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ABSTRACT: Oxide-based two-terminal resistive random access memory
(RRAM) is considered one of the most promising candidates for next-
generation nonvolatile memory. We introduce here a new RRAM memory
structure employing a nanoporous (NP) silicon oxide (SiOx) material which
enables unipolar switching through its internal vertical nanogap. Through the
control of the stochastic filament formation at low voltage, the NP SiOx
memory exhibited an extremely low electroforming voltage (∼1.6 V) and
outstanding performance metrics. These include multibit storage ability (up to
9-bits), a high ON−OFF ratio (up to 107 A), a long high-temperature lifetime
(≥104 s at 100 °C), excellent cycling endurance (≥105), sub-50 ns switching
speeds, and low power consumption (∼6 × 10−5 W/bit). Also provided is the
room temperature processability for versatile fabrication without any
compliance current being needed during electroforming or switching
operations. Taken together, these metrics in NP SiOx RRAM provide a
route toward easily accessed nonvolatile memory applications.
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For more than a half century, conventional Si-based
complementary metal−oxide−semiconductor (CMOS)

transistors have been the mainstay of the electronic memory
industry. Furthermore, Si-based flash memory’s superior
performance and its ease of fabrication compared to competing
memory technologies has made it the dominant form of CMOS
memory.1−3 However, the high standards of next-generation
memory driven by rapidly growing demands have revealed the
limits of current Si-based flash memory technology in terms of
its fundamental scaling limitations, energy consumption, cost,
and few microsecond switching speed.4−6 Although a wide
variety of oxide-based materials and device structures for the
replacement of the Si-based flash memories have been
extensively investigated,7−10 none have adequately addressed
future memory projections. Generally, the oxide-based RRAMs
can be categorized into unipolar and bipolar memories
according to the required electric polarity for the switching.5,7,9

Many of the unipolar memories have demonstrated that they
are operated by nanoscale filamentary switching which allow
them to follow an aggressive scaling trend;7,11,12 however,
nanoscale metallic filaments can exhibit unstable switching
behaviors and high or unpredictable forming voltages (Vforming)
due to the difficulty in controlling their stochastic forma-
tion.13−15 In contrast, bipolar memory has comparative
advantages in the switching stability by an ionic movement or
a redox process, with lower Vforming, and a broader range of
materials availability.5,8,10,16−19 However, these come at the
expense of lower switching ON−OFF ratios, limited thermal
stability of the materials, or the limits of integration

architectures to suppress sneak-currents in high-density cross-
bar array.5,8,10,16−19 Both unipolar and bipolar memory
fabrications often involve high-temperature processes for
materials depositions.5,10,11,13−16,18 Moreover, the devices
commonly have a high switching current, and they need a
compliance current (Ic) for preventing an electrical
short,5,7,9,14,17,18 which requires an additional resistor on each
cell and increased power consumption. To satisfy all require-
ments for the future nonvolatile memory, it is therefore
preferential to resolve the aforementioned challenges of each
oxide-based memory system without any designated Ic or high
temperature fabrication process.
Nanoporous (NP) metal oxides have been widely used in

electronics for energy production and storage.20−22 While NP
materials have been used as templates for oxide memory
applications,23 they have not yet been used as the active
switching medium for resistive nonvolatile memory application.
In this report we introduce a straightforward and simple

approach toward a reliable nonvolatile RRAM device using a
NP SiOx (where 1 < x < 2) structure as a unipolar switching
medium. It is a new implementation of a nanoporous material
in memory devices with metrics that meet those needed for the
industrial performance. These outperform present unipolar
memory systems and can also bring advantages to bipolar
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memories. Using this NP SiOx structure, we are able to control
the stochastic formation of the switching filament which leads
to significant improvements in device metrics, and it can be
fabricated at room temperature.
Figure 1a is a schematic diagram of the NP SiOx memory

