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Abstract

An organic dye, namely nickel phthalocyanine, has been used in data-storage devices. A ‘‘high state’’ has been

written by applying a voltage pulse. The state of the device has been ‘‘read’’ by applying a small probe voltage. The dye

embedded in an inert polymer matrix retained the high state for more than an hour, which can be refreshed or erased at

will. Hysteresis-type behaviour has been observed in the current–voltage characteristics. The space charges at the metal/

semiconductor interfaces, stored under the voltage pulse, have been found to control the charge injection and hence the

current in these devices. The formation of space charges near the interfaces, and relaxation have been studied in the

data-storage devices. The space charges� slow relaxation process has been shown to result in the memory device

applications of the semiconducting dyes.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, researches on organic semicon-

ductors and conjugated polymers have attracted

widespread interest due to their applications in

optical and electronic devices [1]. In light-emitting
diodes (LEDs), the device current is generally

dominated by either charge injection or bulk trans-

port [2]. In this respect, the studies of current–

voltage–(electro)luminance characteristics under

CW and transient modes showed that the space

and trapped charges have an utmost important

role in LED characteristics [2–7].

Apart from LEDs and photovoltaic cells, the

conjugated organics can have further applications

in switching [8–10] and memory devices [11,12]. In

late sixties, as a first effort to use organic molecules
in switching devices, organic dyes exhibited two

conducting states [13,14]. In recent years, an as-

sociated memory effect has also been observed

in devices based on organic molecules. Ma et al.

observed two conducting states at the same ap-

plied voltage when a thin metal layer was embed-

ded in the organics [10]. Such devices offered

possibilities of rewritable memory applications.
Recent reports in devices based on single layer of

conjugated polymers show that a ‘‘high’’ and a
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‘‘low’’ conductance states can be induced by ap-

plying a forward or a reverse voltage pulse, res-

pectively [8,15]. The origin of such (induced)

states has been explained in terms of influence of
depletion layers at the electrode/polymer inter-

faces.

Selective usage of interfacial charges can also

offer applications in data-storage devices. In por-

phyrin based devices, trapped charges under illu-

mination have been measured for applications in

information storage [16]. Recently, we have re-

ported that one can ‘‘write’’ or ‘‘store’’ a ‘‘state’’ in
conjugated polymer based single layer devices [11].

The material in such devices does not show any

switching between conducting states. Still the de-

vice can retain the data even when the power is

turned off. The state of the device can later be

‘‘read’’. The data in the device remained non-vola-

tile for more than an hour. In this article, we ex-

tended our work to fabricate data-storage devices
based on organic dyes. The use of dye molecules to

fabricate such devices is itself of interest. The

material�s capability to retain the data, and the

space charges� relaxation dynamics have been

studied. Instead of conventional spin-cast or va-

cuum-evaporated films, layer-by-layer sequential

adsorption or electrostatic self-assembled (ESA)

films have been used in this work. This technique,
initially introduced by Decher et al. [17], and later

developed by Rubner�s group [18] offers many

advantages over other methods of film deposition.

2. Experiment

The dye of interest in this work is nickel(II)

phthalocyaninetetrasulphonic acid, tetrasodium

salt (NiPc), whose molecular structure is shown in

the inset of Fig. 1. The dye and poly(allylamine
hydrochloride) (PAH) (molecular weight¼ 70,000)

were obtained from Aldrich Chemical Co. Both

the chemicals were used without further purifica-

tion. Indium tin oxide (ITO) coated glass sub-

strates were used for film depositions. The

substrates were cleaned following standard pro-

tocol [18].

5 · 10�3 M aqueous solutions of NiPc and PAH
were made in 18 MX Millipore water (based on the

repeat unit of the polymer). The NiPc solution

served as anion, while PAH acted as polycation

during the ESA film deposition. The pHs of the

polycationic and the anionic solutions were ad-

justed to 7.5 and 3.5 by adding NaOH or HCl,

respectively. Thoroughly cleaned ITO-coated glass

substrates were immersed in the polycation solu-
tion for 15 min followed by rinsing in three water

baths for 2, 1 and 1 min, respectively. The sub-

strates were then immersed in the anion solution

for 15 min followed by the same rinsing protocol.

