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Abstract: Sepia eumelanin, a natural biopigment
extracted from cuttlefish ink, has attracted growing
interest as a sustainable material for organic
electronics. Its nanogranular structure, composed of
DHI and DHICA monomers, presents unique charge
transport characteristics influenced by hydration and
measurement scale. While prior studies have explored
its mixed ionic—electronic conductivity at micro- and
millimetric ranges, the intrinsic electronic properties at
the nanoscale remain underexplored. In this study, we
investigate the nanoscale charge transport behavior of
Sepia melanin using e-beam lithography-fabricated
electrodes with submicron separations. Through
current—voltage, current—time, and electrochemical
impedance spectroscopy measurements, we observed
predominantly electronic transport mechanisms, with
conductivity increasing at smaller interelectrode
distances. Temperature-dependent analysis enabled
extraction of activation energy values, further
elucidating the transport processes. These findings
underscore the relevance of distance scale in assessing
the true conductive potential of natural materials and
support Sepia melanin’s viability in bio-inspired
electronic applications.
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1. Introduction

Nature provides a wonderful source of
materials for sustainable technologies
across various fields, including
electronics, photonics, energy, and
biomedical [1—5]. Natural (bio-sourced)
organic materials with conjugated
molecular structures are attractive for
sustainable organic electronics for a
number of reasons:

they do not require lab synthesis, they
permit to limit the use of critical
elements and are potentially
biodegradable [6—11]. Biodegradability is
relevant if we think of electronic waste,
which reached 62 megatons globally in
2022 and is projected to reach 82
megatons by 2030 [12]. Additionally,
organic materials can be solution-
processed, thus opening the possibility of
reducing the device embodied energy
compared to conventional high-
temperature, high-vacaum methods
[13]. It is worth noticing that bio-sourced

organic materials typically exhibit complex chemical compositions, including salts, contributing to
structural and energetic disorder and affecting charge transport.
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Eumelanin, the black—brown member of the melanin family, has been studied for its moisture-
dependent electrical response, redox activity, broadband optical absorption, metal chelation, and free-
radical scavenging properties [14—-16].

Eumelanin develops hierarchically from the (5, 6)-dihydroxyindole (DHI) and (5, 6)dihydroxyindole2-
carboxylic acid (DHICA) building blocks (monomers). DHI and DHICA have multiple polymerization
sites and can therefore give different oligomers, of different sizes. Oligomers of both DHI and DHICA
© 2025 The Author(s). Published by IOP Publishing Ltd

assemble hierarchically through m—m stacking to form protomolecules of about 4—5 planes, with an
interplanar distance of approximately 3.5 A, and a lateral extension of about 20 A [14, 17, 18]. In turn,
these protomolecules form 10 to 15 nm-sized structures by ;-—s stacking and edge-to-edge H-bonding
interactions. The same physical interactions are responsible of the formation of larger spherical
granules ranging from 100 to 300 nm [14]. High-resolution atomic force microscopy has revealed
protrusions developing from the spherical granules, attributable to sub-granular structures in
eumelanin; average width and height of protrusions are ~19 nm and ~3 nm, respectively [18].
McGinness et al [19] reported on the resistive electrical switching in wet eumelanin pellets in the 1970
s and explained it through the amorphous semiconductor model. This explanation was later challenged
by Mostert et al, who proposed a mixed protonic—electronic transport mechanism based on electrical,
muon spin relaxation, and electron paramagnetic resonance measurements [20, 21]. Recent studies on
Sepia eumelanin (henceforth indicated as Sepia melanin) have shown predominant electronic
transport in dry pellets [15] and printed films incorporating insulating binders [6, 22]. Such studies
have probed interelectrode distances from 10 ym to 2 mm.

In this work, we study the electrical response of Sepia melanin at the nanometric scale, using e-beam
lithography (EBL)-patterned metal contacts (interelectrode distances of 400 and 700 nm). Studies at
the nanoscale are needed to capture the charge transport behavior at the scale of small clusters of
granules. Our hypothesis is that, by narrowing down the interelectrode distance, we reduce the number
of granules within the interelectrode region and, consequently, the number of inter-granules’
boundaries between them, in turn getting closer to the upper, intrinsic (boundary-free) limit of the
electrical conductivity of Sepia melanin. After a scanning electron microscopy (SEM) survey of the
material deposited on electrode-patterned SiO-/Si, we measured the electrical response of Sepia
melanin in ambient conditions (by current—voltage, current—time in potentiostatic conditions,
impedance spectroscopy). By conducting temperature-dependent electrical measurements, we
deduced the activation energy for charge carrier transport. Our work on Sepia melanin at the nanoscale
advances the knowledge on the functional properties of bio-sourced organic electronic materials for
their rational use in technologies and devices with low environmental footprint such as moisture
sensors, photoconductors, and biodegradable supercapacitors.

