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Abstract In this work, the electrical bistability of an organic CT complex is demonstrated and the possible switching

mechanism is proposed. 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) and tetracyanoquinodimethane

(TCNQ) are used as an organic donor and acceptor, respectively, and poly-methamethylacrylate (PMMA) is used as

a polymeric matrix for spin-coating. A device with the Al/(Al2O3)/PMMA:BCP:TCNQ[1:1:0.5 wt%]/Al configuration

demonstrated bistable and switching characteristics similar to Ovshinsky switching with a low threshold voltage and

a high ON/OFF ratio. An analysis of the current-voltage curves of the device suggested that electrical switching took

place due to the charge transfer mechanism.
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I. Introduction

During the last 30 years, tremendous progress has been

made in electronics and opto-electronic devices based on

organic and polymeric materials. These organic (polymer)

electronics and opto-electronics devices have been realized

by light-emitting diodes [1,2], thin-film transistors [3,4],

solar cells [5,6], lasers [7] and other devices. Moreover,

some of these devices, especially organic light-emitting

diodes (OLED), have been commercialized. However,

memory devices remain an exception given the rapid

progress of opto-electronic devices, despite the fact that the

switching phenomena in organic materials were originally

reported more than 30 years ago [8-12].

Recently, considerable attention has been directed

toward electrical switching and memory devices which

consist of organic materials, polymers and charge transfer

complexes with an electrical bistable function [13-31].

Memory devices based on organic (polymer) materials have

many advantages compared to inorganic memory devices,

such as flexibility, simple processing, a low cost, and large-

area fabrication via printing technology. Moreover, it is

possible to realize ultra-high-density memory through the

stacking of several memory layers. 

Several critical conditions must be satisfied before

organic (polymer) memory devices can be used in practical

applications. These conditions include a lower threshold

voltage (<5 V), a higher ON/OFF ratio (>orders of 103), a

rapid switching time (<100 ns), longer retention (>10 years

at 60oC), higher duration (>106 cycles) and a high memory

capacity (>109 bite). Among the several types of organic

(polymer) memory devices, such as trapping filling [13],

filamentary conduction [14,15], electrochromicity [16],

electroreduction and conformation changes of molecules

[17,18], organic/metal/organic (O/M/O) structures [19-22]

and charge transfer (CT) complex [23-31], last two organic

(polymer) memory devices, organic/metal/organic (O/M/

O) structures and charge transfer (CT) complex, are

entitled to be used for practical application. Especially,

organic (polymer) memory devices based on the CT

complex are expected to show fastest switching times (<10

ns), as the switching takes place via a rapid electronic

process (redox reaction) rather than a slow process (chemical

reaction, a conformational change, or isomerization), as

reported in other memory devices.

An organic memory device based on the CT complex

was initially reported by Potember et al., where the

transition from the high-resistance state to the low-

resistance state is realized by the charge transfer between

copper and tetracyanoquinodimethane (TCNQ) [23].

However, due to the inhomogeneous film morphology and

poor reversibility between the ON and OFF states, the

device showed relatively poor reproducibility. In addition,

switching from the ON to the OFF state can be only

realized by the application of a short pulse of current or

heat or by storing the device for extended periods of time

without an external field. 

Non-volatile organic memory devices based on the CT

complex, which satisfy the critical requirements for
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practical applications, were first realized by the Prof.

Adachi group [28]. T. Oyamada et al. demonstrated the

switching effect of the Cu:TCNQ CT complex in the

device structure of ITO/Al/(Al2O3)/Cu:TCNQ/Al. Writing

and erasing were realized by applying positive and

negative bias, respectively. The ON/OFF ratio was 104.

The thin Al2O3 layer on an Al electrode, which has a large

dielectrical constant, is responsible for the re-writable

switching mechanism. The high built-in field which forms

between the Al/Al2O3 and the CT complex layer controls

the charge transfer between the donor and the acceptor. 

After the Cu:TCNQ CT complex memory device was

reported, several types of CT complex organic memory

devices were reported by changing the copper metal donor

with a different metal [24] or with an alkali-metal donor

[25], or using new types of organic donors and acceptors

[26,27] with different electron donating and accepting

capabilities. In memory devices based on the CT complex,

ON and OFF switching were realized by the formation and

de-formation of the CT complex via an electron transfer

between the donor and the acceptor [29-31]. Researchers

also showed a fast switching time (<100 ns) and excellent

device performance.

