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A set of (001) epitaxial NiO films were prepared on highly textured (001) Pt seed layers using

magnetron sputtering, and their resistive switching performance was measured. Cube-to-cube

epitaxial relationships of NiO(001)//Pt(001) and NiO[001]//Pt[001] were demonstrated. Current-

voltage measurements revealed that the Ag/(001)NiO/(001)Pt capacitor structures exhibited stable

bipolar switching behavior with an ON/OFF ratio of 20 and an endurance of over 5� 103 cycles.

Furthermore, inserting a HfO2 buffer layer between the NiO film and the Ag top electrode

increased the ON/OFF ratio to more than 103 and reduced the SET/RESET voltage to below

60.2 V. These enhancements are attributed to the differing filament growth mechanisms that occur

in the NiO and HfO2 layers. The present work suggests that Ag/HfO2/(001)NiO/(001)Pt capacitor

structures are a promising technology for next-generation, ultra-low voltage resistive switching

memory. Published by AIP Publishing. https://doi.org/10.1063/1.4990089

Resistive switching random access memory (ReRAM)

based on oxide films has received attention for its potential

use in next-generation nonvolatile memory, logic devices,

and neuromorphic computers due to its good scalability,1 3D

stacking potential,2 and operating characteristics that bear a

close resemblance to those of synapses.3 These applications

require ReRAM cells to exhibit low ON/OFF-state currents

but high ON/OFF ratios. The binary metal oxide NiO has

been investigated extensively as a ReRAM candidate since

the 1960s.4 Nevertheless, the structural inhomogeneity of

polycrystalline NiO films often leads to varying resistive

switching behaviors including unipolar, bipolar, or threshold-

type resistive switching, largely depending on the details of

the fabrication technologies used.5–10 Epitaxial NiO films can

be expected to exhibit much more consistent resistive switch-

ing than polycrystalline/amorphous NiO films due to their

good structural homogeneities and low defect densities.

Resistive switching of single-crystalline NiO structures such

as nanowires and ultra-thin epitaxial films has been

addressed. Epitaxial NiO thin films have been deposited on

various oxide substrates or seed layers such as MgO,11 Nb-

doped SrTiO3,12,13 SrRuO3,14 and Pt0.8Ir0.2.15 It is noted that

the metal seed layers might serve as both effective substrates

for epitaxial growth of NiO films and good bottom electrodes,

as resistive switching memory devices usually have metal-

insulator-metal capacitor structures.

Nevertheless, epitaxial growth of NiO films on metal

seed layers has been rarely reported thus far. In this work,

we use highly textured (001) Pt films as metal seed layers,

noting that a large positive lattice mismatch between NiO

(lattice constant: 4.18 Å) and Pt (lattice constant: 3.92 Å)

exists. However, NiO has a thermal expansion coefficient of

7.8� 10�6 K�1 at 300 K,16 which is smaller than that of Pt

(8.8� 10�6 K�1 at 300 K).17 The negative thermal mismatch

between NiO and Pt creates an opportunity to achieve the

epitaxial growth of (001) NiO films on (001) Pt layers at suf-

ficiently high deposition temperatures. Fortunately, the refer-

enced stacking system exhibits excellent, stable bipolar

resistive switching properties.

In our experiments, Pt plates (99.99% purity), Ni plates

(99.99% purity), and dense HfO2 ceramic disks (99.99%

purity) were used as sputtering targets. (001) MgO single-

crystal substrates were pre-treated using the method

described in our previous work.18 Deposition details and

property characterizations of the 50 nm-thick (001) Pt seed

layer, 100 nm-thick NiO film, and 30 nm-thick HfO2 layer

are presented in the supplementary material. The crystallin-

ities of the as-prepared NiO films on Pt seed layers were

checked via X-ray diffraction (XRD), and the resulting h/2h
spectra are presented in Fig. 1 with intensity on a logarithmic

scale. The spectra include those from the bare Pt seed layer

FIG. 1. Theta/2theta XRD patterns for the reference sample, sample S1,

sample S2, and sample S3. The left small figure shows the magnified XRD

pattern within the range of 40�–50� (corresponding to the dashed line area in

the right figure).a)Author to whom correspondence should be addressed: qxy2001@swu.edu.cn
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on a (001) MgO substrate (reference sample) and three NiO