2. Materials and methods

2.1. Materials for extraction of Sepia melanin

Sepia officinalis cuttlefish ink (Stareef Seafood Boston, a product of Spain) was purchased from a fish
market in Montreal. Hydrochloric acid (HCI, ACS Reagent 37%) was acquired from Acros Organics.
Monobasic sodium phosphate, dibasic sodium phosphate solution (0.5 M in H-0), ethanol (ACS
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reagent 99.8%), ethyl acetate, 1-propanol (>99.5%), and 1-methoxy-2-propanol (>99.5%) were
obtained from Sigma-Aldrich.

2.2, Sepia melanin powders extraction and purification

Sepia melanin powders were obtained from the commercial ink of Sepia officinalis using a method
modified from previously documented extraction procedures [7, 15, 22, 23]. In summary, 300 g of
commercial cuttlefish ink were suspended in 500 ml of 2 M HCIl and stirred for 24 h at room
temperature. Following the stirring process, the slurry underwent centrifugation (Allegra-X3oR
Centrifuge, Beckman Coulter) followed by: three successive washes with 0.5 M HCI, and single
washings with de-ionized (DI) water, a buffer solution (0.02% vol/vol monobasic sodium phosphate
200 mM, 32.49% vol/vol dibasic sodium phosphate 200 mM, and 67.49% vol/vol of DI water), ethanol,
DI water, and ethyl acetate. Lastly, the slurry underwent four additional washes with DI water. Each
centrifugation step was conducted at 10 000 rpm, 5 °C, with varying durations (15 min for HCI 2 M,
HCI 0.5 M, ethanol, and ethyl acetate and 25 min for the buffer solution and DI water). The resulting
product underwent lyophilization at 80 °C for 24 h to remove residual DI water, yielding a fine black
Sepia melanin powders. This extraction process achieved a yield ranging from approximately 10% to
12% in weight, exemplified by obtaining around 30—35 g of powder from 300 g of cuttlefish ink.

2.3. Suspension of extracted Sepia melanin in methanol

Interdigitated patterns with Au-electrodes on SiO-/Si substrates were cleaned by sequential sonication
in acetone, isopropanol and DI water during 15 min for each step, followed by 10 min UV-ozone
treatment before drop-casting the suspension of Sepia melanin. We prepared the suspension of Sepia
melanin in methanol at a concentration of 1 mg ml-* (no stirring or heating involved). The mixture was
sonicated for 20 min. The purity of the methanol (grade: for HPLC) that we used to make the
suspension of Sepia melanin was 99.9%. The suspension was left at rest for about 30 min, prior drop
casting. A volume of 10 ul of suspension was drop-cast on interdigitated patterns. Drop cast samples
were left drying for 10 min in ambient conditions without any heat treatment, for methanol to
evaporate. We measured around 15 samples for each interelectrode distance. We run SEM experiments
(imaging) over 5 samples for each interelectrode distance. Results are reproducible in terms of
conductivity; the intensity of the current depends on the effective channel width covered by Sepia
melanin.

2.4. Patterning of the electrodes by EBL

Si02/Si substrates (Si thickness 525 + 25 um, oxide thickness 200 + 10 nm) were cleaned by sequential
sonication in acetone, isopropanol and DI water for 15 min each, followed by 10 min UV-ozone
treatment. To deposit the double layer of polymethyl methacrylate (PMMA) resist, firstly the resist
PMMA495A4 was spin-coated (3000 rpm, 30 s, h = 150 nm), followed by a soft bake on a hot plate for
180 s at 180 °C. Afterwards, PMMAQ50A2 resist was spin-coated (3000 rpm, 30 s, h = 50 nm) followed
by a soft bake on hot plate for 180 s at 180 °C, again. The interdigitated patterns with interelectrode
distance L = 700 and 400 nm were created using the e-Line Plus software and fabricated by EBL as
described below. Substrates were initially exposed to the e-beam (working distance = 10 mm, aperture
= 30 um, applied voltage = 10 kV, beam current ~0.2 nA). Afterwards, they were developed by
immersion in a developer solvent mixture made up of methyl isobutyl ketone and isopropanol alcohol

Copyright: © 2025 Continental Publication

L ..




