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This study presents the dual bipolar resistive switching characteristics induced by oxygen-ion accu-

mulation. By introducing nitrogen to the interface between the resistive switching region and active

switching electrode, filament-type and interface-type resistive switching behaviors can both exist

under different operation conditions. This particular oxygen-ion accumulation-induced switching

behavior suggests an extraordinary potential for resistive random access memory applications

because the operating power can be significantly decreased (about 100 times). The physical mecha-

nism of this oxygen-ion accumulation-induced interface-type resistive switching behavior is

explained by our model and clarified by current conduction mechanism and material analysis.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902503]

In the development of the IT industry in the next genera-

tion, including forward-looking consumer electronics and an

Internet of things (IoT), non-volatile memory (NVM) will play

a decisive role in this wave of change.1–5 Currently, non-

volatile flash memory has been widely applied in electronic

devices. However, flash memory faces challenges to its techni-

cal and physical limits. Therefore, next generation nonvolatile

memories have been extensively researched, including phase

change to random access memory (PCRAM), magnetic ran-

dom access memory (MRAM), ferroelectric random access

memory (FeRAM), and resistive random access memory

(RRAM). Among these, RRAM is the most promising candi-

date due to its very low operation voltage, extremely fast

write/erase speeds, and excellent scaling capability.6–35

Various materials have been reported to possess resis-

tive switching behaviors. However, silicon oxide-based

ones are promising for RRAM applications because of their

great compatibility in integrated circuit (IC) processes. In

our previous work, metal-doped silicon oxide (M:SiOx)

co-sputtered at room temperature for use as a resistive

switching layer has been studied. We reported a bipolar

switching behavior and outstanding performance, including

over 106 cycles of endurance and excellent retention under

high temperature.36–42

In this paper, sandwiched Pt/Hf:SiOx/Hf:SiOx (under

nitrogen ambient)/TiN devices were fabricated to investigate

an accumulation of oxygen ions which induced interface-

type switching behavior by introducing nitrogen in the inter-

face between the RRAM active layer and electrode. Types of

chemical bonds were analyzed by a Fourier transform infra-

red spectroscope (FTIR), and current conduction fitting was

applied to clarify the physical mechanisms of the effect of

oxygen-ion accumulation.

The process sequence was as follows. First, a 300 nm

SiO2 layer was grown by wet oxidation on the lightly doped

p-type substrate (100) silicon-substrate. The SiO2 layer is

used as an insulator layer between the bottom electrode and

the silicon substrate to block any leakage paths from bottom

electrode to silicon substrate. Second, the TiN/Ti bottom

electrode of 200 nm was deposited by using RF sputtering

and followed by another SiO2 deposition. The lithography

process was performed to pattern the cell size and active

region from 0.04 to 64 lm2. For the introduction of nitrogen

between the switching region and active switching region,

first a 3 nm Hf:SiOx thin film was deposited on the patterned

TiN/Ti/SiO2/Si substrate by co-sputtering with pure SiO2

and Hf targets under argon and nitrogen (50/30 standard

cubic centimeter per minute, SCCM) ambient. Then, the

9 nm Hf:SiOx thin film was deposited under only argon

(50 SCCM) ambient. Finally, the 200 nm Pt layer was depos-

ited as top electrode and patterned by a lithography process

to form the electrical devices with RRAM sandwich struc-

ture, as shown in the bottom left inset of Fig. 1. All of the

electrical characteristics were measured by an Agilent

B1500 semiconductor analyzer. For all electrical measure-

ments, the bias was applied to the bottom electrode (TiN) as

the top electrode (Pt) was grounded.

Fig. 1 shows the electrical current-voltage (I-V) proper-

ties and the forming process (bottom right inset of Fig. 1) of

typical redox-type resistive switching behavior, which is

dominated by an oxygen-ion redox reaction in the RRAM
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switching layer (blue line). However, unlike typical resistive

switching behaviors, there is a particular phenomenon in our

device which exhibits an additional switching behavior at

high resistive state (HRS) by applying specific stop voltages.

