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ext-generation nonvolatile memories,

such as magnetic random access
memory (MRAM),' phase-change ran-

dom access memory (PCRAM),? and resistive
random access memory (ReRAM)>> have
been attracting much attention due to their
significant potential for the replacement of
flash memory. Among all the nonvolatile
memories, the ReRAM device is the most
promising candidate, which has a simple
metal—insulator—metal (MIM) configuration
with faster switching speed, high stacking
density, lower power consumption, excellent
scalability, and easier fabrication process.>~>
To date, two resistive switching mecha-
nisms, namely, filamentary resistive switching
and homogeneous interface resistive switch-
ing, were reported.* For the filamentary resis-
tive switching, variable locations, random
orientations, and uncertain sizes of conduct-
ing filaments result in a large variation of
switching voltages and nonunifrom resis-
tance states, thereby an unstable program-
ming response.>> By optimizing structural
defects,® doping of oxide materials,”'® adap-
tation from the active bottom/top electrode
materials,'" using the bilayer structures,'*'?
and inserting metallic nanocrystals in an in-
sulating layer,'*'® the locations and orienta-
tions of the conducting filaments can be
controlled. Nevertheless, none of these ap-
proaches based on one-dimensional nano-
structure have been used to directly confine
the recovery and rupture of the conducting
filaments, yielding a high-performance Re-
RAM device. On the other hand, passive cross-
bar arrays via three-dimensional (3D) struc-
tures are being explored to geometrically
achieve the maximum packing density, while
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ABSTRACT We present a Zn0;_, nanorod
array (NR)/Zn0 thin film (TF) bilayer structure
synthesized at a low temperature, exhibiting

ZnO, ., NRs|
ZnO film

a uniquely rectifying characteristic as a homo-
junction diode and a resistive switching
behavior as memory at different biases. The
homojunction diode is due to asymmetric
Schottky barriers at interfaces of the Pt/Zn0

ZnO,, NR:

N
Anodeg]

NRs and the Zn0 TF/Pt, respectively. The Zn0, _, NRs/ZnO TF bilayer structure also shows an

excellent resistive switching behavior, including a reduced operation power and enhanced

performances resulting from supplements of confined oxygen vacancies by the Zn0, _, NRs for

rupture and recovery of conducting filaments inside the ZnO TF layer. A hydrophobic behavior

with a contact angle of ~125° can be found on the Zn0,_, NRs/Zn0 TF bilayer structure,

demonstrating a self-cleaning effect. Finally, a successful demonstration of complementary

1D1R configurations can be achieved by simply connecting two identical devices back to back

in series, realizing the possibility of a low-temperature all-Zn0-based memory system.

KEYWORDS: resistive switching - nonvolatile memory - ZnO, nanorod arrays -

homojunction diode - complementary 1D1R

sneak paths, an inherent disadvantage where
a leakage current (sneak path current) can
flow through the neighboring devices, are a
remaining issue, leading to not only unneces-
sary power consumption but also a misread-
ing problem.'””™° To avoid sneak paths,
vertical connection of a diode and a resistive
memory together, namely, 1D1R, is the sim-
plest approach to achieve 3D crossbar arrays
with the highest stacking density.

In this article, we present the growth of
Zn0O,_, nanorod arrays (NRs) on a ZnO thin
film (TF) as homojunction diode and mem-
ory devices, containing uniquely double
behaviors, namely, rectifying and resistive
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switching behaviors, depending on the applied vol-
tages simultaneously. The ZnO;_, NRs can not only
create asymmetric Schottky barriers at interfaces of the
Pt/ZnO NRs and the ZnO TF/Pt, resulting in a homo-
juntion diode, but also provide the oxygen vacancies
from the ZnO;_, NRs for the recover and rupture of
conducting filaments in the ZnO TF layer, thereby
stabilizing operation performances. In addition, by
utilizing the ZnO,_, NR surface, a contact angle of
~125° can be achieved, demonstrating a self-cleaning
effect due to hydrophobic behavior. Finally, we are
able to successfully demonstrate a complementary
1D1R memory system by connecting two identical
devices back to back in series, providing a low-
temperature all-ZnO-based memory system.

