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Resistive memory has attracted a great deal of attention as an alternative to contemporary flash memory.
Here we demonstrate an interesting phenomenon that multimode resistive switching, i.e. threshold-like,
self-rectifying and ordinary bipolar switching, can be observed in one self-assembled single-crystalline ZnO
nanoisland with base diameter and height ranging around 30 and 40 nm on Si at different levels of current
compliance. Current-voltage characteristics, conductive atomic force microscopy (C-AFM), and
piezoresponse force microscopy results show that the threshold-like and self-rectifying types of switching
are controlled by the movement of oxygen vacancies in ZnO nanoisland between the C-AFM tip and Si
substrate while ordinary bipolar switching is controlled by formation and rupture of conducting
nano-filaments. Threshold-like switching leads to a very small switching power density of 1 X 10°> W/cm.

raditional charge-based memory technologies are currently facing theoretical and physical limits of down-

scaling because they become increasingly difficult to reliably retain sufficient charges in shrinking cells'. As a

result, several nonvolatile memory technologies have emerged to increase storage density. Among these
technologies, resistive memory has attracted a great deal of attention because it has simple structure, high-density
integration, low-power consumption, and fast operation®~. Previously, Park et al reported an encouraging result
that resistive memory can be scaled down to 18 nm®. Recently, other researchers also reported resistive memories
in the sub-10 nm scale’"*. However, additional work is necessary to validate resistive memory at this nano scale.
Other technologies such as 3D integration and multilevel storage also need to be developed in resistive switching
to further increase storage density for future nonvolatile memory applications.

Among the validation tasks in the nanoscale resistive memory system, one action item is to control its current
compliance and study corresponding switching behaviors and underlying mechanism. As a matter of fact,
ordinary bipolar>'®", self-rectifying'?, and threshold-like"* ** current-voltage (I- V) characteristics were reported
in all kinds of resistive memory systems. Nevertheless, multimode switching characteristics, i.e., all three types of
characteristics appearing in a single memory device have not been reported yet. In addition, the mechanism for
each switching behavior is still not clear, which hinders the further development and application of resistive
memory. Furthermore, as the technology progresses into smaller scaling nodes, efforts have been spent on
achieving smaller switching power levels for lower power operation requirement'"'°. In our previous report'’,
the switching voltage and current of a resistive memory based on self-assembled ZnO single-crystalline nanois-
lands on Si were found to be about 2 V and 50 pA, respectively, when the device was operated under ordinary
bipolar resistive switching mode. Although the results showed that switching power could be reduced with
smaller size, the surface power density of switching was still as high as 10° W/cm?® for the formation/rupture
of the conducting filaments.

In this paper, multimode resistive switching with threshold-like, self-rectifying, and ordinary bipolar I-V
characteristics is demonstrated in one single-crystalline ZnO nanoisland with diameter of about 30 nm and
height of around 40 nm under different current compliance. These three types of resistive switching are con-
trolled by different mechanisms. The threshold-like switching behavior in ZnO nanoisland case is a bistable
resistive switching with switching surface power density of only 1 X 10° W/cm® A switching mechanism
controlled by the movement of oxygen vacancies in ZnO nanoisland between p™*-Si substrate and C-AFM tip
is proposed for threshold-like and self-rectifying bipolar resistive switching, which was proved by the observation
of build-in electric field change of ZnO nanoisland during the switching. For ordinary bipolar resistive switching,
the mechanism is controlled by the formation and rupture of conductive nanofilaments consisting of oxygen
vacancies.
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Results

Fig. 1 (a) shows a three-dimensional (3D) AFM image of ZnO
nanoislands. Fig. 1 (b) and (c) show the 3D AFM and transmission
electron microscopy (TEM) images of one nanoisland, respectively.
Although AFM characterization results show that the ZnO nanois-
lands are large and connected due to tip effect'®, the TEM image in
Fig. 1 (c) indicates that the diameter of the nano-island is about
50 nm. Detailed analysis of cross sectional scanning electron micro-
scopy (SEM) images also showed that the diameter of the ZnO
nanoislands is between 10 nm and 60 nm and these islands are
discrete". In this experiment, we selected nanoislands with a dia-
meter of around 30 nm and a height of about 40 nm. Fig. 1 (d) shows
the schematic of ZnO nanoislands on Si and a C-AFM tip used for
measurements.

