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ABSTRACT

Superior thermal stability of resistive switching performance is essential for resistive random access memory (R-RAM) device with high
reliability. Thermal stable resistive switching performance can be achieved in ZnO/BiFeOj3 bilayer structure by modifying the interface. The
bilayer structure with a distinct interface is fabricated with an optimized annealing process in chemical solution deposition method. This
bilayer structure shows a better thermal stability compared to the case with an indistinct interface. Attempt has been made to explain such
effects based on conductive filament mechanism. We propose that the confinement of the oxygen vacancies migration at distinct interface
could be the reason for the thermal stability. Our results indicate that morphology of interface is an important factor to improve the thermal
stability of R-RAM.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5053577

I. INTRODUCTION

Resistive random access memory (R-RAM) of transition metal
oxide is one of the most promising candidates to replace flash mem-
ories, because of several advantages such as remarkable scalability
and good compatibility with CMOS technology.' Various tran-
sition metal oxides, including TiO,, ZnO and BiFeOs, etc., have
been used as the switching layer in R-RAM.*> Nowadays, one of
the unresolvable issues of the industrial application of R-RAM is the
thermal stability of resistive switching performance.® Actually, resis-
tive switching performance, including the uniformity, endurance
and retention, is highly sensitive to temperature. For example,
Fang et al.” studied the TiN/HfO/Pt structure and found the non-
uniformity of resistive switching performance and the decrease of
ON/OFF ratio, when temperature increases. Similarly, such ther-
mal effect was also revealed in TiN/HfO,/Ti/TiN® bilayer structure.
In addition, retention characteristics in some bilayer structures® '’
show degradation with the rise of temperature, leading to poor
reliability.

Several key factors are responsible for the thermal stability of
resistive switching performance, such as materials of the switching
layer'? and the electrode,'® the oxidation and diffusion of defects
within the conductive filament.'* Recent study found that the
retention properties of ITO/ZrO,/ITO structure could be improved
by introducing a ZrO,/AION interface at a high temperature of
85 °C."> Meanwhile, by introducing such an insert layer (e.g., AION)
into the traditional single layer structure, the resulting bilayer struc-
ture could enhance its resistive switching performance, for example,
reducing power consumption,'® improving the switching unifor-
mity'” and endurance.'®'? Researchers speculated the interface in
R-RAM is probably one of the important factors affecting thermal
stability. However, few studies were reported on the effects of inter-
face on thermal stability of resistive switching performance.?® In this
work, we aim to study the thermal stability of the resistive switching
by modifying the interface of a bilayer structure.

In this paper, we choose ZnO/BiFeO3 (ZnO/BFO) bilayer struc-
ture, which has reproducible and reliable resistive switching charac-
teristics, for the resistive switching device material. The sample is
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fabricated using chemical solution deposition method. After modi-
fying the interface using different annealing methods in our exper-
iment, the effect of interface on the thermal stability of resistive
switching performance has been analyzed. It is found that a conduc-
tive filament mechanism based on the migration of oxygen vacan-
cies is responsible for the thermal stability of resistive switching
performance in ZnO/BFO bilayer structure.

Il. EXPERIMENT

The ZnO/BFO bilayer films were fabricated on the commercial
Pt/Ti/SiO,/Si substrate using chemical solution deposition method.
The fabrication procedure of the bilayer structure is shown as follow-
ing. The precursor solution of BFO was synthesized by dissolving
bismuth nitrate pentahydrate (3.056 g) and iron nitrate nonahy-
drate (2.424 g) into a mixed solution of 2-methoxyethanol (16 mL),
acetic acid (4 mL) and ethanolamine (1 mL). The deposition of the
BFO film was carried out by spin-coating at 4000 rpm for 30 s and
prefiring at 350 °C for 5 min to remove organics. Then the films
were annealed at 600 °C for one hour in the air. Similarly, ZnO
precursor solution was prepared by introducing zinc acetate dehy-
drate (2.915 g) into a mixed solution of methanol (20 mL) and
diethanolamine (1 mL). Then, the ZnO solution was spin-coated on
BFO layer at 3000 rpm for 40 s and prefired at 310 °C for 5 min.
After that, the ZnO/BFO bilayer films were annealed at 600 °C
for one hour. Finally, the Au top electrodes with a diameter of
0.3 mm were patterned on the films by electron beam evaporation
with a metal shadow mask. Note that, the BFO layer and ZnO layer
are annealed independently and subsequently, so to obtain a distinct
ZnO/BFO interface in the above procedure. Further, in order to clar-
ify the role played by distinct interlayer on the thermal stability of R-
RAM, we fabricate another ZnO/BFO bilayer films with an indistinct
ZnO/BFO interface by annealing these two films simultaneously.?’

