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ABSTRACT: We reported a novel and facile approach to
fabricate self-assembled CeO, nanocube-based resistive-switch-
ing memory device. The device was found to exhibit excellent
bipolar resistive-switching characteristics with a high resistance
state (HRS/OFF) to low resistance state (LRS/ON) ratio of
10, better uniformity, and stability up to 480 K. The presence
of oxygen vacancies and their role was discussed to explain the
resistive-switching phenomenon in the fabricated devices.
Further, the effect of the film thickness on carrier
concentrations and estimated electric field strength with the
switching (OFF/ON) ratio were also discussed.

Gold-coating
Self-assembly! CeO,

Nanocubes

Au Aul
=) ’# / 1
(a) (b) ()
(@) i < @

A fre
e

| | c o
10 L
] ® T
= - 9 [
g10° £ &
e g °
£
210° Sie.. 3 £
210 5 B
3 “i - L
10 " s EmmEm | 0/\0
Simulated ON/OFF ratio

300 330 360 390 420 450 480 2
Temperature (K)

3 4 5 6 7
Number of dip-coatings

KEYWORDS: hydrothermal process, metal oxide, self-assembly, oxygen vacancies, resistive switching, cerium oxide

B INTRODUCTION

Recently, resistive random access memories (RRAMs) have
been intensively studied as one of the next-generation
nonvolatile memory technologies. In comparison with tradi-
tional nonvolatile memories (e.g. flash memory), RRAM has
unique advantages with much faster writing/reading rate,
smaller cell size, lower operating voltages, less power
consumption, etc."> The memory cell of a RRAM is usually
built on a capacitor-like metal/metal oxide/metal configuration,
where the middle layer (metal oxide) acts as an active layer for
a resistive-switching (RS) device. Although RS phenomena
have been observed in many oxides , such as Zn0,* TiO,,*
NiO,>° Hf02,7 and CeOZ,g’9 several challenges still remain
unsolved. For example, the miniaturization of a RRAM cell has
approached fundamental limits by using conventional fabrica-
tion technology in memory industries. Recent advances in the
chemical bottom-up method provide an alternative alpproach to
surmounting the obstructions of the limitations.'>'" However,
the OFF/ON ratio for the memory devices fabricated by
chemical methodologies is not only very low but also
unstable,”'* which are associated with the low crystallinity
and large defect concentration.

It is believed that oxygen vacancies play an important role in
tuning the intergrain interface barrier and stimulating redox
processing, thus determining the RS behavior in metal
oxides."”””'* However, too high concentration of oxygen
vacancies could decrease the high resistance state (HRS/OFF
state) value and thus result in a relatively low OFF/ON ratio.
On the other hand, an inhomogeneous distribution of oxygen
vacancies within different cells may affect the device stability
under stress and high temperatures. Therefore, the fabrication
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of a pseudoperfect structure with controllable oxygen vacancies
in its concentration and distribution is highly desirable. Owing
to the unique morphology of the individual entity, the
nanocubes can be ideal candidates that can artificially be
arranged into a highly coordinated square array and then layer-
by-layer laid into a three-dimensional system for high-density
information storage.

Cerium oxide (CeO,) has some distinctive physical proper-
ties such as a high refractive index, a high dc dielectric constant
(~26), a small lattice mismatch with silicon (mismatch factor is
~0.35%), etc. These features bring suitability for this material in
microelectronic and optic devices.'*™"” On the other hand, the
coexistence and reversible valence state transition of Ce** and
Ce*" ions leads to the rapid formation and annihilation of
oxygen vacancies that are critical to determining the RS
properties. To date, there are limited reports on the fabrication
of CeO, nanostructures for RS devices. Among those studies,
the roles of the oxygen vacancies and filamentary process were
addressed to explain switching characteristics. In previous
studies, for the generation/creation of oxygen vacancies in
CeO, films, different approaches such as the introduction of a
CeO,/silicon (Si) interface'® and utilization of reactive metal
electrodes'® were adopted. The RS characteristics of poly-
crystalline CeO, films'>* were also studied but with the
demerits of a high formation voltage® and a low memory
window margin.12 So, the greater challenge in this regard is the
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Figure 1. (a and b) Schematic diagram for the self-assembly of CeO, nanocubes to form a RS device (c) setup for I-V measurements.

