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This paper reports the bipolar resistive switching characteristics of TaN,-based resistive random
access memory (ReRAM). The conduction mechanism is explained by formation and rupture of
conductive filaments caused by migration of nitrogen ions and vacancies; this mechanism is in
good agreement with either Ohmic conduction or the Poole-Frenkel emission model. The devices
exhibit that the reset voltage varies from —0.82V to —0.62 V, whereas the set voltage ranges from
1.01 V to 1.30V for 120 DC sweep cycles. In terms of reliability, the devices exhibit good retention
(>10’s) and pulse-switching endurance (>10° cycles) properties. These results indicate that TaN,-
based ReRAM devices have a potential for future nonvolatile memory devices. © 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921349]

Recent semiconductor memory device technologies were
required to be scaled down to achieve greater data storage.
This requirement can be a significant challenge when devel-
oping conventional charge-storage-based memory devices
such as nano-floating gate memory and silicon-oxide-nitride-
oxide-silicon (SONOS) memory because of the technical and
physical limitations of these devices.'™ Resistive random
access memory (ReRAM) is known to be a promising alterna-
tive because of its advanced forms such as phase-change ran-
dom access memory or magnetoresistive random access
memory. To further improve memory applications, resistive
switching (RS) phenomena in various materials have been
investigated. In particular, metal-oxide ReRAM has received
much attention because of its good compatibility with semi-
conductor manufacturing technologies and low-cost of fabri-
cation. Extensive research has been devoted for improving
both the stability and the RS properties of these oxide materi-
als.*~® Notably, Wei et al. have proposed a TaO, ReRAM de-
vice with stable resistance switching based on the redox
reaction mechanism.” They claim that tantalum is one of the
most promising transition metals for RS operation and that the
stability of the resistance state in TaO, ReRAM is determined
by the stability of the redox pair. In this case, the lower the
absolute value of the Gibbs energy of the reaction, the lower
the reactivity. They calculated the reaction Gibbs energy for
various transition metal oxides to determine resistance
change; among these, TaO4 exhibited the lowest reaction
Gibbs energy. A low reaction Gibbs energy favors bistable
states; therefore, it is very important from the viewpoint of
reliability.” Hong et al. have reported RS behavior using
nitride-based RS materials such as aluminum nitride (AIN).
These devices have features such as low voltage/current oper-
ation, fast program operation, good endurance and retention
properties, and excellent compatibility with CMOS technol-
ogy.®” For these reasons, it is expected that TaN, can be used
as a switching material in ReRAM applications.

In this study, we investigate the electrical properties
such as the set/reset voltage distributions, low resistance
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state (LRS)/high resistance state (HRS) currents of the de-
vice throughout the DC curve, RS behavior under pulsed
conditions, and conduction mechanisms of a TaN,-based de-
vice to verify its suitability in ReRAM applications.

The proposed resistive memory device was fabricated as
follows. A 10-nm-thick Ti thin film and a 100-nm-thick Pt
thin film were deposited as the bottom electrode on a SiO,/p-
Si (100) substrate using a radio frequency (RF) sputtering
system. Then, a 50-nm-thick TaN; thin film was deposited as
a resistive switching layer at room temperature using RF
magnetron sputtering. The sputtering was carried out in a
mixed ambient of argon and nitrogen (Ar/O, gas with a flow
rate of 25 sccm/10 scem) at a power of 150 W and a working
pressure of 5 mTorr. Then, the TaN,/Pt specimens were
annealed at 450 °C for 1 min in a nitrogen gas environment
in a rapid thermal annealing system. Finally, a 100-nm-thick
Ti top electrode was deposited on the TaN, thin film. A sche-
matic drawing of the fabricated ReRAM devices with Ti/
TaN,/Pt structure is presented in Fig. 1(a). To confirm the
Ti/TaN,/Pt structure, the tantalum and nitrogen elements
were analyzed based on X-ray photoelectron spectroscopy
(XPS) depth profiles, as shown in Fig. 1(b). In this figure,
each layer was clearly identified; the ratio of Ta to N atoms
was roughly 1:1 for the TaNy layer. No diffusion from the Pt
bottom electrode to the TaN, layer was observed during the
annealing process, which should predict reliable switching
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FIG. 1. (a) A schematic diagram of the Ti/TaN,/Pt ReRAM device. (b)

Atomic concentration of the four elements (i.e., Ta, N, Ti, and Pt) measured
from the XPS depth profile for the Ti/TaN,/Pt layers.
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operation of the ReRAM cell. The XPS measurement was
performed using a ULVAC-PHI X-TOOL. The resistive
switching characteristics were measured by biasing the Ti
and grounding the Pt using a Keithley 4200 semiconductor
characterization system. All measurements were performed
at room temperature.

