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Negative differential resistance (NDR) and memory effect were observed in diodes based on 1,4-dibenzyl C60
(DBC) and zinc phthalocyanine doped polystyrene hybrid material. Certain negative starting sweeping voltages led
to a reproducible NDR, making the hybrid material a promising candidate in memory devices. It was found that the
introduction of DBC enhanced the ON/OFF current ratio and significantly improved the memory stability. The ON/
OFF current ratio was up to 2 orders of magnitude. The write—read—erase—reread cycles were more than 10, and
the retention time reached 10 000 s without current degradation.

Introduction organic molecules and polymers has intrigued researchers,
Negative differential resistance (NDR) devices have at- but it _has not been_(_jemonstrated successfully yet because
tracted considerable attention for their tremendous potential ©f their lack of stability:*4
applications in low-power memory and logic circuitg.In In this paper, we demonstrate a stable NDR and memory
these NDR devices, the currentoltage characteristics effect_ in electr!cal conduction from a hybrid materl_al
generally show a region in which the current decreases with €ontaining 1,4-dibenzyl C60 (DBC) and zinc phthalocyanine
an increase of the voltage. At present, the successful(ZnPc)doped with polystyrene (PS). The mixture is solution-
demonstrations of NDR suitable for memory and circuit Processible; thus, the devices can be fabricated by a simple
applications are restricted to rigid inorganic semiconduc- SPin-coating method. A large reproducible and stable NDR
tors56 As is known, smartcards, such as banking and medical behavior was obtalned., and the stability was greatly improved
information, are expected to be flexible with low power. It @S @ result of the doping of DBC.
is well-known that organic and polymeric materials are
uniquely suited for thin, flexible, and low-power electronic

devices’ 1% Recently, the realization of NDR based on The DBC used was synthesized and purified in our laboratory
as described in the literatuteOur diodes consist of a spin-coated
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. . ) Figure 3. Forwardl—V characteristics of the ITO/PS:ZnPc:DBC/Al device
Figure 1. Device structure and molecular structures of the materials used. 4 yitferent negative sweeping voltages. The ON state and OFF currents at
3V and the ON/OFF current ratio as a function of the negative sweeping

-3 . .
10 E——— voltages are shown in the inset.

— — ITO/PS+ZnPc/Al . . . -
- - ITOIPS+DBCIAI behavior, in which a high conductance current and a low

\"omsm / - conductance current exist simultaneously at the same voltage,
T is ideal for memory applications. However, as shown below,
ITO/PS:ZnPc/Al exhibits poor NDR stability. We found that
doping a C60 derivative DBC into PS:ZnPc to fabricate ITO/
PS:ZnPc:DBC/AIl devices not only enhances the current ratio
between the high conductance state and the low conductance
state but also greatly improves the NDR stability. A typical
|-V characteristic of ITO/PS:ZnPc:DBC/AIl with-a12 V
15 starting sweeping voltage is shown in Figure 2. It can seen
Voltage (V) that the same NDR characteristic is obtained with a larger
Figure 2. |-V characteristics of ITO/PS:znPc/Al, ITO/PS:znPc:DBC/  Current ratio in ITO/PS:ZnPc:DBC/Al devices. For compari-
Al, ITO/PS:DBC/AI, and ITO/PS /Al devices ata12 V starting sweeping son, the —V characteristics of ITO/PS/Al and ITO/PS:DBC/
voltage. Al devices are also shown in Figure 2. No NDR is observed
in ITO/PS/Al and ITO/PS:DBC/AI. This indicates that ZnPc

by spin-coating a solution of 0.67 wt % PBl( = 250 000), 0.18 . . . .
Wt % ZnPc, and 0.025 wt % DBC onto a precleaned ITO glass _and DBC in ITO/PS:ZnPc/Al and ITO/PS:ZnPc:DBC/Al play

substrate. The top Al electrode was thermally evaporated with a |mpprtz_int roles in NDR formation.
vacuum of 164 Pa. The devices had an active area of 3 mn®. Significant features of ITO/PS:ZnPc/Al and ITO/PS:ZnPc:

