
Received 18 February 2018; revised 5 April 2018; accepted 24 April 2018. Date of publication 7 May 2018;
date of current version 8 June 2018. The review of this paper was arranged by Editor M. Liu.

Digital Object Identifier 10.1109/JEDS.2018.2833504

Enhancing the Electrical Uniformity and
Reliability of the HfO2-Based RRAM Using

High-Permittivity Ta2O5 Side Wall
MEI YUAN 1, YI-TING TSENG2, PO-HSUN CHEN 2, CHIH-CHENG SHIH 2, HUI-CHUN HUANG3,

TING-CHANG CHANG 2, XIAOLE CUI1, XINNAN LIN1, SHENGDONG ZHANG1, AND HANG ZHOU 1

1 Department of the Shenzhen Key Laboratory of Advanced Electron Device and Integration, Peking University of Shenzhen Graduate School, Shenzhen 518055, China
2 Department of Physics, National Sun Yat-sen University, Kaohsiung 80424, Taiwan

3 Department of Materials and Optoelectronic Science, National Sun Yat-sen University, Kaohsiung 80424, Taiwan

CORRESPONDING AUTHOR: H. ZHOU (e-mail: zhouh81@pkusz.edu.cn)
This work was supported in part by the Ministry of Science and Technology (MOST) Core Facilities Laboratory for Nano-Science and Nano-Technology

in Kaohsiung-Pingtung, Taiwan, under Contract MOST-106-2112-M-110-008-MY3 and Contract MOST-106-2119-M-110-003, and in part by the
Shenzhen Science and Technology Innovation Committee under Project ZDSYS20170303140513705, Project JCYJ20170412150411676, and

Project JCYJ20160229122349365. (Mei Yuan and Yi-Ting Tseng contributed equally to this work.)

ABSTRACT In conventional HfO2-based resistive random access memory (RRAM), SiO2 is usually
adopted as side wall spacer (low-k spacer) to define the device feature size. It is found that the forming
voltage of the conventional HfO2 RRAM with SiO2 spacer rises when the device size is scaling down
from 16.0 µm2 to 0.16 µm2, which is detrimental for application of high density HfO2-based RRAM. In
this study, a high permittivity side wall spacer (high-k spacer) Ta2O5 is introduced to replace SiO2 spacer.
The Ta2O5 side wall effectively suppress the forming voltage rising issues during RRAM device scaling
without introducing costly processing steps. Moreover, compared to the conventional HfO2-based RRAM,
the side wall enhanced device exhibits faster switching speed, smaller operation voltage, and higher relia-
bilities, including endurance and retention. As a result, the use of Ta2O5 side wall significantly enhances
the overall switching characteristics of the HfO2-based RRAM device.

INDEX TERMS Resistive random access memory (RRAM), HfO2-based RRAM, forming voltage, spacer,
switching speed.

I. INTRODUCTION
In recent years, emerging memories such as phase change
random access memory (PCRAM) [1], magnetic random
access memory (MRAM) [2], [3], ferroelectric random
access memory (FeRAM) [4] and resistive random access
memory (RRAM) [5]–[15] have been proposed as a new
generation memories with potential to provide higher den-
sity than flash memories. Resistive random access mem-
ory (RRAM) is by far the most promising one due to
its properties of low cost, fast switching speed and high
compatibility with the CMOS process [9]–[11]. RRAM
has capacitor-like structure with metal-oxides such as
TiO2 [11], ZnO [12], [13], NiO [8], HfO2 [6], [9], [14],
[15] sandwiched between two metal electrode. Among them,
HfO2-based RRAM has gained more attentions because
of its perfect resistive switching characteristics, excellent

electrical stability, good ON-OFF ratio and simple process-
ing. However, there still remain several challenges before
mass scale production of HfO2-based RRAM. For example,
the forming voltage rises significantly when the device size
decreases from 16.0µm2 to 0.16µm2 [14]. This is a very
crucial issue especially when the device is design to scale
down for high density memory. One of the possible reason
which leads to the changing of forming voltage when scal-
ing down is that parasitic capacitance of the low-temperature
supportive oxide, also known as LTO. For the smaller size
device, it’s easy to find concentrated electric effect induced
by low permittivity material which accounts for the forming
voltage rising with the size of device scaling down, leading
to non-uniform distribution of operation voltage [15]. Some
recent device simulation result s found that high-k spacer
could effectively focus the electric field within the high-k
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insulator layer [14]. In this study, we experimentally fabri-
cated a thin high-k spacer Ta2O5 side wall on the LTO in
an attempt to mitigate the scaling issue.