fabrication of oxygen-vacancy-rich nanostructures that would
also be capable of demonstrating excellent RS characteristics.
In the present work, a novel concept of interface engineering
in self-assembled CeO, nanocubes is proposed to fabricate a
RRAM device with tunable oxygen-vacancy concentration. It
has been found that the devices assembled with CeO,
nanocubes have competitive advantages over current CeO,
thin-film devices.'” First, the distinct geometry of nanocubes
would lead to an excellent RS behavior with a narrow
dispersion in the OFF/ON ratio due to the formation of
straight and extensible conducting filaments along each
nanocube. Second, because of the sub-5-nm size, there are
large numbers of interfaces (intergrain regions) among
nanocubes, which serve as barriers to increase the total
resistance of the memory device in the OFF state (HRS). So,
a high value of HRS can effectively increase the overall device
OFF/ON ratio. Finally, because of a high oxygen-vacancy
concentration, the probability of local oxygen-vacancy migra-
tion with a small applied external electric field is high; hence,
less electrically induced stress (low set voltage) is required to
trigger the RS process. The present device may also facilitate
production of an artificial superlattice in the near-perfect
structure to disparage interface (grain boundary) scattering of
the charge carriers, thus enhancing the conduction probability.

B EXPERIMENTAL SECTION

All chemicals were purchased from Sigma without further purification.
CeO, nanocubes were prepared by using a solvothermal process.”"*>
In a typical synthesis, 15 mL of a 16.7 mmol/L cerium(III) nitrate
aqueous solution was added into a 50 mL autoclave, and then a 15 mL
mixed solution of toluene and oleic acid (OLA; 0.56 mL, OLA/Ce
8:1) was added. Subsequently, tert-butylamine (0.15 mL) was added
into the autoclave in an ambient atmosphere. The sealed autoclave was
heated at 200 °C for 30 h and then cooled to room temperature. The
upper organic crude solution was centrifuged to separate the CeO,
nanocrystals. The separated CeO, nanocrystals were redispersed into 3
mL of toluene. Afterward, the suspension solution was dip-coated
three times to get a self-assembled CeO, nanocube-based film. The
film was treated with ultraviolet radiation for 1 h after every dip-
coating to eliminate all organics/extra OLA. The film was finally
thermally annealed at 200 °C for 2 h under vacuum. A small area of
the electrode (gold, Au) with round patterning and size of about 250
pum diameter was sputtered through a shadow mask to complete the
device fabrication process. The procedure of the self-assembled
nanocube structure is summarized in the schematic illustration in
Figure 1.

Structural analysis of the as-synthesized CeO, film was carried out
using an X-ray diffractometer with Cu Ka radiation. Transmission
electron microscopy (TEM) was employed to study the micro-
structures of the as-prepared materials. For film thickness measure-
ment, the film was coated with Au using a sputter coater to make the
film really conductive. Then the film was analyzed with a focused ion
beam along with TEM to measure the actual film cross section. X-ray
photoelectron spectroscopy (XPS; ESCALAB 250Xi spectrometer)
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was used to determine the valence states of the cerium ions. The RS
characteristics were measured using an Autolab 302N electrochemical
workstation controlled with Nova software. The varied temperature
experiments were performed in the temperature range of 290—480 K,
while all of the other electrical measurements were performed in air at
room temperature.

B RESULTS AND DISCUSSION

The X-ray diffraction (XRD) pattern shown in Figure 2a
demonstrated that all diffracted peaks can be indexed as the
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Figure 2. (a) XRD pattern of the single-crystalline-like CeO,
nanocubes. (b) TEM image of self-assembled CeO, nanocubes.
Inset: HRTEM and selected-area electron diffraction of a single cube.

face-centered-cubic pure phase [space group Fm3m (No. 225)]
of ceria (JCPDS 00-034-0394) with excellent crystallinity, and
no impurity was detected.

