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Abstract; A write-once-read-many-times ( WORM ) bistable device was prepared, in which ZnS quantum dots
doped poly4-vinyl-phenol (PVP) layer was sandwiched between ITO anode and Al cathode. Current-voltage (I-V)
curves showed a switching characteristic with a large ON/OFF ratio of 10*. The electrical bistability properties and
charge-transport mechanisms were discussed in detail based on I-V characteristics. The conduction mechanisms in
both ON- and OFF-states were discussed in terms of different theoretical models. The data-retention characteristics of

the current-time (/-t) curve exhibited permanent retention ability at ambient conditions.
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1 Introduction

Solution-processed electrical bistable device
based on hybrid inorganic/organic nanocomposite
has emerged as a promising candidate for the next
generation nonvolatile memory devices due to its low
cost, low power consumption and high storage densi-

41 Such hybrid devices containing inorganic nan-

ty
oparticles ( NPs) are being actively pursued and
have been developed. Among the various memory
devices, write-once-read-many-times (WORM) mem-
ory devices have become particularly interesting be-
cause of their extensive applications in rapid storage
equipment”’.  Organic bistable devices ( OBD )
have been fabricated by simple solution process
method, in which semiconductor nanocrystals such
as CdSe'® | Cu,8""', Zn0"™ | and CdSe/ZnS"’
were embedded into an organic matrix. However,
high device performance has not yet emerged and the
charge-transport mechanisms have been in heavy
demand.

As a typical II-VI compound semiconductor
material, ZnS in nanoscale prepared via convenient
routes was shown to be an effective luminescent ma-
N8I In this
letter, we reported ZnS QDs WORM OBD for the
first time. The OBD was fabricated utilizing the
blends of ZnS QDs and PVP by spin-coating meth-

od. Current-voltage (I-V) measurements were per-

terial for lighting and display devices

formed to investigate the electrical bistability proper-
ties and the carrier transport mechanisms. Current-
time (/-£) measurements were taken to investigate

the permanent retention properties of the device.

2 Experiments

The cocktail of ZnS QDs and PVP was prepared
by mixing ZnS QDs with PVP in a mass ratio of 2: 1

in methanol. The device was fabricated on an indium-

tin-oxide (ITO)-coated glasses with a sheet resist-
ance of 20 Q)/[]. The ITO substrates were alternate-
ly cleaned ultrasonically in detergent, deionized wa-
ter, acetone and isopropyl alcohol solutions, and
subsequently dehydrated in vacuum at 100 °C for 30
min. Then the mixture was spin-coated onto the ITO
substrate at 2 000 r/min for 20 s, and the film was
baked at 100 °C for 15 min to remove residual sol-
vent. Finally, on the top of the ZnS QDs and PVP
composite layer, aluminum ( ~ 150 nm thick) was
thermally evaporated as the top electrode. The sche-
matic diagram of the final device is shown in Fig. 1.
For reference measurement, the device without ZnS
QDs was fabricated under the same condition. I-V
and the [-t measurements were performed by
Keithley 2400 Sourcemeter. All the electrical meas-
urements of devices were carried out in ambient

environment without any encapsulation.
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Fig. 1  Schematic diagram of the ITO/ZnS QDs embedded
in PVP layer/Al device structure

3 Results and Discussion

Fig. 2 shows the I-V curves for the ITO/ZnS
QDs embedded in PVP layer/Al and ITO/PVP/Al
devices, measured with a closed loop voltage (0 ~
5~0~ -5~0) V. An electrical hysteresis is clearly
observed in the I-V curves for the ITO/ZnS QDs
embedded in PVP layer/Al device, which displays
different currents of a high-conducting state ( ON-
state) and a low-conducting state ( OFF-state) at
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Fig.2 Current-voltage curves with current expressed in loga-

rithmic coordinates for the ITO/ZnS QDs embedded
in PVP/Al device. The inset shows the I-V curves of
the ITO/PVP/Al device

