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The combination of memory and signal handling characteristics of a memristor makes it a promising
candidate for adaptive bioinspired information processing systems. This poses stringent
requirements on the basic device, such as stability and reproducibility over a large number of
training/learning cycles, and a large anisotropy in the fundamental control material parameter, in our
case the electrical conductivity. In this work we report results on the improved performance of
electrochemically controlled polymeric memristors, where optimization of a conducting polymer
(polyaniline) in the active channel and better environmental control of fabrication methods led to a
large increase both in the absolute values of the conductivity in the partially oxydized state of
polyaniline and of the on-off conductivity ratio. These improvements are crucial for the application
of the organic memristor to adaptive complex signal handling networks. © 2009 American Institute

of Physics. [DOI: 10.1063/1.3153944]

I. INTRODUCTION

The memristor, a device which may be considered as a
resistor with memory (i.e., the resistance value depends on
its previous history), was postulated many years ago,1 but
only recently practical realizations have been reported. In
particular, a recent work describes a completely inorganic
nanoscale device in which the memory effect was explained
by the dopant redistribution after the voltage application.2
However, a more reliable explanation of the memory effect
may involve redox reactions in the active conduction
medium.’

Redox reactions have been used as a working principle
for several organic electronic devices. In particular, electro-
chemical field-effect transistors have been extensively stud-
ied for more than 20 years.4 The rectifying behavior ob-
served for an electrochemical junction realized with a solid
electrolyte5 can be considered as a further step toward the
element with memory.

Some years ago we have reported a molecular electronic
device, based on the electrochemical control of resistivity of
a conducting polymer, which exhibited interesting electrical
characteristics.® Even if its construction seems to be rather
similar to traditional electrochemical field-effect transistors,
its working principle is actually closer to that of the electro-
chemical rectifier.’ In particular, all conductivity variations
occur in the restricted active area of a conducting polymer
film in contact with a solid electrolyte. For this heterojunc-
tion we have demonstrated several unusual electrical proper-
ties, such as a memory effect of the device resistance,6 which
implies that it can be considered as a first example of a
totally organic memristor, and current auto-oscillation

¥ Author to whom correspondence should be addressed. Tel.: +39 0521
905235. FAX: +39 0521 905223. Electronic mail:
victor.erokhin @fis.unipr.it.

0021-8979/2009/105(12)/124515/5/$25.00

105, 124515-1

generation.7 Successive studies have indicated that the de-
vice could be used as a main node in adaptive signal han-
dling networks,® mimicking to some extent the learning be-
havior of biological systems.9 Further development of this
work for the realization of really complex networks capable
of information processing and adaptive learning could open
quite interesting perspectives. In particular, a critical feature
of such systems would be the fact that the memory and in-
formation processing functions would be performed by the
same elements. Previous experience of the system will
modify the properties of the constituting elements making it
more adequate for the solving of new similar problems. Such
behavior is the basis of synaptic learning, i.e., learning gov-
erned by Hebbian rule.'’ Similar processes are deemed to
occur in biological organisms, where in many cases learning
can be considered as the variation of the synaptic weight
functions, which can vary the signal propagation pathways in
the nervous system.ll

The working principle of our device is based on the dif-
ference in the conductivity of a conducting polymer, namely,
polyaniline (PANI) in the oxidized and reduced states.'> A
detailed description of the device can be found in Ref. 6. The
device is schematically shown in Fig. 1.

