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Simplifying HigH-DenSity memory: exploiting Self-rectifying reSiStive memory  
witH tio2/Hfo2 Bilayer DeviceS

Self-rectifying resistive memory can reduce the complexity of crossbar array architecture for high density memory. it can 
replace integrated memory and selector with one self-rectifying cell. Such a simple structure can be applied for the vertical resis-
tive memory. Both top and bottom interface between insulating layer and electrodes are crucial to achieve highly self-rectifying 
memory cell. in this study, bilayer devices composed of hfo2 and Tio2 were fabricated using atomic layer deposition (aLD) for 
the implementation of self-rectifying memory cells. The physical, chemical, and electrical properties of hfo2/Tio2 and Tio2/hfo2 
sandwiched between Pt and Tin electrodes were investigated. By analyzing the conduction mechanism of bilayer devices, the higher 
rectification ratio of Tio2/hfo2 stack was due to the difference in height and the number of energy barriers.
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1. introduction

With the progression of 4th industrial revolution, application 
of artificial intelligence and the internet-of-Things are broaden-
ing, therefore, the necessity of faster information processing is 
ever increasing. in the Von neumann architecture system, in-
formation is processed by the signal exchange between memory 
and central processing unit, which could result in so-called the 
memory-processor bottleneck [1,2]. Scaling or miniaturiza-
tion has been progressed to increase the operation speed of 
complimentary MoS (CMoS) technology based semiconduc-
tor devices. however, scaling of CMoS technology and main 
memory, such as DRaM and flash memory, have reached the 
physical limits due to the charge-based information storage. To 
solve these problems, new nonvolatile memories and non-von 
neumann computing architecture are actively studied so far [1,2]. 

Resistive random access memory (RRaM) is one of the 
new memories with non-volatile properties and fast operating 
speed. unlike conventional memory, such as DRaM and flash 
memory, which store information based on charge, RRaM 
stores information by resistance state making it more advanta-
geous in scaling. its simple structure, metal-insulator-metal 
(MiM), makes it applicable to crossbar array architecture [3-5]. 
however, crossbar array architecture has a critical drawback, so 
called sneak current problem [6]. integration of RRaM and the 

selector device (1S1R integrated device) can simply solve this 
problem; however, complex structure and complicated fabrica-
tion process are inevitable [3-6].

Self-rectifying memory cell (SRC) has a simple MiM 
structure, but functionally the same with 1S1R structure. it has 
a non-linear current-voltage (i-V) characteristics and resistively 
switching under forward direction and rectifying under reverse 
direction. Due to its nonlinearity and simple structure, the sneak 
current problem can be diminished, therefore, SRC has attracted 
a great interest as a computing memory and neuromorphic com-
puting hardware [1,2].

in this study, we fabricated and evaluated the SRC with 
hfo2/Tio2 and Tio2/hfo2 stacks. Both hfo2 and Tio2 insulating 
layers are commonly used for active switching layer in RRaM. 
By changing the order of insulating layer, we tried to understand 
the origin of self-rectifying electrical property and its correlation 
with physical and chemical properties.

2. experimental 

hfo2 and Tio2 thin films for an SRC were grown by atomic 
layer deposition (aLD) [7,8]. TeMahf (C12h32hfn4) was used 
as the hf precursor and TTiP (C12h28o4Ti) was used as the Ti 
precursor. h2o vapor was used as the reactant for both aLD 
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processes. hfo2 aLD was carried out at 250°C and Tio2 aLD 
was carried out at 141°C in the different chamber. The hfo2 aLD 
process was carried out 150 cycles for 15 nm target thickness 
with a 1s TeMahf injection and a 30s n2 purge followed by a 1s 
h2o injection and a 30s n2 purge. The Tio2 aLD process was 
carried out 600 cycles for 20 nm target thickness with a 0.4s TTiP 
injection and a 30s n2 purge followed by a 0.5s h2o injection 
and a 30s n2 purge. each pulse sequence and time are optimized 
at the given deposition temperature and pressure conditions.

