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Abstract Bipolar switching properties and electrical
conduction mechanism in Sn:SiOy thin-film RRAM de-
vices were investigated and discussed. To complete the
resistive switching properties of the stannum doped into
silicon oxide thin films, the RTA-treated Sn:SiOy thin-film
RRAM devices were investigated and discussed. In addi-
tion, the improvement qualities and electrical switching
properties of the RTA-treated Sn:SiOy thin-film RRAM
devices were carried out XPS, FT-IR, and IV measurement.
The ohmic conduction with metal-like behavior and hop-
ping conduction dependent activation energy properties by
the Arrhenius plot equation in LRS of the Sn:SiOy thin
films was investigated. The activation energy and hopping
distance for the RTA-treated thin films were found to be
0.018 eV and 1.1 nm, respectively. For the compatibility
with the IC processes, the RTA treatment was a promising
method for the Sn:SiOyx thin-film RRAM nonvolatile
memory applications.
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1 Introduction

Many volatile and nonvolatile memory devices are used for
application in various portable electronic devices such as,
static random access memory (SRAM), dynamic random
access memory (DRAM), ferroelectric random access
memory (FeRAM), magnetron random access memory
(MRAM), and phrase change random access memory
(PRAM). However, the resistive random access memory
(RRAM) devices will be widely investigated and discussed
in the future. To excellent memory characteristics, high
storage capacity, long retention cycles, low operation
voltage, and low electric consumption, the RRAM devices
are continuously selected and discussed for applications in
the sunrise nonvolatile memory devices [1-8].

Silicon-based oxide materials for co-sputtering tech-
nology are widely investigated and developed for appli-
cations in high storage capacity of nonvolatile RRAM
devices. The silicon-based oxide RRAM devices are
widely investigated because of its compatibility integrated
circuit (IC) processes, long retention cycles, low operation
voltage, and low electric consumption [9-15].

The rapid thermal annealing (RTA) processing is
indispensable and essential technology for crystalliza-
tion and quality of the dielectric thin films. Besides, the
budget cost and fabrication time of the RTA are much
lower than others [4]. In this study, the electrical
properties of the Sn:SiOy thin-film RRAM devices were
improved by the RTA procedure. To explain the re-
sistive switching mechanism for the RTA procedure on
the stannum-doped SiO, layer dominated by interface
of TiN electrode or Sn:SiOy film, the Pt/ Sn:SiOyx TiN
device was fabricated in virtue of inertia of Pt electrode
as top electrode. Besides, the electrical switching
properties and hopping conduction of the low
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resistance state (LRS) and the high resistance state
(HRS) of the Sn:SiOx thin-film RRAM devices were
also used and discussed later.

2 Experimental details

Metal-insulator-metal (MIM) device, schematically
shown in Fig. la, was fabricated over a polished p-Si
wafer of nominal resistively ~1.0 Q cm. To overcome
the existence of native oxide on p-type silicon wafer,
the particle and metal ion on p-type silicon wafer were
removed during RCA clean process. As shown in
Fig. la, the MIM structure samples were divided to
discuss the feasibility of RRAM properties by SiO, and
stannum co-sputtering technology with pure SiO, and
stannum targets. The metal and silicon dioxide target
was placed near 5-8 cm away from the substrate. In
order to remove the defects of metal target and obtain
stable plasma during deposition time, pre-sputtering
time of as-deposited oxide thin film was maintained for
30 min under argon ambient. The sputtering power was
the rf power of 200 W and dc power of 10 W for
silicon dioxide and stannum targets, respectively. For
RTA process, the Sn:SiOyx thin-film RRAM devices
were annealed and treated at 200 °C for 30 s. In addi-
tion, the Pt top electrode with a thickness of 200 nm
was deposited on Sn:SiOx film to form Pt/ Sn:SiOy /
TiN MIM structure by dc sputtering. The typical I-
V characteristics of Sn:SiOy RRAM devices are ob-
tained by Agilent B1500 semiconductor parameter
analyzer. Besides, X-ray photoelectron spectroscopy
(XPS) and Fourier-transform infrared spectrometer (FT-
IR) are used to analyze the chemical composition and
bonding of the non-treated and RTA-treated Sn:SiOy
thin films, respectively.
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Fig. 1 The typical bipolar behavior of the Sn:SiOy thin-film RRAM
devices for RTA process, a using the metal-insulator-metal (MIM)
structure, b binding energy for Sn>* and Sn**