A thin PANI layer, used as a conducting channel, is de-

FIG. 1. (Color online) Schematic representation of the organic memristor
with external power supply and measuring devices.
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posited onto an insulating solid support with two metal elec-
trodes. A stripe of solid electrolyte is deposited in the central
part of the channel. The PANI area under the electrolyte is
the active zone, as the oxidation and reduction in PANI take
place in this area. Of course, some redox reactions can occur
also outside this active zone due to possible diffusion. How-
ever, the length of diffusion must be negligible with respect
to the active zone width. In fact, micro-Raman investigation
of the PANI state map as the device was cycled has demon-
strated with micron resolution that all redox transformations
take place within the active zone."> We expect, however, that
the diffusion length is even significantly less than the reso-
lution. The analysis of the kinetics of the conductivity trans-
formations has shown that it requires about 20 min for arriv-
ing to the saturation [diffusion to the whole PANI depth that
is about 50 nm (Ref. 6)]. Considering the working time val-
ues in the present work, we can estimate the length as several
nanometers that is really negligible with respect to the active
zone width (about 1 mm). A silver wire is attached to the
electrolyte layer to be used as a reference point. In the nor-
mal configuration the reference (gate) electrode is connected
to the source and both of them are connected to the ground
potential level. Thus, the reference potential is zero and re-
duction or oxidation takes place according to the actual po-
tential of the active zone. Even if the device is connected to
the circuit by two points only, two different currents, namely,
the ionic one in the electrolyte and the total current passing
through the device, were measured and considered for better
understanding of the device functioning. This by the way
makes our device closer to the originally proposed
memristor.’

The possibility of using such devices in adaptive net-
works is determined by their property to increase their con-
ductivity after application of a positive voltage higher than a
certain value (usually +0.6 to +1.0 V depending on the par-
ticular construction of the device) and its decrease after ap-
plication of any negative voltage. The time constants of these
variations are different: about one order of magnitude differ-
ence in time constants necessary for saturating processes.
Thus, unsupervised learning in the network will take place
due to the increase in the conductivity of the elements lo-
cated along pathways more frequently used for the signal
transmission. Supervised learning, instead, will be performed
by negative voltage application between input-output pairs
connected by preferential pathways, formed during unsuper-
vised learning of the system, but that are considered as a
priori wrong. Such negative voltage application will inhibit
the conductivity of elements along this pathway.

Simple circuits demonstrating the possibility of both
supervised8 and unsupervised9 learning of networks based on
these organic memristors have been already realized. How-
ever, real complex (up to decision making) signal processing
demands the formation of networks including a significantly
larger number of such elements working for a rather long
time (i.e., over thousands of learning cycles), necessary for
effective learning. Thus, there are several requirements to
memristor properties that must be satisfied before such net-
works could be realized. First of all, the conductivity ratio in
the oxidized conducting and reduced insulating states must
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be as high as possible. In the previously realized elements
there the ratio was about 100. Second, the absolute value of
the conductivity of the memristor in the oxidized state must
be rather high. In fact, if the signal pathways in the network
contain thousands of such elements, high conductivity will
guarantee a high signal-to-noise ratio level. Finally, it is very
important to have high stability of the memristor properties.
In the framework of the adaptive networks, the term “stabil-
ity” has not the same meaning as for materials in traditional
electronics, where it refers to the constant behavior of the
functioning element in time. In our case instead the element
must vary its electrical properties according to its previous
history or due to the external training. Thus, we must con-
sider some other parameter as an indication of the element
stability. For this we consider the ability of the element to
reproduce electrical properties’ variation during multiple cy-
clic applications of variable potentials.

From this point of view we have already shown that the
properties of the element realized on the basis of commer-
cially available materials are rather stable for more than 4000
min and can allow at least 50 adaptations.14 Such stability
permits the construction of networks capable to adaptaxtiorls8
and mimicking learning of simple biological benchmarks;’
however, for complex signal processing, the stability must be
increased.

The aim of this work is to investigate the influence of the
channel composition and doping on the properties of the
memristor with special emphasis on the three items de-
scribed above, namely, conductivity ratio in reduced and oxi-
dized states, absolute value of the conductivity in the oxi-
dized state, and the stability of the device properties. For this
last item, in particular, a new device configuration was de-
veloped.