FIGURE 1. Simulated electric field distribution of 1.0 µm2 via hole size
of (a) low-k (SiO2) and (b) high-k (Ta2O5) spacer RRAM devices. The
smaller via hole size of 0.16 µm2 of (c) low-k and (d) high-k spacer RRAM
devices were simulated electric field distributions.

It’s well known that Ta2O5 material has high measured
dielectric constant of 25–110 [16]–[18] and, as a dielectric
layer, it shows low leakage current meeting the require-
ments for RRAM. Here, we fabricated HfO2-based RRAM
devices with Ta2O5 spacer side wall. We hypothesized that
the high-k Ta2O5 sidewall would confine the electric field
inside the resistive HfO2 layer. The electric field distribu-
tions were simulated for the cell size of 0.16 µm2 and 1µm2,
which is shown in Fig. 1. The electric field distributions at
the corner of the SiO2 spacer RRAM device disseminates
in both insulator (HfO2) and LTO (SiO2) layers, shown in
Fig. 1(a) and (c). In the SiO2 spacer RRAM device, the elec-
tric field of the clearly disperses into SiO2 layer for the both
cell sizes (0.16 µm2 and 1 µm2). In contrast, in the Ta2O5
spacer RRAM device, the electric field distributions at the
corner are concentrated and constrained within the insulator
for both cell sizes, as shown in Fig. 1(b) and (d). Therefore,
the results of electric field distribution simulations indicate
that the high-k Ta2O5 side wall influences the electric field
distribution in the switching layer. More of electric field is
confined in the switch layer which may be accounted for
the forming voltage does not significant increase at scaling
down for the Ta2O5 spacer RRAM device. The confinement
of electric field in the resistive layer indicates that the voltage
drops from Pt metal were mainly - forming voltage, other-
wise, the low-k SiO2 spacer would share significant portion
of the applied voltage especially when the device is active
region is narrowed down. For comparison, we fabricated
two kinds of HfO2-based RRAM devices, one with spacer
of low-k material-SiO2, denoted as low-k spacer RRAM,

and the other one with high-k side wall Ta2O5, denoted as
high-k spacer RRAM.

II. EXPERIMENT SECTION
Device Fabrication Process: A 200nm thick TiN film was
sputtered as the bottom electrode on the two patterned
Ti/SiO2/Si substrates. A 20nm thick SiO2 spacer layer was
deposited on top of TiN electrode. Both substrates are pat-
terned by photo resistor (PR) and SiO2 etching to define
the device size. One substrate was used for building high-k
spacer RRAM device, and the other was used for build-
ing low-k spacer device. For the high-k spacer RRAM,
a 6nm-thick Ta2O5 film was deposited by RF-sputtering from
a pure Ta2O5 target with 30sccm Argon (Ar) at 8mTorr work-
ing pressure. Then, the Ta2O5 thin film was etched by an ICP
etcher with 20sccm Ar and 10sccm CF4 gas at 4mTorr with
50W etching bias power, leaving a Ta2O5 sidewall spacer
is about 6nm thick. Next, a 4nm resistive switching layer
of HfO2 was deposited by RF sputtering HfO2 targets with
200W RF power. For the top electrode, 200nm-thick Pt layers
were deposited on low-k and high-k spacer RRAM devices
by DC-sputtering a pure Pt target with 30sccm Ar gas under
4mTorr working pressure. For the low-k spacer device, all
the processes are the same except that SiO2 is used to replace
the Ta2O5 as side wall spacer material. Finally, the low-k
spacer (SiO2) and high-k spacer (Ta2O5) RRAM devices
are completed by lifting off photo resistor (PR). The cell
is patterned by mask alignment with via size of 0.16µm2,
0.36µm2, 0.64µm2, 1µm2 and 16.0µm2.
Device and Material Characterizations: All of devices

with different sizes were tested by Agilent B1500A semicon-
ductor analyzer with the voltage sweep applied to the TiN
bottom electrode, while the top Pt electrode was grounded.
It’s essential to set a SET current compliance to prevent
hard-break down for RRAM devices. For the first time of
test, a bias voltage sweeps from 0 to 10 V and there was an
abrupt current jump from high resistance state (HRS) to low
resistance state (LRS) (compliance current=10 µA) which
opens a soft breakdown conduction path in the insulation
layer (Forming Process). Then, a negative voltage sweep
(-1.2 V → 0 V → 1.2V) can recover the LRS of the insu-
lation layer to HRS, defined as RESET process. A positive
voltage sweep (0 V → 1.2 V → 0 V) can change the HRS
of the insulation layer to LRS again with the compliance
current of 5 mA (SET process).

