
9544 | J. Mater. Chem. C, 2016, 4, 9544--9553 This journal is©The Royal Society of Chemistry 2016

Cite this: J.Mater. Chem. C, 2016,

4, 9544

Resistive switching controlled by the hydration
level in thin films of the biopigment eumelanin†

E. Di Mauro,a O. Carpentier,a S. I. Yáñez Sánchez,a N. Ignoumba Ignoumba,a

M. Lalancette-Jean,a J. Lefebvre,a S. Zhang,b C. F. O. Graeff,c F. Cicoirab and
C. Santato*a

Melanins are biopigments ubiquitous in flora and fauna, exhibiting a range of interesting functional

properties such as UV-Vis photoprotection, thermoregulation, hydration-dependent electrical

conduction and metal chelation. In the human body, melanins can be found in the skin, hair, middle ear,

retina and heart. The metal chelation properties of neuromelanin, a subclass of melanins found in the

dopaminergic neurons of the brain, may be involved in Parkinson’s disease. Considering synthetic and

natural (from the ink sac of the cuttlefish) thin films of eumelanin, the subclass of melanins most

investigated by materials scientists, we report on two types of resistive switching (standard and hybrid),

with different ON/OFF ratios, observed in planar gold/eumelanin/gold structures. The resistive switching

process, based on the formation of conductive filaments, was studied by means of transient electrical

measurements, scanning electron microscopy, atomic force microscopy and time of flight-secondary

ion mass spectrometry. We observed an extended correlation among the factors affecting the two

different types of switch: primarily the eumelanin’s hydration level as well as the presence of chelating

groups in the eumelanin molecular structure and the electrical bias. This work contributes to the

development of environmentally benign organic resistive switching devices, namely electrochemical

metallization memory cells making use of the biocompatible, biodegradable and abundant eumelanin

biopigment as the ion conductive layer.

Introduction

Melanins are abundant pigments in the biosphere,1 endowed
with a vast set of interesting properties, notably thermoregula-
tion, photoprotection, metal ion-chelation, and free radical
quenching,2 as well as antioxidant functions.3

Eumelanin is a black-brown subgroup of melanins,4 whose
building blocks are 5,6-dihydroxyindole (DHI) and 5,6-dihydroxy-
indole-2-carboxylic acid (DHICA).2,5,6 Between four and eight
of these building blocks form planar, covalently-bonded
oligomers (protomolecules), which stack non-covalently via p–p
interactions.5,7–10 Its humidity dependent electrical conductivity,
once studied in the context of amorphous semiconductivity,11

has been recently reinterpreted as an electronic-ionic (protonic)

mixed conduction.1,12 Other intriguing features are radio-
protection,13 immunomodulatory activity,14 biodegradability
and biocompatibility.15

In humans, eumelanin can be found in the skin, hair,
middle ear, retina and heart.16,17

Considerable attention has been paid to the involvement
of eumelanin in the accumulation and release of metal cations
in the human body.18–21 Zinc,18,20,22–27 copper,22,23,25,26,28–30

calcium,27,31,32 manganese,33,34 iron and heavy metals25,26,35–39

bind in vivo to eumelanins. Depending on the pH and the type of
eumelanin (natural or synthetic), the phenolic hydroxyls, amine
or carboxylic groups of the indolic building blocks have been
reported to be preferential binding sites for metal cations.40,41

Particular efforts have been made to understand the binding of
iron to neuromelanin,42–51 a subclass of melanin that accumulates
within the dopaminergic neurons of the substantia nigra of the
brain,52 since iron has been reported in such neurons only in
the case of Parkinson’s disease.53

While the interactions of eumelanin with free metal cations
have been extensively studied,54 only recently attention has
been paid to the interfaces between thin films of the pigment
and metal electrodes,55 mainly due to the well-known limited
solubility of eumelanin in common organic solvents.56

a Department of Engineering Physics, Polytechnique Montréal, C.P. 6079,
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The formation of tree-shaped electrically conductive bridges
(dendrites) has been observed in hydrated eumelanin thin films
included between gold electrodes, in planar configuration,
under electrical bias.55 Dendrites form by the dissolution of
the positively biased Au electrode and migration of gold
nanoclusters to the negative electrode, where they are reduced,
forming dendrites, which grow towards the positive electrode.
A dramatic drop in the resistivity takes place when the first
dendrite bridges the electrodes (resistive switch, RS).55