films deposited at 280 �C with no post-annealing (sample

S1), post-annealing at 480 �C for 30 min (sample S2), and

post-annealing at 680 �C for 30 min (sample S3). The {001}

peaks from MgO and the Pt seed layer are visible in all sam-

ples, but the {001} peaks from NiO can be seen only in sam-

ple S3. This suggests that the NiO films in samples S1 and

S2 are amorphous. In sample S3, the (001) NiO reflections

overlap heavily with those from (001) MgO due to their

almost identical (001) lattice spacing.

The absence of NiO peaks other than the {001} reflec-

tion from sample S3 suggests possible epitaxy of NiO on the

{001} Pt seed layer. Figure 2 shows the rocking curves and

corresponding full width at half maximum (FWHM) results

from the (002) reflections from the MgO substrate, Pt seed

layer, and NiO film in sample S3. The Pt seed layer shows a

large amount of (001)-texture with a FWHM of only 0.17�,
while the NiO film exhibits less texture because the FWHM

value is 1.32�. x-2h high resolution XRD patterns and X-ray

reflectivity spectra [Figs. S1(a) and S1(b), supplementary

material] for sample S3 and a reference sample indicate

apparent “oscillation” peaks around the Pt (002) peak. A rel-

atively detailed discussion on “oscillation” peaks is given in

the supplementary material.

We checked the in-plane mosaicity of sample S3 using

/-scan data on the {111} reflections of NiO, Pt, and MgO.

The NiO (111) reflection shows the strongest diffraction

intensity second to the (001) plane, according to standard

ICDD data (PDF #47-1049). As shown in Fig. 3, all the

three sets of /-scan spectra exhibit 4-fold symmetry, thus

demonstrating the good in-plane epitaxial relationship

between the NiO film, Pt seed layer, and MgO substrate.

However, the in-plane mosaicity of the NiO film is worse

than that of the Pt seed layer due to the large (111) FWHM

of 2.3�. The FWHMs of the Pt layer and MgO substrate are

0.3� and 0.1�, respectively. On the other hand, there are

intensity differences between the four diffraction peaks in

the /-scans of both Pt {111} and NiO {111}. This is because

there is always some tilting or dilation (strain) in both the Pt

layer and the NiO film due to the lattice and thermal mis-

matches at the Pt/MgO and NiO/Pt interfaces.

The as-prepared films were also checked via transmis-

sion electron microscopy (TEM), focusing on the interfaces

between layers. The cross-sectional TEM image in Fig. 4(a)

shows the rough surface and columnar microstructure of the

NiO layer, while the NiO-Pt and Pt-MgO interfaces are clear.

As shown in Fig. 4(b), the atomically sharp NiO-Pt interface

and the absence of Moir�e fringes and grain boundaries evi-

dence the excellent epitaxial growth of the NiO film on the

Pt seed layer. The selected-area diffraction patterns (SADPs)

shown in Fig. 4(c) map (001) NiO and (001) Pt diffraction

dots that comply with 4-fold symmetry, suggesting “cube-

on-cube” growth of the NiO film on the Pt seed layer. The

Pt-MgO interface shown in Fig. 4(d) is free of voids, distor-

tions, and dislocations. The corresponding SADPs [Fig. 4(e)]

illustrate two nested sets of 4-fold symmetric diffraction

dots from {001} Pt and {001} MgO and the presence of

“cube-on-cube” epitaxial growth of the Pt layer on a MgO

substrate.

It is interesting to find that the NiO film in sample S3

exhibits a percolating network-like morphology infiltrated

with interconnected nanopores although it does grow epitaxi-

ally on the Pt seed layer, as shown via the scanning electron

microscopy (SEM) image in Fig. 5(a). These nanopores may

result from the surface reconstruction of the NiO film during

post-annealing that may be driven by thermal and lattice

mismatch stresses. The stoichiometry of the film matches

that of NiO, as evidenced by the X-ray photoelectron spec-

troscopy (XPS) spectrum of the Ni 2p core level shown

in the inset. The binding energy of the Ni 2p core level is

consistent with that of NiO, revealing the stoichiometry.