cells along with a cross-sectional scanning electron microscope
(SEM) image at the middle of the cell. The NP SiOx structure
was prepared by anodic galvanostatic etching of SiO2 with 1 vol
% HF in ethanol solution to afford a significantly roughened
morphology of the deposited SiOx film (Figure 1b and Figure
S1 in the Supporting Information). Transmission electron
microscopy (TEM) micrographs show that nanoscale holes in
the SiOx film are approximately randomly distributed with
diameters ranging from 2 to 6 nm (Figure 1c and Figure S1).
The average porosity of the NP SiOx film can be defined by its
effective refractive index (n) based on the Bruggemann effective
medium approximation,24 which was estimated by the
numerical fitting of a visible reflectance spectrum of the NP
SiOx film. The optically defined average porosity value of the
NP SiOx material was ρ = 25% (Figure 1d); the etching process
created a substantially nanoporous SiOx material. However, no
significant change was made in their composition according to
X-ray photoelectron spectroscopy (XPS) of NP SiOx (x =
1.63−1.76) relative to nonporous SiOx (Figure 1e−f and Figure
S2). Note that the Pt layer is fully exposed by overetching if 5
vol % HF is used (Figure S2). Additional details on the
fabrication process, measurements, and porosity calculation for
the NP SiOx memory are provided in the Supporting
Information. The top contacts (Au or Pt) were subsequently

applied, and no further etching of the individual devices is
required (Figure S2).
Figure 1g shows a typical switching I−V curve of the NP

SiOx memory after an electroforming process; no Ic is applied.
All NP SiOx memories showed a unipolar switching behavior
similar to that of a nonporous SiOx memory with ION and IOFF
controlled by a constant polarity of set and reset voltages.15,19

This is a greatly simplified electroforming process relative to
nonporous SiOx (Figure S3). Electroforming of the NP SiOx
memory can be achieved by a single low-voltage sweep to a
breaking voltage (Vbreak = 1.4 V) where a current suddenly
drops; thus we can define the Vbreak as the Vforming, as shown in
the inset of Figure 1g. In addition, the junction vertical edge of
nonporous SiOx memory is essential for the electroforming
process and switching15 while not needed for the NP SiOx
(Figure S4), exemplifying the marked ease in fabrication
demands. The I−V behavior in Figure 1g inset is typical of
metal filament breakage, and at that point, the Si nanofilament
is likely formed in the metal gap region.25 The NP SiOx
memory with a Au top-electrode required Vforming of only ∼1.6
V on average to form a switching path, compared to the
significantly higher Vforming for a nonporous SiOx memory of
>20 V (Figure S4).15 The low forming voltage and a single
sweep for the electroforming process are advantageous in high-
density integration of nanoscale memory cells with diodes by
avoiding potential breakdowns due to the high forming voltage
and by repeated voltage sweeps.15,26 The single low voltage
sweep also mitigates the problematic Joule-heating-damage to
the surrounding SiOx material, thus reducing the uncertainty in
the stochastic formation of the switching filament. The NP

Figure 1. (a) Schematic illustration of the NP SiOx memory device with the cross-sectional SEM image of a selected cell. (b) SEM image of the NP
SiOx film tilted at 45°. (c) TEM image of the NP SiOx film. The white arrow points to a void, and the yellow arrow points to the amorphous SiOx.
See Figure S1 for larger images. (d) The reflectance spectra of nonporous and NP SiOx layers on a Pt-deposited silicon substrate with the numerical
fitting curves based on an analytical formula using the measured thickness. (e and f) XPS Si 2p and O 1s spectra of the nonporous and NP SiOx films
(x = 1.63−1.76), respectively. (g) The representative I−V characteristics of the NP SiOx with the initial I−V sweep (inset).

