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High-performance nonvolatile write-once-read-many-times memory devices
with ZnO nanoparticles embedded in polymethylmethacrylate
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A mixture of ZnO nanoparticles and polymethylmethacrylate was used as an active layer in a
nonvolatile resistive memory device. Current-voltage characteristics of the device showed
nonvolatile write-once-read-many-times memory behavior with a switching time on the order of
us. The device exhibited an on/off ratio of 104, retention time of >10° s, and number of readout of
>4 % 10* times under a read voltage of 0.5V. The emission, cross-sectional high-resolution
transmission electron microscopy (TEM), scanning TEM-high angle annular dark field imaging,
and energy dispersive x-ray spectroscopy elemental mapping measurements suggest that the
electrical switching originates from the formation of conduction paths. © 2011 American Institute

of Physics. [doi:10.1063/1.3665937]

Organic nonvolatile resistive memory has emerged as a
promising candidate for next-generation memory devices,'
thanks to its exceptional advantages including fast transition
time, solution processability, low temperature processes, and
low manufacturing cost.'"™'! Structurally, an active layer
formed by organic material or a compound of polymer and
nanoclusters is sandwiched between two electrodes.”” The
two levels of different conductivities of devices can be
switched under suitable voltages, enabling the ability to code
digital values. Depending on the reproducibility of switch-
ing, the resistive memory can be classified into rewritable
and write-once-read-many-times (WORM) types.3 For the
purpose of data storage archiving, a high-performance
WORM resistive memory device is absolutely imperative.*°
WORM memory devices using nanocomposites in which or-
ganic molecules™ or nanoparticles (NPs)® are dispersed
phases have been demonstrated. Recently, various types of
memory devices with ZnO nanostructures embedded in a
polymer matrix have been demonstrated.” "' However, each
ZnO-based memory device is reported to be different in type
of switching even when made from the same materials. For
example, rewritable memory devices have been fabricated
using ZnO NPs (Ref. 8) or nanorods’ embedded in polyme-
thylmethacrylate (PMMA). ZnO NPs embedded in polysty-
rene (PS) resulted in rewritable!® or WORM (Ref. 11)
memory devices. Unfortunately, the factors causing the bist-
ability of ZnO-based memory devices are still unclear.®"!
Even though ZnO-based WORM memory has achieved up to
an on/off ratio of 10°,'" the higher on/off ratio is desired for
practical applications.12 The important characteristics
including number of readout and switching time have not
been addressed yet.ll Moreover, there is still a lack of evi-
dence to clarify the origins of memory effects.” "'

In this letter, we present an excellent WORM memory
device made from ZnO NPs embedded in PMMA. The de-
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vice exhibited an on/off ratio of 104, switching time of 1 us,
retention time of >10’s, and number of readout of >4 x 10*
times. The on/off ratio was strongly dependent on the weight
ratio of ZnO NPs to PMMA. By analyzing with an emission
microscope under bias, we concluded the conduction paths
(CP) in the device were responsible for the memory effect.
Formation of the CPs was further identified through cross-
sectional high-resolution transmission electron microscopy
(HRTEM), scanning TEM-high angle annular dark field
(STEM-HAADF) images, and energy dispersive x-ray spec-
troscopy (EDS) elemental maps of the device.

Figure 1(a) shows the device structure of the resistive
memory. Monodispersed ZnO NPs of mean size of 9.2 *
1.4 nm were chemically synthesized using our own method'?
with some modifications."* The as-synthesized ZnO NPs
were dispersed in a chloroform/n-butylamine mixture. Sepa-
rately, PMMA (molecular weight 94 600) was dissolved in
chloroform. Then, both materials were mixed together at dif-
ferent weight ratios. The ZnO/PMMA dispersion solution
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FIG. 1. (a) Device structure and (b) /-V curve of resistive memory device.
Arrows indicate bias sweeping direction.
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was spin coated onto a pre-cleaned 150-nm-thick ITO cath-
ode and heated at 100 °C for 80 min in air to form a 75-nm-
thick ZnO:PMMA composite layer. Finally, a 100-nm-thick
Al anode was thermally deposited on the ZnO:PMMA layer
at a base pressure of 7 x 10~ °Torr through a shadow mask
(device area 3.5 mm?). The electrical characteristics of the
devices were measured with a Keithley 4200 semiconductor
characterization system and a Keithley 3390 pulse generator
in a dry nitrogen atmosphere at room temperature.

