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Organic nonvolatile memory by controlling the dynamic copper-ion
concentration within organic layer
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Copper(Cu) migration into semiconductor materials like silicon is a well-known and troublesome
phenomenon often causing adverse effect on devices. Generally a diffusion barrier layer is added to
prevent Cu metallization. We demonstrate an organic nonvolatile memory device by controlling the
Cu-ion (Cu") concentration within the organic layer. When the'Gzoncentration is high enough,

the device exhibits a high conductive state due to the metallization effect. When the Cu
concentration is low, the device displays a low conductance state. These two states differ in their
electrical conductivity by more than seven orders of magnitude and can be precisely switched by
controlling the Cu concentration through the application of external biases. The retention time of
both states can be more than several months, and the device is promising for flash memory
application. Discussions about the device operation mechanism are provideZDOLAmerican
Institute of Physics.[DOI: 10.1063/1.1763222

Electrical-addressable nonvolatile memory devices havglass substratéanode followed by the buffer layer, the or-
attracted considerable attention in recent years due to theganic layer, and the top electro@eathode without breaking
application in information technology. Silicon-based the vacuum. The substrate was transferred from one shadow
floating-gate memory,with a response time in the submilli- mask to another by a moving mechanism manually con-
second range, has played an important role in modern eletrolled from outside. The device aré&25 mnf) was defined
tronic devices such as the digital camera. However, there isy the overlap of the top and the bottom electrodes. The
always a strong demand for an electronic nonvolatilethickness of the buffer layer and the organic layer was 4 and
memory device which is cheaper and better. Organic electrii00 nm, respectively. During the deposition, the vacuum of
cal bistable device§OBD) are promising in this regard. Re- the chamber was kept at abouk 10~ ® Torr. The current—
cently, we demonstrated an organic electrical bistable devicesoltage (—V) measurement was carried out using a HP
with an organic/metal-nanocluster/organic tri-layer structure41558 semiconductor parameter analyzer.
sandwiched between two electrode$,which shows non- Figure 1 shows the typica—V characteristics of a Cu-

volatile memory behavior. Many other methods have als@BD. When the bias is ramped from 0 to 3.5 V, the current
been reported for nonvolatile memory, such as phase changgjection is initially very low. At a critical voltage \(¢;) of
memory; programmable metallization céll,nano-crystal approximately 0.7 V the device switches from the low con-
memory, organic memory based on scanning probegyctance(OFF state to a high conductan¢®N) state. The
microscopé, and organic memory in charge-transfer com-gdevice stays in the ON state as the bias is increased until it
plex systent,and polystyrene films In this letter, we report  reaches another critical voltag® ) around 2 V, where it

an approach to achieve the nonvolatile memory effect byeverts to the OFF state. Therefore, the transition from the
controlling the CuU ion concentration within the organic

layer interposed between two metal electrodes.
The structure of the Cu-induced organic bistable device 102
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(Cu-OBD) is shown in the inset of Fig. 1. Cu was selected N 6;:.:;; Sra—(—)— g;’l‘iiflf ‘é, i
for the electrodes due to its high diffusion coefficiéhi “ | Bufferlaver |
buffer layer(~4 nm thick was introduced between the or- A10 B , s;?,’;;’,ife‘f(;“l )ass) B
ganic layer and one of the electrodes and comprised of di- & | Ll e el
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ity, and stability such as 2-amino-4,5-imidazoledicarbonitrile Vv 2
(AIDCN), tris-8{hydroxyquinoling aluminum (Alg), and 10% |- Vc1 c2 = OFE-state |7
zinc 2,9,16,23-tetréert-butyl-29H,31H -phthalocyanine B ¢ \M.m_"""""'"7*-'-"",-"""'-" |
(ZnPg were selected for the organic layer. OFFstate 0 Y of 3
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Vacuum thermal evaporation method was selected for 10

device fabrication. Cu was first deposited on a precleaned 1 2 3 4 5 6

Voltage(V)
dauthor to whom correspondence should be addressed; electronic maiFIG. 1. The typicall—V characteristics of Cu-OBDs. The inset shows the
yangy@ucla.edu device structure and stress test for device at both ON state and OFF state.
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FIG. 2. Write-read-erase cycle test of a Cu-OBD. but after a delay of about 28 ms it switches to the ON state.