Each layer is deposited due to electrostatic at-

traction and results in surface charge reversal of

the film. Deposition of a layer of polycation and a

layer of anion resulted in one bilayer of ESA film,
and the whole sequence has been repeated for 10

times to obtain 10 bilayer ESA films of NiPc. The

films were homogeneous and are known to be

stable and electrically neutral [18]. The films are

further known to retain the layered nature without

any ordering. Aluminium (Al) as top electrode was

vacuum evaporated on the film at a pressure below

10�5 Torr. A mechanical mask used during Al
deposition defined an active area of 6 mm2 for

each of the devices.

Current–voltage characteristics were measured

with a Yokogawa 7651 dc source and a Keithley

486 picoammeter. The voltage was incremented in

steps of 0.1 V. While sweeping the voltage, the

Fig. 1. Device current–applied voltage hysteresis of an ITO/

NiPc/Al sandwich device. Measurements were performed at 10

and 20 mV/s sweep rates, and up to �1 and �2 V. Inset shows

structure of NiPc.
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device current was measured after allowing the

current to stabilize for 10 s. The voltage-sweeps

towards 0 V were initiated after a wait of 120 s at

the highest voltage of sweep (a maximum of 2.5
V). Between successive measurements, the device

was shorted and allowed to relax for at least 30

min. All the measurements were carried out in

nitrogen environment and at room temperature.

The instruments were controlled with a personal

computer via a general-purpose interface bus

(GPIB) interface.

3. Results and discussion

3.1. Hysteresis in current–voltage characteristics

We have recorded current–voltage characteris-

tics (I–V ) of the ITO/NiPc/Al devices in voltage

loops of different amplitudes and sweep speeds.

Fig. 1 shows such characteristics for 1 and 2 V

loops at a sweep speed of 20 mV/s. I–V charac-

teristics for 1 V loop have been shown for two
sweep speeds. The current in all the cases show

hysteresis behaviour with respect to the applied

voltage. The area within the loop increased with an

increase in voltage amplitude. Contribution of

displacement current dðCV Þ=dt in the hysteresis

loop has been discussed in an earlier paper [11].

Here C represents the capacitance of the device.

Fig. 1 shows that, the current amplitude at V ¼ 0,
the short-circuit current ðISCÞ, with sweep voltage

of 2 V (during the +2 to )2 V sweep) was higher

than that with sweep voltage of 1 V (during the +1

to )1 V sweep). Similarly, during the negative to

positive voltage sweeps, the device current at

V ¼ 0 was higher when the starting sweep voltage

has a higher amplitude. Since the sweep speed was

20 mV/s in both the cases, the displacement cur-
rent due to voltage variation, CðdV =dtÞ, should be

the same for a particular sweep direction. To ex-

plain higher amplitude of ISC for higher amplitude

of initial sweep voltage, the effect of capacitance

variation has to be considered. In these devices,

the contribution of capacitance variation on the

displacement current V ðdC=dtÞ is therefore much

stronger than that due to the voltage variation.
Moreover, with capacitance values of these devices

less than 10 nF, and a sweep speed of 20 mV/s,

CðdV =dtÞ amounts to a maximum of 0.2 nA,

which is more than one order lower in magnitude

than the device current at V ¼ 0 during both
sweep directions. The capacitance of the device can

vary due to the formation of space charges near

the semiconductor/metal interfaces, and therefore

can substantially contribute to the displacement

current. To understand the origin of the hysteresis

behaviour in I–V plots, we therefore need to con-

sider the role of space charges in these sandwiched

devices. Feller et al. [19] have recently applied
pyroelectric technique to resolve the spatial dis-

tribution of space charges in thin film. Their re-

sults also indicated a permanent storage of space

charges resulting in hysteresis behaviour of pyro-

electric signal with respect to the applied bias. The

presence of deep-trapped charges with high time

constants to reach equilibrium has also been con-

sidered for numerical simulation [20].