In the present work, the electrical bistability of an organic

CT complex is demonstrated and a possible switching

mechanism is proposed. 2,9-Dimethyl-4,7-diphenyl-

1,10-phenanthroline (BCP) and tetracyanoquinodimethane

(TCNQ) are used as an organic donor and acceptor,

respectively, and poly-methamethylacrylate (PMMA) is

used as a polymeric matrix for spin-coating. The CT

complex composition, [PMMA:BCP:TCNQ=X:Y:Z wt%],

is varied from 1:1:0.5 wt% to 1:1:3 wt% by only changing

the TCNQ content and not changing the PMMA and BCP

contents. Cyclohexanone was used as a solvent for the

spin-coating. The fabricated memory device had a simple

diode structure of Al/(Al2O3)/CT complex/Al. Both the top

and bottom Al electrode had a width of 0.5 mm, resulting

in a memory device with an active area of 0.25 mm2. 

II. Experimental 

The bottom Al electrode (0.5 mm width and 60 nm

thickness) was deposited onto a cleaned glass substrate by

thermal evaporation (<5×10−6 torr). A thin Al2O3 layer is

formed during the transfer of the Al-coated substrate to a

clean bench for the CT complex spin-casting. CT complex

films were formed by the spin-coating of a cyclohexanone

solution of PMMA:BCP:TCNQ. The PMMA and BCP

contents were both fixed at 1 wt% to the solvent, and

TCNQ content was changed from 0.5 to 3 wt%. The CT

complex films were thermally annealed at 120oC for 1 hour

under a vacuum condition. The thickness of the CT

complex films was approximately 30 nm. Finally, the

60 nm-thick top Al electrode was deposited onto the CT

complex film through a shadow mask. The fabricated

device has the Al(60 nm)/(Al2O3)/PMMA:BCP:TCNQ

CT complex(30 nm)/Al(60 nm) structure, an electrically

symmetrical structure, even with an Al2O3 layer existing

between the bottom electrode and the CT complex layer.

The surface morphology of the CT film was investigated by

optical microscopy and atomic force microscopy (AFM).

The current-voltage (I-V) characteristics of the CT complex

memory device were measured with a Hewlett Packard

4155B semiconductor parameter analyzer. A molecular

simulation was carried out with the MM/PM3 potential to

investigate the electron density of the organic donor. All

measurements were performed at room temperature in air.

III. Results and Discussion

The chemical structures of the materials used in this work

and the device configuration are shown in Figure 1(a). The

molecular simulation was conducted by the MM/PM3

potential method to investigate the electron density of the

organic donor material. The spare electrons in the N groups

of the BCP (the electron density of N groups are −0.205220

and −0.205022, respectively), two electron-withdrawing

dicyanomethylene groups and the quinonoid ring in TCNQ

[32] make it possible to utilize BCP and TCNQ as the

Figure 1. (a) Chemical structure of the materials and the

device configuration used in this work. Optical microscopy (b)
and AFM (c) images of the PMMA:BCP:TCNQ [1:1:1 wt%]
CT complex film on a Si wafer.
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electron donor and electron acceptor, respectively. The

surface topographies of the PMMA:BCP:TCNQ film

samples were investigated using an optical microscopy

[Figure 1(b)] and an AFM [Figure 1(c)]. A very smooth

surface morphology with height variation of less than

±2 nm, in contrast to the poly-crystalline properties of the

Cu:TCNQ CT complex [23], was observed by AFM when

the TCNQ content was less than 1 wt%, suggesting that the

CT complex film was homogeneous with no phase

separation or aggregation. However, when the TCNQ

content exceeded 2 wt%, the phase separation of the

TCNQ moiety was observed after 1 hour of annealing at

120oC in a vacuum. A uniform film morphology is a basic

necessary condition to obtain high reproducibility as well

as good device stability (operation lifetime). Therefore, a

CT complex film containing less than 1 wt% of TCNQ

was fabricated and used as an active layer for memory

device applications. 

Figure 2 shows the absorption spectra of pristine BCP,

TCNQ, the BCP:TCNQ [1:1 mol] solution and the

PMMA:BCP:TCNQ [1:1:0.5 wt% and 1:1:3 wt%] films.