The thickness of deposited thin films was measured us-
ing ellipsometer (film Sense, fS-1) and high-resolution field 
emission scanning electron microscopy (fe-SeM, hitachi 
high Technologies Corporation, Su8010). X-ray photoelectron 
spectroscopy (XPS, nexsa, al Kα) analyses were carried out 
to check the chemical properties of the film. for the device 
fabrication, hfo2/Tio2 and Tio2/hfo2 stack were deposited 
on the Tin/Sio2/Si substrate. Pt top electrode was deposited by 
sputtering using a dot-shaped shadow mask with a diameter of 

100, 150, and 200 μm. Fabricated devices were analyzed using 
a semiconductor parameter analyzer (SPa, hewlett-Packard, 
hP-4155a), fig. 1 is the schematic diagram and fe-SeM im-
ages of fabricated devices of Pt/hfo2/Tio2/Tin (PhTT) and 
Pt/Tio2/hfo2/Tin (PThT), respectively.

3. results and discussion

fig. 2 shows the depth profile of XPS spectra of the  
hfo2/Tio2/Tin (hTT) and Tio2/hfo2/Tin (ThT) stacks. ar+ ion 
sputtering of 5 sec was carried 50 times for the depth profile. 
from the depth profile, the hfo2 and Tio2 layers of both stacks 
can be demarcated. Comparing hf 4f spectra in a binding energy 
range of 13-25eV, peak shift to the lower angle at the surface of 
the hTT stack is found in fig. 2(a). Comparing Ti 2p spectra, 
with a binding energy range of 454-468eV, Ti 2p spectra are vis-
ible in the hfo2 area of the ThT stack in fig. 2(b). in addition, 
the higher binding energy of hf 4f in ThT stack can be found and 
thus hfTiox phase exists in the ThT stack. Therefore, consider-
ing the hfTiox peak and Ti 2p spectra of the hfo2 area of the 
ThT stack, diffusion of Ti into hfo2 layer underneath seems to 
occur during the deposition of Tio2 on hfo2 layer. This is due 
to the high reactivity of the TTiP precursor. Diffused Ti appears 
to bond with hfo2 forming hfTiox which may act as trap sites 
[9-11]. from fig. 1(b), the thickness of the Tio2 layer was similar 
in both stacks. however, the thickness of the hfo2 layer was 
quite different. The substrate of the growing film clearly had an 
effect, but in this case, diffusion and reaction of TTiP with the 
hfo2 layer could consume the pre-existing hfo2, which could 
reduce the thickness of hfo2 layer in PThT.

electrical properties of PhTT and PThT devices were ex-
amined. fig. 3 is the current density (J) – electric field (E) curves 
of PhTT and PThT showing the conduction mechanisms under 
the range of electric field [12]. Both devices showed resistive 
switching and self-rectifying properties under positive bias ap-
plied on top of Pt electrode. however, rectifying ratio (between 

fig. 2. XPS depth profile of (a) hTT and (b) ThT stack

fig. 1. Schematics of the fabricated device. (a) Pt/hfo2/Tio2/Tin 
(PhTT) and (b) Pt/Tio2/hfo2/Tin (PThT). Cross-sectional scanning 
electron microscope images of (c) PhTT and (d) PThT
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forward and reverse current) and the resistance ratio (between 
low-resistance and high-resistance under positive bias) can be 
different due to the barrier height and number of trap site in the 
bilayer [13,14]. The PhTT device showed a rectification ratio of 
100 and the PThT device showed a rectification ratio of 5000. 
The resistance ratio was 200 for PhTT and 1000 for PThT. high 
rectifying ratio and resistance ratio are required for the crossbar 
array application. Therefore, it turns out that PThT is superior 
than PhTT as an SRC. To explain the resistance hysteresis and 
self-rectifying behavior, the conduction mechanism and energy 
band diagram were considered. 