Nevertheless, depositing a 30 nm-thick amorphous HfO2

FIG. 2. Rocking curves of the (002) reflections from (a) the MgO substrate,

(b) Pt seed layer, and (c) NiO film for sample S3.

FIG. 3. X-ray /-scan patterns and FWHM of (a) MgO{111}, (b) Pt{111},

and (c) NiO{111} diffraction for sample S3.

FIG. 4. (a) Cross-sectional TEM image of sample S3; (b) TEM image of the

NiO/Pt interface inside the dashed white box region in Fig. 4(a); and (c) cor-

responding SADP. (d) TEM image of the Pt/MgO interface inside the solid

yellow box region in Fig. 4(a); and (e) corresponding SADP.

142103-2 Qiu et al. Appl. Phys. Lett. 111, 142103 (2017)

ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-018741
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-018741
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-111-018741


buffer layer on the NiO film surface improves the surface

morphology remarkably, resulting in a flat, dense, pore-free

surface shown in Fig. 5(b). The binding energy of the Hf 4f

core-level (17 eV) suggests that the HfO2 buffer layer is stoi-

chiometric as well. Certainly, covering the NiO film with

such an amorphous HfO2 buffer would be expected to

improve the electrical properties of the whole structure when

evaluated as a memristor cell.

In this section, we focus on the electrical and memristor

behavior properties of the as-prepared samples. We discuss

two memristor cells: one is the Ag/NiO(001)/Pt capacitor

structure (Cell C1) and the other is the HfO2-buffered Ag/

HfO2/NiO(001)/Pt capacitor structure (Cell C2), where the

NiO films were deposited at 280 �C and post-annealed at

680 �C for 30 min (similar to sample S3).

For Cell C1, the current-voltage (I-V) curves shown in

Fig. 6(a) indicate stable but asymmetric bipolar switching

behavior at a SET/RESET voltage lower than 61.0 V, with-

out an electroforming process. This asymmetry is common if

the memory cell structure includes asymmetric top and bot-

tom electrodes, especially since Ag, Cu, W, and Al are active

metals and Pt is an inert metal.19–21 Due to the “cone”-like

metal filaments between the NiO film and the Ag layer, the

tip electric field effect20 is believed to be responsible for this

asymmetry. Since the resistive switching behavior of Cell

C1 is more apparent in the negative bias region than in the

positive bias region, the endurance performance of Cell C1

is characterized only in the negative bias region. After 150

consecutive cycles, the largest OFF current is larger than

10�3 A, while the ON/OFF ratio is 20 at a reading voltage

(Vr) of �0.4 V. The large OFF current implies relatively

poor insulation of the NiO film, probably due to the surface

roughness and columnar grain boundaries acting as “fast

channels” for carrier flows.

However, Cell C2 with its amorphous HfO2 buffer

exhibits symmetric I-V curves [Fig. 6(b)]. The SET/RESET

voltage is reduced to 60.2 V. The largest ON and OFF cur-

rents are reduced to 10�3 A and 10�7 A, respectively.

Consequently, the ON/OFF ratio is as large as >103 even at

a Vr of only �50 mV. This performance is stable after 150

consecutive ON/OFF cycles. The turn-ON/OFF slope (dV/

dI) is less than 5.0 mV/dec and approaches the sharpest value

(�1.0 mV/dec) reported thus far.22,23 It is believed that the

amorphous HfO2 buffer not only improves the smoothness of

the NiO surface but also enhances the resistance of the cell

in the OFF state. However, Cell C2 exhibits asymmetric

bipolar resistive switching similar to Cell C1 when the sweep

voltage is increased to 61.1 V. As shown in Fig. 6(c), the

ON/OFF ratio decreases to between 20 and 100 in the nega-

tive bias region.