The TEM image of the CeO, nanocrystals (Figure 2b)
exhibits well-dispersed CeO, nanocubes forming a monolayer
of the self-assembly structure on a copper grid. The single-
crystalline nature of an individual CeO, nanocube was verified
by a high-resolution TEM (HRTEM) image (inset in Figure
2b). The lattice spacing parallel to facets was 0.270 nm,
corresponding to the (100) planes of CeO,, suggesting that the
as-prepared CeQ, nanocubes are exposed with (100) facets.

The thickness of the CeO, nanocube film deposited on a Au-
coated Si substrate is around 162 nm (as shown in Supporting
Information Figure S1).

Figure 3a demonstrates the size distribution of the as-
synthesized CeO, nanocubes. The typical current—voltage (I—
V) relationship of the self-assembled CeO, nanocube-based
device is plotted in Figure 3b. A bipolar reversible RS can be
visualized, and the device can be set from HRS/OFF to the low
resistance state (LRS/ON) at 2.25 V and reset back to its
parent state (from LRS to HRS) at —2.56 V.

Theoretically, the memory window can be defined by the
two resistance states

(ROFF - RON)/RON

~Ropr/Ron

where R g > Ron, and hence
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Figure 3. (a) Particle-size distributions of the CeO, nanocubes. (b) I—
V measurements on the linear scale. (c) Endurance performance of the

device for 200 switching cycles. (d) Data retention performance of the
device for 2000 s.

In our case, the window of the as-fabricated device is found to
be larger than 10% which is comparable to the best materials
fabricated by thin-film technology.**** Such a large margin
allows the perimeter of the device circuit to easily distinguish
the information stored in the ON and OFF states (Figure 3c).
Moreover, this device exhibits reversible and reproducible RS
behavior, with high uniformity of the set and reset voltages (V,
and V) and high/low resistances during 30 successive cycles
(the I-V curves are illustrated in Supporting Information
Figure S2). The resistance states presented in Figure 3c were
switched by applying voltage pulses (2.2 V/0.2 ms for the
write/ON state and —2.5 V/0.2 ms for the erase/OFF state.
Subsequently, the data retention test was carried out in both
the OFF and ON states for 2000 s at room temperature, and
the result is plotted in Figure 3d.

This demonstrates that the device possesses excellent
stability with minimal deviation in OFF/ON resistances
under stress, which is desirable for RRAM applications. In
general, the lower oxygen-vacancy formation energy [Fermi
energies (Ep) ranged from 0 to 1.9 eV in CeO,”] on/

underneath surface results in a higher concentration of oxygen
vacancy locally.*®

Also, for CeO, nanocrystals, enthalpies (formation energy of
oxygen vacancies) of 2.28”” and 1.84 eV*® were reported, much
lower than 4.2 eV for bulk CeO,.”’ In our case, we also believe
that, for a CeO, nanocube-based thin film, the concentration of
oxygen vacancies at/near the surface would be high compared
to their counterpart of bulk.

To explain the RS behavior, we proposed a model comprised
of oxygen vacancies and their distribution within the device, as
shown in Figure 4. Initially, the device is in the OFF state
(HRS), and its overall resistance is mainly from the inner
region (bulk) of each nanocube, which has extra trapped
oxygen ions (O®7) and has comparatively high resistance
compared to the near-surface region.

Also, large numbers of barriers (interfaces among each
nanocube) may have some contribution to enhance the overall
device OFF state resistance (~up to 107 Q). For a positive
voltage sweep, the O”~ ions (nonbonded) are attracted toward
the anode and their migration may create some oxygen
vacancies (V). During this migration, the O~ ions can be
trapped in the Au/CeQ, interface, which act as O*~ reservoir.>
However, the O* ions in the Au gate/CeO, interface cannot
penetrate into the Au gate electrode as interstitial defects or
form oxide with this noble metal, and thus they remain trapped
at the interface.

When the density of oxygen vacancies (V) approaches a
critical value, a soft-breakdown phenomenon occurs and some
percolation paths/conducting filaments are formed between
two electrodes. As a result, the electron potential barrier is
narrowed down, allowing electrons to tunnel through the
potential barrier, and thus a transition from HRS to LRS is
observed, as demonstrated in Figure 4b. As supporting
evidence, the I—V relationship during this transition state was
replotted and found to follow a Fowler—Nodheim tunneling
conduction [In(I/+*) « V'] process (as illustrated in
Supporting Information Figure S3).

