (D) scheme consisting 
of 2500 pulses], measured as sequences of programming 
(P/D) pulses and read pulses ( Vread = 1.5 V ). The result 
indicates that the potentiation scheme is able to produce 
good analog behavior with thousands of conduction lev-
els ranging from approx. 0.06 μS (base) to 0.14 μS (peak), 
without significant noise. On the other hand, an abrupt 
fall of conductance occurs during the first pulse of the 
depression scheme. We tried to minimize this abrupt fall 
by decreasing the amplitude of the depression ( VD ); how-
ever, VD lower than −4 V is not sufficient for the base to 

(1)

ΔV

Vpu

=
Rpu

[
RLRS

(
Vread

)
||
(

2RLRS(Vread∕2)
N−1

+
RLRS(Vread∕2)

(N−1)2

)]
+ Rpu

−
Rpu

[
RHRS

(
Vread

)
||
(

2RHRS(Vread∕2)
N−1

+
RHRS(Vread∕2)

(N−1)2

)]
+ Rpu

reach the original conductance level (from the previous 
epoch) which results in dynamic instability.

3.3  Interface Characterization

In order to better understand the observed device character-
istics, we conducted XPS analysis to investigate the stack 
embedded films and the nature of interfacial layers. Fig-
ure 4a–d show the 3D-profiles of the Ti 2p, Hf 4f, Ta 4f, 
and O 1 s core electron spectra, respectively, measured from 
the Pt/Ti/bi- (Pt/Ti/HfOx/TaOx/TiN) stack (see correspond-
ing data of the TiN/bi- stack in the Fig. S8 in the Support-
ing Information). The 2D evolution of the Hf 4f and Ta 4f 
spectra as the function of the etching time are shown in the 
Figs. S9 and S10.

The Ti oxidation at the Ti/HfOx electrode/oxide interface 
is clearly seen in the Ti 2p spectrum in Fig. 4e, where the 
deconvolution reveals the presence of different TiOx phases. 
This also contributes to the corresponding HfOx spectra 
depicted in Figs. 4f and S8f, which show increased amount 
of sub-oxide contribution appearing to lower binding ener-
gies (Hf 4f 7/2 at ca. 15.9 eV). The Gibbs free energy of 
formation of HfO2 ( ΔG

0 = −1054 kJ/mol at 300 K) is more 
negative than that of TiO2 or TiON ( ΔG0

TiO2
= −889.5 kJ/

mol, ΔG0
TiON

= −580.3 kJ/mol) [28, 29], however it has been 
shown that a band offset at metal/HfO2 interface can lead to 
a formation of doubly-charged negative oxygen interstitials 
diffusing into the Ti or TiN interface enabling the oxygen 
scavenging from the HfO2 film and formation of the TiOx or 
TiNxOy interface layer [39].

Even more evident signs of changes in the oxide layer 
composition at the oxide/metal interface can be seen in the 
TaOx spectra in Fig. 4c, g, as well as in the Figs. S8c, g that 
present the corresponding film in the TiN/bi-stack. the Ta 

Fig. 4  XPS 3D profiles of the 
a Ti 2p, b Hf 4f, c Ta 4f, and 
d O 1 s core electrons from a 
7 nm Pt/10 nm Ti/3 nm HfO

x

/5 nm TaO
x
/TiN thin film stack, 

measured with 30 s Ar+ ion 
beam etch steps. e Ti 2p spec-
trum measured at the Ti/HfO

x
 

top electrode interface, f Hf 4f 
spectrum of HfO

x
 layer, g Ta 4f 

spectrum of the TaO
x
 layer, and 

h normalised Ti 2p spectrum at 
the TaO

x
/TiN bottom electrode 

interface compared to the Ti 2p 
spectrum measured deeper in 
the TiN film bulk
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Hf (IV)

Sub-
oxide

Hf(0)

21222324252627282930

cp
s

Binding Energy (eV)

Exp.
fitTa 4f

Ta(V)

Sub-oxide TaN / TaON

PtStack layers: Ti HfOx & TaOx TiN

Ti 2pTi 2p
Ti (0)

Ti(II)

Ti(III)

Ti(IV)

(a) (b) (c) (d)

(e) (f) (g) (h)



Electronic Materials Letters 

4f spectra show significant increase in the peak intensities 
towards lower binding energies when the etching time is 
increased i.e. the spectrum is measured closer to the TaOx