The ON/OFF switching endurance of the two samples is

demonstrated in Fig. 7 by plotting the high/low resistance

states (HRS/LRS) as functions of switching cycles. As

shown in Fig. 7(a), the ON/OFF ratio for Cell C1 remains

larger than 20 at a Vr of �0.4 V after 5� 103 consecutive

cycles at a sweep voltage of 61.1 V. For Cell C2, the ON/

OFF ratio remains larger than 103 at a Vr of �50 mV after

5� 103 consecutive switching cycles at a sweep voltage of

60.2 V, as shown in Fig. 7(b). This ratio decreases to �20

after 400 cycles at a sweep voltage of 61.1 V (not shown

here). The beneficial effect of the HfO2 buffer in enhancing

the ON/OFF ratio and reducing the SET/RESET voltage to

60.2 V is clearly demonstrated.

Furthermore, the ON/OFF switching speeds were mea-

sured and the results for Cell C2 are given in Fig. 8(a). The

fastest switch from the HRS to a LRS driven by a bias pulse

of 0.2 V can be completed within 250 ns, and the period for

FIG. 5. SEM images of sample S1 (a) before and (b) after covering with a

30 nm-thick HfO2 layer. Insets are XPS spectra of the Ni2p and Hf4f core-

level, respectively.

FIG. 6. Sample S3-based memory cell shows stable bipolar switching characteristics: (a) 150 consecutive cycles for cell C1 applied on 61.1 V sweep voltage;

(b) 150 consecutive cycles for cell C2 applied on 60.2 V; and (c) 61.1 V sweep voltage. Insets in Figs. 6(a)–6(c) are the corresponding structure and measure-

ment schematic diagrams, respectively. The Ag dot electrode area is 3.14 � 10�4 cm2, and the compliance current is 0.1 A.

FIG. 7. Endurance property of (a) Cell C1 applied on 61.1 V sweep voltage

and (b) Cell C2 applied on 60.2 V sweep voltage. Endurance measurement

is employed using the DC cyclic voltammetry method with the “stair” scan-

ning model.
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back-switching to the HRS using a bias pulse of �0.2 V is

500 ns. Finally, the retention performance was characterized

and the data for Cell C2 were collected by applying a voltage

waveform consisting of 60.2 V SET/RESET pulses 10 ls in

duration. The ON/OFF states were read using �50 mV

pulses 75 ls in duration. The good endurance/retention per-

formance of Cell C2 has been demonstrated, and Fig. 8(b)

shows HRS and LRS retention times of over 103 s.

In this section, we discuss possible mechanisms of resis-

tive switching in our C1 and C2 cells. The core question is

why a thin HfO2 buffer provides a remarkable reduction in

the SET/RESET voltage. If this layer were simply a serial

insulator, the SET/RESET voltage would be large. A com-

parison of the two cells shows that the turn-ON/OFF slope is

flat for Cell C1 but is sharp for Cell C2, even though the

sweep voltage is as low as 60.2 V. On the other hand, the

OFF-state current for Cell C1 is of the same order of magni-

tude as the ON-state current for Cell C2. These features sug-

gest different resistive switching mechanisms in the two

cells.

In Cell C1, the NiO layer exhibits a columnar grain

structure with nanopores on its surface. These nanopores are

shallow and do not penetrate across the layer. Thus, they are

preferential sites for current flows. On the other hand, Ag is

an active metal with high ion mobility, and the migration of

Ag clusters in dielectric oxide films has repeatedly been

experimentally confirmed.24–26 In contrast, Pt is an inert

metal, and the migration of Pt clusters in oxide films is

reported to require a high temperature (>900 �C) and a large

electric field of 3–5 MV/cm.24 However, the highest deposi-

tion/annealing temperature in our experiment is only 700 �C,

and the electric field employed for electrical measurements

is only about 0.1 MV/cm. Thus, it is easier for Ag ions than

Pt atoms to diffuse into the NiO film. Given these facts, a

positive voltage easily drives Ag ions to diffuse from the top

electrode into the NiO layer preferentially via the bottoms

of the nanopores. This process favors the formation of

cone-shaped Ag filaments across the NiO layer, as shown

schematically in Fig. 9(a). Subsequent rupture of the Ag fila-

ments may occur when a negative voltage is applied, as in an

ON/OFF switching cycle.