3.2. Formation of space charges

Formation of space charges under a voltage

loop has been discussed in an earlier communica-

tion [11]. During the initial sweep from 0 to a

positive voltage (Fig. 1), a layer of space charges

(of holes) is established in the semiconductor near

the ITO electrode. With increase in voltage, a

spatial distribution of such space charges occurs.

When the sweep direction was reversed (from a
positive voltage to 0 V), the device retained the

space charges� spatial distribution. Hence injection

of charges was reduced, resulting in a decrease in

device current than that during the rise of voltage.

A small positive voltage, open-circuit voltage

ðVOCÞ, was required to balance the effect of the

space charges and to maintain zero current. At

zero voltage, a non-zero ISC was observed. The
flow of stored charges through the external circuit

could give rise to such a negative ISC. When the

voltage was swept to reverse bias (from 0 V to a

negative voltage), the current increased due to in-

jection of holes from the Al electrode. Space

charges begin to form in the layer near the Al

electrode. During the reversal of direction of sweep

(from a negative voltage to 0 V), these stored
charges opposed injection partially and thereby
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decrease the magnitude of current. During the two

sweep directions the magnitudes of VOC and ISC
were different. This might represent asymmetry in

the density of stored space charges during the
forward and reverse sweeps. The magnitude of

current at any voltage was higher during the neg-

ative bias, as compared to that during the forward

one (Fig. 1), suggesting a possible lower barrier

height for charge injection in the former case.

We have compared the density of stored space

charges as a function of initial sweep voltage. We

have scanned I–V characteristics from different
voltages to 0 V (Fig. 2). Before sweeping the

voltage to 0 V, the initial voltage was applied to

the device for 120 s to allow the charges to get

stored in the device. The initial sweep voltage has

been varied from )2 to 2.5 V, and the low-bias

section of the characteristics have been shown in

Fig. 2. The characteristics for the 0 to +2.5 and 0

to )2 V sweeps are also included in the figure. The
current at any voltage during the 0 to �V sweep

never matched with that during the corresponding

reverse sweeps (�V to 0 V). At any forward-biased

voltage, the current during the former sweep was

always higher than that during the latter sweep.

Moreover, with increase in initial sweep voltage,

the current at a particular voltage decreased. Since

the scan speed was kept the same during the +V to
0 V sweeps, the displacement current due to volt-

age variation, however small it may be, remained

the same in all the cases. The plots further show

that VOC and ISC, whose amplitudes can be con-

sidered as measures of stored space charges in the

device; increases with increase in amplitude of
initial sweep voltage. This shows that more space

charges can be stored by applying higher voltages

amplitude.

The variation of VOC and ISC as a function of

initial sweep voltage has been summarized in Fig.

3, where initial sweep voltage has been varied from

)2 to 2.5 V. The figure shows that under forward

bias the dependence is almost linear. For reverse
bias, both VOC and ISC tend to reach a saturation.

Since VOC and ISC could be taken as a quantitative

measure of the density of stored charges, the de-

pendences in Fig. 3 show that accumulation of

space charges are asymmetric in the two bias

modes. Under forward bias, the holes form space

charges in the layer near the ITO electrode. Under

the reverse bias, they are formed near the other
electrode. When a semiconductor is sandwiched

between two dissimilar metals, charge transfer

occurs to align the Fermi level in the device. Holes

and electrons get intrinsically accumulated in the

semiconductor near the ITO and Al electrodes,

respectively. Under the reverse bias, formation of

positive space charges in the layer near the Al

electrode may therefore become unfavourable, re-
sulting in saturation in VOC and ISC with increase in

amplitude of applied voltage.
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Fig. 2. Current–voltage characteristics of an ITO/NiPc/Al

sandwich device at different sweep ranges. The sweep rate was

10 mV/s in all the cases. The line graphs indicate 0 V to �V
sweeps and the symbols represent �V to 0 V characteristics.
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3.3. Relaxation of space charges