as shown in figs. 3(a) and 3(b), Schottky emission, Poole-
frankel (Pf) emission, and ohmic conduction were confirmed 
as the conduction mechanism [9]. after the Schottky emission at 
the lower electric field, Pf emission is the dominating conduc-
tion mechanism under higher electric field. This means that once 
electrons overcome the Schottky barrier and then bulk-limited 
Pool-frenkel conduction dominates in forward direction. The 
higher resistance ratio of PThT compared to that of PhTT can 
be explained by the different trap energy levels and dielectric 
constant of each device. PThT has a trap energy level of 0.7eV, 
while PhTT has a trap energy level of 1.25eV. PhTT has a higher 
trap energy level compared to that of PThT, therefore, the current 
level is lower [15,16]. in addition, it appears that hfTiox layer 
in PThT can contain considerable amount of trap sites which 

can work as the conduction and resistive switching layer as well.
figs. 3(c) and 3(d) represent simplified energy band dia-

grams for PhTT and PThT devices. Bandgap energy of hfo2 
(4.72eV) and Tio2 (3.2eV) dielectric layers and work function 
of Tin (4.5eV) and Pt (5.7eV) electrodes were considered. When 
positive bias voltage is applied on top Pt electrode for the PhTT 
device in fig. 3(c), electrons have to go over the Schottky barrier 
of Tin/Tio2 and Tio2/hfo2/ barrier subsequently. Pf emission 
may occur once the electron overcomes such double barriers and 
penetrates through hfo2 layer. on the contrary, when a positive 
bias is applied for the PThT device, electrons have to go over 
the Schottky barrier of Tin/hfo2 for the Pf emission to occur 
as shown in fig. 3(d). once the electron overcome the Schottky 
barrier, Pf emission occurs through the trap sites in hfo2 layer. 
it is noted that there are plenty of trap sites due to the formation 
of hfTiox in hfo2 layer due to the diffused Ti inside the hfo2 
[10,16,17]. When a negative bias is applied on PThT device, 
electrons have to go over the double barriers of Pt/Tio2 and Tio2/
hfo2 barrier to reach the Tin bottom electrode, therefore, high 
rectification ratio is expected. in other words, the PhTT device 
has a lower rectification ratio because of the number of barriers 
and barrier height under positive and negative bias; electrons 
have to go over double barriers and go through the Pf trap sites 
under positive bias, while Schottky barrier of single Pt/hfo2 
should be overcome under negative bias.

fig. 3. J-E curves of (a) PhTT and (b) PThT and their conduction mechanisms according to the electric field. energy band diagram and plausible 
electron conduction of (c) PhTT and (d) PThT



466

4. conclusions

aLD-grown hfo2 and Tio2 bilayer devices with hfo2/
Tio2 (hTT) and Tio2/hfo2 (ThT) stacks on Tin bottom elec-
trode were fabricated and compared for the implementation of 
SRC. from the XPS depth profile analysis, it was confirmed 
that the stack difference led by the diffusion of Ti into hfo2 
layer below in the ThT stack during the deposition of Tio2, 
while rather cleaner interface formed between hfo2/Tio2 in 
hTT stack. Both devices showed self-rectifying behavior and 
resistance-switching hysteresis, but higher rectification ratio and 
resistance ratio were observed in PThT device. from the analy-
sis of conduction mechanism, Schottky and Pf emission were 
confirmed as the main conduction mechanism under the low and 
high electric field, respectively. Main difference was considered 
that lower Schottky barrier of Tin/Tio2 and diffused Ti inside 
the hfo2 of the PThT stack acted as trap sites, which makes 
PThT device more conductive under positive bias regime. SRC 
device of PThT with higher rectification and resistance ratio 
could be applied to crossbar array for the high density memory 
and synaptic device for neuromorphic computing in the future. 
however, poor retention property of PThT and PhTT devices 
should be remedied.
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