At the HRS of typical resistive switching properties (blue

line), there was an additional switching behavior where the

“reset” process occurred (red line) when the voltage was

swept from 0 V to 0.85 V (which is smaller than the “set” volt-

age of typical resistive switching properties). In addition, the

“set” process occurred when the voltage was swept from 0 V to

�1.5 V (red line). This current sub-cycle (red line) was lower

than the HRS cycles of typical resistive switching behavior and

is defined as an ultra-HRS (UHRS), as shown in Fig. 1.

To analyze the material properties of introducing

nitrogen on the interface, FTIR spectroscopy was used.

Figure 2 shows the Hf-O stretch bonding found in the

Hf:SiOx (with N2 ambient) film at 595 cm�1. In addition,

the anti-symmetric stretch mode and the symmetric stretch

mode of Si-O-Si bonds were discovered at 1042 cm�1 and

795 cm�1, respectively. Moreover, the Si-N stretch bonding

was also found in the Hf:SiOx (with N2 ambient) film at

1137 cm�1. According to these absorption peaks expressed

in FTIR spectrums, we can confirm that the Hf element was

doped in the silicon oxide film and that by co-sputtering with

nitrogen ambient, the N element has been introduced into the

Hf:SiOx film.43

To further investigate the reliability of the devices, en-

durance and retention tests were evaluated in Figs. 3(a) and

3(b). For endurance tests, three resistance states (low resis-

tive state (LRS)/HRS/UHRS) were extracted with a reading

voltage of 0.1 V. There was 100 times the resistance ratio

between HRS/LRS and 10 times between HRS/UHRS.

FIG. 1. The I-V characteristic of both traditional redox switching and

oxygen-ion accumulation-induced switching behavior. The bottom left inset

shows RRAM sandwich structure electrical devices, and bottom right inset

shows the I-V characteristic of the forming process.
FIG. 2. FTIR spectra of Hf:SiOx (under nitrogen ambient) film. The Hf-O

and Si-N stretch bonding, the anti-symmetric, and symmetric stretch mode

of Si-O-Si bonds can be observed.

FIG. 3. (a) Three resistance states (LRS/

HRS/UHRS) were extracted with a read-

ing voltage of 0.1 V and can be main-

tained during the 100 cycling bias dc

operations. (b) The retention characteris-

tics of LRS, HRS, and UHRS remain

almost constant after 104 s at 85�C. (c)

The endurance of oxygen-ion accumula-

tion-induced switching characteristics

can perform up to 104 with UHRS and

HRS under AC pulse operation.
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Three resistance states can be maintained during the 100 cy-

cling bias dc operations. The retention performance of the

memory device was evaluated at 85 �C by measuring the re-

sistance values of the LRS, HRS, and UHRS at 0.1 V. The

resistance values remain almost constant even after 104s. The

AC endurance of oxygen-ion accumulation-induced switching

characteristics can perform up to 104 with UHRS and HRS

under AC pulse operation as shown in Fig. 3(c). According to

these results, the particular oxygen-ion accumulation-induced

switching behavior exhibits stable reliability. Therefore, these

devices have potential for RRAM applications because of their

low operation power consumption.