RESULTS AND DISCUSSION

To fabricate the ZnO,_, NRs/ZnO TF bilayer struc-
ture, a ZnO TF with a thickness of 100 nm was
deposited on a Pt (100 nm)/Ti (20 nm)/SiO, (400 nm)/
Si substrate at room temperature by a radio frequency
(rf)-magnetron sputter as the resistive switching layer
and seed layer for the growth of the ZnO, _, NRs via the
chemical bath deposition process at 95 °C (see Sup-
porting Information for more details). Figure 1a shows
a schematic of the ZnO,_, NRs grown on the ZnO TF
bilayer device, with which the Pt metal as the top
electrode was deposited on the ZnO;_, NRs by rf-
magnetron sputter at room temperature. The ZnO thin
film deposited by the sputter process has a polycrystal-
line structure with a weak c-axis orientation,?’ while the
single-crystalline structure of ZnO NRs could be achieved
by the chemical solution process with a distinct growth
direction along the c-axis, namely, the [0001] direction.??
The corresponding SEM image of one-dimensional, high-
density, and well-aligned ZnO; _, NRs grown on the ZnO
TF with a average length of 150 nm is shown in Figure 1b.
In order to identify the oxygen distribution from the
ZnO,_, NRs to the ZnO TF layers, XPS spectra at the O
1s-edge related to the corresponding positions from a to
e in the SEM image (Figure 1b) were carried out as shown
in Figure 1c. A distinct peak at ~532 eV owing to the
nonlattice oxygen bonding indicates the presence of
unbonded oxygen molecules (oxygen interstitials) and
oxygen vacancies located in the ZnO;_, NRs, while a
peak at ~530 eV related to the lattice oxygen bonding
reveals a few oxygen vacancies and structural defects in
the ZnO TF layer.®

Notably, the different densities of oxygen vacancies
distributed in the ZnO;_, NRs and ZnO TF result in an
asymmetric Schottky barrier height, leading to a recti-
fying characteristic as shown in Figure 2a, while the Pt/
ZnO/Pt device without the growth of the ZnO,_, NRs
shows the symmetric /—V characteristic (Supporting
Figure S1). The inset shows the corresponding current
density at different voltages, with which a turn-on
voltage of —0.6 V and a forward current density of
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Figure 1. (a) Schematic of a Pt/ZnO,_, NRs/ZnO TF/Pt
resistive switching device. (b) Corresponding SEM image
of a well-aligned ZnO,_, NR with a length of ~150 nm
grown on the ZnO film with a thickness of ~100 nm. (c) XPS
at the O 1s-edge spectra related to different regions labeled
from a to e in (b).

~30.7 A/cm? at —2 V could be obtained, yielding a
rectifying ratio of ~160 at +2 V. In addition, the
rectifying characteristic of the ZnO;_, NRs/ZnO TF
structure device is very stable even through the device
was opertated for over 1000 cycles as shown in Figure S2a.
However, a rather larger ideality factor of 11.9
extracted from a logarithmic plot of the /-V curve as
shown in Figure S2b is due to the larger series resis-
tances resulting from the ZnO TF and the ZnO; _, NRs.>*
Furthermore, by applying a dc voltage of ~3.4 V
with a compliance current of ~10 mA, namely, the
“forming process”, we are able to tune the devices from
the diode to the resistive switching memory, for which
an abrupt increasing of current was observed owing to
formation of conducting filaments located inside the
ZnO TF device, leading to a device in a low-resistance
state (LRS), as shown in Figure 2b. The higher initial
resistive state of the ZnO;_, NRs/ZnO TF bilayer struc-
ture needs a larger forming voltage to trigger the
migration of oxygen vacancies from the ZnO;_, NRs
to the ZnO TF layer compared to only a ZnO TF device
with the less forming voltage of ~2.8 V. Once a
negative bias of ~—0.7 V was applied, the ZnO,_,
NRs/ZnO TF bilayer device changes to a high-
resistance state (HRS), which is called a “RESET” process.
Furthermore, a change of resistance from HRS to LRS,
namely, a “SET” process, could be achieved after an
applied positive voltage of 1.3 V, as shown in
Figure 2¢.>~> The reduction of the SET voltage for the
Zn0O;_, NRs/ZnO TF bilayer device compared to the TF
could be distinctly observed, which is most likely due
to the diffusion of oxygen vacancies confined by the
ZnO;_, NRs into the ZnO TF for the recovery of
conducting filaments. Moreover, the threshold vol-
tages for the switching in terms of the cumulative
distribution of the Vser and Vgeser and resistances of
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Figure 2. (a) I-V curve of Pt/ZnO;_, NRs/ZnO TF/Pt diode device. Inset shows the corresponding current density—voltage
(J—V) curve. (b) I-V curves of forming process for the Pt/Zn0O,_,NRs/ZnO TF/Pt and the Pt/ZnO TF/Pt devices. (c) Bipolar I-V
characteristics for the Pt/ZnO;_, NRs/ZnO TF/Pt and the Pt/ZnO TF/Pt devices. Cumulative distribution of (d) the SET/RESET
voltages and (e) resistances of HRS/LRS for the Pt/ZnO,_, NRs/ZnO TF/Pt and the Pt/ZnO TF/Pt devices. (f) Confined recovery