Electrochemical metallization memory cells (ECMs), also
called conductive bridge random access memories,57 are a class
of Resistive Random Access Memories (ReRAM),58,59 which in
turn are non-volatile memories.59 The working mechanism of
ECM is based on the formation of conductive filaments under
bias: the active electrode dissolves generating cations that migrate
through a solid electrolyte (ion conductor) to be reduced at the
counter electrode, where the conductive filament nucleates.59 The
prospects of ReRAMs are low power consumption,58,60–62 good
reliability57 as well as fast response time,57,60 multilevel data
storage57,60,63 and high density.58 Furthermore, filamentary-
based systems can lead to nanoscale memory devices, because
the switching takes place in highly localized regions, highlighting
the ease of miniaturization.64 Organic and polymeric switching
memories, a subclass of ReRAMs, have become an emerging
technology that could complement conventional memory
technologies.65–68 They feature advantages such as stackability,69

scalability,70 flexibility,71–78 optical transparency,73 printability70,71

and offer the possibility of tuning electrical and physical proper-
ties by means of molecular design and chemical synthesis79,80 for
low-cost81 and high density59,82 memory applications. Organic
polymers, possibly including salts, well-established organic
electronics polymers and small molecules have been used in
conductive bridge memories.78,81,83–94

Recently, interest in biomaterials for memories has
increased in the context of green (sustainable) or biocompatible
electronics.95 Silk fibroin,95–98 egg albumen,99 cellulose,75 chitosan
doped with Ag74,77 are examples of biomaterials that have been
used in cells with conductive filament resistive switching.
Interestingly, eumelanin presents both ion conduction100 and metal
binding properties,54 features that promote the formation of metal
filaments in polymers included between metal electrodes.67

The analogies between the phenomenon of dendrite growth
in eumelanin films and the working mechanism of ECMs hints
that the elucidation of metal–eumelanin interactions under
bias may open technologically oriented studies e.g. where
eumelanin can be used as ion conductor in ECMs with its
characteristics of biodegradability15 and biocompatibility.56

In this work, we report on transient electrical measurements in
planar configuration on eumelanin thin films (Au/eumelanin/Au
systems) at different experimental conditions, such as different
relative humidity (RH) levels and hydration times. Planar systems
are crucial for the investigation of the filament growth and,
consequently, for the future development of stacked (vertical)
resistive switching devices.84 Scanning electron microscopy
(SEM), atomic force microscopy (AFM) and time of flight-
secondary ion mass spectrometry (ToF-SIMS) gave insights on

the morphology and chemical composition of the filaments
that formed in the hydrated films upon electrical bias as well as
on the different types of resistive switch observed.

Experimental
Sample preparation

Synthetic (Sigma) eumelanin and natural (Sepia) eumelanin
(extracted from the ink sac of a cuttlefish) were purchased from
Sigma Aldrich (Canada) and had a chloride Cl� content of
respectively 0.83 � 0.04 wt% and 6.92 � 0.35 wt%, as measured
by nuclear activation analysis (NAA). DMSO–melanin was synthe-
sized by the group of Prof. C. Graeff, São Paulo State University –
UNESP following a procedure reported in the literature101 (chloride
Cl� content of 0.10 � 0.01 wt%, as measured by NAA).

Eumelanin was dissolved in dimethyl sulfoxide (DMSO) soni-
cated and filtered (0.1 mm PTFE membrane with polypropylene
housing, 25 mm diameter, PURADISCt), to yield suspensions of
15 mg mL�1, approximately (as some eumelanin aggregates may
have been trapped in the filter). NaCl was added to some of the
15 mg mL�1 suspensions of eumelanin in DMSO in concentra-
tions of 0.8 mg mL�1 and 1.8 mg mL�1 (Table S1, ESI†).