Nano Letters Letter

dx.doi.org/10.1021/nl501803s | Nano Lett. 2014, 14, 4694−46994695

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
Se

pt
em

be
r 

14
, 2

01
5 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 J
ul

y 
8,

 2
01

4 
| d

oi
: 1

0.
10

21
/n

l5
01

80
3s

http://pubs.acs.org/action/showImage?doi=10.1021/nl501803s&iName=master.img-001.jpg&w=466&h=292


Figure 2. (a) A set of I−V characteristics of a single NP SiOx cell after exposure to different Vpulse changed from 13 to 4 V with ΔV = 1 V. The Au
top-contact had a 100 μm radius, while the NP SiOx was ∼40 nm thick. (b) Retention tests on a NP SiOx cell after different Vpulse processes during
104 s at 20 (top) and 100 °C (bottom). (c) Endurance cycling test of a representative nonporous and NP SiOx cell for 10

3 cycles. (d) Endurance
cycling test of the NP SiOx cell for 10

5 cycles. The set voltage = 5 V, reset voltage = 15 V, and read voltage = 1 V (∼500 μs for set, reset, and read
voltage pulses).

Figure 3. (a) Top SEM images show the planar Au/SiOx memory device before (left) and after (right) the breakdown of the Au nanowire with the
enlarged via in the inset. The bottom plot shows typical I−V switching characteristics of a nanogap device with a Au nanowire width of 60 nm (top
figures) with the initial I−V sweep (Inset). (b) The schematics of the NP SiOx memory structure before (top) and after (bottom) the breakdown of
Au (or Pt) channel though a nanohole.
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SiOx memory using instead a Pt top-electrode shows similar
switching behavior with, as expected, a slightly higher Vforming ≅
2.1 V (Figure S5). We found that similar switching speeds (sub-
50 ns, measurement limit) for the set and reset process were
observed in the NP SiOx memory (Figure S6) as compared to
that of the nonporous SiOx memory.27

To evaluate the sensitivity and stability of the switching
filament in the NP SiOx memory, we tested the switching
current levels and the retentions at 1.0 V after different voltage
pulses (Vpulse) on the same cell of the device. Figure 2a shows
the switching I−V behavior for 9-bits after different Vpulse

changed from 13 to 4 V (with ΔV = 1 V). Figure 2b shows
retention results at two different temperatures after the Vpulse.
The ON−OFF ratios of each state are varied from ∼2.5 to
∼107 according to the Vpulse and are maintained for 104 s even
at 100 °C. When the Vpulse was decreased, the read-current
(Iread) at 1.0 V increased while the set voltage (Vset) decreased,
similar to the behavior of the nonporous SiOx memory.15,28 It
has been suggested that the conducting filament consisting of
silicon nanocrystals (Si NCs) can be significantly disrupted by
the higher Vpulse, which results in lower Iread.

19,28 To our
knowledge, however, this is the first demonstration of an oxide-
based memory device with a 9-bits switching ability with ON-
OFF ratio ≅ 107 A, making this device promising as a multibit
memory system. Moreover, this multibit feature, coupled with
the 5 nm diameter Si NC filament,25 makes the RRAM device
attractive for aggressive equivalent scaling.
The switching endurance stability is a crucial factor for the

practical application of nonvolatile memory devices, which is
one of the main challenges in unipolar memory.13−15,25 In the
case of nonporous SiOx, the ON- and OFF-current values

became similar after 103 cycles due to the extensive aggregation
of the Si NCs formed in the switching path by accumulated
voltage stresses,25 which causes the indistinctive switching
states (Figure 2c top). In contrast, the ON−OFF ratio of the
NP SiOx memory was significantly less degraded during 103

cycles and shows at least ∼106 ON−OFF ratio (Figure 2c
bottom). Interestingly at ∼2 × 103 cycles, the OFF-current
increased and was maintained ∼10−7 A (Figure S7). After that
event, an excellent endurance property of ∼103 ON−OFF ratio
during 105 cycles was observed, as shown in Figure 2d (see also
full data set in Figure S7).
To identify the switching mechanism of the NP SiOx