For comparison, ITO/PS/AI, ITO/PS:ZnPc/Al, and ITO/PS:DBC/ DBC/Al devices are that the low conductance state can be
Al devices were also fabricated by using the same conditions. Eachrecovered to a high conductance state by simply applying a
structure of the devices was prepared 10 times, and thus 40 deviceiegative bias voltage or the high conductance state can be
for each structure were evaluated. The curresttitage (—V) returned to a low conductance state by applying a forward
characteristics and the writeead-erase-reread (WRER) cycles  bias voltage, and it was found that the current ratio between
were performed by a Keithley 2400 sourcemeter controlled by a the high conductance state (ON) and the low conductance
computer. All .ejlectrical measurements were_carried out un_der state (OFF) is strongly dependent on the magnitude of the
ambient cpndltlpns at room tempgrature without any device applied negative sweeping voltage. Figure 3 shows the
encapsulation. Figure 1_shows the device structure and the moleculalrforvvard |-V characteristic of the ITO/PS:ZnPc:DBC/AI
structures of the materials used. . . . . -
device at different negative sweeping voltages. It is clearly
seen that the negative sweeping voltages increase the ON
state current and make the current saturated with the
It was found experimentally that a ITO/PS:ZnPc/Al device sweeping voltage. However, the negative sweeping voltages
shows NDR in thel—V characteristics in the region of show a weak effect on the OFF current. As a result, the ON/
positive bias (ITO as the cathode and Al as the anode) asOFF current ratio shows the largest value with the negative
the start voltage is swept from certain negative values. Figure sweeping voltage. The inset of Figure 3 shows the ON state
2 shows theé—V characteristics of ITO/PS:ZnPc/Al at&l2 and OFF currentst8 V and the ON/OFF current ratio as a
V starting sweeping voltage. It can be seen in the forward function of the negative sweeping voltages. This indicates
region that the current is initially high and increases with that the ON/OFF current ratio can be controlled by the
the bias voltage. As the voltage arrives at 8 V, the current magnitude of the applied negative sweeping voltage.
reaches a maximum value and then decreases to form the The reproducible NDR in the-V characteristics defines
NDR region. As the bias voltage is swept from 12 to 0 V, the electrical bistability of diodes and also reveals the
the current remains at a lower conductance state. Thisnonvolatile nature of the memory effect in diodes used as
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OFF states of ITO/PS:ZnPc:DBC/Al and ITO/PS:ZnPc/Al. The data
retention characteristics for 10 000 s in the ON and OFF states of ITO/PS:
ZnPc:DBC/AI are shown in the inset.

Figure 4. Current response of the ITO/PS:ZnPc:DBC/AI device during
WRER voltage cycles.

Figure 6. The characteristics were performed by continuously
w0l - applying a bias b3 V to thedevice over prolonged periods
/ D\D-D\D_D of time. It is clearly seen that the ITO/PS:ZnPc:DBC/AI
z """ devices did not exhibit a remarkable change in ON and OFF
b1 —0—ON current after 1000 s, whereas the ON and OFF current of
£ 10il ToTorF ITO/PS:ZnPc/Al obviously decays. As shown in the inset
© of Figure 6, the ON and OFF current remined almost constant
o even after 10000 s. It can be seen that the rewriting
O/O‘O/O \O_O/o‘o capability and long retention time are greatly important as
10_,_:’\‘0/‘ . o the basic requirement necessary for practical memory ap-
10° 10 10° 10° 10° 10° 10° plications.
Number of WRER cycles To clearly explain the conduction mechanism through ITO/
Figure 5. Current in the ON and OFF states as a function of the number PS:ZNPc:DBC/AI devices, the-V curves in both ON and
of WRER cycles of the ITO/PS:ZnPc:DBC/Al device. OFF states were analyzed. Figure 7a shows Ithé&/

characteristic of the ITO/PS:ZnPc:DBC/AIl device in the ON
state in coordinates log(vs log(V). It can be seen that a
straight line with a slope of 1.8 was observed. This indicates

two-terminal memory cells that can be written and erased
by high negative voltage and high positive voltage, respec-

tively, an_d re.a.d out by low positive voltage. To demonstrate o+ 4 space-charge-limited current is probably the main
the applicability of ITO/PS:ZnPc:DBC/Al as memory de-  ¢onqyction mechanism in the ON stateThe |-V charac-
vices, WRER cycle characteristics of the devices were o iqsic changed after the electrical transition to the OFF state.
measured. Figure 4 shows the current response of the ITO/p |inear relationship was observed in a plot of Ig(s V22
PS:ZnPc:DBC/Al device during WRER voltage cycles. The i, e OFF state, as shown in Figure 7b. This suggests that

voltages for WRER cycles were-12, 3, 12, and 3 V., after the transition the current through the device may change
respectively. As can be seen, a voltage-a2 V was applied 4 thermionic emissio#® The samd—V curves in the ON

to switch the device to the high ON state. If we designate 5,4 OFF states were also observed in ITO/PS:ZnPc/Al
“1” as the ON state and “0” as the OFF state, the “1” state jayices.