When the TCNQ (deep yellow color in acetonitrile and

cyclohexanone) was added to the PMMA:BCP

cyclohexanone solution, the color of the solution changed

from whitish pale yellow to blackish dark blue. Given this

color change, it is assumed that the CT complex was

formed. As more direct evidence, the absorption spectrum

of the PMMA:BCP:TCNQ [1:1:0.5 wt%] film confirmed

the formation of the CT complex in the ground state. The

characteristics of the CT band were observed in the region

of 500-1000 nm, while there was no significant absorbance

in the pristine BCP and TCNQ solutions. When the TCNQ

content increased from 0.5 wt% to 3 wt% in the film,

TCNQ neutral and radical absorption peaks were observed

in the regions of 400 nm and 600-1000 nm [33],

respectively, similar to that of the BCP:TCNQ [1:1 mol]

solution, due to the strong electron affinity (2.8±0.1 eV) of

the TCNQ acceptor [32]. These results confirm that

maintaining a proper distance between the donor and

acceptor by controlling the donor and acceptor content as

well as using a polymer matrix are very important to

generate the CT complex state.

The current-voltage (I-V) characteristics of the PMMA

:BCP:TCNQ [1:1:0.5 wt%] CT complex device are shown

in Figure 3 (a). The device is initially in the high-resistance

state (OFF state), remaining in the OFF state until the

applied voltage is lower than the threshold voltage (Vth).

When the applied voltage is higher than the threshold

voltage (Vth), the transition from the high-resistance state

(OFF state) to the low-resistance state (ON state) takes

place (first bias scan). This process can be regarded as the

“writing” process in memory devices. The different voltage

scan direction (negative bias scan in the initial condition)

Figure 2. Absorbance spectra of the pristine BCP, TCNQ and

BCP:TCNQ [1:1 mol] solutions and the PMMA:BCP:TCNQ
[1:1:0.5 wt% and 1:1:3 wt%] films. Dichloromethane and
acetonitrile were used as a solvent for the pristine BCP and
TCNQ solutions, respectively. Cyclohexanone was used as
solvent for the BCP:TCNQ [1:1 mol] solution and the
PMMA:BCP:TCNQ [1:1:0.5 wt% and 1:1:3 wt%] films.

Figure 3. (a) Current-voltage (I-V) characteristics of the Al/
(Al2O3)/PMMA:BCP:TCNQ [1:1:0.5 wt%]/Al CT complex

device. (b) The resistance (conductivity) difference of the ON
and OFF states with the number of bias scan cycles. 
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results in the same transition behavior due to the

symmetrical device structure. After the device was in the

ON state, a subsequent voltage scan (second bias scan)

followed the ON state current. However, the device

remained for some amount of time without any applied

bias, the low-resistance state reverted to a high-resistance

state (OFF state), changing to the ON state again by the

third bias scan. These processes could be repeated several

times, which can be considered as typical write-once-read-

many (WORM) behavior. While there are some variations

in the ON/OFF values, the conductivity (resistance)

difference of the ON and OFF states is nearly three orders

of magnitude, remaining quite stable with a number of bias

scan cycles [Figure 3 (b)]. 

In order to study the retention time of the

PMMA:BCP:TCNQ [1:1:0.5 wt%] CT complex in the ON

state, different time delays of voltage scans were conducted

after the device was in the ON state. The time delay was

changed from 2 sec to 60 sec. As shown in Figure 4(a),

when no bias scan was applied to the CT complex device

within 20 sec, the ON state reverts back to the OFF state.

This result indicates that the PMMA:BCP:TCNQ [1:1:0.

5 wt%] CT complex device has a very short retention time

in the ON state without applied voltage, thus showing

promise as an Ovshinsky switcher [12,13].

Figure 4(b) shows the retention properties of the

PMMA:BCP:TCNQ [1:1:0.5 wt%] CT complex device in

the ON state at different applied voltages. The current of

the device under a constant applied voltage was measured

when the device was in the ON state. When the applied

voltage (V) was lower than Vhold, the ON state changed to

the OFF state, but when the applied voltage was higher

than Vhold, the ON state was maintained. These device

properties, similar to a thyristor, make it possible to use this

CT complex system as a voltage regulator for device

protection and for volatile memory applications [13,34].

The device changes its resistance state from the OFF (0

state) to the ON state (1 state) when the applied voltage (V)

is higher than Vth (writing process). When no bias is

applied or when the applied voltage (V) to retain the ON

Figure 4. (a) Current-voltage (I-V) characteristics of the Al/
(Al2O3)/PMMA:BCP:TCNQ [1:1:0.5 wt%]/Al CT complex
device with a different time delay of the voltage scans after
device is in the ON state. (b) Retention properties of the Al/
(Al2O3)/PMMA:BCP:TCNQ [1:1:0.5 wt%]/Al CT complex

device in the ON state at different applied voltages.