The substrates (SiO2 on Si) were purchased from Silicon Quest
International (San Jose, California, USA), thickness 525 � 25 mm.
The Au electrodes were deposited by e-beam evaporation and
photolithographically patterned on the substrates (5 nm of Ti as
the adhesion layer and 30 nm of Au). The width of the electrodes
was 4 mm, and the interelectrode distance was 10 mm. Prior to film
deposition, the patterned substrates were cleaned in an ultrasonic
bath with acetone, isopropanol, and de-ionized water, and then
underwent a 10 min UV-ozone treatment. The thin films were spin
coated (1 minute at 1000 rpm followed by 30 seconds at 4000 rpm)
and hydrated in a Cole-Parmer mini humidify/dehumidify chamber
(03323-14), which includes an automatic humidity controller and
an ultrasonic humidification system. Controlled humidity ranged
from 5 to 95% with programmable controller set-points.

Electrical measurements

The electrical measurements were performed with a Source
Measure Unit (SMU), Agilent 2900A, with Quick IV Software for
data recording. The confinement of the DMSO drops during
transient current measurements was achieved by means of a well
of polydimethylsiloxane (PDMS). The evaluation of the resistance
after 5–10 months of storage was made with voltage sweeps (each
cycle included three ramps: 0 V – maximum voltage, maximum
voltage–minimum voltage, minimum voltage – 0 V) at combina-
tions of the following conditions: 90% RH and at ambient RH
(25%), at different sweep rates (0.2 mV s�1, 2 mV s�1, 200 mV s�1

and 2 V s�1), in different voltage ranges (�1 V to 1 V, �2.5 V to
2.5 V,�5 V to 5 V,�10 V to 10 V), and, for the fastest sweep rates
(200 mV s�1 and 2 V s�1) for 102 cycles.

Other characterization techniques

Atomic force microscopy images were taken with a Dimension
3100 with Nanoscope V (Digital Instruments, Santa Barbara,
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California, USA) with Si (model: ACTA) probes (tip radius
o10 nm, spring constant 42 N m�1) in tapping mode. The
same microscope was used to measure the thickness: once a
scratch had been done on the side of the interelectrode area,
parallel to the channel, the thickness was then obtained from
the profile of the scratch.

The measurements of the thickness by Spectral Reflectance
were kindly carried out by the company Filmetrics (New York,
USA), by means of a F40-Thin Film Analyzer.

Scanning electron microscopy was performed with a Micro-
scope JEOL JSM7600F; all the images were taken in Secondary
Electron Mode (SEM Voltage specified for each image). Samples
were not metallized, unless otherwise stated. The EDX spectra
were taken at the same microscope, Software: Aztec (Oxford),
Detector: x-Max (80 mm2) (Oxford), at 5 kV.

Raman measurements were carried out using a Renishaw
Invia reflex confocal Raman microscope with a CCD detector.
Raman spectra were collected at room temperature with 10% of
maximum laser power, 30 s exposure time and five accumula-
tions in static mode. A 1800 lines mm�1 grating was used in
conjunction with 25 mW, 488 nm laser lines, focused on the
samples using a 50� objective lens.

Nuclear activation analysis was performed with a SLOWPOKE
nuclear reactor (Atomic Energy of Canada Limited) and a Ge
semiconductor gamma-ray detector (Ortec, GEM55185). The
samples were irradiated for 600 s at a thermal neutron flux of
5.4 � 1011 cm�2 s�1. Gamma rays were detected after 120 s, for
600 s, at a distance of 35 mm. Time-of-flight secondary ion
mass spectrometry (ToF-SIMS) analyses were performed using a
TOF-SIMS IV (IONTOF, GmbH, Münster, Germany). Bi3+ cluster
ions at 25 keV were used as primary ions in burst alignment
mode to obtain high resolution ion mappings over areas of
50 mm � 50 mm. The pulsed ion current was 0.06 pA with a pulse
width of 100 ns. Images were accumulated for 1000 s.