Applied Physics, Material Sciences, and Engineering Journal

Vol. 13 No. 1 | Imp. Factor: 8.13

DOI: https://doi.org/10.5281/zen0d0.15845904

(MIBK and IPA in a ratio of 1:3), for 50 s followed by immersion of the substrate in IPA and DI water

for 30 s each. The substrates were ultimately rinsed with DI water and dried using an N. gun.

2.5. Metal deposition

After development, metal deposition was done by physical vapor deposition in an electron-beam
evaporation chamber with a vacuum level of 10-6 Torr. The thickness of the metal layers, including a 5
nm-thick titanium adhesion layer and a subsequent 50 nm-thick Au layer, was precisely controlled
using a quartz microbalance (deposition rate 0.6 A s-1). Then, the lift-off process involved immersing
the substrate in acetone for 24 h, followed by rinsing with DI water and drying using an N. gun.
Subsequently, before depositing the Sepia melanin, the substrates underwent a cleaning process like
the pre-patterning cleaning procedure.

2.6. Morphology

The morphology of Sepia melanin was investigated on SiO-/Si by ESEM (QUATTRO microscope,
backscattering mode, voltage 1 kV and 5 kV and pressure ~10-3 Pa).

2.7. Electrical characterizations

Sepia melanin granules were deposited onto 1 ecm x 1 cm SiO2/Si substrates patterned with
interdigitated Au-patterned electrodes (consisting of a 5 nm-thick Ti adhesion layer and 50 nm of Au,
featuring an interelectrode distance L of 700 and 400 nm) using the drop-casting method. Current (I)—
voltage (V) and current (I)—time () measurements were conducted under ambient conditions on Sepia
melanin drop-casted onto 1 cm x 1 cm Au-patterned SiO-/Si electrodes using an Agilent Bi1500
semiconductor analyzer. [-V characteristics were collected at a scan rate of 50 mV s-*. Temperature-
dependent electrical response of drop-casted Sepia melanin granules was acquired in vacuum on Au-
patterned interdigitated electrodes on SiO2/Si substrate in a cryogenic micromanipulated
optoelectronic probe station (CPX Lakeshore) equipped with a heating stage (10-7 Torr, from 295 K to
380 K at steps of 10 K). The electrical conductivity of Sepia melanin was determined based on the I-V
(current—voltage) response using the following method:

L o=

RA

where L is the interelectrode distance (700 and 400 nm), R is the Sepia melanin’s resistance (including
the contact resistance) measured at an applied voltage V =1V and V = 0.5 V for an interelectrode
distance of 700 and 400 nm (SI, table S2) respectively, and A is the cross-sectional area (effective
channel width x thickness of the sample which are 205 um x 300 nm for 700 nm interelectrode
distance and 450 um x 300 nm for 400 nm interelectrode distance, respectively) (SI, table S1). To
deduce the effective width, we used the software ImageJ (https://imagej.net/ij). To calculate the
conductivity, we took thickness of Sepia melanin granules as 300 nm (diameter of largest granule).
2.8. Electrochemical impedance spectroscopy ( EIS )

EIS data were collected at open circuit potential within the frequency range of 3 MHz to 1 Hz, with 10
data points per decade and a 100 mV oscillation amplitude. A multichannel potentiostat (Biologic,
model VSP 300) was employed for the data collection.
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Figurel. SEMimages of Sepiamelanin’sgranules on interdigitated Au/Ti electrode-patterned SiOz/Si substrates. Imagesin (A),
and (B) are obtained on substrates patterned with an interelectrode distance of 700 nm whereas (C) with 400 nm.

3. Results and discussion

SEM images of Sepia melanin, drop-cast from a methanol suspension onto Au electrode-patterned
SiO-/Si substrates with interelectrode distances of 700 nm and 400 nm, show that the diameter of the
Sepia melanin’s granules lies in the range 100—300 nm, in agreement with the literature (figure 1) [18].
SEM images show that Sepia melanin granules cover only a limited portion of the substrate (figure
1(A)). For the interelectrode distances probed in this work, SEM images show that granules can be in
physical contact to form continuous paths bridging the interelectrode distance (figures 1(B) and (C)).
Further, for large granules and short interelectrode distances (400 nm), one individual Sepia melanin
granule can bridge the interelectrode distance (figure 1(C)).