On the other hand, for a negative voltage sweep, the 0>~
ions trapped at the metal/oxide (Au/CeO,) interfaces push
toward the cathode (substrate) direction, which immediately
triggers the oxygen-vacancy (V) annihilation process in CeO,
layers. When there are enough Vj annihilation events to block

© Oxygen vacancy (V,)
® Non-bonded 0% ions
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Figure 4. Schematic model demonstrating the conduction process in the device (a) without potential, (b) with positive potential, and (c) with

negative potential.
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the percolation paths or to “switch them off”, the device resets
itself to HRS again (Figure 4c).

In our previous report,’” we demonstrated that oxygen
vacancies are the dominant character in the RS behavior for
CeO, polycrystalline thin films. It is also worthwhile to mention
here that, with decreasing particle size, there are usually many
more interfaces in nanocrystalline solids. The energetics for
defect formation may be substantially reduced in nanocrystal-
line oxides, leading to markedly increased levels of non-
stoichiometry (oxygen vacancies) and electronic carrier
generation.30 Compared to our previous report'> (CeO, thin
film with large and irregular grains), the present device (CeO,-
based nanocubes), because of reduced grain size, possesses
more oxygen vacancies and thus can reflect improved
performances such as a high OFF/ON ratio, low device set
voltage, and sustainable resistance states at elevated temper-
atures. Moreover, assuming each single cube as a single
resistance unit (resistor), their side-by-side formation (self-
assembly) can also form a series resistor circuit. Also, there may
be some extra contribution in the overall resistance of the
circuit from interfaces among each nanocube. The overall
accumulated device resistance (contribution from all tiny
resistance units) thus demonstrates a much higher value of
HRS (~10” Q in the present device) compared to a bulk CeO,
thin film (<10 Q)'* and, therefore, exhibits a high OFF/ON
ratio (>10%).

There are several reports that demonstrated that the
preferred paths/sites to form a percolation path for the RS
process are along the grain boundaries. Recently, in different
reports, Lanza et al.>** claimed that the switchable filaments
are found to be formed at the dielectric sites where the forming
voltages were sufficiently small and also have a high density of
oxygen vacancies, which, in the case of the stoichiometric HfO,,
was observed exclusively at the grain boundary region. In our
case, the regular-shaped crystals (cubic), having more oxygen
vacancies at the surfaces compared to their counterparts, reduce
the device set voltage and rearrange themselves to form
patterned and well-aligned percolation paths, which were
lacking in the case of the bulk thin film."

Parts a—d of Figure S show (1) the distributions of HRSs and
LRSs (measured at 0.5 V) and (2) the set voltage and reset
power for the CeO, nanocube-based device. To drag the
statistical data from the present device, 30 consecutive cycles
were implemented with the sample.

We further studied the temperature (T)-dependent resist-
ance (R) of the devices at both the OFF and ON states for the
temperature range from room temperature to 480 K (Figure
6a). It can be observed that the resistances at HRS and LRS
decrease with increasing temperature, implying semiconductor
behavior rather than a metallic one. Furthermore, in the inset of
the same figure, the thermal activation energy (¢) was extracted
to be 1.03 eV via an Arrhenius plot using the relationship R =
Ry exp(¢p/kT) (where k is the Boltzmann constant), which
matches well with the thermal activation energy of 0.8 eV for
Ce0,.*?

In order to further investigate the role of oxygen vacancies in
switching characteristics, three devices having different
thicknesses [by controlling the number of dip coatings (2, S,
and 7 times)] were prepared and their RS performances were
evaluated. The film thickness for 7-layer dip coating was found
to be ~323 nm (shown in Supporting Information Figure $4),
which is almost double that of the film with 3-layer dip coating
(Supporting Information Figure S1). The I—V measurements
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with endurance performances of all devices are shown in
Supporting Information Figures SS and S6. Although all devices
showed RS characteristics, the performances of these samples
were not as good as expected and their HRS/LRS (OFF/ON)
ratio was found to be less than 10° This may be due to a
decrease in the effective electric field (E ~ V/d) with an
increase in the film thickness, thus resulting in a low generation
rate of the redox reaction, which is essential for the formation
of conducting filamentary paths between the anode and
cathode to achieve a high OFF/ON ratio.