The microscopic process of resistive switching in Cell

C2 is different from the process described above and is dia-

grammed in Fig. 9(b). The amorphous HfO2 layer acts as a

barrier to the formation of Ag filaments across the NiO layer.

On the other hand, the HfO2 layer exhibits new functionality.

The O/Hf atom ratio in HfO2 is larger than the O/Ni atom

ratio in NiO. The larger oxygen concentration in the HfO2

layer allows O2� ions to accumulate near the Ag/HfO2 inter-

face, generating a stronger internal electric field as per the

Cabrera-Mott theory.26 This internal field pulls Ag ions from

the Ag electrode and injects them into the HfO2 layer. It is

suggested that Ag ions in the HfO2 layer form clusters fol-

lowing the bipolar electrochemical mechanism:27 Ag clusters

dissolve from their original locations and nucleate at new

positions closer to the Pt electrode in a process driven by the

competing electrochemical processes occurring at the two

polarized sides. Finally, these Ag clusters may constitute

potential conductive channels across the HfO2 layer via an

oxygen ion-assisted “step-by-step” mechanism, as shown in

Fig. 9(b). In this case, a positive bias as low as 0.2 V is suffi-

cient to activate these channels by aligning these clusters.

The HfO2 layer replaces the NiO layer as the switching layer

and NiO simply acts as serial resistor. A simplified equiva-

lent circuit model is proposed in Fig. 9(b). If this model

works, the ON-state resistance of Cell C2 should equal the

effective resistance of the NiO layer. In fact, the ON-state

current of Cell C2 is indeed on the same order of magnitude

as the OFF-state current of Cell C1. When a negative bias is

applied to the Ag electrode, the HfO2 layer acts as a buffer

and offers a larger OFF-resistance in series with the NiO

layer. This is why the HfO2 buffer reduces the switching

voltage but enhances the ON/OFF ratio when the bias is low.

However, if the bias is large enough (e.g., 61.1 V), dielectric

breakdown in the HfO2 layer allows Ag ion channels to pen-

etrate into the NiO layer. The subsequent process is similar

to the scenario in Fig. 9(a), which illustrates why the resis-

tive switching characteristics of Cell C2 under high sweep

voltages are similar to those in Cell C1. In our experiments

with Cell C2 applied on a 0.2 V pulse, the fastest switching

time is �250 ns and the maximum ON-current is 0.78 mA;

thus, 1.2� 109 Ag ions are required to make Cell C2 switch

to ON-state. This value is consistent with the result reported

by Chu et al.28 More details of the estimation process are

given in the supplementary material.

In conclusion, a high-quality NiO(001) film was grown

epitaxially on a Pt (001) seed layer under tailored deposition

conditions. Memory cells based on a Ag/NiO(001)/Pt stack

FIG. 8. Switching speed and retention performance of Cell C2: (a) it turns

from HRS to LRS within 250 ns driven by a bias pulse of 0.2 V and backs to

HRS within 500 ns driven by a bias pulse of �0.2 V; (b) retention perfor-

mance of HRS and LRS is over 103 s. Voltage waveform employed for ON/

OFF switch consists of 60.2 V SET/RESET pulses 10 ls in duration fol-

lowed by �50 mV reading pulses 75 ls in duration, respectively.

FIG. 9. Schematic of the simplified equivalent circuit model and the growth

of Ag filaments in the (a) Cell C1 and (b) Cell C2 applied with a positive

bias voltage on the Ag top electrode, respectively.
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structure achieved a low switching voltage and large ON/

OFF ratio. Upon inserting a HfO2 buffer layer between the

NiO (001) film and the Ag electrode, the ON/OFF ratio was

improved by two orders of magnitude, and the switching

voltage decreased to 0.2 V. This very low switching voltage

enables possible applications in the next-generation of low

energy consumption logic memory devices. Different fila-

ment growth mechanisms in the NiO and HfO2 layers have

been proposed to interpret this interesting phenomenon.

See supplementary material for details of film deposition

and micro-structural characterization, electric measurement,

and discussions on “oscillation” peaks and required Ag-ion

quantity to make Cell C2 switch.
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