The current conduction mechanisms of HRS and UHRS

were analyzed in order to further examine the accumulated

oxygen-ion switching behavior. The current conduction fitting

results are shown in Fig. 4. The relationship in the curve of

ln(I/T2) versus the square root of the applied voltage (V1/2) is

linear. This demonstrates that Schottky emission is the main

transport mechanism in HRS (�1.5 to �0.15 V) and UHRS

(�0.15 to �1.5 V) during the set procedure of the accumu-

lated oxygen-ion switching behavior. The major leakage cur-

rent arises from the electrons crossing the potential energy

barrier between the switching layer and TiN electrode

interface by the thermionic effect. According to the Schottky

emission formula, J ¼ A��T2 exp
�qð/B�

ffiffiffiffiffiffiffiffiffi
qV

4peidsw

p
Þ

kT

� �
, where A**

is the Richardson constant, with the effective switching thick-

ness (dsw) and energy barrier height (/B) obtained from the

slope and intercept of the plot of
ffiffiffiffi
V
p

-ln I
T2

� �
, respectively. The

slope is q
kT

ffiffiffiffiffiffiffiffiffiffiffi
q

4peidsw

q
and the intercept is lnAA�� � q/B

kT , where

ei ¼ je0, and the j of SiO2 is about 3.9. The lnAA�� can be

ignored because it is much smaller than
q/B

kT . Using this

method, the /B of HRS and UHRS in Figs. 4(b) and 4(c) can

be obtained through calculation, which show that the /B of

HRS and UHRS is about 0.66 eV and 0.73 eV, respectively.

Based on the characteristic of N, which have the lone-

pair electrons could capture the oxygen ions.44 Therefore,

the oxygen-ion accumulation induced switching behavior

could be easily observed, resulting in good characteristic

(UHRS/HRS ratio) and reliability (endurance and retention)

on N doped RRAM.

To explain the oxygen-ion accumulation-induced switching

behavior in our devices, Figs. 5(a) and 5(b) show band diagrams

and schematic diagrams for this particular phenomenon. The de-

vice state was after the forming process and being switched to

HRS. Fig. 5(a) shows that as an appropriate positive voltage

(about 0.9 V, smaller than “set” voltage) is applied, oxygen ions

drift to the region then accumulate at the TiN electrode inter-

face. Because of the oxygen-ion (negative charge) accumulation

at the interface, the Schottky barrier height increases from

0.66 eV to 0.73 eV. Therefore, the oxygen ion accumulation

causes the resistance state to switch from HRS to UHRS.

Subsequently, when a negative voltage is applied, oxygen ions

are extracted from the accumulation region and redistribute into

the silicon oxide film, decreasing the Schottky barrier height

(from 0.73 eV to 0.66 eV) and causing the resistance state to

switch from UHRS back to HRS, as shown in Fig. 5(b).

In conclusion, both traditional redox switching and

oxygen-ion accumulation-induced switching behaviors can

be observed in the devices. The latter is induced by introduc-

ing nitrogen, which is clarified by material analysis (FTIR),

and the reliability of three resistive states (LRS/HRS/UHRS)

is also be evaluated by retention and endurance tests. For con-

trast, traditional redox switching behavior is caused by the

FIG. 4. (a) The current conduction fitting results of HRS and UHRS. (b) A

good linear relationship between V1/2 and ln(I/T2). Based on the intercept,

the Schottky barrier height of HRS is 0.66 eV. (c) Based on the intercept, the

Schottky barrier height of UHRS is 0.73 eV.

FIG. 5. (a) The band diagram and

physics mechanism schematic diagram

of the oxygen ions accumulating at the

TiN interface. (b) The band diagram

and physics mechanism schematic dia-

gram of the extracted and redistributed

oxygen ions.
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formation and rupture of the conduction path. The oxygen-ion

accumulation switching behavior is due to the following

mechanism: (1) the dislocated oxygen ions are accumulated in

the switching region near the TiN electrode and are extracted

from it by applying appropriate positive or negative voltage

and (2) as the dislocated oxygen ions (negative charge) are

captured by the lone-pair electrons of N and accumulated in

the switching region near the TiN electrode, it causes the

Schottky barrier height to increase. This oxygen-ion accumu-

lation-induced switching behavior causes the sub-current

cycle which is responsible for the UHRS. Therefore, the redox

and migration of oxygen ions are the crucial factor for both

traditional redox switching and oxygen-ion accumulation

switching behaviors being observed in our device. This latter

sub-current cycle switching behavior suggests an extraordi-

nary potential in RRAM applications because of its low opera-

tion power consumption.
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