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Abstract

The Au/NiO/Pt structure was fabricated by magnetron sputtering on the TiO,/SiO,/Si substrates to investigate the bipolar
resistive switching and negative differential resistance in details. The XRD results shows the NiO films have the (111) pref-
erential orientation. XPS measurements shows the Ni** exists in NiO films, indicating that the p-type nonstoichiometric
nickel oxide films forms. The I-V characteristic curves show that the bipolar resistive switching and negative differential
resistance seriously depend on the scan mode of applied voltage. When the applied voltage scans from negative voltage to
positive voltage and return to negative voltage, the negative differential resistance is obtained accompanied with the distinct
resistive switching characteristic. However, the negative differential resistance characteristic disappears when the applied
voltage swept from 0 V to positive voltage and returned to 0 V from negative voltage. This behavior is highly affected by the
interface states, located at the interface of Au and p-NiO films, trap and release the holes. The schematic diagram of energy
band structure and interface state can clearly depict the trap-and-release process, resulting the bipolar resistive switching

accompanied with the negative differential resistance.

1 Introduction

Resistive switching (RS) effect with the metal/oxide/metal
structures has drawn enormous attention due to the device’s
low power consumption, rapid switching response, simple
cell structure, and CMOS technology compatibility [1, 2].
The excellent character makes it a prominent candidate for
next generation nonvolatile memory [3, 4]. The resistive
switching phenomenon with the low-resistance state and
high-resistance state has been investigated in many materi-
als, such as binary oxides (NiO [4, 5], TiO, [6-8], SiO, [9],
Cr,05 [10] and ZnO [11]) and perovskite oxides (SrTiO;
[12] and NiFe,O, [13]). Various mechanisms are proposed
to understand the phenomena. The contribution of forma-
tion and dissolution of conductive filaments to the RS has
been investigated widely [14—18]. And the conductive fila-
ments are confirmed by direct observation with transmission
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electron microscopy (TEM) [4, 19] and conducting atomic
force microscopy (CAFM) [20]. Nevertheless, the rectifi-
cation characteristic observed in NiO films [21, 22], ZnO
films [23] and BaTiO; [24] films indicates the conductive
filaments cannot explain it well. The modification of deple-
tion layer width near interface controlled by the external
voltage bias is often used to understand the bipolar RS effect
in Schottky junction, but it is difficult to explain the negative
differential resistance (NDR) though the rectification char-
acteristic can be explained [25]. The NDR is also reported
in TiO, and Gd, 5sSr, sMnO; induced by Joule-heating [6,
26]. The current-controlled NDR also is out of operation
to the voltage-controlled NDR. Thus, the phenomenon,
resistive switching accompanied with the NDR, needs to be
further studied to have a better understand on the resistive
switching.

Among the various oxide films exhibiting resistive
switching characteristic, the NiO has drawn enormous
researchers’ attention due to the simple constituents and high
on/off ratio [27]. In this paper, the NiO films were deposited
by RF magnetron sputtering with the Au/NiO/Pt structure
to investigated the resistive switching accompanied with the
NDR. For understanding this phenomenon profoundly, the
current—voltage curves were measured with three scanning
modes: (1) the applied voltage swept from negative voltage
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to positive voltage and returned to negative voltage with DC
bias performed by Keithley 4200 (mode I), (2) the applied
voltage swept from negative voltage to positive voltage and
returned to negative voltage under different scanning rate
with the fixed voltage step 0.5 V performed by Radiant Pre-
cision LC (mode IT) and (3) the applied voltage swept from
positive voltage to negative voltage and returned to positive
voltage with different frequency performed by Radiant Pre-
cision LC (mode III).

2 Experimental procedures

The device with the Au/NiO/Pt structure was fabricated by
magnetron sputtering. The bottom electrodes Pt were depos-
ited on Ti10,/Si0,/Si substrate by DC magnetron sputtering.
The NiO films with 550 nm were deposited by RF magne-
tron sputtering. The solid-state reaction method was adopted
to prepare the NiO target. Appropriate amount polyvinyl
alcohol organic binder was added into the NiO powder. After
that, the mixture was ball-milled for 12 h using deionized
water as medium and then pressed into a disk with 6 cm
diameter. The target disk was sintered at 1200 °C for 5 h
in air. A distance of 10 cm was maintained between target
and substrate. Before sputtering, the vacuum chamber was
evacuated down to 5 x 10~ Torr. The total pressure of the
sputtering ambient was fixed at 12 mTorr. The ratio of O,/Ar
was keep at 1/14 by using high purity argon (Ar) and oxygen
(O,). The radio frequency power was maintained at 135 W.
After the deposition, NiO thin films were treated for 10 min
in air at 200 °C. The top electrodes Au with 200 pm diameter
were sputtered through a mask. The Alpha Step D-100 pro-
filometer (KLA-Tencor, California, USA) was used to deter-
mine the thickness of NiO thin films. The phase composition
and valence state information were characterized by X-ray
diffractometer (Rigaku D/MAX-2500, Akishima, Tokyo,
Japan) with Cu Ko radiation (A=0.154 nm) and X-ray pho-
toelectron spectroscopy (XPS, Kratos AXIS Ultra DLD,
Japan). The I-V characteristic were performed by Keithley
4200 and Radiant Precision LC.

