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’ INTRODUCTION

The lithographic scaling limits of the current champion of high
density nonvolatile memory, Flash, will soon reach its scaling
limit around 20 nm.1 In general, one can increase device density
by scaling down the size or by using multilevel cell (MLC) in
order to store more than one bit of information per device. More
recently, three-dimensional (3D) stacking has been proposed
and shown to be possible.6 To reach extreme high density such as
terabit, it is required to utilize scale down, MLC, and 3D cell
stacking technologies at the same time.

In general, nonvolatile random access memory cell is consisting
of storage and switch elements. Scale down technology must be
compatible with both elements while MLC technology is only
applied to storage element. Because 3D cell stacking technology
involves reproducible stacking of memory cells, simple cell struc-
ture, and constituent materials as well as low-temperature process
are necessary. If a scalable low-temperature processed material
revealing MLC characteristics can be used in both storage and
switch elements with simple 4F2 (F: minimum feature size)
structure, it can be one of the best candidate materials applicable
to terabit nonvolatile random access memory.

Transition metal oxides (TMOs) have recently been studied for
applications in next generation electrical and optical devices.2�4,7�9

Since early research in the resistance switching properties of transi-
tionmetal oxides, two distinct types of electrical switching have been
well-known: bistable (or nonvolatile memory) switching10�15 and
monostable (or volatile threshold) switching.16�20 Each type of
switching has applications suitable for memory device components.9

Nonvolatile memory switching can be applied toward storage
elements.9,18Meanwhile volatile threshold switching has been shown
to be useful as a two terminal bidirectional switch element similar to a
Zener diode.18 Several oxide materials have shown both types of
switching depending on fabrication method and measurement
conditions.11,12,19 In particular, NiO can be fabricated to show either
type of switching behavior.

In this paper, we report high performance of a nonvolatile
random access memory cell consisting of all NiO storage and
switch elements with simple 4F2 capacitor structure. By using
homogeneous material for both elements and reducing the
vertical size of the switch element, we can achieve more stable
and continuous process than that used to fabricate others
including poly Si or oxide diode.6,7 Moreover, our NiO
capacitor structure is scalable to ∼(30 nm)2 and applicable
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to MLC. Previous reports on NiO memory element have
demonstrated several parameters such as endurance up to
1 � 106 cycles, read cycles up to 1012 cycles, retention up to
5 months at room temperature and switching at temperature
up to 300 �C.21 In addition to the excellent performances
reported in previous works,18,21,22 we first show stable opera-
tion of NiO memory element at 30 nm as well as MLC levels
which appear in nanoscale.

’EXPERIMENTAL SECTION

Preparation of 30 nm Sized Devices. E-beam lithography was
used to define crossbar cell structures including NiO films with 30 nm
feature size. First, a two-layered electroresist (ER) fabrication process
was used to create Pt/Ti bottom electrode lines (30 nm thick.) on the
SiO2 substrates. The two ER layers were composed of ZEP-520A7 from
ZEONREX Electronic Chemicals on top of lift-off resist 1A (LOR1A)
from Microchem Corp. (see the Supporting Information, Figure S1).
This method was used to define a more precise cell structure and get
higher device yield. Pt/Ti was deposited using e-beam evaporation on
the bottom lines formed by electron-beam lithography and then
patterned using a lift-off method. NiO film with 20 nm thickness was
deposited by reactive DC magnetron sputtering using a Ni target at 5%

partial oxygen ratio of (argon + oxygen) gas mixture and 300 �C. Thirty
nanometer thick Pt top electrodes were deposited using the same
process with the bottom electrodes using an alignment mark to create
the crossbar structure.
Fabrication of a Device with All NiO Storage and Switch

Elements. We deposited NiO films on Pt bottom electrodes by
reactive DCmagnetron sputtering of either Ni or Li-doped (0.05 wt %)
Ni targets at 5�30% partial oxygen ratio of (argon + oxygen) gas
mixture at 300 �C. By varying the partial oxygen ratio, we could
fabricate both types of switching (volatile threshold and nonvolatile
memory) NiO films. Conventional photolithography was used to
define Pt top electrodes with 30 μm feature size.
Electrical Measurements. DC electrical characterizations were

performed using Agilent 4156C semiconductor analyzer in voltage and
current sweep modes. Current compliance was used to limit the
maximum current passing through the device during voltage sweep.