@ Springer

3 Results and discussion

The structure of Sn:SiOxy RRAM devices are shown in
Fig. 1a. After the forming process at a voltage of 20 V, the
Sn:SiOy thin-film RRAM devices were reached a high
resistance state (HRS) and low resistance state (LRS). The
compliance current was 10 mA. By sweeping the bias to
negative over the reset voltage, a gradual decrease in cur-
rent was presented to switch the cells from LRS to HRS
(reset process). Conversely, the device cell turns back to
LRS while applying a high positive bias than the set
voltage (set process). In order to further investigate the
resistance switching behaviors in non-treated and RTA-
treated Sn:SiOy thin-film RRAM devices, the conduction
mechanisms of HRS and LRS in I-V curves were fitting
and discussed.

Figure 1 shows the bipolar behavior of the non-treated
and RTA-treated Sn:SiOyx thin-film RRAM devices by
applying base on Pt and TiN electrode. As shown in Fig. 1,
the LRS and HRS of the RTA-treated Sn:SiOy thin-film
RRAM devices exhibited the low dropping progressively.
The RTA-treated Sn:SiOy thin film was exhibited the low
current density for the defects and dangling bonds de-
creased. To discuss and investigate the influence of the
stannum element of RTA-treated thin film, the chemical
composition characteristics were found and analyzed by
the XPS and FI-IR measurement. In Fig. 1b, the binding
energy of the non-treated and RTA-treated thin films was
486.8 and 487.6 eV. For the RTA-treated Sn:SiOy thin
films, it was caused by the Sn’* binding oxidation and
repaired to form Sn*" binding. The Si-O-Si symmetric and
Sn—O bonds of non-treated thin films were 800 and
650 cm™! from FT-IR measurement. In Fig. 2, the peak
intensity and the amount of Sn—O bonds in Sn:SiOy thin

Si-O-Si(symmetric) Sn-O
800 650
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Fig. 2 The Si—O-Si symmetric and Sn—O bond of non-treated and
RTA-treated Sn:SiOy thin-film RRAM devices
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films were increased and it was caused by re-oxidation in
RTA process.

To discuss the resistance switching mechanisms, the
HRS of the non-treated and RTA-treated Sn:SiOy thin-film
RRAM devices were investigated and fitting in Fig. 3a. As
shown in Fig. 3b, c, the non-treated and RTA-treated
Sn:SiOy thin film exhibited the Poole—Frenkel conduction
and Schottky conduction by In(I/V)-V'? and In(1)-V"?
curves. For non-treated thin film, the doping stannum into
SiO, of the Sn:SiOy thin films resulted in an increased
amount of hetero-defects. Additionally, the electrons were
transferred through the hetero-defects to make the current
conduction mechanism dominated by Poole-Frenkel con-
duction mechanism. Besides, the RTA-treated Sn:SiOy thin
film exhibited low current density and Schottky emission
mechanism, it caused and happened by the defects and
dangling bonds decreased [16—18].

In Fig. 4b, c, the non-treated and RTA-treated Sn:SiOx
thin film exhibited the ohmic conduction and hopping
conduction by In(/)-In(V) and In(/)-V curves. In set process
region, the transmission current was directly flowed and
formed by the intrinsic carrier in Sn:SiOy thin film, and it
was increased by the applied voltage increased. The stan-
num atom clustered in metallic filament of the Sn:SiOy
thin film, showing the ohmic conduction in LRS state [16—
18]. The hopping conduction mechanism was caused by
shallow trapped electrons surpass to the activation energy
barrier and form the leakage current in discontinuous and
broken metallic filament of the Sn:SiOy thin film. In order
to investigate the activation energy from the hopping
conduction mechanism, the —In(/) versus (1/kT) curves of
the Arrhenius plot equation for non-treated and RTA-

Fig. 3 Electrical characteristics
of the high resistance state

(HRS) in the Sn:SiOy thin-film
RRAM devices for RTA process
with a I-V curves, b In(/) versus

treated Sn:SiOy thin-film RRAM devices were used. Ac-
cording to the relationship of hopping conduction, E;, ex, =
—0log1/0(1/kT) where E, is active energy, k is the
Boltzmann’s constant, and 7T is the absolute temperature
[17].