and rupture of conducting filaments by ZnO,_, NRs.

the HRS and LRS at a read voltage of 0.1 V for both the
Zn0O;_, NRs/ZnO TF bilayer and ZnO TF devices were
measured as shown in Figure 2d and e, respectively.
Obviously, a very narrow distribution of the SET voltage
of 1.2—1.5 V and a uniform ratio of Ryrs/R\rs could be
observed. The corresponding endurance tests of ~100
cycles at the Vsgr and Vgeser voltages and resistances of
the HRS and LRS with a read voltage of 0.1 V are shown
in Figure S3a and b, respectively. In general, the
microstructure of materials would influence the diffu-
sion of defects and vacancies in the device.”>?° It is
believed that oxygen vacancies prefer to migrate along
preferred grain boundaries along [0001] to form the
conducting filaments, for which the ZnO,_, NRs play
an important role as a supplementary reservoir of
oxygen vacancies to confine the recovery and rupture
of conducting filaments, substantially resulting in im-
provement of device performance for the ZnO;_, NRs/
ZnO TF bilayer structure compared with that of the
ZnO TF structure. The possible migration of oxygen
vacancies from the ZnO;_, NRs to the ZnO TF is
schematically illustrated in Figure 2f. Once the SET
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voltage was applied, oxygen vacancies were repelled
out of the ZnO;_, NRs into the ZnO TF layer to confine
the recovery of conducting filaments, while the oxygen
anions were further attracted from the ZnO,_, NRs to
compensate conducting filaments after the RESET
voltage was applied. On the other hand, the ZnO,_,
NRs/ZnO TF device could also be stably operated
with a unipolar resistive switching behavior, as shown
in Figure S4a, for which the switching behavior does not
depend on the bias polarity.>* Switching the device from
HRS to LRS by an applied voltage of ~1.5 Vis called a “SET”
process, while converting the device into the HRS after
the voltage was reapplied over ~0.6 Vis called a “RESET”
process. Obviously, the SET voltage of the ZnO,_, NRs/
ZnO TF device decreases to ~1.5 V compared with that
of the ZnO TF device (Vsgr = ~1.8 V). The reduced SET
voltage of the ZnO;_, NRs/ZnO TF device operating in
the unipolar mode is most likely due to the supplement
of oxygen vacancies from the ZnO,; _, NRs to the ZnO TF
for the recovery/rupture of metallic paths inside the
ZnO. The endurance test of 100 cycles for the ZnO;_,
NRs/ZnO TF device under unipolar operation further
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provides evidence of a stable performance, as shown in
Figure S4b. In addition, the retention test of the ZnO, _,
NRs/ZnO TF devices was conducted to shed light on the
reliability, with which resistances of ~50 and ~2000 €2
at LRS and HRS with a read voltage of 0.1 V could be
achieved, yielding a very stable Ryrs/Rirs ratio of 40
(Figure S5a). No degradation at >10* s for the ZnO;_,,
NRs/ZnO TF device indicates a good retention perfor-
mance, which is compatible with that of the ZnO TF
device (Figure S5b).