After fabrication, the crystallinity and phases of ZnO/BFO
bilayer film were characterized by X-ray diffraction (XRD, D-MAX
2200 VPC, Rigaku) with Cu Ka radiation (A = 0.154 nm) operated
at 40 kV and 26 mA. The morphology and cross-sectional images
were examined by atomic force microscope (AFM, MFP-3D Infinity,
Asylum Research) and scanning electron microscopy (SEM, Quanta
250F, FEI), respectively. The chemical states of ions and depth pro-
file of ZnO/BFO bilayer film were analyzed by X-ray photoelec-
tron spectrometer (XPS, ESCA LAB 250Xi, Thermo Fisher). The
I-V characteristics were measured by semiconductor characteriza-
tion system (SCS, Keithley 4200). The current maps of the bilayer
structure were measured by conductive AFM (c-AFM).

Ill. RESULTS AND DISCUSSION

Fig. 1(a) plots the XRD pattern (with the sketch of
Au/ZnO/BFO/Pt structure inserted). Fig. 1(b) shows the element
distribution along the depth direction using XPS (The depth direc-
tion is defined along ZnO/BFO direction, with the sputter time rep-
resenting the distance from the top of bilayer film). Fig. 1(c) and
(d) exhibit ZnO layer surface morphology using AFM and cross-
sectional secondary electrons image of ZnO/BFO bilayer films using
SEM, respectively. Specifically, the XRD results indicate the pres-
ence of wurtzite ZnO and perovskite BFO. The element distribu-
tion along the depth direction confirms the existing of a distinct
ZnO/BFO interface, which could be also confirmed by the SEM

scitation.org/journal/adv

(b) —O0ls

60} — Fe2p
~ ~ — Zn2p
= Q)
2 NS — Bi4f
e 40
£ =
z 2
g £ 20}
= &}

0

0 1000 2000 3000 4000
Sputter Time (s)

S00,nm
]

500 nm

FIG. 1. (a) XRD pattern of ZnO/BFO bilayer film. The inset: schematic diagram
of the Au/ZnO/BFO/Pt device and the measuring configuration. (b) The depth-
profiling XPS analysis, (c) the morphology and (d) cross-sectional secondary
electrons images of ZnO/BFO bilayer film.

image in Fig. 1(d). The ZnO layer surface morphology shows that
the grain diameter on the surface is around 40~80 nm. And the
cross-sectional secondary electrons image reveals that the ZnO/BFO
bilayer is well deposited on the Pt/Ti/SiO,/Si substrate and the thick-
ness of the films is about 500 nm. From Fig. 1, using the above
introducing procedures in Sec. II, the ZnO/BFO bilayer film was
successfully fabricated with a distinct ZnO/BFO interface.

Using DC voltage sweep mode at room temperature, the resis-
tive switching characteristics of ZnO/BFO bilayer structure are ana-
lyzed, with results plotted in Fig. 2. The forming process is carried
out by applying a positive voltage of 7.3 V with the compliance
current being 5x10° A on the Pt electrode to activate the subse-
quent resistive switching properties, as inserted in Fig. 2(a). Typ-
ical bipolar resistive switching characteristics can be reproduced
in this bilayer structure for 400 consecutive cycles under the volt-
age sweep of OV — 4V — 0V — -12V — 0V with the volt-
age step of 0.01 V. The values of set voltage (Vi) and reset
voltage (Vreset) mainly are within a relatively narrow range, i. e., from
1.9 V to 2.5 V and from -0.6 V to -0.8 V, respectively, as shown
in Fig. 2(a). Comparing with BFO and ZnO monolayer structures
shown in Fig. S1(a) and (c), resistive switching performance of this
bilayer structure has been greatly improved, which exhibits high uni-
formity and repeatability. Moreover, as shown in Fig. 2(b), the resis-
tance values at high- (HRS) and low-resistance states (LRS) show
no significant degradation after 400 switching cycles, and the values
of the ON/OFF ratio maintain between 400 and 500. The result of
our bilayer structure shows better endurance than those of BFO and
ZnO monolayer structures (See in Fig. S1(b) and (d)). Therefore, at
room temperature, because of the introduction of ZnO/BFO inter-
face, bilayer structure can indeed improve the resistive switching
performance compared with the single layer structure.