’RESULTS AND DISCUSSION

A conceptual diagram of a terabit nonvolatile random access
memory device is shown in Figure 1a. Storage elements made of
TMOs and especially NiO are advantageous for stacking struc-
tures due to their relatively low deposition and processing
temperatures.9 Additionally a scanning electron microscopy
(SEM) image of our crossbar memory array of Pt-NiO-Pt devices
with 30 nm feature size is demonstrated in Figure 1b, with a
cross-sectional scanning transmission electron microscopy
(STEM) image of single device shown in Figure 1c (see Method
section and Figure S1 in the Supporting Information).

Confirmation of the nonvolatile memory switching at a Pt-
NiO-Pt device with 30 nm feature size by voltage sweep
measurement is shown in Figure 1d. The device starts at high
resistance state (HRS) labeled 1; however, upon reaching around
4.5 V, an abrupt increase in current is observed. The total current
flow through the device is limited externally by a compliance
current of 0.2 μA as previously reported.12 On the following
voltage sweep, the device stays at low resistance state (LRS)
labeled 2, and the HRS can be restored at around 3.2 V.

In addition, we confirm that our Pt-NiO-Pt device with 30 nm
feature size can be applied to MLC. We can achieve stable
intermediate states by controlling the stopping voltages during
the sweep labeled 2, similar to previous reports.23 The states
denoted by red and green lines can be obtained by stopping
voltages shown by the red and green arrows, respectively, during
the sweep labeled 2. More than 90% of our Pt-NiO-Pt devices
with 30 nm feature size show nonvolatile memory switching
behavior and around 30% of them are MLCs.

To more easily fabricate samples for further experiments, Pt-
NiO-Pt devices with cycling endurance values greater than 1 �
106 at 30 � 30 um2 cell sizes have been used for following
measurements. NiO is a well-known metal-deficient p-type
semiconductor due to both Ni vacancies and compensating holes
inside NiO films.12 The oxygen partial pressure during reactive
sputtering has been shown as a key parameter for determining
the switching properties of NiO films.3,12,18 Also, impurity
doping can similarly be used in controlling electrical switching
type. Figure 2a shows the DC resistivity measured by 2-point
probe. The closed squares show experimental data from NiO
samples deposited with oxygen partial pressures from 3 to 30%.
NiO samples deposited with oxygen partial pressure of around
5% showed nonvolatile memory switching with relatively high
resistivity at HRS while those deposited with oxygen partial
pressure of 15�30% exhibited volatile threshold switching with

Figure 1. Scalability and compatibility with MLC technology.
(a) Conceptual diagram for ideal 3-dimensional stacking structure of
memory cells and peripheral circuits. (b) A 3 � 5 Pt-NiO-Pt crossbar
memory array with 30 nm feature size. (c) Cross-sectional STEM image
of Pt-NiO-Pt memory cell. (d) Operation of a 30 nm� 30 nm memory
cell showing nonvolatile memory resistance switching. Intermediate
states are also available by appropriate control of sweep voltage during
changes from LRS to HRS.
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relatively low resistivity at HRS.12 Meanwhile the open circles
denote experimental data from Li-doped NiO samples deposited
with oxygen partial pressure from 5 to 30%. All the Li-doped
samples showed only threshold switching and similar resistiv-
ity values. X-ray photoelectron spectroscopy data in Figure 2b
demonstrate the presence of metallic Ni, at 852.7 eV, in the
NiO sample deposited with 5% oxygen partial pressure (5%
NiO). We believe that this metallic Ni content plays an
important role in nonvolatile memory switching, perhaps
directly related to formation of conducting filaments.3

Figures 2c and d show repetitive 50 cycles of memory switching
for a 5% NiO, and threshold switching for a NiO deposited with
30% oxygen partial pressure (30% NiO) and a Li-doped NiO
deposited with 5% oxygen partial pressure (5% Li-NiO), respec-
tively. For memory switching, Vset and Vreset correspond to

switching voltages to LRS and HRS, respectively. For threshold
switching, Vthreshold and Vhold are the highest and lowest voltages
betweenwhich LRS is stable, respectively.Vthreshold andVhold show
much smaller distributions than those ofVset andVreset as shown in
Figure 2e.We believe that themechanism behind the two different
switching must be different for such an experimental result.

