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In this letter, the Ta/HfO,/BN/TiN resistive switching devices are fabricated and they exhibit low power consump-
tion and high uniformity each. The reset current is reduced for the HfO,/BN bilayer device compared with that for the
Ta/HfO,/TiN structure. Furthermore, the reset current decreases with increasing BN thickness. The HfO, layer is a domi-
nating switching layer, while the low-permittivity and high-resistivity BN layer acts as a barrier of electrons injection into
TiN electrode. The current conduction mechanism of low resistance state in the HfO,/BN bilayer device is space-charge-
limited current (SCLC), while it is Ohmic conduction in the HfO, device.
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1. Introduction

Metal-oxide-based resistive random access memory
(RRAM) is one of the most promising candidates for next-
generation non-volatile memory applications due to its sim-
ple metal-insulator-metal (MIM) sandwich structure, great
scalability potential, fast switching speed, Complementary
Metal Oxide Semiconductor (CMOS) compatibility, etc.[!=]
Because of these superior characteristics, a number of metal
oxides, such as HfO,, WO,, TiO,, VO, have been reported
for RRAM applications.®!!l Among these metal oxides, the
HfO,-based RRAMs are especially attractive for their excel-
lent switching properties. However, there are several problems
that need to be solved from the angle of practical application,
such as the high operational current and large resistive switch-
ing fluctuation, which have been the major barriers for mass
storage applications.

To reduce power consumption, several methods have
been proposed, such as using device area scaling and bilayer
structure.!'>13] In order to improve the resistive switching
memory uniformity, some efforts have been made, such as

[14-16] in the memory

doping and employing bilayer structure
devices and so on. BN film is a wide bandgap semiconductor
material and it has high resistivity, low dielectric constant and
low dielectric loss, which can be a candidate as insert layer for
resistive memory devices.

In this paper, an effective method is proposed to reduce
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the reset current and improve the distribution of the resis-
tive switching parameters by using HfO,/BN bilayer structure,
which is made by using the insertion of the low permittivity
and high resistivity BN layer between the HfO, layer and TiN
bottom electrode.

2. Experiment

Ta/HfO,/BN/TiN and Ta/HfO,/TiN devices were fabri-
cated. 100-nm TiN bottom electrode (BE) was deposited on
Si0,/Si substrates by using directive current (DC) reactive
magnetron sputtering. The embedded layer, 2-, 4-, 6-, 8-nm
BN thin films were deposited on TiN/SiO,/Si substrates by
radio frequency (RF) magnetron sputtering with BN ceramic
target separately. The sputtering was carried out in Ar+N»
mixed gas ambient (Ar/N, = 30 sccm/2 sccm) with a working
pressure of 0.8 Pa at room temperature. The HfO, (200 nm)
resistive switching layer was deposited on the BN thin film at
room temperature by using RF magnetron sputtering. Then
the Ta top electrode with 300 um in diameter was deposited
with the aid of a shadow mask and the Ta/HfO,/BN/TiN de-
vices were obtained. For comparison, the Ta/HfO,/TiN de-
vices were fabricated under the same deposition condition.

Electrical characterizations were performed by using Ag-
ilent B1500A semiconductor device analyzer at room temper-
ature. A positive bias was applied to the Ta top electrode,
while the TiN bottom electrode was grounded for all mea-
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surements in this paper. An energy dispersive x-ray detector
(EDX) was employed to detect the element composition and
relative atomic percent within the HfO,/BN/TiN thin film.

3. Results and discussion

The element composition and relative atomic percent-
age of HfO,/BN/TiN thin film is observed by using an en-
ergy dispersive x-ray detector (EDX). As shown in Fig. 1,
atomic percentage of O, Hf, Ti, N, B, C, and Si is
13.11:0.58:8.15:10.05:5.43:6:56.68, and the presence of these
elements corresponds to the TiN, HfO, BN in the prepared de-
vice. As figure 2 shows, the FTIR spectrum of the BN exhibits
a spectral band centred at 1360 cm~ !, which is attributed to
adsorption band of h-BN. The FTIR characteristic peak of h-
BN combined with the EDX results confirms the existence of
BN thin film. Figure 3 gives the AFM image (1 pmx 1 um) of
BN, the surface is smooth and particles are uniform.

Element Weight Atom
percent percent
B K 2.29 5.43
CK 2.81 6.00
N K 5.48 10.05
O K 8.17 13.11
Si K 62.02 56.68
400 pm Ti K 15.21 8.15
Hf M 4.03 0.58
Fig. 1. EDX spectrum within HfO,/BN/TiN thin film.
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Fig. 2. FT-IR spectra of the BN film.

Figure 4(a) shows the resistive switching characteristics
in the Ta/HfO,/TiN structure with 100-pA compliance current.
There is no resistive switching phenomenon after ten continu-
ous cycles.

Figure 4(b) shows the typical bipolar resistive switching
characteristics of the Ta/HfO,/TiN structure with 1mA com-
pliance current. When the positive electric field is applied
to the Ta electrode, the electrons from TiN electrode are in-
jected into HfO, layer, which leads to the formation of oxygen
vacancy filament. The device is transformed into LRS from
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(color online) Typical bipolar DC [-V characteristics in

Ta/HfO, /TiN device [(a) and (b)] and Ta/HfO,/BN/TiN device (c).
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HRS, and the set process occurs. When the negative electric
field is applied to the Ta electrode, the electrons from HfO,
layer are injected into TiN electrode, and the oxygen vacancy
filaments are broken. The device is transformed into HRS
from LRS, and the reset process occurs. Thus, we believe that
the resistive switching process of the device is controlled by
the electric field applied to the Ta electrode. Note that, the
forming process (as shown in the inset) is required to activate
the following resistive switching cycles. Wide distributions
from 0.96 V to 1.62 V are found for set voltages (Vse) during
the DC sweeping operations. The maximum reset current is
shown to be more than 1 mA.