Fig. 2 (a) shows the threshold-like I-V characteristics when the
current compliance was set at 10 nA. During measurement, the volt-
age was swept according to the process as follows: (0) 0 ~ 10 V, (1) 5
~0V,(2)0~—-5V,(3) -5V ~0V,(4) 0~ 5YV.The current
compliance was set at 5 nA for process (0), and 10 nA for process (1)
~ (4), respectively. During process (0), the ZnO nanoisland system
was switched from high resistive state (HRS) to low resistive state
(LRS) when the voltage reached 9 V. In process (1) and (2), the
nanoisland was at LRS until —2.6 V where it was switched to HRS,
which is corresponding to a LRS for negative reading bias. In process
(3) and (4), the switching behavior is similar to that in process (1) and
(2), while the switching point is 2.6 V. The switching power is lower
than 25 nW, corresponding to the switching surface power density of
only 1 X 10° W/cm? as the active cell area is considered. This is the
lowest switching surface power density compared to that of any

500 nm
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i 40nm

0

nanoisland

Figure 1| (a) 3D AFM image of the ZnO nanoislands; (b) 3D AFM and
(c) TEM images of one nanoisland; Excluding the AFM tip effect, these
characterizations show that the nanoislands are discrete and having sizes
between 10 and 60 nm. (d) Schematic of ZnO nanoislands and a C-AFM
tip used for measurements.
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Figure 2| (a) threshold-like, (b) self-rectifying bipolar, and (c) ordinary
bipolar I-V characteristics of a ZnO nanoisland at different current
compliance. The nanoisland firstly underwent process (0) as indicated in
(a), i.e., a voltage sweep from 0 to 10 V under a current compliance of

5 nA. Then the nanoisland underwent four voltage sweep processes
sequentially (process (1): 5 to 0 V; process (2): 0 to —5 V; process (3): —5
to 0 V; process (4): 0 to 5 V) as illustrated in (a). Under the current
compliance of 10 nA, 100 nA-10 pA, and 100 pA-1 mA, the voltage
sweep processes resulted in three types of resistive switching (threshold-
like, self-rectifying bipolar and ordinary bipolar) in (a), (b) and (c),
respectively.

nanoscale resistive memory system reported to date**'>.When the
current compliance was set at 100 nA ~ 10 pA after process (0) to
(4), self-rectifying type of I-V characteristics were observed in the
same ZnO nanoisland system with voltage sweeping between —10 V
and 10 V, as shown in Fig. 2 (b). When the voltage swept back from
10 V to —10 V, the nanoisland system kept at LRS until —10 V,
where the system was switched to HRS. The nanoisland system kept
at HRS when the voltage swept from —10 V to 10 V before the
voltage reached 6 V or 9 V, where the system was switched to LRS.
Further increase of current compliance to be equal to or larger than
50 pA led to ordinary bipolar resistive switching phenomenon, as
shown in Fig. 2 (¢).

To further understand the threshold-like I-V characteristics, a
voltage pulse of +2 V and —2 V was utilized to read the current
of the ZnO nanoisland after process (1) to (4), respectively. The
statistical results are shown in Fig. 3. When a pulse of +2 V was
applied, the ZnO nanoisland was at LRS after process (1) and (4),
while at HRS after process (2) and (3). On the contrary, when a pulse
of —2 V was applied, the ZnO nanoisland stayed at HRS after pro-
cess (1) and (4), while at LRS after process (2) and (3). These results
indicate that both states can be kept after the power is shut down,
which is bistable resistive switching behavior, while the resistance of
the ZnO nanoisland depends on both the process that the nanoisland
undergoes and the polarity of the reading voltage.
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Figure 3 | Statistic results of current reading at +2 V and —2 V after
process (1) to (4), respectively when the current compliance was set at
10 nA. Both states can be kept after the power is shut down while the
resistance of the ZnO nanoisland depends on both the process that the
nanoisland undergoes and the polarity of the reading voltage. This suggests
that the observed threshold-like I-V characteristics is a bistable resistive
switching.

In order to study the threshold-like I-V characteristics in detail,
the zoomed-in plots are shown in Fig. 4 (a) for processes (1) and (2)
with the current ranging between —0.02 nA and 0.04 nA, and in
Fig. 4 (b) for processes (3) and (4) with the current ranging between
—0.04 nA and 0.04 nA. As seen in Fig. 4 (a), the I-V characteristics is
the ordinary one for a forward-biased diode for process (1) and (2),
while it is the ordinary one for the reversed diode for process (3) and
(4), as shown in Fig. 4 (b). The I-V characteristics of process (1) ~ (4)
were repeatable only if the tip was kept on the ZnO nanoisland.
Turn-on voltages of V; (1.1 V) andV, (0.9 V) are observed for the
two diodes, respectively. Breakdown characteristics of the diodes are
also observed, which may be due to tunneling effect™.