the same sweeping voltage. Comparing with the
curve whose device without ZnS QDs (inset of Fig.2),
this large hysteresis shows an essential feature of the
electrical bistable devices®'"*'. This indicates the
crucial role of ZnS QDs in the OBDs. For the initial
applied voltage from 0 to 5 V, the I-V curve for the
ITO/ZnS QDs embedded in PVP/Al device, deno-
ted by the filled rectangles, shows the OFF state.
When the applied voltage is 1.8 V, the device current
abruptly increases, which corresponds to a transition
from the OFF-state to the ON-state. The transition
from the OFF-state to the ON-state is regarded as the
writing process for the WORM bistable device. After
the device changes from the OFF-state to the ON-
state, the ON-state current is maintained under
either forward and reverse voltages between 5 and
-5V, as denoted by empty rectangles. The ON-
state cannot back to the OFF-state under a reverse
voltage smaller than — 5 V or a forward voltage
larger than 5 V, which indicates permanent memory
retention in the WORM bistable devices. The maxi-
mum ON/OFF current ratio of the device containing
ZnS QDs is approximately 1. 16 x 10* at applied volt-
age of 1.5 V, and that of the device without ZnS
QDs is about 2. 8, indicating that the ZnS QDs act
as stable data-storage media in PVP layer "',

The memory retention ability of the device is
very important for achieving high-performance de-
vices in practical applications. The retention time of

the ON- and OFF- states was measured under a con-

stant bias voltage of 1.5 V, as shown in Fig. 3. The

ON-state current was monitored by repeating the
reading process after the writing process. The device
remained in the ON-state for 10* s without any sig-
nificant degradation, meaning the excellent environ-

mental stability of the device.
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Fig.3  Current retention characteristics of the ITO/ZnS QDs

embedded in PVP/Al device under a constant voltage
of 1.5V

The data fitting of the I-V curves was performed
to clarify the memory mechanisms and the charge-
transport mechanisms. As shown in Fig. 4, the I-V
curves in both states are fitted in terms of different
theoretical models. For the OFF-state, the log([7)-
log( V) plot can be divided into three regions (a) ~
(c¢) with distinctively different slopes. In the region
(a), the I-V curve can be fitted to a straight line of
0.8 by employing the Ohmic model, which is ex-
pressed as

J = qnuv/d ', (1)
wherein, ¢ is the number of charges per carrier, n is
the density of charge carriers, w is the mobility of

charge carriers, and d is the thickness of the film.
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Fig. 4  The fitting results of the I-V characteristics of the
ITO/ZnS QDs embedded in PVP layer/Al device on
a double logarithmic scale in the ON state and in the

OFF state
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This suggests that Ohmic current is probably the
main conduction at the low forward voltage.

In the region (b), a straight fitting line with a
slope of 14. 2 is obtained in the scanning voltage
from 1. 6 to 2. 7 V, which was known as trap-
controlled charge-limit-current ( TCLC) model, sug-
gesting the presence of traps distribute exponentially
within the forbidden gap''”’. There exists a distribu-
tion of surface charge traps for ZnS QDs which have
a dramatic influence on carrier behavior driven by
applied electric field. ZnS QDs embedded in PVP

applied, the electrons can be captured by ZnS QDs
and the traps are nearly filled with voltage at 5 V,
resulting in a reduction of the space charge effect.
When the applied voltage decreased from 5 V, elec-
trons injection can penetrate across the active layer

of hybrid PVP-ZnS QDs.

4 Conclusion

In summary, we observed the electrical bista-
bility properties and charge-transport mechanisms in

WORM bistable devices based on ZnS QDs embed-

layer are considered to act as charge traps and to ded in a PVP layer. The I-V curves of the ITO,/ZnS

(QDs embedded in PVP layer/Al device show an ap-
parent electrical hysteresis. The fitted data of the I-V

produce significant hysteresis.

For curve in region (¢), the data can be simu-
lated by the space-charge limited model" '’
J = 9eeuV’/8d°, (2)

in which, g is the dielectric constant of the material

curves for the device were used to explain the carrier
behavior in the device, and the conduction mecha-
nisms in both ON- and OFF-states were modeled by
and g, is the permittivity of free space. The fitting an Ohmic and space-charge limited current. The

maximum ON/OFF current ratio of the WORM bistable

device was as large as 10*, and the data-retention

plot yields a slope of 2. 7, indicating that the current
conduction is dominated by the space-charge limited
current (SCLC) effects.

A straight line with a slope of 1.2 for ON-state

characteristics of the I-¢ curve for the device exhibited
permanent retention ability at ambient conditions. It

in Fig. 4 hat th i i . . o . .
in Fig. 4 suggests that the current is determined by provides a potential application of nanoparticles in

the Ohmic conduction. Under a positive voltage next-nonvolatile WORM memories.
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