Results and discussion
Dendrite formation time

Transient current measurements performed at 1 V on films
of synthetic eumelanin (hereinafter referred to as ‘‘Sigma
eumelanin’’), hydrated for 1 hour at 90% RH, revealed that,
in about 40% of the cases, at least one dendrite bridged the
interelectrode distance in a time range between 30 and
60 minutes. This standard resistive switch showed an ON/OFF
ratio of B104 (ratio between the electric current measured after
(ON) and before (OFF) the electric resistive switch, Fig. S1, S2
and Table S2, ESI†). In the other cases, AFM and SEM images
revealed that the process of dendrite formation was ongoing for
biasing times longer than 1 hour. In particular, three different
samples biased for times Z3 hours (3 h, 15 h and 27 h) showed
that the longer the biasing time, the closer was the sample to a
resistive switch: after 15 hours, the dissolution of the positive
electrode – and consequently the number of nanoclusters in the
channel – was greater than after 3 hours and, after E28 hours,
dendrites protruded from the negative electrode (Fig. 1).

Although the average thickness of the samples where a
resistive switch took place in the first hour of bias (27 � 7 nm)
was higher than the average thickness of the remaining samples
(18 � 10 nm), we could rule out the thickness as a factor
determining a higher probability of resistive switch, due to (i)
the absence of a trend of the thickness with respect to the time to
resistive switch (Fig. S3, ESI†) and (ii) samples having a thickness
in the same range showing different biasing effects (e.g. for
3 samples with 30 nm thickness, we observed a resistive switch
after half an hour, a resistive switch after one hour and material
migration still ongoing after 15 hours).

Fig. 1 AFM images: (a) 25 mm � 25 mm, interelectrode area of a thin film of
Sigma melanin, hydrated for 1 hour at 90% RH and biased at 1 V for 3 hours:
nanoclusters form; (b) 25 mm � 25 mm, interelectrode area of a thin film of
Sigma eumelanin, hydrated for 1 hour at 90% RH and biased at 1 V
for 15 hours: nanoclusters migrate towards the negative electrode;
(c) 18 mm � 18 mm, interelectrode area of a thin film of Sigma melanin,
hydrated for 1 hour at 90% RH and biased at 1 V for E28 hours: dendrites
grow from the negative electrode towards the positive electrode.
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The key parameter that likely differentiate the two sets of
thin films (one with resistive switch in a time scale of 1 hour
and the others with dendrite formation process still ongoing
over time scales as long as 28 hours) is the suspension from
which they were spin coated. We can tentatively hypothesize
that the time required for dendrite formation dramatically
depends on the local film morphology (that is, the arrangement
of eumelanin nanoaggregates that make up the film), which
may vary from sample to sample depending upon the nature of
the suspension. Indeed, different suspensions of eumelanin
in the solvent DMSO, at a concentration of 15 mg mL�1, may
include nanoaggregates with different supramolecular aggrega-
tion, size and shape,102 due to the well-established limited
solubility of eumelanin in common organic solvents.56 In some
cases, the local morphology of the thin films may be more
favorable to gold nanocluster formation and migration than
others, providing a preferential direction for the growth of
the dendrite (straight rather than lateral) (Fig. S4, ESI†). We
can conclude that, for thin films of Sigma eumelanin, the
phenomenon of dendrite formation takes place in each sample
but its kinetics cannot easily be foreseen.

Effects of the hydration time

In order to study the influence of the hydration time on
the process of formation of the dendrites, transient current
measurements were performed on thin films hydrated for times
longer than 1 hour. The time frame between the fabrication of
the thin film and the start of the electrical measurements,
during which the thin film is exposed to a certain RH level
and consequently absorbs water, plays a major role in the
dendrite formation: the longer is time, the higher is the uptake
of water, up to a saturation limit, with a logarithmic increase.103

The water content is expected to have a dichotomous role: up to
a certain amount, a favorable effect, in terms of faster migration
of metal cations,85 and above such amount a detrimental effect,
in terms of instability (delamination) of the thin films.

A thin film obtained from the same suspensions that yielded
slow dendrite formation was hydrated for 41

2 days at 90% RH
(instead of 1 h). The length of the largest dendrites was one half
of the ones observed in a thin film hydrated for 1 hour (Fig. S5,
ESI†). Between 1 hour of hydration and 41

2 days, the logarithmic
law that describes the water uptake for Sigma eumelanin
powders at 90% RH103 predicts that the water content increases
from approximately 13 wt% to 19 wt% We tentatively propose
that this increase in the water content triggers the onset
of the destabilization of the films, in turn explaining the slower
process.

The delamination phenomenon could also explain why a
thin film with a hydration time of 14 days (water content
foreseen of 21 wt%) does not show any dissolution of the
positive electrode (Fig. S6, ESI†).