/TiN interface (see Figs. S9b, S10b). High sub-oxide con-
tent is commonly observed in the TaOx films grown by 
physical vapor deposition methods for RRAM applications. 
However, in our film stacks we can assume that the high 
intensity peaks at 22.8 eV (4f 7/2) and 24.7 eV (4f 5/2) are 
rather originating from TaNx and TaOxNy species instead 
of the sub-oxides or metallic Ta. The Ta 4f spectra indicate 
that at the TiN BE interface majority of the Ta are bound to 
nitrogen, and the film exhibit the characteristics of a TaOx 
only at the HfOx interface. This is a surprising result con-
sidering that a high energy oxygen source ( O2 plasma) was 
used in the TaOx deposition by plasma-enhanced ALD. We 
propose, that during the early stages of the deposition the 
PDMAT precursor dosing reduces the TiN, and later TaOx 
surface [39]. Furthermore, the interface modification of from 
discrete TaOx/TiN interface to more blended complex with 
TaNx , TaOxNy and TiOxNy species is advanced by the diffu-
sion of oxygen to the TiN layer and the subsequent replace-
ment of oxygen in the growing TaOx by nitrogen from the 
TiN electrode surface [40, 41]. Despite using an aminoalkyl 
precursor in the PEALD, it is unlikely that the nitrogen in the 
TaOx layer originates from the PDMAT precursor ligands as 
no N 1 s signal nor corresponding Ta 4f peaks were detected 
in the TaOx films grown in the SiO2/Si substrates under same 
conditions.

The XPS results support the I − V  characteristics that 
showed the TaOx monolayer has higher resistivity com-
pared to the HfOx (Fig. 2a). This is due to the formation of 
TaOxNy layer at the TaOx/TiN interface that tend to inhibit 
the oxygen vacancies formation and movement due to the 
strong N–O bonds [42]. This interfacial layer provides an 
internal resistance in the bilayer stack and serves as an elec-
tron tunnelling barrier layer [43]. Consequently, the Zener 
diode characteristic of the TaOx∕TaOxNy persists after the 
insertion of the HfOx (Fig. 3a). The Ta oxynitride barrier 
layer dissipates the electrons across the bulk providing a low 
injection of electrons into the HfOx layer that facilitates a 
movement of defects to form low and high resistive regions 
in the HfOx layer during set and reset processes, respectively, 
which leads to the interfacial type homogeneous switching 
mechanism. Homogeneous switching mechanism relies on 
a valence change process at the interface region rather than 
a rupture process of a conducting filament, which tends to 
exhibit analog performance but with small on/off ratio [32]. 
This interfacial effect is further enhanced by the formation 
of TiOx layer at the interface between the Pt/Ti top electrode 
and the HfOx layer; the TiOx serves as an oxygen reservoir 
that helps the occurrence of switching at low voltage opera-
tion and more stable endurance, which was not observed 
in devices with TiN top electrodes (Fig. 3b). Note that Pt/

Ti/TaOx/TiN monolayer device is unable to show resistive 
switching behavior [Fig. 2a(iv)], this could be due to the 
TiOx interface being too thin due to the insufficient oxygen 
scavenging from the TaOx layer to allow the effective homo-
geneous mechanism to happen.

According to the I − V  measurements, the current injec-
tion from Pt/Ti layer to HfOx layer (Pt/Ti/bi- device) is easier 
than that of from TaOx/TiN layer to HfOx layer, and because 
of this the switching current of the reverse bias in Pt/Ti TE 
devices tends to be higher than the forward bias. Similarly, 
abrupt fall in conductance occurs during the depression pro-
cess. The abrupt fall indicates that abundant oxygen at the 
TiOx top interface layer can be easily ionized and fill large 
number of oxygen vacancies in the HfOx layer during the 
initial depression pulse; however, the initial pulse alone is 
not sufficient to fill oxygen vacancies near the HfOx/TaOx 
bottom interface region and continuous injection of electrons 
is required to make the base reach the original conductance 
(Fig. 3d). Nevertheless, thousands conductance levels with 
low noise can be produced by potentiation scheme and this 
performance could be useful for multibit data storage [7] and 
neuromorphic applications [2].

4  Conclusion

Varistor-like resistive memory devices can be fabricated by 
stacking a low resistivity film ( HfOx ) with a high resistivity 
film ( TaOx ). HfOx will act as the switching film while TaOx , 
and its interface with a TiN electrode serve as an internal 
resistance in the cell. Neither monolayer devices with an 
ultra-thin HfOx nor TaOx layer alone can perform resis-
tive switching behavior. The low-temperature ALD HfOx 
monolayer has high leakage current due to the presence of 
abundance of OH- species in the film. On the other hand, 
the TaOx monolayer on TiN electrode has high resistivity 
and it exhibits Zener diode characteristics; the formation of 
TaON at the interface limits the redox reaction in the cell 
due to the strong N-O bonds, thus, reducing the electron 
flow into the oxide. The low electron injection into the cell, 
nevertheless, facilitates redox process at the HfOx region, 
inducing a homogeneous non-linear switching in the HfOx

/TaOx bilayer device. This study provides insight into the 
fabrication of selector-less resistive memory for realizing 
high-density arrays.
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