The current-voltage (I-V) curve of the particular mem-
ory device with a ZnO:PMMA weight ratio (x) of
1.25 x 1072 is shown in Fig. 1(b). The device initially exhib-
ited low conductivity state (OFF state). The OFF state was
maintained under negative bias (regions 1 and 2). When pos-
itive bias was applied (region 3), the OFF state was main-
tained below 3.2V, and then, the current abruptly increased
at a threshold voltage, Vi, = 3.2V, changing to high conduc-
tivity state (ON state). Once the transition from OFF to ON
state took place, the device did not return to the OFF state
again even when negative bias was applied (regions 4, 5, and
6) indicating that the switching property of the device is
WORM. The on/off ratio was found to be 10* at an applied
voltage of 0.5V which is one order of magnitude larger than
that of the previously reported ZnO-based WORM device."'

It is well known that PMMA acts as an insulator mate-
rial.!> Therefore, the I-V characteristics of the device would
be dominated by the size and the number density of ZnO
NPs. Indeed, ON and OFF currents and on/off ratio strongly
depend on the weight ratio (x) of ZnO NPs to PMMA as
shown in Fig. 2, where we plotted the results of three devices
having the same value of x. Note here that the data points in
Fig. 2 are average values with standard deviations. In all
cases, the devices exhibited only WORM characteristics in
the range of 107 < x <2 x 107" The maximum on/off ra-
tio of 10* was obtained at x = 1.25 x 102, In the case of x
< 107, the device had low conductivity and showed no
memory effect. On the contrary, the device exhibited high
conductivity state with no memory effect with x > 2 x 10",

In practical terms, the retention time is one of the most im-
portant characteristics of a memory device. Figure 3(a) shows
the retention characteristics of the device (x = 1.25 x 107?).
The OFF state current measurement was firstly carried out at
a voltage of 0.5V. Then, a pulsed positive bias (4V, 1 us)
was applied to change the device to ON state followed by
the ON current measurement at 0.5V. The on/off ratio
remained unchanged after 10°s which is as long as that for
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FIG. 2. (Color online) Dependence of OFF current (open square), ON cur-
rents (filled square) and on/off ratio (open cycles) on x. Read voltage was
0.5V.
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FIG. 3. (a) Retention time characteristics of device. OFF state (initial state)
and ON state were continuously measured at bias of 0.5 V (interval 25 ). (b)
Number of readout properties of ON and OFF states measured by applying a
pulsed bias of 0.5V (interval 1 us).

the ZnO-based memory devices reported previously.®!'%!!

To investigate the number of readouts, a pulsed positive bias
(0.5V, interval 1 us) was applied. Remarkably, ON and OFF
currents showed negligible degradation even after 4 x 10*
times of data reading.

The charge trapping™® or CP (Refs. 5 and 16) is the pro-
posed operational mechanism of resistive memories. Several
methods were used to investigate CP such as changing the
area of the devices,16 heat-sensitive camera,17 or the optical
beam induced resistance change (OBIRCH).'® To clarify the
mechanism, we first observed the emission of the device dur-
ing changing the applied voltages by using an EX02 Func-
tional Characteristics emission microscope.'* The details of
this technique are reported elsewhere.'” When the applied
voltage was less than the Vy,, no visible emission appeared

(b)