To understand the resistive switching characteris-
tics, the classical nonlinear conduction mechanisms,
including Schottky-like emission,?” Poole—Frenkel (PF)
emission,”® and space charge limited current,®® were
adopted to fit the nonlinearity of the measured J—E
curves, for which PF emission is given as®®

\/GE
./ocEeXp<q /7T8r80>

I’kBT

where g is the electrical charge, ¢, is the dynamic
dielectric constant, g is the vacuum permittivity, kg is
the Boltzmann constant, Tis the temperature, and ris a
coefficient ranging between 1 and 2. A normal PF
emission happens at r = 1, indicating carriers hopping
via trapped states excited by an electrical field, while
large amounts of defects formed in the junction could
eventually result in a modified PF emission, namely, a
Schottky-like emission at r = 1—2.3° By fitting the In(J/E)
as a function of the square root of E at the HRS, as shown
in Figure 3a, an ohmic conduction for both devices was
observed in the low-voltage region and turns into a
nonlinear behavior in the high-voltage region (Figure
S6). The slopes of 14.9 and 11.0 with a refractive index
of ~2 could be found to perfectly match the fitting of PF
emission, yielding r = 1 and r = 1.4 for the Pt/ZnO TF/Pt
and the Pt/ZnO, _, NRs/ZnO TF/Pt devices, respectively.*
The results indicate that normal PF emission occurred in
the ZnO TF at HRS. However, the modified PF emission,
namely, the Schottky-like emission, dominates the trans-
port mechanism for the ZnO;_, NRs/ZnO bilayer struc-
ture at the HRS, resulting in asymmetric /—V behavior
because of the asymmetric Schottky barrier heights
(Figure 20)3'*2 In the HRS, the resistance is mainly
determined by the ZnO TF, which has a relatively higher
resistance than that of the ZnO;_, NRs, thereby no
obvious resistance difference at the HRS for both the
Zn0O;_, NRs/ZnO TF bilayer and ZnO TF devices, respec-
tively (Figure 2e). However, after tuning both devices into
the LRS, the resistance is mainly limited by the ZnO,_,
NRs because of the relatively higher resistance compared
to ZnO TF since the ZnO TF exhibits a metallic behavior
due to the formation of conducting filaments. To further
shed light on the scaling issue, the currents of the LRS and
HRS at different electrode sizes at a read voltage of 0.1 V
for both types of devices were measured as shown in
Figure 3b. The current in the HRS for both devices
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Figure 3. (a) In(J/E)—E"? plots for the Pt/ZnO,_, NRs/ZnO
TF/Pt and the Pt/ZnO TF/Pt devices. (b) Currents as a
function of measured electrode sizes at HRS/LRS for the
Pt/Zn0O,_, NRs/ZnO TF/Pt and the Pt/ZnO TF/Pt devices. The
error bar at each electrode size is calculated by the standard
deviation of 20 devices.

decreases as the electrode size decreases. In the LRS,
the current of the Pt/ZnO TF/Pt devices is independent of
the electrode size owing to the metallic feature resulting
from the formation of local conducting filaments in the
ZnO TF, while the current of Pt/ZnO;_, NRs/ZnO TF/Pt
devices decreases as the measured electrode sizes were
decreased, namely, an inversely linear dependence. The
results indicate that the total current in the LRS is limited
by the relatively high resistance of the ZnO,_, NRs layer.
Therefore, the use of the ZnO,_, NRs grown on ZnO TF
not only presents as a reservoir which provides oxygen
vacancies but also acts as a buffer layer to prevent failure
of devices from a high current flux as the dimension of
the device is decreased. In addition, the length of ZnO
NWs also affects the resistivity of the whole bilayer device.
Notably, the resistivity of the NRs layer must be controlled
to within a certain resistivity window compared with that
of ZnO TF. If the resistivity of the ZnO NR layer is too high,
the voltage drop across the NR layer would not be
negligible, compared with that of ZnO TF, and the
forming process would occur across the entire device,
namely, ZnO NRs + ZnO TF. On the other hand, if the
resistivity of the ZnO NR layer is too low, the NR layer acts
only as a simple metallic contact.”’