To verify the capabilities of 5 and 30% NiO films as storage
and switch elements, respectively, we have fabricated a single
device with stacking structures as previously reported.24

Figure 2f shows the STEM cross-section image of the Pt-30%
NiO-Pt-5% NiO-Pt device. (for more detailed HR-TEM, see
Figure S2 in the Supporting Information)Device characteristics
and operations are exhibited in Figure 2g. At voltages below
1.6 V labeled as region a, the switch element at HRS limits any
operation of the device. In region (b), the cell can be accessed
and stored information can be read by applying an appropriate
reading voltage (Vread) from 1.6 to 2 V. Write operations can be
performed at voltages between 2 and 2.5 V. For any crossbar
array of such devices we access a single cell exclusively without
interference with neighboring cells by Vread voltages to the cell
while keeping voltage below threshold voltage of 1.6 V for the
other cells. In the combined structure memory and switch
element, the LRS current level or leakage current of the
unselected cells using a Vread/2 scheme (unselected cells are
biased at Vread/2) was decreased by the order of one as shown in
Figure 2g.

Structural changes during memory and threshold switching
have been examined by cross-sectional HR-TEMmeasurements.
Figures 3a and b show HR-TEM images of 5% NiO film before
and after applying Vset to the top electrode. Density of grain
boundaries immensely increase after applying Vset. Higher-
resolution image near grain boundary reveals that the width of
grain boundary is less than 1 nm, as shown in Figure 3c. Figure 3d
exhibits the magnified atomic resolution HR-TEM image at the
edge of the grain boundary denoted by the green dotted line in
Figure 3c. Periodic NiO structure inside a grain is shown on the
right side of the yellow line while broken periodicity inside a grain
boundary is observed on the left one. It was reported that such
structural characteristic of grain boundary region in NiO resulted
from missing oxygen ions and formation of metallic Ni defects.25

In contrast, no structural changes were observed in cross-
sectional HR-TEM data for 30% NiO film before and after
applyingVthreshold (see Figure S3 in the Supporting Information).

Panels a and b in Figure 4 show threshold switching char-
acteristics of the 30% NiO at room temperature and 5% Li-NiO
at temperatures from 30 to 130 �C, respectively. The lines show
data measured by double voltage sweeps using different com-
pliance current (CC) values while the red triangles denote data
obtained by single current sweep. The voltage is swept from 0 to
3 V and vice versa using CC to limit the current. It is interesting
that Vhold reduces as the CC increases in double voltage sweeps.
We have confirmed such tendency at different voltage sweep
rates of 1.2 V/s and 31.25 V/s (see Figure S4 in the Supporting
Information). The voltage sweep data imply that LRS of thresh-
old switching NiO becomes more stable under higher CC. As
seen in Figure 4b, NiO retains threshold switching above 100 �C
in contrast to VO2 which shows a semiconductor metal transition
at 65�68 �C.26,27

Additional analysis has been done using a current sweep to
determine relationship between threshold switching and current
allowed. As shown in Figure 4, both current and voltage sweeps
follow the same curve prior to reaching Vthreshold at around 2.4 V.