Current—voltage (I-V) plots obtained in ambient conditions for Sepia melanin samples with an
interelectrode distance of 700 nm show that the current increases with the voltage, from o to 1 V (figure
2(A)). At low voltages (0—0.5 V), I-V plots exhibit an ohmic behavior [6]. However, at higher voltages
(0.5—1V), plots follow a power law I a V2 (figure 2(A)), indicating a non-ohmic behavior.
Log(J)—log(V) plots (where J is the current density) indicate a transition in slope from an ohmic regime
with @ = 1.002 + 0.002 to a non-ohmic regime, with a = 1.329 + 0.005 (SI, figure S2) [24].
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Figure2. Electrical response of Sepiamelanin on Au/Ti interdigitated-electrode-patterned SiO2/Si, in ambient conditions. (A)

I-V and (B) I-t at 0.3 V,for 700 nm. (C) I-V and (D) I-t at 0.3 V for 400 nm. The response of the bare SiO2/Si substrate is

included in (A) and (C).
We tentatively explain the power law behavior as follows. Upon application of an electrical bias, charge
carriers are injected in Sepia melanin, bringing about the formation of an electronic space-charge layer
at the Sepia melanin/metal interface [15, 22]. The formation of space-charge layers is caused by the
presence of electronic traps, in turn due to structural disorder present in Sepia melanin, including at
its interface with the metal electrodes. Upon application of sufficiently high biases, trap filling would
lead to the observed power-law behavior [25-27].
An analogous behavior in the I-V plots was observed for the interelectrode distance of 400 nm, where
we observed an ohmic behavior in the region 0—0.3 V and a non-ohmic one in the region 0.3-0.5 V
(figure 2(C)). The ohmic-to-non-ohmic transition occurs approximately at the same electric field (i.e. 7
x 105V m~1), for interelectrode distances. Similar transitions have been reported in the literature with
dry Sepia melanin pellets [15] and Sepia melanin-based printed films [22].
Current—time (I-t) characteristics, obtained upon application of a constant voltage of 0.3 V to Sepia
melanin samples, exhibit a plateau-like behavior, for both types of samples, i.e. 700 and 400 nm
interelectrode distances (figures 2(B) and (D)). The presence of plateaus in the I-t plots suggests that

e
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electronic transport is the dominant mode of conduction in the samples. Indeed, when both electronic
and ionic transport occur between ion-blocking electrodes [16] (as is the case for our Au/Ti electrodes),
I-t plots display an initial exponential decay associated to the formation of ionic electrical double layers
at the Sepia melanin/metal electrode interface, followed by a plateau attributable to electronic
transport [15, 16].

Electronic conductivity was calculated by evaluating the area covered by Sepia melanin (SI, figure S1,
table S1).

Considering the effective (i.e. covered by Sepia melanin) channel width and, as sample thickness, the
thickness (i.e. diameter) of one granule of Sepia melanin (see materials and methods), we obtained
conductivity values of 0.95 + 0.01 x 102S cm—tand 1.55 + 0.01 x 10~2S cm~*for 700 and 400 nm
interelectrode distances, respectively. The higher conductivity observed when the interelectrode
distance was reduced from 700 to 400 nm may be attributed to the decreased number of inter-granules’
boundaries.

EIS was employed to understand the dynamics of charge transfer and charge carrier transport [28].
The Nyquist plot, showing the imaginary part of the impedance (-Im [Z]), against its real part (Re [Z]),
shows a semicircle (figure 3(A)). The diameter of this semicircle is associated with the electronic
resistance of the Sepia melanin. The observation of a single semicircle in the Nyquist plot suggests that
the mode of conduction in Sepia melanin is attributable to one type of charge carrier (i.e. electronic).
EIS results would therefore agree with the I-t measurements, thus strengthening the hypothesis of
predominant electronic transport for Sepia melanin. The presence of multiple semicircles would have
been attributable to mixed electronic—ionic transport. The lack of a low-frequency capacitive tail
indicates the absence of ionic transport and ion accumulation at the interface between Sepia melanin
and the metal electrodes [15, 28]. The equivalent circuit in figure 3(B) includes R., the Sepia
melanin/Au contact resistances, Resm the Sepia melanin resistance, and CPEgeom, the constant phase
element denoting the system’s geometrical capacitance. The dimensionless parameter a, ranging from

L
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Figure3. EIScharacterization of Sepiamelanin granules, in ambient conditions: (A) Nyquist plot and (B) equivalent circuit
model and table with extracted values.