3 Results and discussion

Figure 1a shows the device structure with top Au electrode
(0.2 mm in diameter). The voltage is applied to the top Au
electrode and the bottom Pt electrode is contact to ground.
The characteristic diffraction peaks of NiO films are shown
in Fig. 1b, which are comparable to those of the powder
diffraction pattern in JCPDS card no. 89-7130. The peak
at 38.28° is assigned to the TiO, and peaks at 44.52° and
64.86° are assigned to the SiO,, which originate from the
TiO,/Si0,/Si substrate. The peak at 69.79° is induced by

@ Springer

(a)

Ti0x/S102/Si
(b) 2500 =
I + TiO,
E) NiO
S 1500 F (111) Si
2
)
o 1000 |
S
500 |
0 L L 1 1 1 L 1

30 35 40 45 50 55 60 65 70
26 (degree)

Fig. 1 a The device structure and b XRD patterns of NiO films

the Si. The strong characteristic diffraction peaks of NiO
films at 36.94° relates to the (111) plane, indicating that the
polycrystalline NiO films are well formed with an obvious
preferred (111) orientation. It is reported by most researches
that the (111) planes are polarized [28-31], indicating that
most polar charges exist in NiO films.

The Ni 2p and O 1 s XPS spectra of the NiO films are
shown in Fig. 2. As shown in Fig. 2, the Ni 2p orbitals have
two peaks 872.2 eV and 853.9 eV due to the spin orbit [32],
which are assigned to Ni 2p1/2 and Ni 2p3/2 electronic
state. A difference value 18.3 eV between the Ni 2p1/2 and
Ni 2p3/2 is larger than the theoretical value of 17.3 eV. It
may derive from the broad feature of the Ni 2p1/2 peak at
872.2 eV and the shoulder observed at 855.4 eV assigned to
Ni**state [33]. The observed Ni** state refers to the structure
that contains Ni** ions with holes and not to Ni,O, phase as
observed from the XRD results and the O 1 s XPS spectra.
The nickel vacancies and Ni** in NiO crystalline grains can
be generated by the following reaction [34, 35]:

x 1 .. X
2Niy + EOz(g) — 2Niy, + O + V{; (1)

where Niy., Niy; and O represents lattice Ni?*, Ni** and
lattice O* ions, respectively. The reaction between Ni**
and oxygen produces an ionized nickel vacancy Vgi and two
Ni** jons. The created Ni** ions acting as acceptors impact
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Fig.2 Ni 2p XPS spectra of the NiO films. The inset is the O 1 s
spectra. The peaks at 531.3 eV and 529.6 eV shown in O 1 s spectra
relate to Ni** and Ni**

the conductive property of the NiO films, indicating that
the p-type nonstoichiometric nickel oxide films forms. As
shown in O 1 s spectra, the highest intensity peaks found at
529.6 eV is assigned to Ni** [36]. And the peak at 531.3 eV
is assigned to Ni**, which is an oxygen-containing species
and not related to the Ni,O; phase [36]. The results are con-
sistent with the Ni 2p XPS spectra and XRD results.