Figure 2. Dual function of NiO. (a) Resistivity data obtained at 0.3 V
from NiO and Li-doped NiO films fabricated at different oxygen partial
pressure. Memory and threshold switching regions are indicated. (b) Ni
2p3/2 core level XPS spectrum of the 5%NiO, 30%NiO, and 5% Li-NiO
films. (c) 50 cycles of memory switching for 5% NiO and d) 50 cycles of
threshold switching for 30% NiO and 5% Li-NiO films. (e) Distribution
showing reset and set voltages for memory switching compared to
threshold and hold voltages for threshold switching. (f) Cross-sectional
STEM image and (g) resistance switching characteristics of a Pt-30%
NiO-Pt-5% NiO-Pt device.
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However, voltage decreases fromVthreshold (2.4 V) to Vhold (1.5 V)
as applied current increases indicating current controlled negative
differential resistance. In the negative differential resistance region,
self-sustaining current channels are enhanced with applied current.
From the voltage and current sweep results, we can argue that
characteristics of such channels depend highly on the current
allowed during switching. These behaviors indicate that the
threshold switching characteristics can be controlled by the total
amount of current passing through the device.28,29 Threshold
switching is believed to be the results of the collapse of the electric
field in the material due to enhancement of either carriers, mobility
or off equilibrium by external field.20

From hall measurements, hole carrier concentration was
determined to be ∼1.05 � 1018 cm�3 for 30% NiO, ∼4.1 �
1018 cm�3 for 5% Li-NiO, and∼2.1� 1016 cm�3 for 5% NiO.
These values are also close to approximate values determined
by the measured conductivities of the samples as shown in
Figure 2a. Elipsometry analyses also showed that refractive
index of 30% NiO or 5% Li-NiO was higher than that of 5%
NiO indicating higher free carrier density of 30% NiO or 5%
Li-NiO (see Figure S5a in the Supporting Information). Above
3 eV, extinction coefficient showed similar trend to refraction index.
However, below 3 eV, extinction coefficient of the 5%NiO became

larger than that of 30% NiO or 5% Li-NiO implying higher defect
density of the 5% NiO (see Figure S5b in the Supporting
Information). Since more stable threshold switching has been
observed under higher current, it is expected that threshold switch-
ing is more easily induced in a material with higher carrier
concentration. Therefore, the appearance of threshold switching
for samples with higher hole carrier concentration can be explained.
In such samples, high current flows through bulk materials and can
change the electronic states without structural change resulting in
volatile threshold switching. However, in the 5% NiO sample with
lower hole carrier concentration, charge carrier mainly flow through
local weak region, such as grain boundary with metallic Ni. High
voltage such as Vset can induce evolution and increase in density of
grain boundary as shown in Figure 3a and b resulting in nonvolatile
memory switching.

’CONCLUSION

In conclusion, we have investigated nonvolatile memory and
volatile threshold switching of NiO films with low and high
hole carrier concentration, respectively. Nonvolatile memory
switching is accompanied by increase in density of grain
boundary contrary to volatile threshold switching. Instead,
volatile threshold switching is controlled by current passing
through NiO film with high hole carrier concentration. It is
revealed that such NiO films are scalable to ∼30 nm feature
size and compatible with MLC technology. A simple stacking
unit consisting of all NiO storage and switch elements shows
typical operation of a random access nonvolatile memory
device. The requirements for terabit class nonvolatile memory,
such as scalability, multilevel, and stackability, have been met
by all NiO storage and switch elements.

’ASSOCIATED CONTENT

bS Supporting Information. Further experimental details,
electrical measurements, SEM images, cross-sectional HR-TEM
images, and sweep rates of the threshold switching. This material
is available free of charge via the Internet at http://pubs.acs.org.

Figure 3. HR-TEM analyses of structural changes inmemory switching NiO. Cross-sectional HR-TEM images of 5%NiO films (a) before and (b) after
applying Vset. (c) An enlarged HR-TEM image near a grain boundary in Figure 3b. (d) Atomic image obtained near edge between grain and grain
boundary in Figure 3c.

Figure 4. Threshold switching characteristics. a) Data obtained from
double voltage sweep measurements (0 Vf 3 Vf 0 V) under various
compliance currents and single current sweep measurement (0.1 mAf
100 mA) for 30% NiO. (b) Data obtained from single current sweep
measurement (0.1 mAf 30mA) for 5% Li-NiO sample at temperatures
from 30 to 130 �C.
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