Effects of chloride content and eumelanin type (natural
eumelanin and DMSO–melanin)

In order to investigate the influence of the chloride content,
expected to play a role in the dissolution of the gold electrodes

and intrinsically present in biological materials, transient
current measurements were performed on thin films of Sigma
eumelanin after addition of chlorides (Sigma eumelanin as
received contains moderate amounts of chlorides, approximately
1 wt%). Intermediate and high chloride contents, respectively
4 wt% and 8 wt%, were considered (Table S1, ESI†). In contrast
to as-received Sigma eumelanin, the time to resistive switch
ranged between 6 and 14 minutes for films with intermediate
Cl� amount and between 2 and 7 minutes for thin films with
high Cl� amount. In this latter case, at points in the positive
electrode facing dendrites growing from the negative electrode,
it is visible that a dissolution is taking place, leaving ‘‘coves’’
(Fig. 2). The chemical composition in the coves is similar to that
of films in the middle of the interelectrode region, as indicated
by energy-dispersive X-ray spectroscopy (EDX). The EDX spectra
show the same intensity of the peaks of C, Si and O, and a
negligible Au peak (most likely due to the metallization layer)
compared to areas where there are structures made of gold (such
as the body of the dendrites and the electrodes). Furthermore,
the coves are surrounded by gold-free holes resulting from the
migration of the oxidized gold. As the border of the coves expand
with the advancement of the oxidation of Au, such holes may
eventually merge with the coves contributing to their growth.
The presence of coves at the positive electrode is similar
to recent observations for planar Ag/AgClO4–PEO/Ag87 and
Ag/AgClO4–PEO/Pt84 systems. For thin films with high chloride
content, a few cases of late resistive switching pointed again to
the role played by the local morphology of the films on the
switching process (Fig. S7 and S8, ESI†).

Transient current measurements at 1 V were also performed
on Sepia eumelanin thin films. Sepia eumelanin has a content
of Cl� of about 7 wt%. As for synthetic eumelanin, the time to

Fig. 2 SEM image of the dendrite bridging one electrode to the other in a
thin film of Sigma eumelanin with high Cl� content (11

2 h hydration at 90%
RH). The resistive switch took place after 3 minutes and the biasing voltage
(1 V) was applied for 42 minutes. The sample was metallized (2 nm Au on
the surface) prior to imaging. Image taken at 20 kV.
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resistive switch varied depending on the suspension from which
the thin film was spin coated (between 1.5 and 40 minutes).
Sepia eumelanin thin films appeared to coexist with Sepia
eumelanin granules (Fig. S9, ESI†), spherical or with a toroidal-
like shape, with a bimodal size distribution (average diameters
of 9 � 3 mm and 2 � 1 mm).104,105 Such granules made the
surface of Sepia eumelanin too rough for thickness measure-
ments both by means of atomic force microscopy and spectral
reflectance. Dendrites were observable within the interelectrode
region in locations where granules were not present (Fig. S10,
ESI†). It can be tentatively concluded that such granules are
laying on a thin film of Sepia eumelanin. The film likely
comprises fragments detached from the larger aggregates during
the sonication; such a film was likely too thin to give a Raman
spectroscopy signal but thick and continuous enough to
promote the formation of the dendrites.

Sepia eumelanin showed, on average, longer times to resistive
switch than Sigma eumelanin with high chloride content. As the
two types of eumelanin have similar chlorides levels, this
difference may be explained considering that Sepia eumelanin
contains significant amounts of cations (Mg2+, Ca2+, Na+105 as
well as K+106 and most of the first transition metals, especially
Fe3+)105,107 which may slow down the conductive bridge growth
e.g. because the chelating sites may be already occupied.

Finally, it can be tentatively stated that the higher the
chloride content, the more localized is the dissolution of
the positive electrode and the faster is the resistive switch
(Table S3, ESI†).