Il. MATERIALS AND METHODS

Aniline (Aldrich, 99.5+ % ACS (American Chemical So-
ciety specification of purity grade)) was distilled under CaH,
at reduced pressure and stored in argon atmosphere. Dodecyl
benzene sulfonic acid (DBSA) (used for doping) (Fluka,
90% tech. isomers’ mixture), ammonium persulfate (APS)
(Fluka, 98% ACS (American Chemical Society specification
of purity grade), and N-methyl pyrrolidone (1-methyl-2-
pyrrolidinone, Aldrich, spectrophotometric grade, =99%)
were used as received. Water HPLC (purity grade for High
Performance Liquid Chromatography) grade was used.

PANI was prepared according to literature.'>' Briefly,
in a two-necked flask equipped with a mechanical stirrer and
a dropping funnel, 14.40 g of DBSA dissolved in 800 ml of
water and 4 g of aniline were gently added. The mixture was
stirred for 3 h at room temperature until formation of the
typical milklike solution of the anilinium salt and then the
solution was cooled to 0 °C by dipping the flask in a water-
ice bath. Successively, five drops of a saturated solution of
cobalt sulfate were added to the anilinium salt solution and
then 10 g of APS dissolved in 35 ml of water were slowly
dropped to the solution. After 5 h the stirring was stopped
and the solution containing a blue-dark precipitate was
stored for a night at room temperature. The precipitate was
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FIG. 2. (Color online) Scheme of the element with sandwich structure.

collected by adding 1 1 of methanol to the suspension and by
filtering it with a Buchner filter. Finally the solid powder was
repeatedly washed with methanol and water until neutrality.
The PANI was then dried several days under vacuum pump.

Infrared spectra [Fourier transform infrared (FTIR)]
were performed with a Fourier transform spectrometer
“PerkinElmer™ Spectrum One” on films cast from N-methyl
pyrrolidone solution on a KBr window. A list of the charac-
teristic absorption bands studied is given as follows: FTIR
(cm™!): 3450 (v N-H, NH,-); 3236 (v N-H); 2956 (v,, C-H,
CH;-); 2924 (v,, C-H, CH,-); 2851 (v, C-H, CH,-); 1557 (v
N=Q=N); 1469 (v N-B-N); 1384 (v C-N, QB,Q); 1296 (v
C-N, QB.Q, QBB, BBQ ); 1233, 1256 (v C-N, BBB); 1109
(6 N=Q=N and Q=NH-Bo B-NH"-B); and 1032.

Elemental analyses (EAs) were accomplished by the mi-
croanalysis laboratory at the Faculty of Pharmacy, University
of Pisa.

EA (%, found): C 69.1; H 7.6; N 5.8; S 7.7.

Thermogravimetric scans were obtained with a Mettler
Toledo Starc System moduloTGA/SDTAS851¢ under nitrogen
flux, at a scan rate of 20 °C/min.

TGA (°C, onset): 335.

UV-vis absorption spectra of polymer films were re-
corded under isotropic conditions with a Perkin-Elmer
Lambda 650 on films cast from N-methyl pyrrolidone solu-
tion on quarts slide.

UV-vis (nm): 450, 800.

A special feature of such preparation is that the material
is already partially doped before the beginning of the device
construction.

Polyethylene oxide (8.000.000 Da) from Sigma with the
concentration of 20 mg/ml doped with 0.1M LiClO, was
used as a solid electrolyte.

The active channel of the device was prepared by the
deposition of 48 layers of PANI onto a glass substrate with
two evaporated Cr electrodes, using the Langmuir—Schaefer
(horizontal dipping) technique. The multilayer was addition-
ally doped by HCI treatment. Deposition and doping proce-
dures were similar to those described in Ref. 17.

About 1 mm in width stripe of Polyethylene oxide
(PEO) ( 8.000.00 Da) was deposited in the central zone of
the channel by solution casting. A 0.05 mm Ag wire was
attached to the PEO stripe. The completed structure was ad-
ditionally doped in HCI vapor.

An alternative “sandwich” structure for the device was
tried. In this case the assembling procedure illustrated in Fig.
2 was as follows.