Al ZnO NP:PMMA

FIG. 4. (Color online) Evidence of CP existence in a WORM memory de-
vice. Emission image of device in ON state (a). Cross-sectional HRTEM
images of no emission (b) and emission (c) points, and (d) enlarged image
of square area in (c). Note that the color of the emission points does not rep-
resent the actual emission color and is used for enhancing visibility.
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(Fig. S2(a)). The visibly bright spots were observed at a volt-
age larger than Vi, with high intensity as shown in Fig. 4(a).
And then, when the voltage was reduced again to 3V, the
visible spots remained at the same places but with lower
emission intensity (Fig. S2(c)). This phenomenon is consist-
ent with nonvolatile behavior investigated by electrical
measurements. The bright spots suggest that the CPs are
formed in these places.'”'® The origin of the emission could
be due to the electroluminescence from the ZnO NPs (Ref.
20) in the CPs. In order to investigate the formation mecha-
nism of the CP, cross-sectional HRTEM and STEM-HAADF
imaging and EDS elemental mapping analyses were carried
out." Figs. 4(b) and 4(c) show the HRTEM images taken
from the cross sections of the selected dark area and bright
emission point in Fig. 4(a), respectively. At no emission
area, ZnO NPs were found to be uniformly dispersed in
PMMA. In contrast, the aggregation of ZnO NPs was
observed at the emission point. The enlarged image of the
red square part of Fig. 4(c) suggests that there was a conduc-
tive channel formed by an aggregation of ZnO NPs (Fig.
4(d)). The STEM-HAADF imaging and EDS elemental map-
ping of the emission point further confirmed that closely
packed ZnO NPs are present across the film.'* These analy-
ses of the film prove that CPs are formed in our device. The
existence of the CPs also agrees well with the relationship of
current and x (Fig. 2). The currents tended to increase with
increasing the concentration of ZnO NPs. When x > 2 X 1071,
the devices were immediately short-circuited after fabrication
owing to the fact that the active layer is mainly NPs, resulting
in very large currents. But, when x < 1074, CPs could not be
generated due to the negligible appearance of ZnO NPs in
PMMA, causing the currents to be very low.

The formation of CPs was in association with the con-
ductive NPs bridging the two electrodes after the application
of voltage over Vy,. For instance, there were some places
where the NPs were aggregated in the film after spin-coating
(Figs. 4(c) and 4(d)). Under electric fields, electrons were
injected from ITO (the work function of ITO = 4.6eV (Ref.
21)) to the ZnO NPs (electron affinity = 4.4eV (Ref. 10))
and acted as an extension of the ITO electrode.'® The NPs
contacting the ITO electrode could connect to a neighboring
NP. The electric fields between the neighboring NPs increase
with increasing the applied voltages. At the applied voltage
of Vi, the CPs formed through the conductive NPs bridging
with the ITO and Al electrodes. Once the CP forms, the re-
sistance of the CP is lower than that of other places so that
the current always paths through at the CP. This phenom-
enon results in the observed WORM behavior.

To check the reproducibility of Vi, in WORM memory
devices, we characterized a total number of 136 devices
where 132 of them switched to the ON state at positive bias
and only 4 devices turn to ON state at negative bias.'* The
reasons for the domination of positive operation could be
due to the stronger interaction between ZnO NPs and the

Appl. Phys. Lett. 99, 233303 (2011)

ITO surface. Namely, the smaller surface energy difference
between ZnO NPs and ITO rather than the air side is favor-
able to condense ZnO NPs at the ITO surface during the
spin-coating of the ZnO NPs:PMMA film or during heating
of the film.

In summary, a high-performance WORM memory de-
vice was fabricated by using ZnO NPs:PMMA nanocompo-
site sandwiched between ITO and Al electrodes. The
memory effect is attributed to the CP formation. The device
showed a maximum on/off ratio of 10*. The transition from
OFF to ON state can take place with a pulse width of 1 us.
The WORM memory devices can be reproducibly fabricated
and they show high stability.
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