In the following, the thermal stability would be examined by
varying operating temperatures of this bilayer structure. Firstly,
we measured the I-V characteristics of ZnO/BFO bilayer struc-
ture at temperatures ranging from 5 °C to 100 °C. Here, for each
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temperature, the sample was stabilized for half an hour beforehand,
then the I-V curves were measured with a compliance current of
5x10 A more than 60 times, in which the testing time-interval for
each cycle was two minutes. As shown in Fig. S2(a)-(e), the Vieset
and Vg at various temperatures applied here are almost the same,
which indicates the high stability and uniformity of I-V character-
istics. Besides, both Vg and Vryeser are insensitive to temperature
varying from 5 °C to 100 °C, as presented in Fig. 3(a). The values
of Vet and Viyeser at different temperatures mainly are within a rel-
atively narrow range, i. e., from 1.7 V to 2.7 V and from -0.48 V to
-0.8 V, respectively. The resistance values at LRS and HRS obtained
from the I-V curves (See in Fig. 3(b)) have no significant degradation
after 60 switching cycles, and the resulting high ON/OFF ratio are
well maintained. In addition, we also test the retention performance
of ZnO/BFO bilayer structure with applied voltage of 0.18 V at 100
°C. As seen in Fig. 3(c), the resistance values at LRS and HRS keep
constant within the retention time more than 10° s, which confirms
the reliability of resistive switching performance in our sample.

The above experimental observations of resistive switching per-
formance, such as uniformity, endurance and retention, indicate
clearly a great thermal stability of ZnO/BFO bilayer structure with a
distinct interface. For comparison, we fabricated Sample II, another
similar sample of ZnO/BFO bilayer structure but with indistinct
interface (For detail, see supplementary material 3), and analyzed
its thermal stability. In the following, we try to give our mechanistic
interpretation of the interface effects on thermal stability.

Comparing to the interface morphology and the profile depth
of sample I (Fig. 1(d) and (c)), the cross-sectional secondary elec-
trons image using SEM (see in Fig. S3) and the depth profile using
XPS of Sample II (see in Fig. S4(b)) reveal the presence of an
indistinct ZnO/BFO diffusion layer, which is believed to be owed
to the severe inter-diffusion during the annealing process as men-
tioned in Sec. IT (For detail, see supplementary material). The I-V
curves of Sample II at various temperatures presented in Fig. S5

show the strong fluctuation behavior in the switching process (See
in Fig. S5(a)-(d)), where the mean values and deviations of Vi and
Vieset are more uncertain with temperature increasing from room
temperature to 100 °C (See in Fig. S5(e)). Therefore, the resulting
resistance values at LRS and HRS fluctuate at least an order of mag-
nitude at temperatures higher than 50 °C, as shown in Fig. S5(f).
In this regard, an indistinct diffusion-interface significantly results
in the adverse effects on thermal stability of resistive switching
performance at high temperatures.

Theoretically, two mechanisms are widely accepted to interpret
the resistive switching performance of R-RAM, i.e., interface-type
and filamentary-type, which can be distinguished by the dependence
of the resistance on the electrode area. In order to confirm the deter-
minant mechanism in the ZnO/BFO bilayer structure with a distinct
interface, we use c-AFM to measure the current map of our sample.
The current map with a scanning area of 7.5 x 7.5 um?® demon-
strates the poor conductivity in as-grown bilayer film (as presented
in Fig. 4(a)). Several discontinuous bright spots of large current
appear on the scanning area (Fig. 4(b)), after the set process using
a positive voltage of 2.3 V, which, however, disappear after the reset
process with a negative voltage of -0.7 V. According to the previous
studies, these bright spots are associated with the localized conduc-
tive regions, suggesting the filamentary-type mechanism responsible
for the resistive switching performance in this ZnO/BFO bilayer
structure.??%3

As known, conductive filament in transition metal oxide could
be mainly formed by metal cations or oxygen vacancies.>?* In
order to get a clear physical picture of the conductive filament
in ZnO/BFO bilayer film, we fitted the I-V curves in the double-
logarithmic scale for the positive voltage sweep regions to analyze
the current conduction mechanism. The results are presented in
Fig. 5(a), from which we can see that, for the LRS, the slope of
the curves in bilayer structure is closed to 1, showing that the con-
duction is dominated by Ohmic conduction. On the other hand,

