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In this paper, the influence of the band-gap energy of metal oxide layers on the non-linearity of the device
had been investigated. The band-gap energy of the metal oxide layer determines barrier height of tunnel-
ing between metal oxides and electrodes for tunneling mechanisms. The optimum barrier height
between the metal oxides and electrodes exhibits high non-linear characteristics of the device for low

leakage current of the cross-point array applications with excellent switching uniformity.
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1. Introduction

The resistive random access memory (ReRAM) has been inten-
sively investigated to overcome the limitations of conventional
electronic charge-based memories. It has advantages of two-
terminal structure and low power operation [1-3]. Particularly,
filamentary-type ReRAM has been considered as the most
promising non-volatile memory applications. Furthermore, its
cross-point array (4F?) is proposed for high-density integration.

However, in the filamentary-type ReRAM, it suffers from high
leakage current (I xg) of low-resistance state (LRS) and variability
of resistive switching due to metallic characteristics and random
formation [7-10]. The I kg occurs high-resistance state (HRS) sens-
ing failure when sum of I xc and Iygs is larger than I;gs. In the case
of HRS reading, unselected LRS cells generate I kg and it is included
to Iyrs. Thus Ijxg and switching variability incur reading failure
during reading operation of cross-point array. To overcome an
I xc problem, various selection devices were investigated to reduce
current at off-region with structural and compositional complexity
[4,5]. In addition, various structures have been reported to mitigate
the resistive switching variability of ReRAM [7-10]. Even though
various ReRAM structures have been studied, non-linearity and
switching uniformity should be more improved. Thus, the non-lin-
ear ReRAM has been investigated for low I;xg and switching relia-
bility [6,13-22]. However, the non-linearity controllable factor has
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not been discovered. The understanding of the non-linearity is
important for its optimization.

In this research, the influence of the band-gap energy of metal
oxide layers on non-linearity and switching uniformity has been
investigated. We evaluated Al,03, Ta;0s, and TiO, for the non-lin-
earity and uniform switching of the ReRAM. These metal oxide lay-
ers were inserted between the switching layer and the bottom
electrode (BE) to act as a tunnel barrier and filament growth con-
trol. The optimum metal oxide layer effectively exhibit non-linear-
ity owing to its direct and Fowler-Nordheim tunneling [16].
Therefore, careful selection of oxide materials is very important
in ReRAM for low I and reliable resistive switching.

2. Experimental

To investigate the effects of the metal oxide layer on the non-
linearity, the metal oxide layers were inserted to Pt (top electrode;
TE)/Ti/HfO,/Pt (BE) devices (Ti-top sample). All devices were
fabricated in 250-nm via-hole structure. To isolate devices, a
100 nm thickness SiO, sidewall layer was deposited on a Pt/Ti/
SiO,/Si substrate by plasma-enhanced chemical vapor deposition.
Subsequently, a 250 nm via-hole was defined by a conventional
KrF lithography process, and followed by reactive ion etching sys-
tem as shown in Fig. 1a. To form the barriers of metal oxide layers,
we used metal Al, Ta, and Ti targets using RF reactive sputtering in
0.7 and 30 sccm of O, and Ar gas for 120 s in room temperature.
The HfO, switching layer of 4 nm thick was deposited using an
atomic layer deposition system, using TEMAH as a precursor and
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(a) (b)
U nm

Ti (Adhesion)

Fig. 1. (a) The cross-sectional SEM image of the 250-nm via-hole structure. All
deposited thin film layers were formed in the via-hole. (b) Deposition information
of the device structure in via-hole. (c) The cross-sectional TEM image of the Pt/Ti/
HfO,/TiO,/Pt.

H,0 as an oxidizer at 250 °C. To form the oxygen reservoir layer,
the reactive metal Ti was deposited using RF sputtering system.
It controls oxygen ion absorption from the HfO, switching layer.
Finally, the Pt capping layer was deposited with 300 pm. The
device in via-hole is described in Fig. 1b and the TEM image was
analyzed in Fig. 1c.