III. RESULTS AND DISCUSSION
Both structures of low-k and high-k spacer RRAM device
are illustrated in Fig. 2(a) and (b). In order to confirm the
existence of spacer, the cross sectional view of the insulation
layer of the transmission electron microscopy (TEM) images
are provided, as shown in Fig. 2(c) and (d). It’s easy to find
the insulation layer (HfO2 layer) and high-k spacer (Ta2O5
layer) and the thickness of HfO2 and Ta2O5 layer is 4nm,
6nm, respectively.
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FIGURE 2. Structure of (a) low-k and (b) the high-k spacer RRAM device.
Cross-sectional TEM images of (c) the low-k spacer and (d) the high-k
spacer in RRAM devices. (e) X-ray photoelectron spectroscopy (XPS) result
for O 1s, Ta 3d3/2, 3d5/2 peaks in Ta2O5 sample, insert is the percentage
of Ta element and O element. (f) Fourier Transform Infrared
Spectroscopy (FTIR) of Ta2O5 layer.

In addition, we also carried out some material analyses
such as X-ray photoelectron spectroscopy (XPS) and Fourier
Transform Infrared Spectroscopy (FTIR) on sample of Ta2O5
layer. For the XPS spectra, it’s apparent that Ta 3d3/2, 3d5/2,
4f7/2 peaks were obtained in the Ta2O5 sample, which is
shown in Fig.2 (e). The insert illustrations imply the per-
centage of Ta element and O element is 69.06 %, 30.94%
respectively. From the FTIR spectra, as shown in Fig.2 (f),
a peak of Ta-O in 643 cm−1 was found, indicating that
Ta2O5 was successfully obtained in the device [19].
To investigate the effects of the high-k and low-k side-

wall on the resistive switching characteristics of small size
devices, firstly, we measured current-voltage (I-V) curves
of forming process of both low-k (blue) and high-k spacer
RRAM (red) devices with via size of 16.0µm2 (Fig. 3 (a))
and 0.16µm2 (Fig. 3 (b)). It is found that at the via size
of 16.0µm2, the forming voltage of both low-k and high-k
spacer RRAM are quite close to each other, about 5.2 V,
while at the via size of 0.16µm2, the forming voltage of low-
k spacer RRAM increased to 6.15 V, whereas the forming
of high-k spacer RRAM remained unchanged. This single
device measurement results already shows the effectiveness
of a high-k spacer side wall on stabilizing the forming
voltage of RRAM devices.

FIGURE 3. I-V curves of forming process within the via size of (a) 16.0µm2

and (b) 0.16µm2 for the low-k spacer RRAM(blue) the high-k spacer
RRAM (red) devices (the compliance current is 10 µA). Statistical results of
forming voltages for five random devices for each via size for
both (c) low-k and (d) high-k spacer RRAM devices. Arrow indicates the
voltage increase trend.

To get statistical results, five times tests of forming
voltages for both low-k and high-k spacer RRAM on sam-
ples with five different sizes (16.0µm2, 1.0µm2, 0.64µm2

0.36µm2, and 0.16µm2) were carried out and plotted in
Fig. 3(c) and (d). It’s obvious that the average forming volt-
age of low-k spacer RRAM device shows a climbing trend
when scaling down the device, increasing from 5.2V to 6.1V
with the size decreasing from 16.0µm2 to 0.16µm2. In con-
trast, the forming voltages in the device of high-k spacer
RRAM maintains at ∼5.2V regardless of the device size.
Consider the electrical measurements and previous report,
we believe the enhancement of forming voltage uniformity
could be ascribed to the high-k spacer confinement of the
electric field in the switch layer [14].
To compare the electrical characteristics of high-k and

low-k spacer RRAM, device with 0.16µm2 via size is cho-
sen for further investigations. 100 continuous sweeps were
applied in both low-k and high-k spacer RRAM device with
compliance current of 5 mA. On the basic of I-V curves
in Fig. 4(a) and (b), bipolar resistive switching characteris-
tics were observed in both low-k and high-k spacer RRAM
with positive SET bias and negative RESET bias operations.
When the voltage sweep from 0 V to 1.2 V, the device
change from HRS to LRS which is defined as SET process,
whereas the voltage sweep from 0 V to −1.2 V, the device
change from LRS to HRS which is defined as RESET pro-
cess. It is apparent that the I-V curves of the high-k spacer
RRAM device exhibits better uniformity during SET and
RESET cycles than that of the low-k spacer RRAM device.
To further demonstrate the uniformity difference between