For the film with two dip coatings, the oxygen-vacancy
concentration may not be sufficient enough to create such a
high memory margin up to 10*

Hall effect measurements were carried out to estimate the
carrier concentrations in all films, which are also critical for the
RS characteristics of the device. Variation in the carrier
concentration (with different thicknesses) and estimated
electric field strength with different dip coatings are shown in
Figure 6b. The optimal carrier concentration and electric field
strength were found for the device with 3-layer dip coatings to
be well fitted with the simulated OFF/ON ratios (the
experimental results are shown in Supporting Information
Figure S7).

To further strengthen this argument, we prepared two more
samples with 6- and 8-layer dip coatings and did the same test
with increased applied potential. Interestingly, the set voltage to

dx.doi.org/10.1021/am403243g | ACS Appl. Mater. Interfaces 2013, 5, 9429—-9434
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trigger the RS effect in the samples was also found to increase
systematically (from 2.6, 2.8, 3.4, and 3.9 V) with increasing
film thickness. Instead, the ON/OFF ratios for these samples
were decreased from ~8 X 10* (S-layer dip coatings) to ~1.5 X
10" (8-layer dip coatings).

Therefore, for the formation process, a certain electrical field
should be set up to make a conducting path within two
electrodes.

Hence, the set voltage becomes higher for thicker films to set
up the desired electric field, as shown in Supporting
Information Figure S8. Also, the conductivity of HRS was
found to increase with increasing film thickness; this may be
due to an increase in the carrier concentration with the film
thickness. These results are also consistent with our Hall effect
measurements, which further verify the increase in the carrier
concentration with the film thickness; hence, comparatively
high conductance was observed in HRS for thicker films, which
causes low OFF/ON ratios.

Finally, the effect of the Au top electrode was also studied.
We prepared several devices without the Au top electrode, and
their RS characteristics were measured. Surprisingly, all devices
exhibit behavior (as shown in Supporting Information Figure
S9) similar to that of the Au-coated devices. Therefore, the Au
top electrode did not seem to play any significant role in the
device RS performance. In order to avoid the RS due to the Au-
coated Si bottom electrode, we also used a bare Au—Si
substrate without any dip coating, and a short circuit was clearly
observed [shown in Figure 3b (blue curve)]. Hence, the
possibility of any observable leakages or short currents can be
ruled out.

B CONCLUSION

In summary, a self-assembled CeO, nanocube-based RRAM
device was fabricated, and it shows RS characteristics superior
to those of conventional RRAM devices from chemical
approaches. An OFF/ON ratio higher than 10* an endurance
performance of more than 10* cycles, a retention time longer
than 10% s, and high uniformity in different switching
parameters were achieved. Moreover, the device also reflects
the high stability for both resistance states at higher
temperatures. A conducting filament model based on oxygen
vacancies and their distribution was proposed to explain RS
phenomenon in these devices. The optimum level of the
oxygen-vacancy concentration for a 3-layer dip-coating device
(thickness ~ 162 nm) was further strengthened by exploring
variation in the carrier concentrations and estimated electric
field strength and examining the OFF/ON ratio with the film
thickness. The refinement of the device structure for a further
improvement of the device endurance performance and
response time with speed is in progress.

B ASSOCIATED CONTENT

© Supporting Information

Cross-sectional TEM image of a CeO, nanocube-based film, I—
V curves of the device for 30 consecutive cycles, curve fitting for
Fowler—Nodheim tunneling conduction, I-V curves and
endurance measurements for two, five, and seven layers of
dip-coating, HRS-to-LRS ratio versus number of dip coatings in
the linear scale, -V measurement with R—V curves for the
device without a gold top electrode, and XPS spectra of the Ce
3d region for CeO, nanocube devices. This material is available
free of charge via the Internet at http://pubs.acs.org.
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