3. Results and discussion

Fig. 2 shows LRS current-voltage (I-V) characteristics of the
devices, which were Al,03, Ta,0s, and TiO, layers inserted. Once
filament is formed in the switching layer, its LRS current is deter-
mined by internal or external resistors.

In general, electric field is transferred to the higher resistance
state between two serially connected resistors. Therefore, this
internal barrier layer determines I[-V characteristics of the
ReRAM [23,24]. Thus the inserted metal oxide layers which can
acts as a barrier layer determines I-V characteristics in the LRS
operations. As shown in Fig. 2, the three different metal oxide
layers exhibited totally different non-linear characteristics. The
non-linearity is defined in the Eq. (1). It is current ratio between
on-and off-states of the device.

= s0.0ul Non-linearity jfo"??
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Fig. 2. DC I-V characteristics of the LRS of the Al,05 (black), Ta;Os (red), and TiO,
(blue) inserted devices. All barrier layers were located between the BE and the
switching layer. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Non-linearity = (IQVgeq)/ (1@%de> (1)

The highest band-gap energy of the Al,05 layer has almost
ohmic like behavior. Then, the non-linearity value is increased with
lower band-gap energy. Compared to the Al,03 (8.8 eV) layer, the
TiO; (3.5 eV) layer has much higher non-linearity for the low I xg
at the low voltage level.

The Fig. 3 describes the band-gap diagram of the three metal
oxide layers with the Pt electrode [25]. As shown in Fig. 3, the bar-
rier height between the Pt electrode and metal oxide layers are
determined by the band-gap energy of the metal oxide layers.
The Al,05 layer has the highest barrier height, and the barrier
height value is decreased with lower band-gap energy. This barrier
height is an important parameter of the non-linear characteristics
of LRS in the ReRAM. If the barrier height is too high, the electric
field is strongly focused on the barrier layer, and resulted in
hard-breakdown of the oxide layer. Then, the permanent conduc-
tive path is formed due to oxygen vacancies (V,) generation in
the oxide layer as shown in Fig. 4a. This schematic is based on
the LRS [-V characteristics of Fig. 2. The lower V, defect density
can exhibits higher non-linearity with the suppressed off-current
of low voltage level. The on-current level is almost same, however,
the off-current is totally different from the barrier layers. The Al,05
inserted device has ohmic LRS characteristics due to the additional
filament formation of the Al,O5 layer. The high electric field gener-
ates a lot of Vs in the barrier layer and it can be filament during
the set operation of the ReRAM. In the case of the Ta,05 inserted
device, it has relatively higher non-linearity than that of the
Al,0s. This is attributed to the relatively lower barrier height value
of the Ta,0Os5 layer and the Pt electrode. It can focus lower electric
field than the Al,05 layer, and generate very few Vs in the TayOs5
layer. However, its non-linearity is still insufficient to reduce Ijkg
of the LRS [-V characteristics. To maximize the non-linearity of
the ReRAM, we additionally assessed the TiO, layer.

As shown in Fig. 2, it has the highest non-linearity with the low-
est 1.45 eV barrier height. Its optimum value exhibited sufficient
non-linearity. In non-linear characteristics, both the sufficient on-
current and suppressed off-current are important. To reduce the
off-current level, the direct tunneling dominates at low-voltage
level while the Fowler-Nordheim tunneling is dominant at the
high-voltage level.

Thus we could obtain highly non-linear characteristics of the
ReRAM in both positive and negative polarities as shown in

Vacuum energy

Al,O, (1.58 eV) 4.07 eV

Barrier height

Ta,0; (3.2 eV) —

TiO, (4.2 eV)
1.45 eV

Pt (5.65 eV)

Fig. 3. Band-gap energy dependence of the metal oxide layers on the barrier height
with the Pt electrode.
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