The role of the catecholic hydroxyl groups of eumelanin was
elucidated replacing, as the material in the channel, Sigma
eumelanin with DMSO–melanin (that partially lacks such
groups)101 with intermediate and high Cl� levels. We found out
that for biasing times as long as 12 hours there was no dissolution
of the Au electrodes likely because of the low content of catecolic
hydroxyl groups in DMSO–melanin (Fig. S11, ESI†).101

Concerning the effect of DMSO, the solvent used for film
processing, transient current measurements carried out on
drops of DMSO confined between Au electrodes revealed that
a DMSO drop without any addition of Cl� does not cause the
dissolution of the positive electrode, for biasing times as
long as 19 hours at 1 V (Fig. S12, ESI†). However, for amounts
of Cl� in DMSO similar to the high and intermediate amounts
of Cl� studied for Sigma eumelanin, nanostructures made of little
spheres and composed by Au and C (as revealed by EDX)
protrude from the negative electrode (Fig. S13, ESI†). As these
nanostructures do not resemble trees (dendrites), this may
point out that in DMSO the growth of nanostructures is not
diffusion limited, as it happens in eumelanin thin films
(Table S4, ESI†).

The combined effect of Cl� and voltage

For a biasing voltage of 0.7 V, in the samples with intermediate
Cl� concentration, the positive electrode was not dissolved
or there was very little dissolution. For thin films of Sigma
eumelanin with high chloride content, the dendrite formation
process takes place at voltages as low as 0.7 V: dendrites may be

observed after 3 hours of electrical bias (Fig. 3). However, their
morphology is different from that of dendrites formed at 1 V:
their branches are very thin and very close together, to a point
that the protruding structures have a bush-like, rather than a
tree-like, shape.

The combined effect of Cl� and hydration times longer than
1 hour

The slowing down effect of hydration treatments longer than one
hour is also confirmed for thin films with an intermediate Cl�

amount in Sigma eumelanin. A thin film hydrated for five days
showed only nanocluster formation, no dendrite growth and no
resistive switch. Nevertheless, for films of Sigma eumelanin with
high chloride concentration, both after three hours of hydration and
24 hours of hydration (water content of respectively 14.8� 0.1% and
16.7 � 0.9 wt%),103 a resistive switch takes place in the same
time range of that of most of the thin films hydrated for one hour
(2–7 minutes). Sepia eumelanin behaved differently. After 3 hours of
bias, no dendrite bridged the electrodes (but several were growing)
for a thin film hydrated for 3 hours. This is in agreement with the
higher tendency of Sepia eumelanin to absorb H2O (Fig. S15, ESI†),
which may promote a destabilization of the thin film for hydration
times shorter than for Sigma eumelanin.

Different ON/OFF ratios for different hydration levels

In order to shed further light on the effect of the water uptake
on the process of dendrite formation, transient current
measurements at constant biasing voltage, 1 V, were carried
out at relative humidity levels lower than 90% and hydration
time of one hour on thin films of Sigma eumelanin with high
chloride content and Sepia eumelanin. In particular, 48%, 60%,
70% and 80% RH levels were tested.

At 70% and 80% RH (water content of approximately
10.3 � 0.1%, and 10.8 � 0.3%, respectively),103 a new type of
resistive switch was observed (Fig. 4). Whereas at 90% RH the
ON/OFF ratio is B104 (standard resistive switch), in this case
the current increases by only 2–3 orders of magnitude

Fig. 3 SEM image of a dendrite growing in a thin film of Sigma melanin
(8 wt% Cl�), hydrated for 1 hour at 90% RH and biased at 0.7 V for 3 hours.
No dendrite bridged the electrodes during the 3 hours of the measure-
ment. Image taken at 10 kV.
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(Table S2, ESI†) and then follows a double exponential decay
with two different time constants (Fig. 4c). We call this new type
of behavior hybrid resistive switch.

In order to confirm that the hybrid resistive switch was
related to the water uptake, we performed a transient current
measurement at 1 V on a thin film of Sigma eumelanin (Cl�

8 wt%) that had been hydrated for only half an hour at 90% RH
(with a water content expected to be within the range of water
absorbed after 1 hour at 70% and 80% RH, Table S5, ESI†).103

The results confirmed a hybrid resistive switch after 11 minutes
of bias (Fig. S18, ESI†). Approximately 12 wt% (water content after
one hour-hydration at 90% RH) can be taken as the threshold
amount below which the dendrites do not show four orders of
magnitude of current increase (standard resistive switch).