We have studied the relaxation of the space

charges by pump–probe technique. A pump pulse
of 3 V was applied for 5 s. After a time delay, a

probe pulse of 0.2 V was applied and device cur-

rent was recorded as a function of time. The time

delay between the pump and the probe pulse has

been varied and the device current for each of the

cases have been plotted in Fig. 4. The time delay,

during which the device was left open, has been

varied up to 3 h. The current showed an instan-
taneous negative current, which decayed to a

steady value. When a )3 V pump pulse was ap-

plied (not shown in the figure), the device current

during the 0.2 V probe pulse showed an instanta-

neous positive current followed by a decay to the

same steady current level. In Fig. 4, since the

stored space charges resulted in the excess (nega-

tive) current, the area under the curve can repre-
sents the total amount of space charges available

at that instant. The experimental results in Fig. 4

have been re-plotted in the inset to show the time

dependence of available space charge. The plot

depicts relaxation of the space charges under

short-circuit condition by applying a low (probe)

voltage pulse. The space charges can be seen to

relax exponentially with time. The time constant

remained the same (3 s), irrespective of the time
delay between the pump and the probe pulse, and

the magnitude of the pump voltage. At initial time,

the decay of the space charges showed an addi-

tional fast component, which could be due to

surface states induces by the pump pulse.

3.4. Applications in memory devices

We have observed that when a voltage pulse

was applied across a device, the distribution of

space charges relaxed for over an hour. In Fig. 5

we have showed that the slow relaxation of stored

charges in the organic dyes can make a device act

in data-storage applications. To use the semicon-

ductor in data-storage devices, we have applied a
positive voltage pulse of 2 V for 5 s to write a state

(say, a high state). After the application of the

pump voltage pulse, the device was kept in open

mode before applying a probe voltage pulse of 0.2

V for 10 s. The current during the probe pulse

enabled us to read the state of the device. The

probe current was measured by varying the time

delay between the pump and the probe pulses. In
Fig. 5, we have plotted the device current at 0.2 V

probe pulse as a function of time delay. The cur-

rent has been measured just before the probe

voltage pulse was switched off. The current showed
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Fig. 4. Device current at 0.2 V after application of a 3 V

voltage pulse (width¼ 5 s) as a function of time. The delays

between the pump and probe pulses have been 10, 100, 300,

1800 s. Time has been measured from the beginning of the 0.2 V

probe pulse. The inset shows the integral under the curve, as

available space charges at different times after the 0.2 V pulse

was applied. The arrows indicate the direction of increase in
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a negative value when the time delay between the

pump and the probe pulses was less than 1 h. At

higher time delays, the current reached a positive

value, which is the value obtained in a pristine
sample. The high state of the device is therefore

retained for more than an hour, and the current

during the probe pulse can read the state of the

device. The device returns to its normal low state

after an hour as evidenced by steady value of the

current under the probe pulse. The sequence of

this high–low state can be reproduced with ease.

We could refresh the high state by applying an-
other pump voltage pulse of same amplitude for

several times. A pump voltage pulse here restores

the space charge distribution of the high state in

the device.

4. Conclusions

In conclusion, we have shown that organic dyes

can be used in data-storage devices. In this work,

we have used a derivative of nickel phthalocyanine

as active semiconductor. Layer-by-layer electro-
static self-assembled films of the dye have been

sandwiched between ITO and Al electrodes to

fabricate the device. We have shown that one can

write a high state by applying a voltage pulse. The

current under a probe pulse of 0.2 V has been used

to read the state of the device. The device retained

the high state for more than an hour, which can be

refreshed by applying another pump voltage pulse.
We have studied the role of stored space charges in

the data-storage or memory devices. The current–

voltage characteristics showed hysteresis-type be-

haviour. It has been shown that space charges are

stored at the active layer near the metal/semicon-

ductor interfaces. The stored charges control

charge injection through electrodes and results in

the hysteresis-type current–voltage characteristics.
The contributions of displacement current due to

voltage variation and capacitance variation have

been discussed. The density of stored charges has

been compared for different voltage amplitudes of

the pump pulse, and showed asymmetry during the

forward and reverse biases. When shortened, the

space charges in these devices have been found to
relax exponentially with time with a time constant

of 3 s.
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