However, the Switch-OFF procesgdata not shownof the

OFF state to the ON stat&witch-ON) can be achieved by Cu-OBDs is quite fast and takes place in nanoseconds.
applying a medium bias ranging from;; to V.,, and the It is believed that the ON and OFF states are due to the
transition from ON state to OFF stat8witch-OFP can be  Cu’ distribution and subsequent metallization and de-
achieved by applying a voltage greater thdg. Interest- metallization. This argument is proved by the secondary ion
ingly, the Switch-ON and Switch-OFF processes are nonvolamass spectrometrySIMS) depth profile measurement for
tile processes, i.e., once the device switches to either state@u® ion and Cu atom in our devices in both states. It is
remains in that state for a prolonged period of time. A smalifound that Cd ion was driven into the organic layer in the
probing (or reading bias less than th¥.; may be applied to ON state(metallization process while Cu* drifted out of
detect the state of the device. Both ON and OFF states athe organic layer in the OFF state as shown in Figdé-
quite stable. The bottom inset of Fig. 1 shows the stress tesnbetallization procegsTherefore, the ON-and-OFF state can
carried out in the ON and OFF states probed by 0.1 V. Webe switched back and forth by controlling the Tion dis-
also tested the retention time for both states under no biasibution profile within the organic layer. The atomic Cu dis-
condition and found it to exceed 6 months. In addition, wetribution in the Cu-OBDgnot shown herewas found to be
also evaluated the thermal stability of both the states of théow within the organic layer for both states. Hence the dy-
Cu-OBDs at 110 °C for several hours in ambient conditionsnamic Cu™ concentration within the organic layer is respon-
The device remained in either state without degradationsible for the bistability of Cu-OBDs.
Therefore, Cu-OBDs can be electrically programmed for re-  The ON state and OFF state were further investigated by
writable nonvolatile memory applications, as shown in Fig.a square wave applied to the device. In Fig. 5, it can be seen
2, wherein 0.8 V pulses were used to write, 3 V pulses werdhat the ON state of the device shows a pure resistor behavior
used to erase, and 0.1 V pulses were used to read. The c@ard has a square wave form following the applied voltage
rent response of the device followed the applied Write—pulse. While in the OFF state, the device shows a capacitor
Read—-Erase—Read cycles very well. behavior and has two peaks that are related to charging and

The dynamic response of our devices to an applied voltdischarging process of the device, respectively. The pure re-
age pulse has also been studied to measure the transitisistor behavior in the ON state and capacitor behavior in the
speed between the ON and OFF states as shown in Fig. OFF state can also be seen from the device capacitance as
where a 50Q) read resistor was used to check the device

responsgl (A) =V(V)/50} recorded by a four-channel oscil- 0.48 et
loscope, Tektronix model TDS-460400 MH2). It can be _ 10%
seen from Fig. 3 that when a voltage pulse is applied to the Applied Voltage | oftstate
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FIG. 5. Transient response for a Cu-OBD at both ON state and OFF state
FIG. 3. The transient behavior of a Cu-OBD, where dbfead resistor was (read modg Inset: frequency dependence of capacitance of a Cu-OBD at

used to record the device response {//50). both ON state and OFF states.
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shown in the inset of Fig. 5. The ON-state capacitance of the In summary, we demonstrated a nonvolatile memory de-
device is very small, less than 1 pF, while the OFF-statevice by controlling the copper ion concentration within the
capacitance of the device is in the range of 100 pF. Using arganic layer. Devices with the structure of Cu/Buffer-layer/
parallel-plate capacitor model, the effective thickness of therganic/Cu have been fabricated by vacuum thermal deposi-
dielectric layer was estimated to be nearly the same as thiton method. A small voltage pulse around 0.5 V can switch
thickness of the deposited organic layer. This indicates thahe device to high conductance state, and a voltage pulse
copper is not distributed within the organic layer in theabove 2 V can restore it to low conductance state. The two
OFF state. In the ON state the devices have nearly no capadtates differ in their conductance in more than seven orders
tance, which suggests that they behave like a resistor, causéd magnitude, and are quite stable. This opens a promising

by the Cu™ distributed throughout the organic layer. way for high-performance organic electronic devices.
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