The I-V characteristic curves with different voltage
amplitude are shown in Fig. 3a—d. It can be observed
clearly that all the current—voltage curves measured under
different voltage amplitude are accord with the exponential
relationship, indicating the Schottky junction formed in
our device. However, the misalignment current—voltage
curves imply the fabricated device presents the resistive
switching characteristic. Compared to the resistive switch-
ing (RS) characteristic resulting from conducting filament
reported in others researches, the I-V behaviors appearing
in our device cannot be explained well by the conducting
filament due to the exponential relationship between cur-
rent and voltage. As shown in Fig. 3, the polar RS and
NDR are strongly dependent on the voltage polarity. When
the applied voltage sweeps from 0 V to positive voltage
and returns to 0 V, the electric hysteresis loops are unap-
parent. However, when applied voltage sweeps at negative
voltage region, the electric hysteresis loops are observed
obviously compared to sweep at positive voltage region.
Nevertheless, when applied voltage sweeps from negative
voltage to 0 V, the NDR is obtained which is not observed
at positive voltage region and the NDR effect is enhanced
with the applied increasing. Meanwhile, the NDR occurs
at different negative voltage region (in the vicinity of
—4 'V for Fig. 3b, —6 V for Fig. 3c and — 8 V for Fig. 3d)
when different voltage amplitude is applied. Apparently,

the origin of NDR resulting from the conducting filament
is excluded. The NDR can also be induced by the Joule
heating [6, 26]. This mechanism can be excluded because
the current is the crucial factor to control the metal—insu-
lator transition resulting in the NDR. It is contrary to the
measured data, which the NDR is controlled by voltage.

The XRD results shows the polar charges exists in NiO
films which the Schottky barrier height can be affected
by [37]. The relationship between the polar charges and
the RS is investigated by J.H. Song et al. [38]. Accord-
ing to the thermionic emission theory, the current can be
expressed as follow:

. Vv
I = SA*T?exp <—;f—;> [exp <Z—T> - 1] )

where S is the area of top electrodes, A™ represents the
effective Richardson constant for thermionic emission, k
is the Boltzmann constant, T represents the temperature, g
and V are the electron charge and applied voltage, ¢, repre-
sents the Schottky barrier height, respectively. As depicted
in Eq. (2), the current is dependent on the ¢, which results
the current varies with the polar charges. However, the NDR
is observed only in negative voltage region and the RS at
negative voltage region is sensitive to the amplitude of the
applied voltage, indicating that the influence of polar charges
can be excluded though the polarized (111) planes exists
in NiO films. The Pt/NiO or Au/NiO heterointerface may
contribute to the [-V characteristic in our device.

To compare our results with those by other researchers
[39-42], it has been reported that the Pt/p-NiO/Pt con-
tacts display Ohmic characteristics. This indicates that the
non-Ohmic [-V characteristics observed in this work are
mainly induced by the Au/NiO heterointerface, not by the
Pt/NiO heterointerface. Specifically, these I-V character-
istics are strongly dependent on the processes of holes
trapped and released by the interface states at the Au/NiO
heterointerface. It is similar to the trap-and-release process
of electrons reported by Jia et al. in SrTiO3:Nb/ZnO het-
erojunctions [25]. In order to have a better understanding
of this behavior, the schematic diagram of energy band
structure and interface states with static bias voltage are
depicted in Fig. 4.

As shown in Fig. 4a, when negative voltage is applied
initially, a part of holes is trapped by the interface states
located at the interface of Au and p-NiO films. Due to
the big negative voltage is applied initially, most inter-
face states have trap the holes, the current is increased
with the voltage scanning sequentially, indicating that
the NDR effect appears. After that, the holes concentra-
tion transporting from p-NiO films to Au decreases on
account of the smaller energy provided by external electric
field to make the holes hurdle the Schottky barrier height,
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Fig.4 The schematic diagram of energy band structure and interface
state with static bias voltage a V<0 V and b V>0 V. The voltage
is applied at Au. The orange arrows represent the processes of holes
trapped and released. The red stubs represent the interface states
located at the interface of Au and p-NiO films
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resulting the current decreasing. However, the trapped
holes, which contributes to the current, are released from
the interface states as shown in Fig. 4b when the posi-
tive voltage is applied. At the mode I, when the voltage
scans from 0 V to positive voltage, all the trapped holes
have inadequate time to be released due to the continuous
scanning (The influence of scanning rate on the I-V char-
acteristic curves is discussed later). This delayed of hole
release from the 0 V-to-positive scan into the positive-
to-0 V scan thus makes the positive-to-0 V current larger
than the 0 V-to-positive scan current. When the voltage
scans from 0 V to negative voltage, the interface states trap
the holes again, which results the current is smaller than
scans from negative voltage to O V up to all the interface
states trap the holes. As a result, the processes of the holes
trapped and released has a crucial influence on the RS and
NDR. Based on the above analysis, it is easy to understand
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the -V characteristic curves shown in Fig. 3. As shown
in Fig. 3a, fewer holes are trapped by interface states due
to smaller concentration provided by the smaller negative
voltage, resulting the smaller current at positive voltage
region compared to the negative voltage region. When a
bigger swept voltage with the amplitude 4 V is applied,
although more holes are trapped by interface states, most
interface states are kept at the initial state. As a result,
the released holes at positive voltage region have little
contribution to the current. And this also happen to the
swept voltage with the amplitude 6 V and 8 V due to the
interface states have inadequate time to trap the holes at
the mode I.