To obtain the current distribution for the low resistive state of the
ZnO nanoisland, C-AFM map measurements were performed. Fig. 5
(a) shows height image and Fig. 5 (b) and (c) show local current
distribution images for LRS and HRS of ZnO nanoisland under the
current compliance of 10 nA ~ 10 A, respectively. It is evident that
the current at LRS is not distributed locally in the nanoisland in
contrast to the conducting filament case'’.
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Figure 4 | Zoomed-in I-V characteristics of (a) for processes (1) and (2),
and (b) for processes (3) and (4) under a current compliance of 10 nA. -
V characteristic in (a) shows the ordinary behavior for a forward-biased
diode, while in (b) it is the one for a reversed-biased diode. The turn-on
voltages are Vi (1.1 V) and V, (0.9 V) for the forward-biased and reversed-
biased diodes, respectively. Breakdown characteristics of the diodes are
also evident.

0

Figure 5| (a) AFM topographical image recorded in air on a ZnO
nanoisland on Si substrate. Local current distributions (C-AFM) image
for (b) LRS and (c) HRS of the ZnO nanoisland. The current is not
distributed locally in the nanoisland and no conducting filaments are
formed at LRS and no current can be observed for HRS at the same current
bar of 24.6 nA.

Fig. 6 (a) and (b) show the piezoresponse force microscopy (PFM)
phase images in vertical mode for the nanoisland after process (2)
and (4), respectively. Dark and light regions correspond to the two
opposite build-in electric field directions. After process (2), the ZnO
nanoisland has a build-in electric field oriented away from the sub-
strate. However, the nanoisland has a build-in electric field oriented
towards the substrate after process (4). These results are repeatable
for both the same island in different cycles and different ZnO nanois-
lands. Fig. 6 (c) shows the PFM hysteresis phase loop together with
zoomed-in I-V characteristics. The voltage to induce phase change
matches V; (1.1 V) and V, (0.9 V) very well. These built-in fields
correlate with the observed turn-on voltages.

Discussion

The I-V characteristics shown in Fig. 4 can be explained by the
schematic illustration shown in Fig. 7. In the initial state, the oxygen
vacancies are uniformly distributed in the nanoisland. The nanois-
land system can be modeled as being composed of one Schottky
diode (between the C-AFM tip and nanoisland) and one p*-n diode
connected back to back, in series with the semiconducting ZnO
nanoisland with a resistor R as shown in Fig. 7 (a). During process
(0), more oxygen vacancies are generated by the oxidation reaction of
00—V +2e” + - 0,%. At the same time, both the original and
generated oxygen vacancies move towards the cathode (the sub-
strate). Finally, the portion of the ZnO nanoisland near the cathode
side is heavily doped with oxygen vacancies, which act as donors in
ZnO*. Meanwhile, the portion of the ZnO nanoisland near the
anode side (the C-AFM tip) becomes n™-type. As a result, the diode
between the ZnO nanoisland and heavily doped p-type Si substrate
becomes a tunnel diode consisting of p*-Si and n*-ZnO, which can
be treated as a resistor”, as shown in Fig. 7 (a) and (b). During
process (2), the tip is negatively biased. Oxygen vacancies move
towards the C-AFM tip, converting ZnO near the C-AFM tip to be
n*. The barrier between the ZnO nanoisland and C-AFM tip is
thinner, which results in significant electron tunneling®*. There-
fore, the Schottky diode can be treated as a resistor in this case. At the
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Figure 6| PFM images of ZnO nanoisland in vertical contrast at room
temperature for (a) after process (2), and (b) after process (4). (c) PFM
hysteresis phase loop (right axis) and further zoomed-in -V
characteristics (left axis). The overall electric fields in the ZnO nanoisland
are opposite after process (2) and (4), respectively, which corresponds to
the formation of C-AFM/ZnO Schottky diode and n-ZnO/Si substrate
diode under these conditions. The smallest voltage window (AV') to
induce phase change matches V; (1.1 V) and V, (—0.9 V) very well, which
is a direct evidence of the need of reduce the built-in field to turn on each
diode. These built-in fields correlate with the observed turn-on voltages.

same time, the diode between the substrate and ZnO nanoisland
turns into a p*-n hetero-junction, as shown in Fig. 7 (b) and (c).
During process (4), similar reaction occurs as in process (2). The
mechanism is confirmed by the results of C-AFM shown in Fig. 5 (b)
and (c).