A PANI channel was formed on a glass support with two
electrodes (upper plate in Fig. 2) similarly to the previous
case. A groove with a depth corresponding to the silver wire
diameter was formed in the other solid support (glass). The
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FIG. 3. Cyclic voltage-current characteristics of the organic memristor. The
arrows indicate the direction (increase or decrease) of the voltage scan.

reference wire was placed into this groove and covered by a
PEO solid electrolyte (bottom plate in Fig. 2). After drying
for 30 min these two supports with formed structures were
put in contact mechanically to form the device shown in
Fig. 2.

Electrical measurements were performed as follows: The
source and gate electrodes were always at ground potential;
the drain potential was swept between —1.2 and +1.2 V,
with steps of 0.1 V. Each sweep was started with a drain
potential of 0 V, increasing it up to +1.2 V, then decreasing
it until —1.2 V and finally increasing it back to 0 V. A 1 min
delay was used after application of each voltage value and
before the current reading, to allow the device to stabilize
itself to the new conditions. Voltage sweep and drain current
measurements were performed with a 236 source measure
unit (Keithley), while gate current measurements were per-
formed with a 6514 system electrometer (Keithley). Both
Keithley units were linked to a PC and operated via MATLAB
scripts, which allowed full automation of the measuring pro-
cedure.

Initially, measurements were performed at ambient con-
ditions. Measurements in a controlled environment were per-
formed in a closed plastic chamber (about 1.5 I volume) with
dried atmosphere and residual HCI vapor (about 10™*M, cor-
responding to a partial pressure of about 200 Pa).

lll. RESULTS AND DISCUSSION

The cyclic voltage-current characteristics of the device is
shown in Fig. 3.

The characteristics show a pronounced rectifying behav-
ior with hysteresis. In the initial stage of the cycle (low posi-
tive potentials) the active channel is in the insulating form.
The transition to the conductive state takes place at the po-
tential of about +0.6 V in good agreement with our previous
measurements when PANI was doped only with HCL.° In the
back scan of the voltage the device has high conductivity
with practically Ohmic behavior. Its transition to the insulat-
ing state takes place at about 0.1 V of the drain voltage.

From the behavior of the characteristics we can conclude
that the two critical requirements for the memristor electrical
properties, mentioned in the Introduction, are satisfied. In
fact, the device has very high conductivity in the conductive
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FIG. 4. Temporal behavior of the electron and ionic currents of the organic
memristor for positive (+0.6 V; point A) and negative (—0.2 V, point B)
drain voltages.

state. The reached current value is more than 60 uA (at a
voltage of 1.0 V), which is much higher with respect to our
previous results (1.0-2.0 wA); furthermore, the conductiv-
ity ratio of the device in the conducting and insulating states,
which is probably even more important for the realization of
the adaptive networks, jumped from about 100 for the posi-
tive and negative branches of the cyclic voltage-current char-
acteristics to about 2000 in the present device. This improve-
ment of more than one order of magnitude is a very
encouraging result. The kinetics of the conductivity variation
is also an important characteristic of the device. The tempo-
ral behavior of the ionic (gate) and electron (drain minus
gate) currents through the device for positive and negative
potentials is shown in Fig. 4.