The adsorption of water molecules or metallic dust
nanoparticles on the surface of a device in a real
environment may easily result in a short circuit or a
malfunction during operation of a ReRAM device.
Therefore, a suitable package of an entire device is a
conventional method of preventing the damage of a
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Figure 4. (a, b) Contact angle measurements for surfaces of the ZnO film and the ZnO;_, NRs, respectively. (c, d)
Corresponding endurance tests for two devices measured with coverage of a water droplet at a read bias of 0.1 V,

respectively.

device when contacting water. Alternatively, the sur-
face self-cleaning function due to a hydrophobic be-
havior could be considered as another good approach to
split the water from the device surface. Contact angle
(CA) measurement is a typical method to determine the
surface hydrophobicity or hydrophilicity.>® Figure 4a and
b show the optical images of contact angle measure-
ments at devices without and with the growth of the
Zn0O;_, NRs. The contact angle of ~66° could be obtained
for the ZnO TF device, indicating a slight hydrophilicity,
while the contact angle increases to ~125°, indicating a
hydrophobicity after the growth of the ZnO, _, NRs on the
ZnO TF without any surface modification. The hydropho-
bic surface could be simply expressed by a Cassie model in
terms of surface fraction of the solid and air pocket:>*

cosa = fycosff —f;

where a is the apparent contact angle, f; is the surface
fraction of the solid, f; is the surface fraction of air pocket,
and (3 is the contact angle on a flat surface. The small
surface fraction of the solid owing to the formation of the
ZnO;_, NRs leads to the increase of the larger surface
fraction of the air pocket inside the ZnO, _, NRs, eventually
resulting in a larger CA to prevent the penetration of water
molecules into the device. In addition, by increasing the
aspect ratio via growing longer ZnO, _, NRs, we are able to
further increase the CA to >150°, which agrees with a
report in the literature>*~3” To evaluate the surface self-
cleaning function, the endurance tests at a read bias of
0.1 V for both devices without and with coverage of a
water droplet were measured as shown in Figure 4c and d
(see Supporting Information for the detailed measure-
ments). Consequently, the endurance test of the ZnO TF
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device was unstable, eventually resulting in a short
circuit after ~50 cycles (68th cycle). However, the
Zn0O;_, NRs/ZnO TF device has a very stable endur-
ance over 100 cycles during the coverage of the water
droplet and is still intact after removal of the water
droplet at the 125th cycle.

Finally, we are able to combine the ZnO,_, NRs/ZnO
TF homojunction diode and the ZnO,_, NRs/ZnO TF
resistive memory into a complementary 1D1R resistive
switching device, namely, a Pt/ZnO,_, NRs/ZnO TF/Pt/
ZnO TF/ZnO,_, NRs/Pt stacking structure, by simply
connecting two identical devices back to back in series
in order to simplify the fabrication process. Figure 5a
shows the corresponding /—V characteristics of the com-
plementary 1D1R structure. The inset shows the stacking
sequence of two devices and a representative equivalent
circuit with representative symbols of the memristor
and the diode, respectively. Note that the comple-
mentary 1D1R also required an initial forming pro-
cess to switch one of the devices into the unipolar
resistive switching (memory device) with a positive
voltage of ~5.8 V. Obviously, the resistance switching
at SET and RESET voltages could be achieved after a
forward bias of ~3.2 and ~1.8 V, respectively, while ata
reverse bias, the diode could suppress the current.
(More devices are shown in Figure S9.) Comparing the
SET and RESET voltages of a 1R device with that of the
complementary 1D1R device, the increasing of SET
and RESET voltages could be explained due to in-
creasing of the total resistance by the memory cell
in series with the diode. In addition, the stable en-
durance test of ~90 cycles and the retention test up to
10* s at a high read bias of 1V as shown in Figure 5b
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and LRS at a high read voltage of 1V for (b) the endurance test of 90 cycles and (c) the retention test. (d) Dependence of AV/V,,,
on the crossbar line number (N) at read voltages of 0.1 and 0.7 V for the 1R cells and the completer 1D1R devices.