Fig. 2 shows the I-V characteristics of a typical Ti/
TaN,/Pt ReRAM device; the device exhibits bipolar resistive
switching. For all measurements, the bottom electrode was
grounded and the bias was applied to the top electrode. We
found that the devices were initially in the HRS for the as-
deposited conditions in this work. When a positive voltage
was applied to the top electrode of a device in the HRS, there
was a linear increase in current on a log-linear scale, as
shown in the inset of Fig. 2. At a certain voltage, roughly
1.75V, there was a sharp increase in current as the device
transitioned from the HRS to the LRS. This phenomenon is
the forming process that activated the reversible RS behavior
for the device; the voltage at which this transition occurs is
defined as the forming voltage (Viorming). When a negative
voltage was applied to the top electrode of a device in the
LRS, resistive switching back to the HRS occurred. This
transition is the reset process (device switched into the “off
state”); the voltage at which this transition takes place is
referred to as the reset voltage (V,eser). When a positive volt-
age was applied to the top electrode of a device in the HRS,
resistive switching back to the LRS occurred. This transition
is the set process (device switched into the “on state”), and
the voltage at which this transition occurs is referred to as
the set voltage (V). In this work, the devices usually
require 1.2 V (V) to trigger resistive switching from the
HRS to the LRS. In contrast, the devices switched to the
HRS at approximately —0.75V (Vieser). To prevent hard
electrical breakdown of the devices, a compliance current
was applied during the set process.'!!

The statistical characteristics shown in Fig. 3 indicate
that the DC cycling characteristics of the TaNy-based
ReRAM device are stable over 120 repeated positive and
negative bias sweeps. Fig. 3(a) shows the distributions of the
set and reset currents at 0.1 V before and after programming
for the off state and on state, respectively. The currents vary
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FIG. 2. Typical bipolar resistive switching characteristics for a DC voltage
sweep (OV — 1.5V - 0V — —1.5V — 0V) for the Ti/TaN,/Pt memory
cells. (Inset) Following the forming process of the device with an electrical
bias ranging from 0 to 2.5V, a sudden increase in the current is observed at
around 2.0 V.

Appl. Phys. Lett. 106, 203101 (2015)

from 79.3 pA to 194.1 pA for the set state, probably because
of variations in the fabrication process, whereas the distribu-
tion of the current is narrow before programming (off state).
Fig. 3(b) shows the distribution of the set and reset voltages
taken for 120 DC cycles for the device. The distributions of
set and reset voltages are measured to be ~0.29V and
~0.20V, respectively. Statistical analyses indicate that sta-
ble resistive switching occurred in the TaN-based ReRAM
device, relative to other nitride-based ReRAM devices.”'? In
addition, the devices reveal the bipolar switching behavior
that keeps stable on/off ratio of 8.35 x 10" with switching
responses over 10° cycles under AC pulse biases using a pul-
sewidth of 50ns and a pulse height of 2.5V for set and
—1.5V for reset. Moreover, the data retention of more than
10° s at room temperature has been confirmed, as shown in
Figs. 3(c) and 3(d). The on/off ratio of the device is slightly
lower than those reported in the literature,13 but it can be
improved by increasing the number of oxygen vacancies
using oxygen doping, for example, as reported in Ref. 14.

To further examine the conduction mechanism of the
TaN,-based ReRAM device, the I-V curves in both the LRS
and HRS regions have been replotted. To determine the cur-
rent conduction mechanism in the LRS region, we have plot-
ted log |I| vs. log [V| for the LRS, as shown in Fig. 4(a). In
the low voltage region of the LRS (V < V ), a linear
increase with a slope of roughly 1 is observed. This confirms
that the conduction mechanism of the LRS is dominated by
Ohmic behavior."