To shed light on the phenomenon of the hybrid resistive switch,
time-of-flight secondary ion mass spectrometry (ToF-SIMS) was
used, to investigate the dendrite composition. We computed
(i) the ratios of the intensities of the peaks related to eumelanin
fragments (CxN, CNO, C3NH, C6, CyH3NO2, x = [2,3,5,7],

y = [4,6,8]) to the intensity of the peak related to Au (Au�) and
(ii) the peak intensity ratios MAux (x Z 2)/MAu (where MAux is
a eumelanin–Au complex, that is CNAux, CNOAux, C3NAux, with
x Z 2). Both ratios (i) and (ii) were higher for the dendrite that
showed a hybrid resistive switch than for the dendrite that
caused a standard resistive switch (Fig. S19, Table S6 and S7,
ESI†). In other words, the dendrites that sustained higher
current contain purer gold. As a consequence, it can be
hypothesized that the dendrites that caused a standard resistive
switch are able to sustain a higher current because they contain
a more continuous metal backbone, whereas the other type of
dendrites is more of a hybrid metallic–organic structure.

Sepia eumelanin show a standard resistive switch at RH
levels as low as 70%; this result confirms that it is the relative
humidity (and, as a consequence, the water content) which is
responsible for the two different types of ON/OFF ratios:
indeed, at 70% RH Sepia eumelanin absorbs more water than
synthetic eumelanin does at 90% RH for the same hydration
time (Fig. S15, ESI†).103 Results at RH levels lower than 70% are
available in the ESI† (paragraph ‘‘Hydration at 48% and 60%
RH’’, Fig. S16 and S17). A synoptic image of the phenomena
taking place at the interface between gold electrodes and
eumelanin thin films under electrical bias as well as details
of the ON/OFF ratio for the two types of resistive switch are
provided in Fig. 5 and Table S2 (ESI†).

Fig. 4 (a) and (b) SEM images of dendrites bridging the two electrodes in
two thin films of Sigma eumelanin (8 wt% Cl�), hydrated for 1 hour at
E80% RH and biased for 1 hour at 1 V. A hybrid resistive switch takes place
after E4 minutes (a) and E12 minutes (b) of biasing. Images taken at 5 kV
(a) and 10 kV (b); (c) current–time plot for sample (a); (d) zoom of the
current–time diagram after the occurrence of the hybrid resistive switch:
the dotted line represents the double exponential law that fits the trend
I(t) = I0 + I1e

[�(t � trs)/t1] + I2e[�(t � trs)/t2], where I0 is 6.2554 � 10�7 A, I1 is
5.8985 � 10�6 A, t1 is 0.553 min, I2 is 2.0187 � 10�6 A, t2 is 5.892 min and
trs is the time to the hybrid resistive switch (4.07 min).

Fig. 5 (a) Diagram of the phenomena taking place at the interface between
thin films of different types of eumelanin and gold electrodes, for 1 hour-
hydration at 90% RH, at different biasing voltages (in parentheses the probability).
(b) Scheme representing how the water level influences the type of resistive
switch for Sigma eumelanin with 8 wt% Cl�. Between approximately 12 wt% and
19 wt% a standard resistive switch occurs (ON/OFF ratio B104); below 12 wt%, a
hybrid resistive switch takes place (ON/OFF ratio B102) whereas, above 19 wt%,
the resistive switch is hindered by the thin film destabilization.
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Attempt to erase the dendrites

For technological applications, the possibility of forming the
conductive bridges is as important as that of annihilating them.

Attempts to erase the dendrites (that is, open them in order
to interrupt the bridge between the electrodes) and bring the
system back to the high resistive state were made. As the thin
films of Sigma eumelanin with high chloride content had
shown the best reproducibility in terms of time to resistive
switch, they were used for the erasing attempt.

One test was chosen as representative: the thin film was
hydrated for 1 hour at 90% RH, then biased for 12 minutes at
1 V (direct bias, during which the resistive switch occurred after
6 minutes) and finally for 12 hours at �1 V (reverse bias).

The dendrites were not erased by reversing the biasing
voltage.