Figure 5. Results of the fitting of the current-voltage (I-V)
curve of the Al/(Al2O3)/PMMA:BCP:TCNQ [1:1:0.5 wt%]/Al

CT complex device in the ON (c) and OFF (d) states.
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state is lower than Vhold, the ON state changed to OFF state

and remained in the OFF state (erase process). A read

process with the 0 or 1 state can be realized by applying

voltage between Vhold<V<Vth. A somewhat lower or

different current range in Figures 4(a) and (b) as compared

to that in Figure 3(a) was observed. When the device

properties were measured, the I-V curves were initially

measured, with the other properties measured subsequently.

Therefore, it is suspected that electrical breakdown and/or

degradation of the device during its operation are among the

reasons for these differences. Further experiments will be

carried out to explain these device behaviors.

Among the several types of switching mechanisms, two

switching (bistable) mechanisms, the charge transfer

mechanism and filamentary conduction, are highly likely

to explain the electrical switching phenomena of devices.

An analysis of the current-voltage curves of the

PMMA:BCP:TCNQ [1:1:0.5 wt%] CT complex device

[Figure 5] suggested that the transition from the high-

resistance to the low-resistance state took place due to the

charge transfer mechanism [29-31]. The linear fitting of

Ln(I) versus V1/2 in the OFF state [Figure 5(a)] and of log

I versus log V in the ON state [best fitting of log I-log V

are I ∝ V
1.56 during the first bias scan and I ∝ V

1.24 in the

third bias scan, Figure 5(b)] indicate that the current

(charge transport) was controlled by the direct charge

injection from Al to the CT complex (thermionic emission

model [35,36]) in the OFF state and by the space-charge-

limited current (SCLC) in the ON state [35, 37], and not by

filament conduction, which results in metallic behavior

[14,15] (log I-log V is I ∝ V
1.0). Therefore, the switching

(bistable) mechanism of the PMMA:BCP:TCNQ [1:1:

0.5 wt%] CT complex device is expected to be identical to

that of the published metal-TCNQ CT complex device. In

the OFF state, there is a complete charge transfer between

the donor and acceptor such that inter-site coulomb

repulsion between the electrons causes the organic

materials initially to prohibit electrical transport. Above

Vth, some neutral TCNQ molecules appear; these neutral

TCNQ molecules provide a mixed valance state with

existing TCNQ radical anion, and the mixed state TCNQ

complex shows higher conductivity than those of the

neutral TCNQ and CT complex with complete charge

transfers. 

However, several phenomena as described below leave

strong doubt that the switching of the PMMA:BCP:TCNQ

[1:1:0.5 wt%] CT complex device originated from filamentary

conduction. The PMMA:BCP:TCNQ [1:1: 0.5 wt%] CT

complex device showed very poor reproducibility (below

30%). Three or four pixels from nine pixels in the fabricated

device showed bistable and switching performance. Changing

the substrate also affected the reproducibility of the device.

When the substrate was changed from glass to a particle-free

SiO2/Si wafer (thickness of SiO2=3000A), fewer pixels in

the fabricated device showed bistable and switching

behaviors. Finally, the device did not show current or Vth

dependence with a change of the active area in the pixel.

These results strongly suggest that the conductivity change

can be realized by the filament, as formed by defects or dust

on the bottom of the substrate [15]. More experiments, such

as the current and Vth variations according to the film

thickness of the CT complex, the temperature, and the time-

dependence of the conductivity of the device should be

carried out to determine the switching mechanism of CT

complex devices.

V. Conclusions 

A volatile memory device based on the organic CT

complex was demonstrated. The spare electrons in the N

groups of BCP and the strong electron withdrawing

properties of TCNQ cause the CT complex to enter the

ground state, as confirmed by the color change and the

absorbance spectra of the PMMA:BCP:TCNQ solution

and the film. A device with the Al/(Al2O3)/PMMA:BCP:

TCNQ[1:1:0.5 wt%]/Al configuration demonstrated bistable

and switching characteristics similar to Ovshinsky switching

with a low threshold voltage and a high ON/OFF ratio. An

analysis of the current-voltage curves of the device

suggested that electrical switching took place due to the

charge transfer mechanism. However, several phenomena,

such as poor reproducibility, no current and Vth dependence

with variation of the active area in the pixel leave strong

doubt that the switching of the PMMA:BCP:TCNQ CT

complex device originated from filamentary conduction.

Further investigations to reveal the switching mechanism

are in progress.
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