Under the current compliance of between 100 nA and 10 pA, the
system can still be treated as a Schottky diode in series to one resistor,
as shown in Fig. 7 (b), because oxygen vacancies move towards the
substrate after operation of voltage sweeping from 0 to 10 V. The
reason for the diode to be treated as a resistor is that heavily oxygen-
vacancy-doped ZnO/p™-Si junction is a tunnel diode. After opera-
tion of voltage sweeping from 0 to —10 V, the diode between ZnO
and p*-Si can now be treated as a regular heterojunction because
oxygen vacancies move back to and gather around the C-AFM tip
side again. In the meantime, the barrier between the C-AFM tip and
heavily oxygen-vacancy-doped ZnO gives rise to Schottky character-
istics because the C-AFM tip is mainly composed of Co, which has
high work function of 5.0 eV*. In this case, the system can be
depicted as one diode and one Schottky diode connected back to
back, as shown in the bracket part of Fig. 7 (c). In other words, the
asymmetric structure of C-AFM tip/ZnO and p*-Si/ZnO can be
utilized to explain the self-rectifying type of I-V characteristics
shown in Fig. 2 (b). Similar self-rectifying effect at LRS was also
observed in the structures of Ni/HfO,/n*-Si*’, Au/ZrO,:nc-Au/n"-
Si*® by other researchers.

As the current compliance is further elevated to 50 pLA or higher,
the oxygen vacancies will form some conducting filaments along the
boundary (side wall) of the island because of high electric field. The
usual bipolar resistive switching behavior is controlled by the re-
formation and rupture of the conducting filaments consisting of
oxygen vacancies, as proven by C-AFM and HSR-AES results
reported previously'.

The time needed to move the oxygen vacancies through the
nanoisland towards the cathode can be estimated at very high electric
field according to*
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Figure 7 | Schematic illustration of switching mechanism of C-AFM tip/
ZnO nanoisand/Si substrate resistive memory to explain the observed
threshold-like and self-rectifying bipolar switching behavior. (a) The
initial state, showing that the nanoisland system can be modeled as being
composed of one Schottky diode consisting of the C-AFM tip and
nanoisland and one p*-n diode consisting of the Si substrate and ZnO
nanoisland connected back to back, in series with the semiconducting ZnO
nanoisland with a resistor R. (b) Conversion of p*-Si/n-ZnO rectifying
junction to p*-Si/n*-ZnO tunnel junction as a result of diffusion of the
oxygen vacancies after a voltage sweep from 0 V to +10 V. In this case, the
p*-Si/n*-ZnO tunnel junction can be treated as a resistance and there is
only one rectifying junction in the loop. (c¢) C-AFM tip/ZnO Schottky
junction converts to Ohmic junction or keeps as Schottky junction
depending on the current compliance as a result of diffusion of oxygen
vacancies after the voltage sweep from 0 to —5 V or —10 V. The Schottky
junction can be treated as a resistor at current compliance of 10 nA because
of current tunneling through the very thin barrier. Current self-rectifying
resistive switching occurs when the Schottky diode can be treated as a
rectifying diode rather than a resistor, as shown in the bracket in (¢), in
which tunneling current of 10 nA no longer represents LRS because of
higher current value after the voltage sweeping from 0 to 10 V. At the same
time, the p™-n* tunneling diode between the substrate and ZnO
nanoisland turns into a p™-n heterojunction. During the voltage sweep
from 0 to 5 V or 10 V as indicated by an arrow pointing from (c) to (b),
similar reaction occurs as in voltage sweep of 0 ~ —5 Vor —10 V.

L
1=
HEy s1nh(L—‘£])

kgT

T
5~ is the characteristic field for oxygen
a

where L is the height of the ZnO nanoisland. p= is the

2k
oxygen mobility, Ey=
vacancy in ZnO lattice, which is about 0.5 MV/cm at 300 K and
\%4
1.3 MV/cm at 800 K. E= I is the average electric field. ks, T, q

are the Boltzmann constant, temperature and charge of oxygen
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Figure 8 | The estimated time needed to move oxygen vacancies through
the nanoisland. (a) The estimated time vs. absolute value of SET or RESET
voltage at room temperature; (b) the estimated time vs. local temperature
at SET or RESET voltage of 7 V. At room temperature, the estimated time
decreases greatly with the increase of SET or RESET voltage. For the SET or
RESET voltage of 7 V, the time is shortening with the increase of
temperature. At the temperature of 800 K, the time is 0.28 ms.