Nevertheless, some of them appeared partially consumed
and discontinuous in some points along their bodies (Fig. S20,
ESI†). The current during the reverse bias step was always of the
order of mA (low resistive state after the resistive switch),
confirming that only a fraction of the dendrites had been
affected.

Moreover, some sides of the ‘‘branches’’ of the dendrites
that were directly in front of the positive electrode after biasing
voltage inversion look brighter in the SEM image, i.e. thicker,
suggesting that the positive electrode after the biasing voltage
inversion was dissolving and the material generated by its
dissolution was accumulating on those branches (Fig. S20,
ESI†). Small dendrites were nucleated on the negative electrode
after biasing voltage inversion (Fig. S21, ESI†).

The results were confirmed by an experiment in which the
dendrite formation was promoted by a sweeping (not constant)
voltage (2 mV s�1, initial and final voltage of each cycle = 0 V,
max 2.5 V, min �2.5 V, 15 cycles), during which each electrode
switched from positive to negative (and, consequently, from
being the one consumed to the one towards which nanoclusters
migrate) for 15 periods. In the interelectrode area dendrites
protruding from both sides may be noted, some of which meet
‘‘half way’’ in the middle of channel. Rather than being akin
to trees, these structures resemble leaves, perhaps due to the
fact that they received nanoaggregates from both sides (both
electrodes have been consumed) (Fig. S22, ESI†).

Retention time

In order to evaluate the retention time, i.e. how long the system
remained in the low resistive state, the samples for which a
resistive switch occurred were biased again, with voltage ramps,
after a period of 5–10 months at ambient temperature and
25% RH.

The results revealed that samples are able to keep the low
resistive state for a period of time as long as 10 months,
showing a perfect ohmic behaviour, up to voltages as high as
|10| V for films Z ca. 25 nm. The resistance of the low resistive
state proved to not be influenced by the RH level, sweep rates,
voltage range and number of cycles (up to 100). This hints
to a potential application for Write Once Read-Many-Times

(WORM)-type memories. For thicknesses below ca. 25 nm, the
low resistive state was lost. The film thickness, which did not
play a role on the time to resistive switch, plays conversely
a major role in determining the retention time: it can be
hypothesized that it protects the thin dendrites from degrada-
tion due to the contact with the ambient atmosphere. Samples
with a hybrid resistive switch lost their high conductive state
after 10 months in agreement with our ToF-SIMS results: as
their dendrites contain more eumelanin than the other type of
dendrites, we suggest that the degradation of the pigment4

causes the loss of the low resistive state.

Conclusions

We have found that it is possible to obtain two types of resistive
switch, standard (ON/OFF ratio B104) and hybrid (ON/OFF
ratio B102), in thin films of the biopigment eumelanin, in
planar electrochemical metallization cell configuration.

Using eumelanins from synthetic and natural (the ink sac of
the cuttlefish, Sepia) sources, we have revealed the complex
interplay of factors determining the resistive switch process.
These factors are: eumelanin hydration level (depending on
relative humidity and hydration time), chelating groups in the
molecular structure of the pigment, electrical bias and content
of chlorides (commonly present in biological environments and
known to promote the formation of gold complexes). In parti-
cular, if the hydration level is below a lower threshold (12 wt%)
the hybrid dendrites form. Between 12 and 19 wt%, we observe
the standard resistive switch. For hydration levels higher than
19 wt%, the process is slower or does not take place. Our results
pave the way towards the demonstration of the use of eumelanin
as the ionic conductor in electrochemical metallization memory
cells. With the aim to enhance the control over the cell switching
characteristics, work is in progress to improve the chemical
control of our eumelanin films, e.g. by solid state polymerization
of the biopigment building block DHI.108 Using a two-color
electrode configuration (e.g. Pt and Au), we aim at demonstrating,
in the near future, the possibility of erasing the dendrites.
Nanoscale memory devices, with a vertical (stacked) configu-
ration, are currently under investigation. In addition, the study
of the interactions between eumelanin and metal electrodes may
potentially shed light on the biological functions of the pigment
as a metal ion chelator. Indeed, Sepia eumelanin has been
proved to be a suitable model to study the binding properties of
neuromelanin.109 Therefore, the following steps of our research
will be the inclusion of electrodes made of biologically relevant
metals (such as Copper, Iron or Magnesium).
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