is then written. The “1” state could be read by a low forward 54 g known, ZnPc is a planar-conjugated aromatic

voltage (3 V) with a current on the order of T0A. The macrocycle molecule that can be used as an electron dbnor.
ON state could be erased by applying a forward bias of 6 etore, in the case of ITO/PS:ZnPc/Al devices, as the
12 V'to produce the OFF state, and then the *0” state could reverse bias voltage is applied (ITO as the anode and Al as
be reread b7y a forward voltagé 8V with a currenton the 0 a4hode) ZnPc in the PS film will losselectrons and
order of 107 A. As shown in Figure 5, where the currentin be positively charged as a result of sufficient injection of

tr]le ON and OIFF S]}art]es is %ive.n as a.funct/iOTdOf the number e holes. The processes are similar to the chemical oxidation
of WRER cycles of the ITO/PS:ZnPc:DBC/Al device, more of organic molecules. It is well-known that the conductivity

than 1_6 WRER cycles are condu_cted on the device without of organic molecules is greatly increased after chemical

any significant current degrada'qon. - oxidation!® Therefore, in this case, the current is high as
The ITO/PS:ZnPc:DBC/AI devices also show better stabil-

ity in both conductivity states. The data retention charac- (16) Lampert, M. A.; Mark, PCurrent Injection in SolidsAcademic: New

teristics in the ON and OFF states of ITO/PS:ZnPc:DBC/AI York, 1970.

are shown in Figure 6. For comparison, the retention (1) Ricciardi G.; Rosa, AJ. Phys. Chem. 2001 105 5242.

o . ' (18) Shirakawa, H.; Louis, E. J.; MacDiarmid, A. G.; Chiang, C. K.; Heeger,
characteristics of ITO/PS:ZnPc/Al device are also shown in A. J.J. Chem. Soc., Chem. Commua®77, 579.
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Figure 7. |-V characteristic of the ITO/PS:ZnPc:DBC/AI device in the
ON state (a) and the OFF state (b).

the sweeping voltage goes to forward bias (ITO as the
cathode and Al as the anode). With an increase of the forward
bias voltage, the positive charges on ZnPc molecules will
gradually consume as a result of the larger hole injection
barrier at the Al anode; thus, the current decreases with the
bias voltage, forming the NDR region. As the sweeping
voltage goes to O V, the current remains in the low

conductance state.

For the case of ITO/PS:ZnPc:DBC/Al devices, [60]-
fullerene (C60) and its derivatives such as DBC are three-

dimensional electron-acceptor materi®ldVhen DBC is
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doped into PS containing donor ZnPc, therefore, besides the
oxidation of ZnPc at an electrical field, the charge-transfer
state between DBC and ZnPc molecules induced by an
electrical field is also formed in the hybrid system. It is well-
known that electrical-field-induced charge transfer in denor
acceptor systems is the main mechanism used to explain the
electronic transition, and the formed charge-transfer state
generally exhibits a higher conductivity A certain reverse
bias voltage (ITO as the anode and Al as the cathode) then
leads to the formation of a charge-transfer state between DBC
and ZnPc; thus, the current shows a high conductance state
as the sweeping voltage goes to the forward bias (ITO as
the cathode and Al as the anode). However, the forward
sweeping voltage can lead to a return of the charge-transfer
state formed between DBC and ZnPc to its original state,
resulting in NDR and a reduction of the current. It can be
seen that the electrical-field-induced charge transfer between
ZnPc and DBC molecules greatly improves the reproduc-
ibility of NDR and the retention time in memory devices.

Conclusion

We have demonstrated a large and reproducible NDR and
memory effects in a hybrid material containing DBC and
ZnPc doped with PS. It was found that the memory stability
was greatly improved as a result of the introduction of DBC.
The WRER cycles are more thanfland the retention time
reaches 10 000 s without current degradation. Our results
indicate that DBC and ZnPc doped with PS hybrid material
is a promising material system in memory applications.
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