10° 10°
NSRS ®) ks - © g FIG. 3. (2) The distributions of Ve and
RT S | eceemorsmmm 17| 5 | Vieset and (b) the resistance evolutions
e Lt N gy | 3 e R at HRS and LRS (read in -0.18 V) moni-
% ak : 2 Read@-0.18V «60C | = Read@ 0.18 V, 100 C tored in the temperature range from 5 °C
§_0 5b o ‘E o[ LRS »oc | S 10 e to 100 °C in ZnO/BFO bilayer structure.
ST BETOTEEET| FI0f s :ggg Z (c) The retention performance tested at
LOp & soe| & 100 °C with a voltage of 0.18 V in
15 40 60 80 100 0 20 40 60 80 BT T TS ZnO/BFO bilayer structure.
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for the HRS, the slope is closed to 1 in low voltage region, while
obviously greater than 1 in relatively high voltage region. This is
a typical space-charge-limited current (SCLC) conduction mech-
anism with traps.?>?% Further, in low voltage region, since the
concentration of the thermally generated free carriers is larger
than that of injected carriers, the current behavior will exhibit
Ohmic conduction (I o< V", m =~ 1). In high voltage region,
the density of injected carriers is larger than that of the ther-
mally generated free carriers and the conduction is controlled by
traps, leading to the nonlinear I-V relation (I o< V™", m > 1).
The chemical state of elements in the ZnO/BFO bilayer structure
analyzed by XPS could help us to clarify the type of traps. Fig. 5(b)
and (c) show the oxygen compositions of ZnO and BFO layers,
respectively. We can see that the binding energies of the O 1s peaks at
~530.0 eV and ~299.8 eV are owing to the O> ions, while the higher
energies at ~530.4 eV and ~530.3 eV correspond to the oxygen
vacancies in ZnO layer and BFO layer.?”?® The amount of oxygen
vacancies (proportional to the integration area of the corresponding
curve shown in Fig. 5(b)) in BFO layer is significantly larger than that
in ZnO layer. This can be further confirmed by the Fe 2p spectra. As
shown in Fig. 5(d), there are two broad peaks, corresponding to Fe

(@) Positive Bias (b) e 0F
R ---- Oxygen Vacancies
_10°frs 0.95 SET = 530.0 eV
§ ~2.05 E‘/
£ ~M £
= 2 | ZnOlayer /:
= 5 = Y 5
510 ~1.13 — Ohime Conducti 3 4 530.4 eV
o HRS / - sci'?jcco“ uction E
1 1 526 528 530 532 534
Voltage (V) Binding Energy (eV)
(©) -- 0" (d) Fe2p,, Fe2p
- - Oxygen Vacancies ”
= e
8 529.8 eV ]
Z 530.3 ev :
% BFO layer %
= 4 3
526 528 530 532 534 700 710 720 730
Binding Energy (eV) Binding Energy (eV)

FIG. 5. (a) The fitted |-V curves in double-logarithmic scale of ZnO/BFO bilayer
structure in positive voltage sweeps. Red: space-charge-limited current (SCLC)
conduction in HRS. Blue: linear Ohmic conduction in LRS and HRS. The O 1s
XPS spectra of (b) ZnO layer and (c) BFO layer. (d) The XPS spectrum of Fe 2p
in ZnO/BFO bilayer film.
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100 nm

FIG. 4. C-AFM topography images and current maps of
ZnO/BFO bilayer film (a) in its initial state and (b) after being
setwith 2.3 V.

2p1/2 and Fe 2ps/; states. After fitting the resulting peaks, it is found
that the peaks of Fe** 2ps; and Fe** 2py;; are located in 709.9 eV
and 723.4 €V respectively while the Fe’" 2ps, and Fe** 2py), are in
711.6 eV and 725.4 eV, demonstrating the coexistence of Fe?* and
Fe** valence states. According to the defect chemistry, the transfor-
mation from Fe** to Fe** is attributed to charge compensation of
OXygen vacancies.