0 to 1, quantifies the proximity of the element to a pure capacitor (in this last case, a= 1). We deduced
for a a value of 0.94, close to the value for a pure capacitor.

Activation energy was extracted using the temperature-dependent I-V characteristics, measured in the
range 295—380 K (figures 4(A) and (C) and SI, table S2), which show that the current increases with
temperature. The logarithm of the conductivity plotted against the inverse of the temperature follows
the Arrhenius law, with activation energy estimated at 60.2 + 4.1 and 11.6 + 2.0 meV, for samples with
700 and 400 nm interelectrode distance (figures S3(B) and (D)). The low activation energy suggests
that trap states are shallow [29, 30]. Further, we tentatively suggest that the metal content in the Sepia
melanin granules ( due to the synthesis of Sepia melanin in natural environments, i.e. sea water) could
create a doping-like condition [31].

In potentiostatic conditions, the increase of the temperature caused an increase in the value of the
plateau current that can be described as I = Io + m T, where Io is the intercept with the y-axis and m is
the slope of the plot (figures 4(B) and (D)), and SI, figures S3(A) and ( C).

We decided to critically compare values of the conductivity of Sepia melanin obtained for different
electrode spacings, available from our work and the literature (figure 5). We observed that the
conductivity increases by decreasing the interelectrode distance. This increase is tentatively attributed
to the decreased number of inter-granules’ boundaries between Sepia melanin granules.

4. Conclusion

Natural organic electronic materials are of interest in sustainable organic electronics for their
abundance and potential biodegradability. The Sepia melanin biopigment has been considered a
prototype material in sustainable organic electronics. Since the hierarchical development of Sepia
melanin brings about spherical granules with sizes approximately ranging between 100 and 300
nanometers, it is important to evaluate the electrical response at the nanoscale, to make a step ahead
towards the discovery of the upper limit of the conductivity for Sepia melanin, expected to be in the
inter-granules’ boundary-free regime. This requires the use of EBL, considering that by conventional
photolithography we can pattern interelectrode distances in the micrometric range. We propose the
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general use of nanoscale electrodes for hierarchical nanostructured natural materials of interest in
organic electronics.

SEM images show that granules form multi-granule structures whose length can bridge the
interelectrode distances we probed during electrical characterizations (i.e. interelectrode distances of
400 nm and 700 nm, with electrodes patterned by EBL). Further, SEM images show that about 2
granules can bridge the interelectrode distance of 400 nm and about 4 granules can bridge the
interelectrode distance of 700 nm. In the multi-granule structures observable in the SEM images, one
granule interfaces one or more granules, i.e. granules share granules’ boundaries (inter-granules’
boundaries). We expect that such inter-granules’ boundaries host charge carrier traps, detrimental to
charge transport. It is important to observe that if the formation of the multi-granule structures is
necessary for the formation of a conductive path bridging the interelectrode distance, inter-granules’
boundaries within the multi-granule structures can host charge carrier traps that weaken transport. In
agreement with that, we expected that lowering the number of inter-granules’ boundaries is beneficial
to transport (leading to an increase of the current). Our results show that the shorter interelectrode
distance brings higher conductivity with respect to the longer one: the conductivity is 1.55 + 0.01 x 102
S cm~! for the interelectrode distance of 400 nm (with about one inter-granule boundary within the
interelectrode distance) whereas the conductivity is 0.95 + 0.01 x 10-2S em~for 700 nm (with about
3 inter-granules’ boundaries within the interelectrode distance). We attribute the increase of the
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Figure4. Temperature-dependent 1-V and |-t characteristics of Sepiamelanin granules at 0.3 V for the two interelectrode
distances investigated in this work: 700 nm, (A) and (B), and 400 nm, (C) and (D).

conductivity with the decrease of the interelectrode distance to the lower number of inter-granules’
boundaries within the interelectrode region in the former case with respect to the latter.
Current—time (potentiostatic) characteristics suggest that transport is predominantly electronic.
Temperature-dependent current—voltage (I-V) measurements show an increase of the current with the
temperature with transport activation energies of 60.2 and 11.6 meV, for distance ranges of 700 and
400 nm, respectively.

Work is in progress to further miniaturize the interelectrode distance to study inter-granules’
boundary-free Sepia melanin, with the ultimate goal to discover the upper, intrinsic limit of its
conductivity. This knowledge is required to design high-performance, biodegradable Sepia melanin-
based electronics.
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