vacancy, respectively. a = 0.52 nm® is the lattice constant of c-axis
for ZnO. f = 10" Hz is the attempt-to-escape frequency, which is
usually accepted to be the lattice vibration frequency”. U, =
124kJ /mol* is the migration energy of oxygen vacancy along c dir-

ection in ZnO. When the electric fields are well below the character-
2

L
istics field, the time can be estimated by 1= v Fig. 8 shows the

estimated results. The estimated time vs. absolute value of SET and
RESET voltage at room temperature shown in Fig. 8 (a) indicates that
the time decreases greatly with the increase of the SET and RESET
voltages. However, the field enhanced ion mobility is still so low that
the SET and RESET time are much longer than the experiment
results, which indicates that thermal enhanced ion mobility play
main role. The local temperature of the nanoisland increases with
the applied voltage due to the Joule heating effect®. For the SET and
RESET voltage of 7 V, the estimated time is shortening with the
increase of the local temperature, as shown in Fig. 8 (b). According
to the results of Menzel et al, the local temperature can be as high as
800 K at the voltage of 6 V. At the local temperature of 800 K, the
SET and RESET time is 0.28 ms, which is comparable to the voltage
sweeping speed.

PFM results indicate that the overall electric fields in the ZnO
nanoisland are opposite after process (2) and (4), respectively, which
corresponds to the formation of C-AFM/ZnO Schottky diode and n-
ZnO/Si substrate diode under these conditions, i.e. the migration of
oxygen vacancies in different direction at different voltage sweep
process in ZnO nanoisland. PFM experiments validate the effect of
the movement of oxygen vacancies in C-AFM tip/ZnO nanoisland/
Si-substrate resistive memory on the switching behavior.

In summary, multimode resistive switching phenomena with
threshold-like, self-rectifying, and ordinary bipolar I-V characteris-
tics were observed in single self-assembled ZnO nanoisland of about
30 nm in diameter on p*-Si substrate using C-AFM tip as top contact
when applying different current compliances. I-V characteristics, C-
AFM, PFM results show that the threshold-like and self-rectifying
types of switching are controlled by movement of oxygen vacancies
in ZnO nanoisland while ordinary bipolar resistive switching is con-
trolled by formation and rupture of conducting nanofilaments con-
sisting of oxygen vacancies. The switching power density of only 1 X
10° W/cm”® was demonstrated. This research suggests that high-den-
sity, low-power, and multimode resistive memory arrays are feasible
by integrating ultra-small ZnO nanoislands on Si.

Methods

Self-assembled ZnO single-crystalline nanoislands were grown on pre-cleaned p*-Si
(100) substrates at 350°C in a radio frequency plasma-assisted SVTA ZnO MBE
system. The growth details can be found elsewhere'”. Structural properties of ZnO
nanoislands were characterized using TEM and AFM. The cross-sectional TEM
specimens were prepared by a typical focus ion beam method, using FEI Quanta 3D

FEG dual-beam instrument. The original sample surface was protected by a carbon
layer and an electron beam-induced Pt layer formed by using Pt gas injection system
and an electron beam. The TEM images were obtained using FEI CM-20 TEM
operated at 200 kV with a LaB6 filament. FIB and TEM experiments were performed
in the laboratory for Electron and X-ray instrumentation at UCI. Electrical charac-
terizations of discrete ZnO nanoislands were carried out in air under controlled
temperature (~22°C) and humidity (~12%) with an Agilent 4155C semiconductor
parameter analyzer by applying sweeping voltages to obtain I-V characteristics at
short integration time corresponding to the sweep rate of 6.4 ms/V for the nanoisland
memory system, in which a Cr/Co coated C-AFM tip (MESP) with apex curvature
radius of 20-50 nm was used as the top contact and the substrate as the bottom
contact. The detail for equipment connection can be found elsewhere'”. AFM, C-
AFM and PFM measurements were performed in air under controlled temperature
(~22°C) and humidity (~12%) using a Veeco Dimension Icon AFM equipment
(Nanoscope v8.10) with C-AFM and PFM capabilities. The C-AFM images were
measured under contact mode while AFM and PFM images were obtained under
tapping mode. The amplitude and frequency of the ac voltage applied on the Cr/Co
coated Si tip during PFM phase images measurements were —10 V ~ 10 V and

2 kHz, respectively. The hysteresis phase loop was acquired by scanning an axial dc
bias from —10 to 10 V.
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