Based on the aforementioned experimental observations and
analysis, the formation and rupture of conductive filament mecha-
nism could explain resistive switching behavior of ZnO/BFO bilayer
structure. During the forming process, the oxygen vacancies migra-
tion from BFO layer to ZnO layer under the positive voltage bias
is easily confined by the ZnO/BFO interface due to the existence of
traps. When the applied positive voltage bias is sufficient large, the
oxygen vacancies could migrate to cathode and form a conductive
filament, resulting in a sharp increase of current and the transition
of this bilayer structure from HRS to LRS. According to previous
works,?? the cross-section of the conductive filament is determined
by the concentration of oxygen vacancies. Thus, the conductive fil-
aments with large cross-section are easily formed in the BFO layer
because of the presence of large amount of oxygen vacancies. Before
the applied positive voltage sweeps back to 0V, oxygen vacancies still
move toward and continuously accumulate at the cathode, leading
to a large current in that local region (Fig. 4(b)). During the reset
process, the oxygen vacancies are dragged back to anode under the
reverse voltage bias. Oxygen vacancies in ZnO layer cannot easily
pass through the interface due to the interfacial confinement effects
and they will accumulate in the vicinity of interface under the low
reverse voltage. On the other hand, the oxygen vacancies in BFO
layer are dragged back to anode, giving rise to the rupture of conduc-
tive filament near the interface and switch the structure to the HRS
(Fig. 6(a)). When the positive voltage bias is applied to the structure
again, oxygen vacancies will move to the cathode with the increase of
positive voltage bias and repair the conductive filament (Fig. 6(b)).
Therefore, the formation and rupture of conductive filament are
constrained at the ZnO/BFO interface.

Because of the presence of large number of traps in
the ZnO/BFO distinct interface, it requires a sufficient high
temperature fluctuation for the oxygen vacancies de-trapped out
to participant the formation and rupture process of conductive
filament. Therefore, as experimental observed, the resistive switch-
ing performance is thermal stable in the temperature ranging from
5 °C to 100 °C (See in Fig. 6(a) and (b)). On the contrary, there
are not so many traps found in indistinct diffusion interface in
Sample II of the bilayer structure, the oxygen vacancies migra-
tion, which is sensitive to the temperature, leads to the frequent
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FIG. 6. Schematic description of the conduction mechanism (a) reset process and
(b) set process for ZnO/BFO bilayer structure with a distinct interface, and (c) reset
process and (d) set process for Sample II.

formation and rupture processes of conductive filament, thus a
thermal instability of resistive switching performance, as shown in
Fig. 6(c) and (d). Moreover, the number of conductive filament
in the case of indistinct interface is quite larger than that in the
case of distinct interface, which enhances such thermal instability of
resistive switching performance via conductive filament mechanism
(See in Fig. 6(c) and (d)).

IV. CONCLUSIONS

In summary, we fabricated a ZnO/BFO bilayer structure with a
distinct ZnO/BFO interface on Pt/Ti/SiO,/Si substrate using chemi-
cal solution deposition method. It shows excellent resistive switching
performance with a high ON/OFF ratio, great endurance, stabil-
ity over temperature range from 5 °C to 100 °C, and no degra-
dation of data retention at 100 °C (>10° s). By comparing with
the thermal stability of resistive switching performance in another
ZnO/BFO bilayer structure with an indistinct interface, it is found
that the distinct ZnO/BFO interface contribute to obtain good ther-
mal stability. The current maps measured by c-AFM demonstrate
the filamentary nature of resistive switching performance. Analy-
ses of current conduction and element distribution along the depth
profile of the bilayer film using XPS indicate that the migra-
tion of oxygen vacancies in BFO plays an important role in
the formation and rupture of conductive filament. Therefore, a
conductive filament mechanism based on the migration of oxygen
vacancies is suggested to explain the effect of interface on thermal
stability. Due to the presence of distinct interface, large amount
of oxygen vacancies are easily trapped in the distinct interface and
hardly de-trapped by thermal assistance, thus there are not so many
oxygen vacancies could take part in the formation and rupture of

ARTICLE scitation.org/journall/adv

conductive filament. In this regard, the number and morphology of
conductive filament responsible for resistive switching performance
could keep stable in the condition of large temperature fluctuation,
which, equivalently, a thermal stability of resistive switching perfor-
mance in a wide range of temperature as observed in our experi-
ment. Our result can help to understand the effect of modification
of interface on thermal stability of R-RAM.

SUPPLEMENTARY MATERIAL

See supplementary material for Fig. S1-S5 and the fabrica-
tion procedure of ZnO/BFO bilayer structure with an indistinct
interface.
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