In order to confirm this, the I-V characteristic curves at
the mode II are measured at room temperature and shown in
Fig. 5. As Fig. 5 depicts, the scanning rate plays a key role
on the RS and NDR. The faster the scanning rate is, the less
holes the interface states traps. It is shown in Fig. 5a that the
current increase and both the NDR effect and RS character-
istic are enhanced with the scanning rate decreasing. When
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Fig.5 The I-V characteristic curves measured at mode II

the voltage scans with the scanning rate 0.5 V/0.05 ms, the
very distinctly NDR and RS characteristic are obtained. It
indicates all the interface states has trapped the hole. Com-
pared to the results shown in Fig. 3, there are three differ-
ences: (1) The current at positive voltage region is com-
parable to the current at negative voltage region. (2) The
current swept from 0 V to the positive voltage is bigger than
swept from the positive voltage to 0 V shown in Fig. 5. (3)
The current peaks, which involves to the released process
of holes, can also be observed in positive voltage region
when the voltage is swept from 0 to 7 V. The distinction also
can be explained by the influence of interface states. At the
mode II, the interface states have adequate time to trap the
holes and more holes are released when scans from 0 V to
the positive voltage, resulting the NDR effect is obvious, the
current of positive voltage region are comparable to negative
voltage region, the current peaks at positive voltage region
and the current swept from 0 V to the positive voltage is
bigger than swept from the positive voltage to O V. Although
all the interface states have trapped the holes at mode II, the
influence of the released process of holes is weaken because
of the increasing of hole concentration provided by applied
voltage with the scanning rate decreasing. As a result, the
current peak appearing in positive voltage region disappears
with the scanning rate decreasing, which is shown in Fig. 5b.

Based on the previous discussion, the trapped holes by
the interface states at the beginning of scanning negative
voltage contributes the NDR and polar RS effect. In order
to confirm the influence of the interface states again, the
sweep mode is replaced by sweeping from 0 to 7 V and
return to 0 V from — 7 V with different frequency (mode III).
The measured data are shown in Fig. 6. Apparently, the [-V
characteristic curves are different from the curves discussed
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Fig.6 The I-V characteristic curves as a function of various fre-
quency at mode IIT
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previously. The NDR cannot observed in this sweep mode.
At the same time, the current at the positive voltage region
is smaller than at negative voltage region. When the voltage
scans with the O V as starting point, fewer holes are provided
by the applied voltage, resulting most interface states are
kept the initial state. As a result, the released holes have
less contribution to the current and no NDR is found in this
sweep mode. It also can be found in Fig. 6 that the current
increases with the frequency decreasing. The lower the fre-
quency of the applied voltage, the more holes provided by
the applied voltage, which make the current increase.

4 Conclusion

The Au/NiO/Pt structure was fabricated by magnetron sput-
tering on the TiO,/SiO,/Si substrates to investigate the bipo-
lar resistive switching and negative differential resistance in
details. The strong characteristic diffraction peaks of NiO
films observed at 36.94° relates to the (111) plane, indicating
that the polycrystalline NiO films are well formed with an
obvious preferred (111) orientation. The shoulder observed
at 855.9 eV is assigned to the Ni** state in Ni 2p and O
1 s spectra XPS spectra, which indicates the p-type nonstoi-
chiometric nickel oxide films forms. The I-V characteristic
curves show the bipolar resistive switching accompanied
with the distinct negative differential resistance character-
istic seriously depend on the scan mode of applied voltage.
When the applied voltage scans from negative voltage to
positive voltage and return to negative voltage, the nega-
tive differential resistance and distinct resistive switching
characteristic are obtained. The scanning rate plays an
important role on this behavior. The slower the scanning
rate is, the more obvious negative differential resistance
and resistive switching characteristic can be got. However,
when the applied voltage sweeps from 0 V to positive volt-
age and returned to 0 V from the negative voltage, the nega-
tive differential resistance characteristic disappears and the
RS characteristic becomes more distinct with the frequency
increasing. Those behaviors are highly induced by the inter-
face states located at the interface of Au and p-NiO films by
trap and release the holes.
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