To determine the current conduction mechanism in the
HRS region, we examine Poole-Frenkel emission. Poole-
Frenkel emission (electron conduction through traps) can be
characterized by the following equation:

30NZ| 2
q &
In(//V) ~
n(l/V) (nd8r80> kgT’

where ¢ is the electric charge, d is the thickness of film, ¢, is
the dynamic dielectric constant, ¢ is the permittivity of free
space, kg is Boltzmann’s constant, and 7 is the absolute tem-
perature. According to the equation for Poole-Frenkel emis-
sion, the current characteristics can be analyzed in terms of
the relationship between In|I/V| and V2 which can be used
to determine the dominant mechanisms.'> By replotting the
data in the form of In|I/V| vs. [V|"?, as shown in Fig. 4(b),
the conduction mechanism can be fitted to Poole-Frenkel
emission over the low-voltage region in the HRS.

According to these analysis results, a model is proposed
to examine the RS behavior of the TaN,-based ReRAM de-
vice. Previous studies have shown that the switching mecha-
nism is dominated by nitrogen vacancy generation and
recombination.”'*!7 As a result, we see the formation of the
switching regime, including nitrogen vacancies composed of
conductive filaments and the Ti reservoir. The schematic dia-
gram in Fig. 5 shows a widely recognized device. During the
set process, nitrogen atoms are removed from the lattice and
nitrogen vacancies are generated, leaving vacancies behind
the conductive filaments in the switching layer. Nitrogen ions
drift toward the Ti interface and are stored there, forming a
nitrogen reservoir. While the reset process proceeds under a
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Set Reset negative bias, nitrogen ions migrate from the interface back to
Process Process the switching layer and recombine with vacancies, causing
Ti the rupture of conductive filaments near the Ti interface.
Top Electrode According to the electrical properties and the physical
analysis results, the RS is thought to occur via migration of
TaN Ion nitrogen ions between the anode and the TaNj, as illustrated
X . . . . .
Resistive Switching migration in Fig. 5. In reset operation, when applying the negative volt-
age to the anode, nitrogen migrates from the bulk TaNy to
Vacancies the interface between the TaN, and the Ti, which is assumed
generation to be a nitrogen reservoir, and accumulates around the anode.
Pt . Thus, the resistance state of the cell changes to the HRS. In
Bottom Electrode @ Nitrogen contrast to reset operation, in set operation, when applying
) Vacancy the positive voltage to the anode, nitrogen migrates from the

FIG. 5. Schematic diagram of the switching mechanism of Ti/TaN,/Pt
ReRAM device. The set process from HRS to LRS indicates the formation
of conductive filaments via the generation of nitrogen vacancies, whereas
the reset process from LRS to HRS indicates the rupture of conductive fila-
ments via the recombination of nitrogen vacancies with nitrogen ions that
migrate from the nitrogen reservoir at the Ti/TaN, interface.

interface between the TaN, and the Ti to the bulk TaN,;
thus, the cell is switched to the LRS.

We demonstrated the bipolar RS characteristics of
TaN,-based ReRAM devices. The conduction mechanism
that causes resistive switching in this material was verified to
be caused by the formation and rupture of conductive
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filaments via migrations of nitrogen ions and vacancies. In
this case, the conduction mechanisms of LRS and HRS were
dominated by Ohmic conduction behavior and Poole-Frenkel
emission, respectively. When compared to the performance
of metal-oxide ReRAMs reported in International Technology
Roadmap for Semiconductors 2013, we found that the
TaN,-based ReRAM device exhibited stable bipolar resis-
tive switching characteristics with very low set and reset
voltages (Vg =0.84V and V o = —0.75 V) although read
currents at HRS and LRS were higher (I;eaq, nrs =516 nA
vs. 100pA; and lcaq, Lrs =43 HA vs.~10nA) under the
same read voltage (Vi e.q =0.1 V).18 In addition, the narrow
current and set/reset voltage distributions and the good en-
durance and retention properties observed in this study sug-
gest that TaN; thin film can be used in highly efficient
ReRAM devices.

This work was supported by a government grant from
the National Research Foundation of Korea (NRF) (Grant
No. 2011-0028769).
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