To discuss the hopping conduction and activation en-
ergy relationship properties, the LRS of the Sn:SiOy thin-
film RRAM devices for the voltage of 0.3 V was calculated

by the Arrhenius plot equation. The activation energy
Ologl

o)
the Boltzmann’s constant, and 7 is the absolute tem-
perature. According to the —In(/) versus (1/kT) curves of
the Arrhenius plot equation in Fig. 5, the activation energy
extraction for the non-treated and RTA-treated was found
to be 0.0225 and 0.018 eV (inset of Fig. 5), respectively.
The RTA process induced the activation energy barrier
lowering of the Sn:SiOy thin film due to its stannum atom
being continuously clustered.

Additionally, the hopping conduction distance will be an
important factor to activation energy barrier of the ex-
perimental result. The hopping conduction distance of the
RTA-treated and non-treated Sn:SiOy thin film was also
calculated and discussed by the hopping distance extraction

equation. The hopping distance extraction equation is:
Olog/

o)
energy, k is the applied voltage, Az is the average inter-trap
distance, and u, is about the thickness of 30 nm. In Fig. 6,
the hopping conduction distance of the Sn:SiOy RRAM
devices for the RTA-treated process was about 1.1 nm.

To investigated the reliability and endurance properties
in the Sn:SiOy thin-film RRAM devices, the different

equation is Ejexp = — where E, is active energy, k is

Epexp = =Ec —Ep —qVy ZA_uza where E, is active
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Fig. 4 Electrical characteristics (b)
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Fig. 5 The activation energy of the non-treated and RTA-treated
Sn:SiOy thin-film RRAM devices with a plot of In(/) versus (1/kT)
curves

switching cycle and times were measured and obtained.
The switching cycling was measured another type of the
retention characteristics in Fig. 7. The stable switching
property in the HRS and LRS was about for 10° cycles. As
shown in Fig. 8, no significant change in the current values
for 10* s and 85 °C was observed. In addition, the low-/
high-resistance ratio value was maintained about 1 order.
In addition, the result shows remarkable endurance prop-
erties of the Sn:SiOy thin-film RRAM for applications in
nonvolatile memory devices.

To prove the hopping conduction in LRS, the atoms
structure of the RTA-treated Sn:SiOy thin-film RRAM de-
vices was described and explained in Fig. 9. The oxygen
atoms of dangling bond in SiO, were formed in thin films and
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Fig. 6 The hopping conduction distance of non-treated and RTA-
treated Sn:SiOy thin-film RRAM devices with a plot of (E,) versus
V curves
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Fig. 7 Switching cycling of the RTA-treated Sn:SiOyx thin-film
RRAM devices measured at 0.5 V
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Fig. 8 Retention characteristics of the RTA-treated Sn:SiOy thin-
film RRAM devices measured at 0.5 V
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Fig. 9 The atoms structure and hopping conduction mechanism of
the RTA-treated Sn:SiOy thin-film RRAM devices for compliance
current of 10 mA

exhibited the ohmic conduction mechanism. However, the
ohmic conduction transferred to hopping conduction
mechanism of Sn:SiOy thin films was caused by Sn*"
binding oxidation and repaired to form Sn*" binding after the
RTA process. The oxygen atoms and stannum element of
Sn:SiOy thin film were re-oxidation and repaired. The hop-
ping conduction distance of the RTA-treated Sn:SiOyx
RRAM devices was formed and found tobe 1.1 nmin Fig. 9.

4 Conclusion

In conclusion, the bipolar switching properties of the thin-film
RRAM devices were formed and enhanced by the rapid tem-
perature annealing process because of the low melting point of
the stannum element and oxidation in the crystal lattice. For
XPS results obtained, it was found by the Sn** binding of the
RTA-treated Sn:SiOyx thin-film oxidation and repaired to form
Sn*t binding. For the LRS, the non-treated and treated thin

films were exhibited the ohmic conduction with metal-like
behavior and hopping conduction, respectively. For the HRS,
the non-treated and treated thin films were exhibited the Poole—
Frenkel conduction and Schottky emission conduction, re-
spectively. To the Arrhenius plot equation, the activation en-
ergy extraction of the Sn:SiOy RRAM devices for the non-
treated and RT A-treated was found to be 0.0225 and 0.018 eV,
respectively. For the thickness of 30 nm, the hopping con-
duction distance for the RTA-treated was calculated to 1.1 nm.
To the activation energy barrier lowering and the short hopping
conduction distance of electrical conduction path, the rapid
temperature annealing process effect induced the metal atom
continuously clustered and the electronic easily jump the low
potential well of the Sn:SiOy thin-film RRAM devices in this
study.
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