these two types of device, we plotted the LRS and HRS
accumulation probability of the low-k and high-k spacer
RRAM. The ratio of HRS and LRS is about 10 in the two
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FIGURE 4. 100 continuous DC sweeps of 0.16 µm2 via size for (a) the
low-k and (b) high-k spacer RRAM. Statistic distributions of HRS and LRS
for (c) low-k and (d) high-k spacer RRAM (V read =0.1 V). Distributions
of (e) Set voltage and (f) Reset voltage for both low-k and high-k spacer
RRAM with 0.16 µm2 cell size.

devices. As shown in Fig. 4(c), when the read voltage was
set at 0.1 V, the HRS of low-k spacer RRAM distributed in
a wide range, whereas the LRS distribution remained stable.
In contrast, for the high-k spacer RRAM, both of HRS and
LRS were kept in a relative stable state with narrow resis-
tance distribution range, shown in Fig. 4(d). The distribution
of HRS and LRS for both low-k and high-k spacer RRAM
reveals that high-k spacer RRAM has higher operational
uniformity during operation than the low-k spacer RRAM.
Moreover, the SET and RESET voltage of both types

of devices were plotted statistically in Fig. 4(e) and (f),
it was found that SET and RESET voltage of the high-k
spacer RRAM are 0.66 V and 0.68 V, respectively, which are
almost equivalent to those of the low-k spacer RRAM. Again,
the high-k spacer RRAM exhibited a narrower set voltage
distribution. These results confirm that the high-k spacer
device could be operated under small voltage with more
uniform switching behavior, which is beneficial for practical
application.
To investigate the stabilities of HRS and LRS, the

endurance and retention of both devices were mea-
sured under current compliance of 10 mA. As shown in
Fig. 5(a) and (b), the data were read at 0.1V with an AC pulse
was applied to switch the resistance states between HRS and
LRS. Both of HRS and LRS for high-k spacer RRAM and
low-k spacer RRAM can be operated 107 times, which sug-
gests its capability for AC operation. Both devices show

FIGURE 5. Endurance test results for cell size of 0.16µm2 for (a) the low-k
RRAM and (b) high-k spacer RRAM (AC signals distribution was inserted in
Fig. (a)). Retention test results of (c) the low-k and (d) the high-k spacer
RRAM at 358 K test environment. (e) SET process and (f) RESET process of
low-k and high-k spacer RRAM under AC pulse (the insert are AC signals
pulse distribution).

fair stability during the retention test, the high-k and low-k
spacer RRAM devices, as shown in Fig. 5(c) and (d), the
HRS and LRS of both devices maintained almost unchanged
for at least 104 s, indicating a life time of over 10 years
without degradation at room temperature.
Besides, the AC pulse signals were applied to high-k and

low-k spacer RRAM to measure their instant switching time.
The switching time is defined as the length of time between
LRS and HRS. The SET process and RESET process were
shown in Fig. 5(e) and (f), respectively. During the SET
process, the switching time of high-k spacer RRAM device
is about 0.5 µs while that of low-k RRAM is about 1.2 µs
(Fig. 5(e)). Their switching time during the RESET pro-
cess are both 700ns (Fig.5(f)). However, the high-k spacer
RRAM shows a higher resistance changes which is about
10 times higher than that of low-k spacer RRAM at the
end of the RESET process. In addition, the definition of the
length of switching time is based on the previous study [20].
All the above results provided indirect evidences that the
high-k Ta2O5 material could help focus the electric field
in the HfO2layer, which enable a more complete and faster
resistance switch at short pulse operation.

IV. CONCLUSION
In conclusion, we propose a new high-k-Ta2O5 as side-wall
structure of RRAM device which solve the problem that
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the forming voltage increased significantly with the size of
device decreased according to the results of material analyses
and electrical measurements. The HfO2-based RRAM with
high-k spacer structure exhibited more outstanding resis-
tive switching characteristics, such as faster switch speed,
small operation voltage and excellent reliabilities compared
to the normal HfO2-based RRAM device which suggests
significance of high-k spacer in the application of HfO2-
based RRAM. What’s more, both high-k and low-k spacer
RRAM device can be operated at least 107 times under small
operated voltage and they all showed excellent reliabilities
(104 s). In short, all experimental measurements showed the
prominent potential of high-k material as side-wall structure
of RRAM for next generation data memory.
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