and ¢, respectively, reveal that the complementary
1D1R has a reliable performance. To estimate the max-
imum array density of the complementary 1D1R, two
passive crossbar arrays (N rows x N columns) using the
memory cells (1R) and the complementary 1D1R
devices with a measurably normalized read voltage
margin, AV/V,,, at 0.1 and 0.7 V for the 1R and the
complementary 1D1R as an important parameter of
estimating the cross array density are shown in
Figure 5d (for a more detailed calculation, see the
Supporting Information). Notably, the read margin
decreases as the crossbar number (N) increases for
both the 1R cells and the complementary 1D1R de-
vices. Therefore, the maximum N numbers of 3 and
240 for the 1R cells and the complementary 1D1R
devices could be achieved by taking a AV/V,,, of
0.1 (10%) into account, respectively. The results
demonstrate a promising application of a ZnO,_,
NRs/ZnO TF bilayer structure as a complementary
1D1R device for 3D crossbar arrays and also provide
an opportunity for an all-ZnO-based memory system
in a low-temperature process. Further, by increasing
the ON/OFF ratio of the ZnO;_, NRs/ZnO TF bilayer
structure diode via decreasing the ideality factor

METHODS

Device Fabrications. A 100-nm-thick ZnO thin film was depos-
ited on a Pt/Ti/SiO,/Si substrate at room temperature by radio
frequency magnetron sputtering using a ZnO target in an Ar
atmosphere. ZnO;_, NRs were grown using a chemical bath

HUANG ET AL.

through process optimization and electrode/ZnO
interface engineering, the ratio of Ryneak/Ryrs is expected
to increase, thereby further enlarging the crossbar array
numbers.

CONCLUSIONS

We presented the growth of ZnO,_, nanorod arrays
on a ZnO thin film as homojunction diode and memory
devices, containing uniquely double behaviors, namely,
rectifying and high-performance resistive switching be-
haviors, depending on the applied voltages, simulta-
neously. The ZnO;_, NRs act as the reservoir for
supplemental oxygen vacancies to reduce the operation
voltage, thereby significantly improving the ReRAM de-
vice performance. In addition, by utilizing the ZnO;_, NR
surface, a contact angle of ~125° can be found, demon-
strating the self-cleaning effect due to a hydrophobic
behavior. The all-ZnO-based memory system with the
complementary 1D1R structure for possible application
in passive crossbar arrays was successfully demonstrated.
Our work provides a novel concept to enhance memory
performance by adding one-dimensional ZnO;_, NRs in
a low-temperature process, realizing the potential of an
all-ZnO-based memory system.

deposition method. The ZnO film substrate as a seed layer was
placed in an aqueous solution (100 mL) mixed with zinc nitrate

hexahydrate (0.02 M, Zn(NOs),-6H,0, 98%, Aldrich) and hex-
amethylenetetramine (0.02 M, C¢Hq,N4, HMTA, 99.5%, Riedel-de
Haen). The substrate was upside down inside the solution.
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The solution and substrate were placed at 95 °C in a heated
oven for 0.5 h for the NR growth. After the NR growth, the
substrate was rinsed with deionized water and baked at 80 °C.
The Pt as the top electrode with a thickness of 100 nm was
deposited on the ZnO;_, NRs via rf-magnetron sputtering at
room temperature. The Pt electrodes of diameters 200, 100, and
50 um were fabricated via a metal shadow mask.

Characterizations. The electrical characterizations and resis-
tive switching characteristics of the fabricated devices were
investigated using a Keithley 4200 semiconductor parameter
analyzer in voltage sweeping mode at room temperature. All of
the operation voltages were applied on the top Pt electrode, and
the Pt bottom electrode was grounded. The surface morphology
of the ZnO;_, NRs was examined by field-emission scanning
electron microscopy (JSM-6500F, JEOL). The chemical bonding
states were characterized by X-ray photoelectron spectroscopy
(PHI 1600). The contact angles were measured using 5 uL droplets
of deionized water under an ambient atmospheric condition.
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