memory, we fabricated a planar model structure of the SiOx

memory device using an Au nanowire with a width of 60 nm
(see Supporting Information). When an initial voltage sweep
was applied to the Au nanowire, an electrical breakdown
occurred at 1.25 V by the electromigration of Au, and the
electrical current suddenly dropped (top and inset of Figure
3a), which would be conceptually similar to the occurrence in
the vertical NP SiOx memory. The SEM image shows a
relatively dark region near the gap indicating the intrinsic
postbreakdown of underlying SiOx by the thermal damage
induced by electromigration (Figure S8).25 A subsequent
electric potential (>1.25 V) at the local confinement (≤20 nm)
could easily change the SiOx to a Si-phase (Si NC or a-Si), as
we demonstrated previously.25 The planar model device
showed the typical SiOx unipolar switching behavior after this
breakdown process (Figure 3a), which offers a route to
decrease the Vforming without a thermal annealing treatment.
The postbreakdown process of SiOx could help to form the
switching filament at a low bias, which leads to the extended

Figure 4. (a) Set current, (b) ON power, (c) Vforming, and (d) ON−OFF ratio corresponding to the number of endurance cycles for the NP SiOx and
other reported unipolar memory devices. The notations of [c], [e], or [T] indicate that the Ic, the junction vertical edge, and a high temperature
process are necessary for switching behavior for the respective devices. Depending on the requirements of the memory switching, the different colors
are expressed. The unipolar memory structures using doped Si electrodes are excluded because of the difficulty of three-dimensional stackable
memories for this route and also the high thermal budget required.
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endurance cycles as well (Figure S8). Note that we previously
reported SiOx memories analogous to this planar model
structure but with various electrode materials including α-
carbon, TiN, carbon nanotubes, and graphene, and they all
showed a similar breakdown process at an initial I−V
sweep.25,27,29,30 Therefore, we suggest that the switching
mechanism of the NP SiOx can be understood by the
breakdown process of Au on the sidewalls of nanoholes
through the SiOx film as illustrated in Figure 3b. Interestingly,
the initial switching state of the NP SiOx memory has either an
ON or OFF state after the breakdown process, which means
that the switching path in the vertical-nanogap is mainly formed
by a Si NC or a-Si (Figure S4).25 This mechanism, based on the
electromigration of a metal wire, can also explain why the
Vforming of NP SiOx using the more refractory Pt top-electrode
has a slightly higher value than that of the NP SiOx using the
Au top-electrode (Figures S4 and S5).
The demonstrated RRAM switching parameters of the NP

SiOx memory, including the set current, the ON power, the
Vforming, and ON−OFF ratio with the endurance cycles, are
compared with the reported unipolar memories as well as other
types of nonporous SiOx memories using metal electrodes, as
shown in Figure 4. In the comparison, the set-current (1.4 ±
0.9 × 10−5 A), the ON power (6.2 ± 4.0 × 10−5 W/bit), and
Vforming (1.6 ± 0.4 V) are the lowest values, while the ON−OFF
ratio was slightly higher at the given number of cycles for this
NP SiOx memory (see table in the Supporting Information).31

Importantly, many unipolar memories require Ic (denoted as
“[c]” in Figure 4), junction edge-switching [e], or high
temperature processing [T] for the switching, whereas the
NP SiOx devices do not require any of these; an important
consideration for large-scale fabrication of nonvolatile memory
technologies.
In summary, the RRAM memory structure using a NP SiOx

can show excellent switching behavior far beyond the current
unipolar memory systems and enables simpler fabrication and
operating procedures than bipolar RRAMs. The switching
mechanism can be explained by the breakdown process of an
initial metal connection at a low bias regime that can effectively
mitigate the undesired Joule-heating-damage of the switching
path at Vforming. Our results suggest that the NP SiOx memory
system could offer a new device paradigm for future memory
applications.
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