Figure 4(c) exhibits the continuous /-V curves of set and
reset processes in Ta/HfO,/BN/TiN structure. In the set pro-
cess, the electrons pass through BN barrier layer from TiN
electrode and are injected into HfO, layer. In the reset pro-
cess, the electrons pass through BN barrier layer from HfO,
layer and are injected into TiN electrode. It can be clearly
noticed that the distribution of the switching cycles is greatly
minimized and the maximum reset current is pronouncedly re-

duced by more than one order.
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Fig. 5. (color online) Statistical distributions of (a) HRS and LRS (b) Vet
and Vieger in the 100 continuous switching cycles for Ta/HfO,/TiN device

and Ta/HfO,/BN/TiN device.
Figure 5 indicates the distributions of HRS, LRS, and set

voltage (Vser), reset voltage (Vieser) during continuous 100 DC
sweeping cycles for the Ta/HfO,/TiN and Ta/HfO,/BN/TiN

samples. U is the mean value and o is the standard devia-
tion, while o/ refers to the relative fluctuation (defined by
the standard deviation divided by the mean value). The rel-
ative fluctuations of HRS and LRS in the Ta/HfO,/TiN de-
vices are 25.71% and 30.11%, while relative fluctuations of
HRS and LRS for Ta/HfO,/BN/TiN devices are 23.18% and
8.72%, respectively as shown in Fig. 5(a). The relative fluctu-
ations of Vger and Vieget for the Ta/HfO,/TiN devices are 10.8%
and 12.8%. However, after inserting a thin BN layer, the rela-
tive fluctuations for Vi and Vieger can be reduced to 2.6% and
6.3%, respectively as shown in Fig. 5(b). It is suggested that
the inclusion of a thin BN layer can also improve the unifor-
mity of the device. As reported previously, the low permittiv-
ity BN layer with very smooth surface is likely to act as a con-
centrated electric field, which restricts the conduction path!!”!
and improves resistive switching uniformity.

In addition, the Ta/HfO,/BN/TiN device could retain bet-
ter reliability. Figure 6 exhibits the variations of the HRS
and LRS with time for the Ta/HfO,/BN/TiN device at 85 °C.
After 10* s, there is no degradation observed in HRS (~
3.16 x 10° Q) nor LRS (~ 2.35 x 10* Q). Furthermore,
the reset current decreases with BN thickness increasing from
0 nm to 8 nm as shown in Fig. 7, the BN film between the
TiN bottom electrode and HfO; resistive layer is likely to act
as a barrier layer which hinders the electron injection, as a re-
sult, oxygen vacancies are reduced and the resistance of LRS

is increased, and thus the reset current is reduced.
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Fig. 6. (color online) Retention test under 0.1 V read bias for 10* s at
85 °C for the Ta/HfO,/BN/TiN device.

In order to investigate the resistive switching phenomena
in the Ta/HfO,/TiN and Ta/HfO,/BN/TiN devices, the mea-
sured curves of In(Z) versus In(V) are plotted. As shown in
Figs. 8(a) and 8(b), the I-V curve fitting shows that the cur-
rent conductions in the LRS of the single HfO, and bilayer
HfO,/BN devices are dominated by Ohmic conduction and
space-charge-limited current (SCLC),['8) respectively, which
might be attributed to the insertion of low-permittivity and
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high-resistivity BN layer between the HfO, layer and TiN bot-
tom electrode.
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Fig. 7. (color online) Reset current versus BN thickness.
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Fig. 8. (color online) (a) Plots of In(/) versus In(V) in LRS and HRS of the
HfO, device; (b) a plot of In(/) versus In(V) in LRS and HRS of HfO,/BN
device.

The schematic diagrams of band structure for HfO, and
HfO,/BN bilayer devices are shown in Fig. 9. Electrons are
ejected from TiN electrode and fill into the HfO, layer, which
results in the formation of oxygen filament!'”! as shown in
Fig. 9(a). The low permittivity BN film acts as a barrier layer
for the injecting electrons, and thus resulting in the filament
with less oxygen vacancies as shown in Fig. 9(b). The re-

striction of oxygen filament increases the value of LRS and

leads to the low power consumption. With the increase of BN
thickness, the barrier for injecting the electrons from TiN elec-
trode into HfO, layer becomes higher, so the higher LRS is
achieved. In the following reset process, the higher LRS leads
to the decrease of reset current. This is the reason why reset
current decreases with BN thickness increasing. The forma-
tion and rupture of less oxygen vacancies’ filament also reduce
the randomness of the resistive switching process and improve

the uniformity.

TiN | HfO, Ta TiN

Fig. 9. Schematic diagrams of band structure for (a) Ta/HfO,/TiN device
and (b) Ta/HfO,/BN/TiN device.

4. Conclusions

In this work, the resistive switching uniformity and low-
power consumption features are greatly improved in the HfO,-
based RRAM by inserting a thin BN layer between HfO, and
the TiN bottom electrode. The super-smooth, low-permittivity,
and high-resistivity BN thin film layer acts as a barrier layer
for injecting the electrons and localizes the oxygen filament in
the subsequent switching processes and reduces the reset cur-
rent. The reset current decreases with BN thickness increas-
ing. The conduction mechanism of the HfO,/BN bilayer de-
vice is believed to be the space-charge-limited current (SCLC)
in the LRS while that could be attributed to the Ohmic con-

duction in the HfO, device.
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