From a comparison with our previous results® we see
that the time constant of the conductivity variation in the
case of the negative potential is similar, while for the positive
voltage it becomes faster. This last finding can be due to the
increased conductivity ratio for two different states of the
PANI channel. In fact, the slower kinetics for the positive
potential was explained by the gradual oxidation of the PANI
in the active zone and continuous spatial redistribution of the
potential along its length. If the conductivity anisotropy is
increased, such redistribution should occur faster. In order to
check this hypothesis we have applied the model'® that was
successfully used to interpret not only differences in the con-
ductivity variation kinetics for negative and positive polari-
ties but also the appearance of auto-oscillations of the current
for the device capable for the charge accumulation.” Within
the model, the active zone is divided in narrow stripes with
its own timer. Conductivity variations take place within each
stripe after passing reduction or oxidation potential with re-
spect to the reference electrode according to the kinetics,
experimentally found for the negative bias. The program re-
calculates electronic and ionic currents, and voltage distribu-
tion profile along the PANI channel after each time intervals.
The results of the simulations are shown in Fig. 5 for the
device with standard properties (b) and with those observed
in the present case (a), i.e., increased difference in conduc-
tivities for oxidized and reduced states and with increased
ionic conductivity.
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FIG. 5. Simulations of the conductivity variation for the device biased with
+0.6 V according to the model described in Ref. 10. (a) Device with in-
creased difference of the conductivity in oxidized and reduced states (two
orders of magnitude higher than in previous case) and with increased ionic
conductivity (one order of magnitude higher than in previous case). (b)
Device with previously (Ref. 2) described properties.

However, multicycle investigation of the device proper-
ties has revealed that the stability of the electrical properties
was similar to those for the element with a standard
channel.'* The degradation of the properties was attributed
previously to the partial dedoping of the PANI layer. There-
fore, further measurements were performed in the chamber
with controlled HCI partial pressure. The temporal behavior
of the drain current during the application of cyclic scans of
the drain voltage is shown in Fig. 6.

Logarithmic dependence of the peak current value on the
number of cycle is shown in Fig. 7. The absolute value of the
device conductivity decreases exponentially for the first 5
cycles and then becomes practically constant after the tenth
cycle, remaining still very high with respect to even freshly
prepared samples measured in the ambient conditions. The
initial decrease in the conductivity is a normal phenomenon
for the conducting polymers, which can be due to several
factors, such as some contact processes on the boundary with
metal electrodes or redistribution of the dopant upon reach-
ing equilibrium conditions. Thus, the conditions with re-
sidual acid vapor can improve the performance of the device.
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FIG. 6. Temporal behavior of the drain current during multicycle applica-
tion of the drain voltage.
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FIG. 7. Logarithmic dependence of the peak current on the number of the
cycle.

However, an element that does not demand the use of special
measuring chambers would be more practical. A solution
could be to prevent dedoping by appropriate sealing. The
first step in this direction was performed by assembling the
device in a sandwich configuration (Fig. 2). Confinement of
the active zone between two solid plates was expected to
make more difficult the dedoping of PANI. The results of the
drain current temporal behavior during multicyclic applica-
tion of the drain voltage were found to be similar to those
obtained in controlled conditions (Fig. 6). We have observed
the rather significant decrease in the maximum drain current
for first cycles. However, after 5 cycles, the characteristics
were well stabilized. Cyclic voltage-current characteristics
for cycles 68 are shown in Fig. 8.

As it is clear from Fig. 8, such sealing has resulted in the
significant improvement of the device properties’ stability,
which persisted for many successive cycles.
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FIG. 8. Cyclic voltage-current characteristics for a sandwich structure for

the fifth, sixth, and seventh cycles. The arrows indicate the direction (in-
crease or decrease) of the voltage scan.
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IV. CONCLUSIONS

Utilization of PANI, predoped with a rather strong acid
(DBSA), resulted in the improvement of two important pa-
rameters of the polymeric electrochemical device (organic
memristor), namely, the conductivity ratio in conducting and
insulating states and in the absolute value of the conductivity
for the positive polarity of the applied voltage. Due to the
presence of the high molecular weight anion, the use of
DBSA during the PANI synthesis guarantees the significant
decrease in the dedoping rate, which is rather high in the case
of HCI doping, resulting in the improvement of the device
characteristics and its working time. This result is very im-
portant for the successful realization of the adaptive net-
works based on a large number of such elements. We can
expect, in fact, a high signal-to-noise ratio and possibility of
effective supervised and unsupervised learning of the system.
The increase in the stability of electrical properties’ variation
can be obtained by measurements in controlled conditions or
by effective sealing of the fabricated structures.
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